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Gas phase ion chemistry of titanium–oxofullerene
with ligated solvents†

Jayoti Roy,‡a Papri Chakraborty,‡a Ganesan Paramasivam,a Ganapati Natarajanb

and Thalappil Pradeep *a

We investigated the gas phase fragmentation events of highly symmetric fullerene-like (FN-like) titanium

oxo-cluster anions, [H12Ti42O60(OCH3)42(HOCH3)10(H2O)2]
2� (1) and [H7Ti42O60(OCH3)42(HOCH3)10-

(H2O)3]
1� (2). These oxo-clusters contain a closed cage Ti42O60 core, protected by a specific number of

methoxy, methanol, and water molecules acting as ligands. These dianionic and monoanionic species

were generated in the gas phase by electrospray ionization of the H6[Ti42(m
3-O)60(O

iPr)42(OH)12] (TOF)

cluster in methanol. Collision induced dissociation studies of 1 revealed that upon increasing the

collision energy, the protecting ligands were stripped off first, and [Ti41O58]
2� was formed as the first

fragment from the Ti42O60 core. Thereafter, systematic TiO2 losses were observed giving rise to

subsequent fragments like [Ti40O56]
2�, [Ti39O54]

2�, [Ti38O52]
2�, etc. Similar fragments were also observed

for monoanionic species 2 as well. Systematic 23 TiO2 losses were observed, which were followed by

complete shattering of the cage. We also carried out computational studies using density functional

theory (DFT) to investigate the structures and fragmentation mechanism. The fragmentation of TOF was

comparable to the fragmentation of C60 ions, where systematic C2 losses were observed. We believe

that this is a consequence of topological similarity. The present study provides valuable insights into the

structural constitution of TOF clusters and stability of the parent as well as the resulting cage-fragments

in the gas phase.

1 Introduction

Titanium dioxide (TiO2) has drawn significant research interest
since the last few decades, owing to its intrinsic physico-
chemical properties and wide range of applications in energy,
catalysis, and environmental sciences.1,2 Molecular analogues
of TiO2 semiconducting materials are Ti–oxo clusters (TOCs),
also known as polyoxo–titanium clusters (PTCs).3–6 PTCs are one of
the emerging classes of inorganic metal–oxo nanoparticles. PTCs
show photocatalytic activity and find enormous applications in
solar energy conversion, degradation of environmental pollutants,
wastewater treatment, and other photochemical processes.7,8

Energy-states and detailed structure–property relationships of
PTCs have also been studied in the literature.9–11 In the recent
past, a wide variety of PTCs, such as Ti6O3,

7 Ti6O4,
12 Ti13O10,

13

Ti17O24,
14 Ti18O27,

15 Ti25O26,
16 Ti28O48,

17 Ti34O50,
18 Ti52O74,

14 etc.,
have been synthesized, by varying O-containing ligands as well as
other secondary ligands, with distinct molecular formulae.

Most of the reported PTCs are composed of Ti atoms bonded
with O-donor ligands like carboxylates, alkoxides, etc. Apart
from O-donor ligands, P-donor ligands like phosphonate,
phosphinate and phenyl phosphonate (Phen-PO3) as well as
N-donor ligands like 2-amino-ethylphosphonate, 1,10-phen-
anthroline, N,N-dimethylformamide (DMF), N,N-dimethylacet-
amide (DMA), pyridine, etc., exhibit a strong binding affinity
with Ti. Fang et al. reported Ti52(m-OH)2(m-O)14(m

3-O)50(m
4-O)8-

(PA)34(O
iPr)28 (where PA is propionic acid), which is a PTC with

the highest nuclearity reported to date. It consisted of a stepwise
layered assembly of smaller units of Ti6(m

3-O)4(BDC)2(PA)2(O
iPr)10

clusters where BDC represents benzenedicarboxylate.14 Other
PTCs containing noble metals [Ag(CH3CN)]2[Ag6Ti16(m3-O)18(m2-
O)4(benzoate)26(CH3CN)2] (PTC-47) and [Ag6Ti16(m3-O)16(m2-
O)4(benzoate)24(CH3COO)4(CH3CN)2 (PTC-48) with Ag–O–Ti
bonds are also known.19

On the other hand, a great variety of fullerene-like (FN-like)
inorganic cluster systems with well-established synthetic
protocols and structural details have been reported.20–26 They
can be grouped into various classes based on the atomic con-
struction of their metal core, metal–metal bonding, ligands and
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polyoxometalate building units. Several of them contain regular
polyhedral cluster-like structures with higher molecular sym-
metry, like As20 which was reported by Moses et al.20 and
Mo132O372 which was reported by Müller et al.26 A sphere-like
Mo72Fe30 cluster, with high solution phase stability and
pH-dependent tunable size, was reported by Liu et al.27

Despite the progress in research interest in the bottom-up
synthetic strategies and various applications of PTCs, their gas
phase behaviours are often unclear. A few Ti–oxo clusters like
[Ti17(m

2-O)2(m
3-O)18(m

4-O)2(PA)8(O
iPr)16],

14 [Ti52(m-OH)2(m-O)14-
(m3-O)50(m4-O)8(PA)34(O

iPr)28],
14 [Eu24Ti8(L)31(HL)42(CH3CN)11-

(H2O)8]�nH2O,
24 (H2L = salicylic acid, n B 50), [Ti6O5-

(OCH3)4(C5N3O2H7)4K2H5(H2O)5]
� have been characterized by

electrospray ionization mass spectrometry (ESI MS) to under-
stand their composition in the solution phase.28

A system of particular importance is titanium-oxofullerene
(Ti–oxoFN), Ti42O60. Gao et al. established its crystal structure
and revealed its composition as H6[Ti42(m

3-O)60(O
iPr)42(OH)12]

(TOF), where OiPr is an isopropoxide ligand.29 This cluster
consists of a Ti42O60 core that exhibits an icosahedral (Ih)
symmetry, similar to that of C60. Facile ionization of the cluster
from solution allowed its gas phase characterization by ESI MS.
Until now, there have been a few reports on gas phase dissocia-
tion studies of small TixOy

+ ions, produced by laser ablation
Ti in the presence of oxygen, but studies on larger Ti–O clusters,
synthesized in the solution or solid phase, remain unexplored.30,31

In this paper, we present a study of the gas phase dissociation
mechanism of the TOF cluster to understand its structural
constitution. We show that upon increasing the collision energy,
first, the loss of the peripheral ligands occurred, followed by the
dissociation of the metal–oxo cage. TiO2 units were lost system-
atically from the Ti–oxo (Ti–O) cage with increasing collision
energy (CE) followed by a complete rupture of its structure. This
may be compared with the case of fullerenes (FNs), where C2 loss
occurred systematically. Thus, gas phase fragmentation events of
TOF are shown to have similarities with the gas phase fragmen-
tation of FNs. The dissociation events of TOF were also modelled
using density functional theory (DFT) to understand the struc-
tures resulting from the fragmentation of the parent Ti42O60

core. We note that understanding advanced materials through
mass spectrometry is an important direction of research as
demonstrated here.32

2 Experimental section
2.1 Reagents and materials

All the reagents were commercially available and were used with-
out further purification. Titanium(IV) isopropoxide (Ti(OiPr)4,
99.9%, was purchased from Avra Synthesis Private Limited. Analy-
tical grade formic acid (HCOOH), isopropyl alcohol ((CH3)2CHOH)
and HPLC grade toluene and methanol (HOCH3) were used.

2.2 Synthesis of TOF

TOF was synthesized by slightly modifying the reported
method.29 In B5.5 mL of isopropyl alcohol, 0.92 mL Ti(OiPr)4

(3.0 mmol), and 5 drops of formic acid were added at room
temperature. The solution was refluxed at 100 1C for 4 days
and then cooled to room temperature. The solution of the
as-synthesized cluster was then slowly evaporated at room
temperature. Colourless crystals of TOF were obtained after a
few days and used for further studies.

2.3 Instrumentation

UV-Vis studies were performed using a PerkinElmer Lambda
25 UV-vis spectrometer. All ESI MS studies were performed
using a Waters Synapt G2-Si high definition mass spectrometer
(HDMS). Themass spectrometric measurements were performed
in the negative ion mode. For ESI MS studies, TOF was dissolved
in a toluene–HOCH3 mixture at a concentration of B1 mg mL�1.
Capillary voltage, cone voltage, and source offset were kept at
2 kV, 0 V, and 0 V, respectively, to obtain a well resolved mass
spectrum of TOF. The source temperature and desolvation
temperature were maintained at 100 and 150 1C, respectively.
Desolvation gas flow of 400 L h�1 was used. In the Synapt G2-Si
instrument, the mass-selected ions pass through trap, ion mobi-
lity and transfer cells before entering the time-of-flight analyser.
In the trap and transfer cells, the precursor ions can be collided
with Ar gas for collision-induced dissociation (CID) studies. In
our experiments, we carried out CID in both trap and transfer
cells, while the IMS cell was kept off. No extra voltages were
applied in the IMS cell to avoid additional fragmentation of the
ions. In trap, the collision energy (CE) was varied between 0 and
200 CE (CE is expressed in instrumental units). Further increase
of CE was attained by increasing the voltages in the transfer cells.
As the IMS cell did not contribute any effect on the applied
collision voltages, the total CE is considered as the sum of
the trap and transfer CEs. A simplified view of the instrumental
set-up is presented in Scheme 1. DFT calculations were per-
formed with the grid-based projector-augmented wave (GPAW)
method. All structures were optimized using the Perdew–Burke–
Ernzerhof (PBE) functional along with the DZP (double-z plus
polarization) basis set in a linear combination of atomic orbitals
(LCAO) formalism. Additional details are provided in the ESI†
(see SI1).

3 Results and discussion

The TOF was synthesized following the reported method29 as
described in the experimental section. It was dissolved in
toluene and characterized by UV-vis as shown in Fig. S1 (ESI†).
The solution phase absorption spectrum was similar to the
reported solid-state UV-vis spectrum.29 The structure of TOF,
modelled using the co-ordinates of its crystal structure,29 is
presented in Fig. 1(A). The metal–oxo core of the cluster
consists of 42 Ti atoms, among which 12 Ti atoms, labelled
as {Ti1} are seven co-ordinated and the remaining 30 Ti atoms,
labelled as {Ti2} are five co-ordinated. These 12 {Ti1} atoms
form a platonic {Ti12} icosahedron which is further capped by
a {Ti30} icosidodecahedron. This {Ti30} icosidodecahedron is
constituted by five co-ordinated Ti atoms {Ti2}. These 42 Ti
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atoms are connected by 60 m3-O2� ions, and the overall struc-
ture exhibits a FN-like {O60} arrangement. Specifically, the {O60}
cage of the cluster core is comprised of {O5} pentagonal rings
and {O6} distorted hexagonal rings, arranged in a fashion
similar to the C60 cage. The {Ti1} atoms stabilize the 12 {O5}
rings of the {O60} cage, giving an overall Ih symmetry to the
cluster, thus establishing its structural analogy with C60.

ESI MS was performed using a toluene solution of TOF,
further diluted with methanol. ESI MS of TOF is presented in
Fig. 1(B). The peripheral isopropoxide ligands of TOF were
exchanged with methoxy ligands and the cluster was ionized
in dianionic and monoanionic states during ESI MS. A similar
phenomenon was observed in the reported mass spectrum
of TOF also.29 The compositions of the cluster ions were

Scheme 1 Schematic representation of the instrumental setup used for collision-induced dissociation studies. Collisions occurred in the trap and
transfer cells, after mass-selection of the ions using the quadrupole mass filter.

Fig. 1 (A) Molecular structures of TOF, which was modelled using the co-ordinates of its reported crystal structure. Colour codes: Deep blue, {Ti1}; cyan,
{Ti2}; red, cage oxygen; blush red, ligand oxygen. (B) ESI MS of TOF. Insets (i) and (ii) show the theoretical and experimental isotopic distributions of the
mass spectrum of {H12Ti42O60(OCH3)42(HOCH3)10(H2O)2}

2� (1) and {H7Ti42O60(OCH3)42(HOCH3)10(H2O)3}
1� (2), respectively. (C) CID mass spectra of 1.

For clarity, the spectra are shown for certain CEs only. (Detailed CID spectra are in Fig. S3 and S4, ESI†). Some of the peaks are labelled as (x,y) where x and
y correspond to the number of Ti and O atoms of the Ti–O cage fragments, respectively.
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confirmed by comparing the experimental isotopic distribu-
tions with the calculated ones (Fig. 1(B)(i and ii)). The peaks
at m/z 2321 and 4655 were assigned to {H12Ti42O60(OCH3)42-
(HOCH3)10(H2O)2}

2�(1) and {H7Ti42O60(OCH3)42(HOCH3)10-
(H2O)3}

1� (2) ions, respectively. We presumed that the isolated
hydrogen atoms {H12} and {H7} are present at the periphery of
cluster ions 1 and 2 respectively but their exact positions are
unknown. However, the peaks for these parent cluster ions were
also associated with a bunch of other peaks in the m/z range of
2300–2550 and 4525–4800, respectively. Expanded views of
these m/z ranges are presented in Fig. S2 (ESI†) which revealed
that these peaks originated due to the exchange between
isopropoxide and methoxy ligands, occurring in solution.

We primarily focused on CID studies of the doubly charged
precursor ion 1. The precursor ion 1 was selected and collided
with Ar gas in the trap and transfer cells. By understanding its
fragmentation pathway, we attempted to resolve the structural
stability and subunits that constituted the FN-like Ti–O cage.

3.1 CID of TOF

CID is a well-established technique of fragmentation of ions by
collision with gas molecules.33–35 Here, CID of the molecular
ion of interest, i.e. (m/z 2321, TOF in 2� charge state) was
studied over a range of activation energies, from 2 to 400 CE
(Fig. 1(C)). Ion 1 was subjected to collisions with Ar gas inside
the trap by gradually increasing energy from 0 to 200 CE. The
intensities of the parent and fragmented product ions were
monitored carefully. Ion 1 is surrounded by methoxy groups
from outside and HOCH3 and H2O ligands from inside the Ti–O
cage.29 With increase in energy from 2 to 20 CE, fragmented
ions were seen resulting from the neutral loss of m/z 32. These
losses can be attributed to either neutral HOCH3 loss or loss of
a –OCH3 ligand along with a H. As the –OMe ligands protected
the outer surface of the Ti–O cage, whereas the neutral HOCH3

ligands were confined inside the cage, it is likely that loss of
an -OMe ligand along with a H (–OMe/H) will be preferred.
As discussed above, these additional Hs are present in the
periphery of the ion 1, although their exact positions are
unknown. The first two –OCH3/H loss resulted in the fragmented
ions at m/z 2305 and 2289 (see Fig. S3(C), ESI† with molecular
formulae {H11Ti42O60(OCH3)41(HOCH3)10(H2O)2}

2� and {H10Ti42O60-
(OCH3)40(HOCH3)10(H2O)2}

2�, respectively).
With the gradual increase of energy from 20 to 50 CE, two

more similar –OCH3/H (m/z 32) losses were observed and the
subsequent fragmented ions were detected at m/z 2273 and
2257, respectively (see Fig. S3(C), ESI†). With further increase in
CE, the intensities of these peaks decreased. After 50 CE, the
parent ion 1 was completely converted to fragmented ions and
{H8Ti42O60(OCH3)38(HOCH3)10(H2O)2}

2� appeared as the most
abundant species (see Fig. S3(C), ESI†).

At CE 65, the peak for {H8Ti42O60(OCH3)38(HOCH3)10-
(H2O)2}

2� started to fragment and a bunch of peaks of
2� charge state appeared in the m/z range of 1580 to 1830
(Fig. S3(A)(iv), ESI†). The intensities of these ions increased
with increase in CE up to 175 CE (Fig. S3 and S4(i), ESI†). With
the increase in CE, m/z values of the fragment ions moved to

1240–1580. These bunch of peaks appeared with small m/z
differences of 7, 8, or 9 between the adjacent peaks. However,
these were not well resolved. Also, as the formation of all these
ions happened simultaneously, it was difficult to identify any
systematic fragmentation here. These mass losses were prob-
ably due to the loss of the ligands, OCH3, HOCH3, and H2O
occurring simultaneously. Thus, it appeared that in the range of
65 to 175 CE, the ligands of the oxo-cage were lost preferentially.

Above 175 CE, these bunches of doubly charged peaks in the
m/z range of 1280–1450 were resolved (see Fig. S4, ESI†) and
their m/z values and isotopic patterns suggested that at this
stage all the ligands of TOF were stripped off. Subsequently,
fragmentation of the cage, which contained the Ti42O60 core,
was observed in the mass spectrum. In the trap cell, the
maximum accelerating voltage could be increased to 200 CE.
At CE 200, the fragments observed were [Ti41O58]

2� (m/z 1445),
[Ti40O56]

2�(m/z 1405), [Ti39O54]
2� (m/z 1365), [Ti38O52]

2� (m/z
1325), [Ti37O50]

2� (m/z 1285) and [Ti36O48]
2� (m/z 1245) with

successive neutral losses of m/z 40, i.e. TiO2 (see Fig. S4, ESI†).
(TiO2)n

+ losses were also observed during photofragmentation
or CID of smaller TixOy

+ clusters, produced by the laser ablation
technique in the gas phase.30,31 All the HOCH3 and H2O
ligands, which were confined inside the Ti–O cage, were also
lost prior to the formation of the first cage fragment, i.e.
[Ti41O58]

2�, see Fig. S3(B) (ESI†) and Fig. 1C(v). At 200 CE also,
limited fragmentation of the Ti–O core was observed (see
Fig. S4(ii), ESI†), and it was evident that the Ti–O cage exhibited
high gas phase stability and required more energy to undergo
complete fragmentation. Further energy required for the frag-
mentation of the cage was supplied by increasing CE in the
transfer cell. In the transfer cells, an additional 0–200 CE was
applied. As discussed earlier in the instrumental section, we are
referring to the total CE as a sum of the trap and transfer
energies. With further increase of CE in the transfer cells, more
TiO2 fragments were lost from the cage. At 300 CE (Fig. 1(C)(iv)
and Fig. S4(iv), ESI†), fragment ions such as [Ti35O46]

2� (m/z
1205), [Ti34O44]

2� (m/z 1165), [Ti33O42]
2� (m/z 1125) and

[Ti32O40]
2� (m/z 1085) were observed in ESI MS. All these peaks

appeared due to the systematic loss of TiO2 (Fig. 1(C)(iv and v))
and the fragmentation continued until [Ti29O34]

2� (m/z 965)
was formed. Thus, collisional excitation resulted in a systema-
tic loss of TiO2 subunits, which probably constituted the
primary building blocks of the Ti–O cage of TOF. However,
after CE 350, again a bunch of poorly resolved peaks appeared
in the range below m/z 950 due to further fragmentation of
the cage (Fig. 1(C)(v and vi)) which indicated that the cluster
core was disrupted completely. The CID mass spectra for the
entire range of CEs from 2 to 400 CE are shown in the ESI†
(Fig. S3 and S4).

However, apart from this fragmentation channel of the ions
in the 2� charge state, another pathway of fragmentation from
ion 1 was also observed. At 65 CE, a singly charged peak at m/z
4530 appeared which was assigned to {H7Ti42O60(OCH3)38-
(HOCH3)10(H2O)3}

1� (see Fig. S3(iv) and S5(A and B), ESI†).
A comparison of the isotopic distribution of the theoretical and
experimental peaks at m/z 4530 is shown in Fig. S4(C) (ESI†).
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With the gradual increase in energy from 65 to 150 CE, a series
of singly charged peaks also appeared in the m/z range of 2900–
3400 (see Fig. S3(A)(iv–vi), ESI†). Similar to the fragment ions in
2� charged state, here also, the bunch of peaks, appearing
mostly due to the loss of the peripheral ligands, were not
well-resolved until 175 CE. The monoanionic fragment ions,
[Ti41O57]

1�, [Ti40O55]
1�, [Ti39O53]

1�, [Ti38O51]
1�, [Ti37O49]

1� and
[Ti36O47]

1� were detected at 250 CE, which differed by m/z 80
(see Fig. S4(iii), ESI†). These were also formed by systematic
loss of TiO2, similar to the case of the dianionic cage fragments.
At around 300 CE, further fragmentation occurred in the
monoanionic state too and more TiO2 units were lost from
the cage. Thus, the species [Ti35O45]

1�, [Ti34O43]
1�, [Ti33O41]

1�

and [Ti32O39]
1� were formed at 300 CE (see Fig. S4(iv), ESI†).

At 400 CE, [Ti19O13]
1� was observed at m/z 1116. The CE could

not be increased further in the current instrumental set-up.
An expanded view of the CID mass spectrum at 400 CE is shown
in Fig. 2, which revealed the presence of another systematic
fragmentation pathway for the monoanionic fragmented ions.
Each of the above-mentioned monoanionic anions was accom-
panied by another peak at a slightly lower m/z value with a
difference of 16. This was attributed to the loss of an O atom
from the respective monoanionic fragments. The molecular
compositions of these Ti–O cage fragments were confirmed
by comparing the calculated mass spectrum with the experi-
mental ones. Thus, these additional fragment ions were
assigned to [Ti41O56]

1�, [Ti40O54]
1�, [Ti39O52]

1�, [Ti38O50]
1�,

[Ti37O48]
1�, [Ti36O46]

1�, [Ti35O44]
1�, [Ti34O42]

1�, [Ti33O40]
1�,

[Ti32O38]
1�, [Ti31O36]

1�, [Ti30O34]
1�, [Ti29O32]

1� and [Ti28O30]
1�

(see Fig. S6, ESI†). In Fig. 2(B), the expanded mass spectrum in

the range of m/z 2448–2485 is shown and theoretical and
experimental mass spectrum of [Ti36O46]

1� and [Ti36O47]
1� are

compared. Isotopic distributions of other fragments are shown
in the ESI† (see Fig. S7). For simplicity, we categorize the
fragmentation in the monoanionic charge state into two fragmen-
tation channels: path-I which produced fragment ions containing
an odd number of O atoms and path-II which produced fragment
ions containing an even number of O atoms. Thus, the systematic
loss of neutral TiO2 was the predominant dissociation pathway of
the Ti–O cage in both 2� and 1� charge states. These fragmenta-
tion events of the Ti–O cage of TOF are comparable to the
dissociation of FN molecules where a systematic loss of C2 units
occurred.36 Similar fragmentation study of the intact monoanio-
nic parent ion 2 (m/z 4655, detected in ESI MS as shown in
Fig. 1(B)) was also performed. CID spectra with increasing labora-
tory CE for 2 are shown in Fig. S8 (ESI†). Species 2 also showed a
loss of ligands from the cluster with the gradual increase in CE.
The fragmentation of species 2 was observed around 400 CE as
shown in Fig. S8 and S9 (ESI†).

3.2 Collision energy-resolved fragmentation curves

CE resolved fragmentation curves were constructed by plotting
the relative intensities of a particular ion as a function of the
applied CE.32,37 The relative intensities of ions were calculated
using the following formula:

Ir ¼
Ip

It

where Ir refers to the relative intensity of a particular ion,
Ip refers to the actual intensity of the particular ion and It

Fig. 2 (A) Expanded CID mass spectrum of TOF at 400 CE showing the monoanionic cage fragment ions. Alternative peaks are assigned with (x,y) where
x denotes the no. of Ti and y denotes the no. of O atoms. Detailed assignments are shown in Fig. S6(B) (ESI†). (B) Theoretical and experimental isotopic
distributions of one set of fragment ions, i.e. [Ti36O46]

1� and [Ti36O47]
1�.
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refers to the sum of the intensities of parent and all the
fragment ions. CE resolved curves are helpful in understanding
the correlation between the yield of the fragment ions and their
internal energy distribution.38,39

In Fig. 3, CE-resolved dissociation curves for the fragmenta-
tion of the dianionic species 1, are presented. Such energy-
resolved curves explained the extent of energy demand for the
dissociation processes and also presented the various parallel
and successive fragmentation events of the Ti–O cage as a
function of applied CE. CE-resolved curves of the precursor
ion 1 and all the mono- and dianionic fragments resulting from
it are presented in Fig. 3(A). Fig. 3(A)(i) shows an expanded view
of the relative abundance vs. CE of all the above-mentioned
fragmented ions. The product ions with relative abundance
below 0.01 were neglected in these plots. The curves for the
dianionic fragment ions are presented separately in Fig. 3(B). In
Fig. 3(C)(i and ii), similar fragmentation curves for the mono-
anionic anions are shown. The energy-resolved fragmentation
curve of the parent dianion 1 exhibited a sigmoidal decay
pattern. The intermediate species formed due to the loss of

ligands of 1 have been ignored in the energy-resolved studies as
those peaks were poor in resolution and also our primary
objective was to investigate the fragmentation mechanism of
the Ti–O cage. From Fig. 3(A), it is clear that the parent ion 1
was dissociated completely beyond 50 CE. The fragmentation of
FN-like cage started around 200 CE, which suggested that
though the loss of the peripheral ligands was facile, the Ti–O
cage was highly stable in the gas phase and needed high energy
to undergo fragmentation. From Fig. 3(B) and (C), it is clear that
the loss of TiO2 occurred in a systematic fashion. In Fig. 3(B), the
fragmentation efficiency curves for the dianionic cage fragments
of [Ti34O44]

2�, [Ti33O42]
2�, [Ti32O40]

2�, [Ti31O38]
2�, [Ti30O36]

2� and
[Ti29O34]

2� are shown. Fragmentation curves for these selected
dianionic fragments alone are shown due to their greater abun-
dance in comparison with other dianionic fragments.

From Fig. 3(B), it appears that the fragments [Ti34O44]
2�,

[Ti33O42]
2�, [Ti32O40]

2�, [Ti31O38]
2�, etc. were produced simulta-

neously. This may be due to the fact that for a given CE, there
will be a broad internal energy distribution leading to different
fragmentation outcomes. Initially, these ions increased in

Fig. 3 Collision energy-resolved relative abundances of parent and fragment ions of 1 as a function of collision energy (CE). (A) Relative abundance vs.
CE plot of the precursor ion 1, and anionic Ti–O cage fragment units are shown. In the inset (A)(i), expanded views of curves for the fragment ions in the
range of 200–400 CE. (B) Relative abundance vs. CE plot of dianionic fragment ions, [Ti34O44]

2�, [Ti33O42]
2�, [Ti32O40]

2�, [Ti31O38]
2�, [Ti30O36]

2� and
[Ti29O34]

2�. (C) (i) and (ii) show the relative abundance vs. CE plots for monoanionic cage fragment ions of paths I and II.
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intensity and after reaching a threshold energy, they started to
undergo further fragmentation. The ions [Ti34O44]

2�, [Ti33O42]
2�,

[Ti32O40]
2�, [Ti31O38]

2�, [Ti30O36]
2� and [Ti29O34]

2� started disso-
ciating after 320, 325, 330, 345, 352 and 367 CE, respectively, as
observed from Fig. 3(B). Thus, the energy required for dissociation
of each of these fragment ions was different suggesting a change
in the inherent stability of the cage after systematic TiO2 loss.

Similar graphs of monoanionic fragments produced from
precursor 1 are presented in Fig. 3(C). The CE resolved graphs
for the ions [Ti41O57]

1�, [Ti40O55]
1�, [Ti39O53]

1�, [Ti38O51]
1�,

[Ti37O49]
1�, [Ti36O47]

1� and [Ti35O45]
1� formed by path-I (see

Fig. 3(C)(i)) and [Ti41O56]
1�, [Ti40O54]

1�, [Ti39O52]
1�, [Ti38O50]

1�,
[Ti37O48]

1�, [Ti36O46]
1� and [Ti35O44]

1� formed by path-II (see
Fig. 3(C)(ii)), showed a similar trend of fragmentation to the
dianionic species. The yield of ions beyond 400 CE was not
monitored. Thus, it was clear that the systematic loss of TiO2

was observed from the Ti–O cage and the fragments obtained in
the subsequent stages exhibited different internal energy dis-
tribution. A sequential fragmentation mechanism of 1 is
proposed in Fig. 4 based on the detection of CID mass spectra
and nature of CE resolved curves of fragment ions.

The fragmentation events of the Ti–O FN cage, {Ti42O60}, of
(1) can be correlated with the fragmentation events of carbon
FNs.40,41 The simplified stepwise dissociation scheme of the
FN-like cage of TOF is shown in Scheme 2, which ultimately
dissociated into Ti–O fragments. Electron impact ionization (EI)

and higher energy (8 keV) CID/mass-analysed ion kinetic energy
spectra of C60

+ (m/z 720) under single collision condition was
reported and the fragmentation process resulted in corresponding
losses of C2 molecules, yielding smaller even-numbered carbon
cluster fragment ions.40,42,43 Fragmentation of various FNs and
sequential C2 loss mechanisms were also studied by low- and
high-energy CID and surface impact at different energies.44

Likewise, fast-atom bombardment (FAB) of multicharged C60
z+

(z = 1–4) with He also resulted in multicharged fragment ions by
neutral losses of C2.

45,46 There are several such mass spectro-
metric reports.47–49 Thus, the dissociation mechanism of the
Ti–O cage and carbon FNs are comparable.

3.3 Computational study

We have modelled the structure of the parent ion [H12Ti42-
O60(OCH3)42(HOCH3)10(H2O)2]

2� (1) based on the reported
crystal structure of TOF,29 [H6[Ti42(m

3-O)60(O
iPr)42(OH)12]] and

optimized the structure of 1 and that of its major fragments
using DFT (details of methods are in the experimental section).
In the structure of 1, for simplicity, we neglected all the 12
hydrogens (H12) as their precise positions are unknown from
experiment. However, we continue to write the number of extra
hydrogens associated with the cluster in the structural formula
for clarity, even though they are not included in our structural
models.

Fig. 4 Fragmentation pathways of targeted molecular ion 1; a (0r ao 38), b (0o bo 10), and c (0r co 3) labels in molecular formulae represent the
losses of OCH3, HOCH3, H2O ligands, respectively in the fragmentation process.
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In the first step, all the peripheral ligands, i.e., the forty-two
isopropyl groups of TOF, were exchanged with methyl groups
(–CH3) and the preliminary structure of H6[Ti42O60(O-
CH3)42(OH)12] was optimized (see in Fig. S9 and Table S1, ESI†).
The charge state of [Ti42O60(OCH3)42(OH)12] is �6 with no extra
hydrogens. Here, the hydrogens are weakly interacting with the
cluster unit in the crystalline phase and would not be involved
in charge transfer.

In the second step, we made internal ligand substitutions by
replacing ten of the –OH groups by ten –(OH)CH3 groups and
the remaining two –OH groups were replaced by two H2O-
groups to give an initial geometry of 1 which we attempted to
optimize in the �2 charge state. In the course of DFT optimiza-
tion of 1, we found that convergence could not be obtained, and
we then repeated the optimization by increasing the total
charge in units of one starting from �6 to +6, and out of all
of these charge states, the DFT calculation converged only in
the +4 charge state. In DFT calculations, there is a long-
standing charge-delocalization issue and electronic states tend
to be more delocalized than found experimentally.50 As a result,
charges from DFT calculations generally do not reproduce
numerically the oxidation numbers of atoms, but the geo-
metries from DFT simulations can often reproduce the struc-
ture and bonding configurations of molecules and materials in
those oxidation states.

The positive charge could be qualitatively understood if we
assume that the twelve hydrogen atoms donate electrons as
ligands to clusters 1 and 2 so that in their absence, the clusters
are effectively more positively charged. For clusters 1 and 2 in
the gas phase, the surface hydrogen atoms may be more closely
bound and could donate electrons to the cluster. Therefore, the
charge of �2 observed in the mass spectrum for 1 is more
negative than in the deprotonated state used in DFT calcula-
tions with a charge of +4. The resulting optimized structure of
[Ti42O60(OCH3)42(OHCH3)10(H2O)2]

4+ is equivalent to that of
[H12Ti42O60(OCH3)42(HOCH3)10(H2O)2]

2� as shown in Fig. 5(A)(a).
The optimized structure of 1 and its charge state calculation

including the constituent species such as {Ti1}O7, {Ti2}O5,
OCH3, (HO)CH3, H2O are shown in Fig. S10 and in SI2 (ESI†),

respectively. Note that {Ti1} and {Ti2} refer to distinct coordina-
tion types of Ti atoms in the structure. For the methanol
ligands, we observed an average {Ti1}-HO(CH3) bond larger by
0.3 Å (15%) compared to the {Ti1}-OH bond distance found in
[Ti42O60(OCH3)42(OH)12]

6�, indicating only weak covalent Ti–O
bonds with methanol. Furthermore, the two -OH2 groups are
completely detached from {Ti1} sites as two separate water
molecules with non-covalent {Ti1}–O bonding distances of
2.53 Å and 2.60 Å, with the variation being dependent on the
space available near the particular water moiety. The separation
of methanol and water molecules from {Ti1} sites within the
cage leaves the total structure with more cationic charges.
Thus, the weakly bound methanol and free water molecules
are confined in a highly cationic charged cage because fewer
electrons are donated by these ligand groups compared to OH
groups, which are closely bound to the cage.

On the other hand, it was observed that the bonding
interaction of the peripheral methoxide ligands attached to
seven-coordinated {Ti1} atoms was greatly strengthened as
indicated by the contraction in the {Ti1}-O bond distance by
0.15 Å (6.3%). Similarly, it was noticed that the interaction of
methoxide ligands bonded to the five-coordinated {Ti2} atoms
were also strengthened as shown by a bond contraction of
0.11 Å (5.9%).

While the overall charge of TOF can be obtained using a
standard organometallic electron counting procedure (see
Table S1, ESI†), we found that application of simplistic electron
counting to cluster ion 1 did not yield the correct charge state,
which may be attributed to partial charge transfer. To better
understand the partial charge transfer processes which stabi-
lize cluster 1, Bader charge analysis of structure 1 was carried
out (see in Tables S2–S4, ESI†). The average charge of ten
methanol molecules was �0.028e� and that of the two water
molecules was �0.006e�. This analysis indicated that there is
no significant charge transfer from caged methanol and water
molecules to the seven-coordinated {Ti1} centres. Thus, the
molecules may be considered free in the sense that they are
subject only to supramolecular interactions. As a result of this,
the {Ti1} atoms have stronger interaction with the methoxide

Scheme 2 Schematic representation of the fragmentation mechanism of TOF.
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ligands, since the DFT-optimized structure for cluster 1 com-
pared to TOF shows the reduction of the average {Ti1}–O(CH3)
bond length from 1.90 to 1.8 Å, and a more positive average
charge on the methoxide ligands bonded to {Ti1} centre
(�0.37e�), compared to {Ti2} centres (�0.42e�). These results
suggest the possibility of greater electron donation (loss of
negative charge) from methoxide ligands to {Ti1} centres in
cluster 1. DFT study of average charges on OCH3 ligands in TOF
indicates a slightly more positive value (�0.56e�) at {Ti1}
centres in TOF (�0.56e�) compared to that at {Ti2} centres
(�0.57e�), which supports our finding of greater partial charge
transfer from OCH3 ligands at {Ti1} centers compared to {Ti2}
centers in cluster 1. This increase in partial charge transfer may
contribute to stabilizing the {Ti1}-centres when molecules are
free in the cage. Such charge transfer differences at different
{Ti1} sites may be understood as polarization effects on the
Ti–O(CH3) bond caused by the methanol and water molecules
inside the cage as shown in Fig. S11 (ESI†). The strength of
this effect would be stronger for methanol molecules than
water molecules due their closer position to the {Ti1} centre.
Furthermore, since the polarization effect is not present for

{Ti2} centres, they attract less charge from the methoxide
ligands. In reality, the cluster 1 may also be further stabilized
via charge transfer with the hydrogen ions.

We computationally investigated all the intermediate stages
of the cluster fragmentation as observed in the experiments
such as loss of peripheral ligands, cleavage of the Ti–O cage,
release of the ligands from inside the cage and finally the
fragmentation of the Ti–O cage in detail. The structures of the
major ions identified in MS such as the parent ion and major
fragmented product ions were optimized and stacked as shown
in Fig. 5. The structure of 1 was optimized after removing
twelve peripheral -OCH3 ligand groups from {Ti1} sites (see
Fig. S12(A), ESI†). However, the Ti–O bonding interaction at
{Ti1} sites along the wall of the cage underwent a significant
bond elongation up to 4.4% and {Ti2}–O bonding reorganiza-
tion at {Ti2} sites led to {Ti2}–O bond distances increase on
average by 1.3%. The local geometry around {Ti1} atoms
become more distorted with different bond lengths for different
neighbouring bridging O atoms. The bond strains due to the {Ti1}
attraction to the methanolic O atoms. The {Ti2}–O pentagonal
bonding geometry remained unaltered due to the removal of

Fig. 5 (A) The DFT-optimized structures of (a) [H12Ti42O60(OCH3)42(HOCH3)10(H2O)2]
2�, (b) [H12Ti42O60(OHCH3)10(H2O)2]

2�, (c) [Ti41O58(HOCH3)]
2� and

(d) [Ti41O58]
2�. (B) Comparison between free energy changes of cages (i and ii) due to loss of TiO2 with {Ti1} (deep blue colour) and {Ti2} (light blue colour)

sites. Colour of oxygen, carbon, and hydrogen atoms are red, dark grey and grey respectively). The twelve hydrogen atoms have been not included in the
structures as described in the text.

PCCP Paper

Pu
bl

is
he

d 
on

 1
2 

Ja
nu

ar
y 

20
22

. D
ow

nl
oa

de
d 

by
 I

nd
ia

n 
In

st
itu

te
 o

f 
T

ec
hn

ol
og

y 
C

he
nn

ai
 o

n 
1/

12
/2

02
2 

5:
35

:3
5 

PM
. 

View Article Online

https://doi.org/10.1039/d1cp04716g


Phys. Chem. Chem. Phys. This journal is © the Owner Societies 2022

twelve OCH3 ligand groups, since there are no strong internal
bonding interactions for {Ti2} compared to {Ti1} atoms. These
observations may be explained by the higher bond strain at {Ti1}
sites compared to {Ti2} sites. Theoretically optimized structures
of intermediates [H12Ti42O60(CH3O)30(CH3OH)10(H2O)2]

2� and
[H12Ti41O58(CH3OH)10(H2O)2]

2� formed during gas phase frag-
mentation are shown in Fig. S13 (ESI†).

In the second intermediate structure shown in Fig. 5(A)(b)),
all the remaining thirty –OCH3 peripheral ligands were lost
from {Ti2} sites and the bonding interaction of Ti–O were seen
to have strengthened in the cage and the local geometry around
Ti became asymmetric. To understand the preferential site for
TiO2 fragment loss, first, we removed fragments containing {Ti1}
and {Ti2} atoms from the surface of the methoxy ligand-
free cluster. The cage fragment structures were optimized after
removing one TiO2 unit each attached to the {Ti1} and {Ti2} sites
and they are shown in Fig. 5(B)(i and ii), respectively. Based on the
relative ordering of the total energies of the two different open
cage shell structures, it was confirmed that TiO2 removal from a
{Ti1} site is energetically favourable than from a {Ti2} site.

It is interesting to observe that the total energy of the
structure with a {Ti1}O2 unit loss in Fig. 5B(i) is 3.95 eV lower
than the total energy of the structure with a {Ti2}O2 unit loss of
Fig. 5B(ii). This relative energetic ordering, E({Ti1}O2 loss) o
E({Ti2}O2 loss), is due to the increased bond strain around {Ti1}
atoms compared to that around {Ti2} atoms, as discussed
earlier. Therefore, a {Ti1}O2 unit loss leads to a greater structural
relaxation, as the potential energy stored in the strained bonds
is released. Moreover, in the {Ti1}O2 removed structure, i.e.,
Fig. 5B(i), a new bond appears between a {Ti2} atom on the edge
of the cage opening and the O atom of the methanol which had
been previously bonded to the {Ti1} atom of the lost {Ti1}O2 unit.
During structural relaxation, this methanol unit rotates from the
inside to the outside of the cage while being anchored to the {Ti2}
atom which protrudes like a lip to the cage opening as seen in
Fig. 5B(i). However, such stabilization by methanol rotating out of
the cage while being hinged is not possible in the case of {Ti2}O2,
which leaves behind six-coordinated {Ti1} atoms that are more
rigid and the methanol units remain tightly bonded inside the
cage. There could be additional weak interactions arising from
hydrogen bonds contributing to these.

The opening of cage with TiO2 loss at {Ti1} sites left a hole
with dimensions of B7.2 Å � 7.0 Å and the edges of the
opening were puckered due to {Ti2} atoms interacting with
methanol. In contrast, for the cage opening with TiO2 loss from
{Ti2} sites, it was noted that the opening remained unaltered
during optimization apart from a slight contraction of the cage
opening after the complete removal of ligands from the cage.
Loss of all ligands makes [Ti41O58]

2� and subsequent fragmen-
tation is expected from this cluster.

4 Conclusions

We performed detailed CID studies on a Ti–oxo cluster pro-
tected by ligands, referred to as TOF. Upon increasing the CE,

after the ligands were stripped off, a systematic loss of TiO2 was
observed during the fragmentation of the FN-like cluster core.
Firstly, all the peripheral ligands along with the ligands inside
the cluster-core were lost from TOF leading to the formation of
[Ti41O58]

2�. From this species, up to 23 systematic TiO2 losses
were observed, and finally [Ti19O13]

1� was formed. Beyond this
stage, upon further increase of energy, the structure collapsed
completely. The fragmentation pathway was comparable to that
of C60 and the other FNs where systematic C2 losses were seen
up to C30

+, which was followed by shattering of the cage.51–53

Expanding such studies to other metal oxoFNs26,27,54–57 would
provide greater insights into the science of such structures.
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28 [H10Ti42O60(OCH3)40(HOCH3)10(H2O)2]2-, [H9Ti42O60(OCH3)39(HOCH3)10(H2O)2]2-, 
29 [H8Ti42O60(OCH3)38(HOCH3)10(H2O)2]2-, respectively. 
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19 Fig. S5 (A). CID mass spectrum of [H12Ti42O60(OCH3)42(HOCH3)10(H2O)2]2- at 65 C.E. (B) 
20 Expanded view of mass spectrum of [H7Ti42O60(OCH3)38(HOCH3)10(H2O)3]1-. (C) Theoretical 
21 and experimental mass spectrum of [H7Ti42O60(OCH3)38(HOCH3)10(H2O)3]1-.
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1

2

3

4

5 Fig. S6 CID mass spectrum of [H12Ti42O60(OCH3)42(HOCH3)10(H2O)2]2- at 400 C.E. A cascade 
6 of Ti-oxo cage fragments were generated. The peaks are labeled as (x,y) where x and y 
7 represent the number of Ti and O atoms present in the cage fragments.

8



S9

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24 Fig. S7 Expanded views of the calculated and experimental isotopic distributions of (i) 
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26 [Ti28O31]1- and (v) [Ti29O32]1-, [Ti29O33]1- .  

27

28

29

30



S10

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20 Fig. S8 CID mass spectra of [H7Ti42O60(OCH3)42(HOCH3)10(H2O)3]1-(2) with gradual increase 
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1

2 Fig. S9 Stacked mass spectra of parent ions, 1 at 200 CE (i) and 2 at 400 CE (ii). 

3

4 SI1 Additional details of computational study – DFT calculations were performed with the 
5 GPAW method. The atom PAW setups were used as Ti (3s24s23p63d2), O (2s22p4), C (2s22p2), 
6 and H(1s1) to denote the adequate valance electronic interactions in the calculations. The initial 
7 structure of 1 was optimized by taking the crystal structure of TOF, as reported by Gao et al 
8 and removing its 6Hs.1 All geometry optimizations were carried out with a grid spacing of 0.2 
9 A˚ and standard force minimization conditions. PBE exchange functional and double zeta 

10 polarization (DZP) basis set were used only because these are accurate enough to give 
11 reasonably accuracy for metal cluster systems and are widely used combination in atomic-
12 orbital DFT simulations for nanoclusters.2–4 
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17 Fig. S10 Theoretically optimized structure of H6[Ti42O60(OCH3)42(OH)12], E = -2204.21 eV. 
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24

25

26 Fig. S11 Various binding modes and types of electron donation of the methoxide ligand with the Ti1 
27 centre, obtained from DFT models. (i) Sigma bonding between methoxide and Ti1 centre of TOF, (ii) 
28 sigma and pi electron donation from methoxide ligand to Ti1 atom which is near to methanol molecules 
29 in cluster 1 and (iii) only sigma bonding between methoxy and Ti1 centre which is near to the cage-
30 H2O molecules. 

31 SI2 Explanation of difference in charges between protonated and unprotonated 
32 [Ti42O60(MeO)42(MeOH)10(H2O)2]-2
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1

2 It is likely that in the gas phase the hydrogen atoms are strongly bonded to the bridging O sites 
3 on the surface of the cage, while in the crystal and solution phase the extra hydrogen atoms are 
4 more loosely bound to the cluster. This being the case we may treat the twelve H atoms as 
5 additional acceptor atoms to the ligands of the cluster. We know from the crystal structure of 
6 TOF that there are six preferential sites octahedrally arranged for the six hydrogen atoms 
7 though we do not know their exact placement and when we have twelve hydrogen atoms due 
8 to symmetry considerations, they will be bonded to the bridging O atoms as six pairs of 
9 hydrogen atoms at these six octahedral sites with each H atom donating 1e. 

10 We verified that the single-electron donation of H to Ti indeed yields the overall cluster -2 
11 charge according to the standard textbook rules for calculating the charges of organometallic 
12 complexes and we only assumed that the two water molecules and ten methanol molecules 
13 inside the cage do not donate electrons to Ti. Assuming an oxidation state of 4 for Ti the number 
14 of charges on Ti atoms is 42*4e = 168e. Twelve H atoms are in +1 oxidation state, so electrons 
15 accepted by Hs are 12*1e = 12e. The charges donated by ligands are as following the 10 -OMe 
16 ligands (connected to Ti1, close to MeOH) (10x3e = 30e), 2 -OMe ligands (connected to Ti1, 
17 close to H2O)2*1e = 2e. Remaining 30 -OMe (Ti2 site) ligands and 60 µ3-bridging atoms 
18 donate (30*1e) = 30e, (60x2e) = 120e respectively to the Ti atoms.   Therefore, total charges 
19 donated by ligands is (30+2+30+120)e = 182e to Ti. Therefore, the charge on the cluster is 
20 168+12-182 = -2.

21
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26

27

28

29

30

31

32

33

34

35 Fig. S12 Theoretically optimized structure of [H12Ti42O60(CH3O)42(CH3OH)10(H2O)2}2- (1) All 
36 constituent molecules such as Ti1O7, Ti2O5, CH3OH, H2O are labelled. 
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1 Table S1 Electron count for various constituents of 1. 

2

3

4

5

6

7

8

9

10

11

12

Formula No. of 
electrons 
donated / 
lost by each 
atom

No. of 
ligands/metal 
atoms

Total  of charge 
of electron 
contribution

Total charge

(e-)

Ti1 4 12 48

Ti2 4 30 120

H 1 12 12

180

MeO (Ti1 site 
close to MeOH)

3 10 -30

MeO (Ti1 site 
close to H2O)

1 2 -2

MeO(Ti2 site) 1 30 -30

µ3-O 2 60 -120

CH3(OH) 0 10 0

H2O 0 2 0

-182

Total charge -2
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1

2

3

4

5

6 Table S2: Comparison of Bader charges of the caged methanol molecules in cluster 1. Labels 
7 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10  refer to each of the 10 methanol molecules.

Atoms Isolated methanol

(e-)

In cluster 1 

(e-)

Sum of each 
methanol

(e-)

1) O -1.073469 -1.125902

H 0.550502 0.580965

C 0.405900 0.374355

H 0.053647 0.122978

H 0.014493 0.059993

H 0.048936 -0.018294 -0.005905

2) O -1.158572

H 0.612039

C 0.395603

H 0.082344

H 0.000059

H 0.056760 -0.011767

3) O -1.143032

H 0.580766

C 0.381641

H 0.005621

H 0.058059

H 0.089870 -0.027075

4) O -1.130505

H 0.572016
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C 0.341842

H 0.101267

H 0.020504

H 0.086536 -0.00834

5) O -1.151216

H 0.590230

C 0.382089

H 0.062989

H -0.030719

H 0.090837 -0.05579

6) O -1.147379

H 0.589789

C 0.307513

H -0.012398

H 0.109244

H 0.095780 -0.057451

7) O -1.141296

H 0.581964

C 0.352674

H 0.057328

H 0.024900

H 0.086162 -0.038268

8) O -1.151764

H 0.594026

C 0.321497

H 0.105723

H 0.073583

H 0.038504 -0.018431

9) O -1.101824
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H 0.564074

C 0.368489

H 0.019425

H 0.046601

10) O -1.157097

H 0.602332

C 0.369650

H 0.015565

H 0.040704

H 0.098016 -0.03083

Total charge on ten 
methanol molecules

-0.282348

1

2

3

4

5

6

7

8 Table S3: Comparison of Bader charges of caged water molecules in the isolated molecule 
9 case and in cluster 1.

10

11

12

Atoms Isolated water

(e-)

In cluster 1

(e-)

Sum of each water

(e-)

1) O -1.094402 -1.174572

H 0.547159 0.569319

H 0.547249 0.615906 0.053807
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1

2 Table S4: Average Bader charges of ligated molecules in [Ti42(µ3-O)60(OCH3)42(OH)12]6- 
3 [computed structure for (TOF)] and in cluster 1.

4

5

6

7

8

9

10

11

12

13 References

14 1 M.-Y. Gao, F. Wang, Z.-G. Gu, D.-X. Zhang, L. Zhang and J. Zhang, Fullerene-like 
15 Polyoxotitanium Cage with High Solution Stability, J. Am. Chem. Soc., 2016, 138, 
16 2556–2559.

17 2 A. H. Larsen, M. Vanin, J. J. Mortensen, K. S. Thygesen and K. W. Jacobsen, 

2) O -1.173333

H 0.573600

H 0.576726 -0.023007

Total charge on 
both water 
molecules

-0.012354

Atoms Average charges in TOF

(e-)

Average charges in cluster 
ion 1

(e-)

OCH3(Ti1 bonded) -0.57638 -0.36619

OCH3(Ti2 bonded) -0.57511 -0.41631

OH -0.57386 -

HOCH3 - -0.0282348

H2O - -0.012354
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ABSTRACT: Supramolecular chemistry (SC) of noble metal
nanoclusters (NMNCs) is one of the fascinating areas of
contemporary materials science. It is principally concerned with
the noncovalent interactions between NMNCs, as well as between
NMNCs and molecules or nanoparticles. This review focuses on
recent advances in the supramolecular assembly of NMNCs and
applications of the resulting structures. We have divided the topics
into four distinct subgroups: (i) SC of NMNCs in gaseous and
solution phases, (ii) supramolecular interactions of NMNCs in
crystal lattices, (iii) supramolecular assemblies of NMNCs with
nanoparticles and NMNCs, and (iv) SC of NMNCs with other
molecules. The last explores their interactions with fullerenes,
cyclodextrins, cucurbiturils, crown ethers, and more. After
discussing these topics concisely, various emerging properties of the assembled systems in terms of their mechanical, optical,
magnetic, charge-transfer, etc. properties and applications are presented. SC is seen to provide a crucial role to induce new physical
and chemical properties in such hybrid nanomaterials. Finally, we highlight the scope for expansion and future research in the area.
This review would be useful to those working on functional nanostructures in general and NMNCs in particular.

KEYWORDS: supramolecular chemistry, noncovalent interactions, nanoclusters, assemblies, functional nanostructures

1. INTRODUCTION

Supramolecular chemistry (SC) deals with the creation of
structures and associated functions through noncovalent
interactions between molecules. These reversible interactions
originating from hydrophobic forces, van der Waals (vdWs)
forces, hydrogen bonds, and metal−ligand binding are crucial
to understand self-assembling systems and various biological
processes as well as to design molecular machines. SC has
developed into a prominent interdisciplinary research area
including biology, chemistry, nanotechnology, materials
science, and physics. It has also led to some of the important
advancements in molecular science. Research in this area is
advancing at an accelerated pace, and all the frontier journals
present these fascinating directions. Jean-Marie Lehn, Charles
J. Pedersen, and Donald J. Cram have shared the Nobel Prize
in chemistry (1987) for their research on “host−guest”
assemblies. In 2016, Ben Feringa, Fraser Stoddart, and Jean-
Pierre Sauvage were awarded the Nobel Prize in chemistry for
their work on the design and synthesis of tiny molecular
machines, utilizing principles of supramolecular chemistry. It is
worth noting that supramolecular assemblies could be designed
to carry out specific functions. Today, such assemblies are
possible with noble metal nanoclusters (NMNCs), although

many of the functions of such assemblies are yet to be
explored.
NMNCs are emerging materials due to their unique physical

and chemical properties.1,2 They are made of a metal core
connected by staple motifs, further stabilized by a monolayer
of ligands such as thiolates, phosphines,3−5 carbenes,2

alkynyls,6,7 or a mixture of ligands.8−10 Atomically precise
NMNCs such as [Au25(SR)18]

− (refs 11 amd 12),
[Au102(SR)44],

13 [Au144(SR)60],
14,15 [Au52(TBBT)32],

16

[Au38(SR)24],
17 [Ag29(S2R)12]

3− (ref 18), [Ag25(SR)18]
− (ref

19), [Ag44(SR)30]
4− (ref 20), and [PdAu24(SR)18]

21 (SR- a
thiolate ligand) have precise molecular formulas, could be
charged or uncharged, and exhibit unusual molecular proper-
ties. Examples include well-defined optical absorption and
emission due to quantized energy levels, electrochemical
properties, chirality, and chemical reactivity.1,2,22−27 Limited
investigations have been performed on their collective
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properties such as magnetism. The presence of various kinds of
ligands on the metal core enables the possibility of making
specific noncovalent interactions with NMNCs, nanoparticles
(NPs), and other molecules.28−31 There are also possibilities of
forming inclusion complexes of ligands acting as guests with
suitable hosts for the SC of NMNCs. Examples of this branch
of NMNCs-assembled materials are beginning to be available.
As a result, the rich diversity in this category of materials is
definite to make a lasting impact on materials science. In this
context, we wish to present a review of the area reflecting on
the past and present potential directions for the future.
Here, we focus on various possibilities of supramolecular

assemblies of NMNCs and categorize them into the following
specific topics (Figure 1):

1. SC of NMNCs in gaseous and solution phases
2. Supramolecular interactions of NMNCs in crystal

lattices
3. Supramolecular assemblies of NMNCs with nano-

particles and NMNCs

4. SC of NMNCs with other molecules

In gaseous and solution phases, physical interactions such as
vdWs, π···π, π···H−C, electrostatic, etc. can be present. But in
the crystalline state, combinations of these interactions exist.
SC of NMNCs is largely arising from interactions of the
ligands, and the energy involved in them is 1−2 orders lower
than in typical covalent bonds. Therefore, the resulting
structures will follow the general trends of supramolecular
interactions of organic molecules in gaseous, solution, and
crystalline states. Additional properties could arise in the case
of NMNCs when a highly ordered self-assembly is formed
using SC. Such examples are also discussed below. While there
are several sources of excitement, there are many challenges
too; we will point to a few of them in the last section of the
review. A key point to bear in mind is that the structures of
most of the NMNCs lattices are not completely resolved with
counterions and solvents to understand all the supramolecular
interactions in detail as in organic crystals.

Figure 1. Various kinds of supramolecular assemblies of atomically precise NCs. Individual structures have been gathered from refs 20, 38, 43, 44,
46, 48, 53, 64, 65, 67, 69, 81, 82, 86, and101. At the center, an isolated ligand-protected cluster has been redrawn from ref 47.
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2. SC OF NMNCS IN GASEOUS AND SOLUTION
PHASES

SC of NMNCs in gaseous and solution phases was studied
mainly using mass spectrometry (MS). In this context,
intercluster reactions, dimerization of NMNCs, and ligand−
NMNCs interactions are discussed below. We note that
intercluster reaction and dimerization of NMNCs are the
outcomes of supramolecular interactions.

2.1. Intercluster Chemistry of NMNCs

Alloying of NMNCs can be achieved easily via intercluster
reactions.32−36 Reaction between two well-known NMNCs,
[Ag44(SR1)30]

4− and [Au25(SR)18]
− (where SR1 and SR2 were

4-fluorothiophenol and 2-phenylethanethiol, respectively), led
to the alloy NMNCs [AgyAu44−y(SR1)30−n(SR2)n] and
[AuxAg25−x(SR2)18−m(SR1)m].

37 Another example is the
intercluster reaction between [Ag25(DMBT)18]

− and

[Au25(PET)18]
−, and alloying of NMNCs occurred keeping

their [M25(SR)18]
− structure and topology intact, via the

dianionic adduct, [Au25Ag25(PET)18(DMBT)18]
2− (Figure 2Aa

and b).38 All these studies were principally based on MS.
Density functional theory (DFT) calculation and molecular
docking studies suggested that π···π, π···H−C, and metal-
lophilic interactions were the main reasons for such intercluster
reactions to be initiated (Figure 2Ac). It may seem that there
could be a repulsive force between the two anionic NMNCs
when they approach each other. However, the overall charges
of these NMNCs, [Ag25(SR)18]

− and [Au25(SR)18]
−, are not

confined but distributed over all the atoms in their staples,
core, and ligands. As a result, the two NMNCs do not feel
reasonable repulsive interactions between them. vdWs
interactions between the NMNCs are playing a key role for
such intercluster reactions as the atom exchange gets initiated

Figure 2. (A) (a) Formation of [Au25Ag25(PET)18(DMBT)18]
2− heterodimer via intercluster reaction between [Ag25(DMBT)18]

1− and
[Au25(PET)18]

1−. (b) Experimental and calculated isotopic patterns for the dimer confirming the charge state of 2−. (c) DFT optimized structure of
the adduct [Au25Ag25(PET)18(DMBT)18]

2−. Color codes: white, H; yellow, S; red, Au; green, Ag; cyan, C. (Reproduced from ref 38. Copyright
2016 Nature Publishing Group.) (B) (a and b) Isotopic patterns and mobility distributions of [Au25(PET)18]

1− and [Au50(PET)36]
2− at the

collision energies (CEs) 30 and 5 eV, respectively. With the increase of CE, the dimer is converted to a monomer. (c) DFT optimized structure and
Borromean ring model of [Au50(PET)36]

2−. Color codes: pale red, S; orange, Au. (Adopted from ref 39. Copyright 2016 Royal Society of
Chemistry.) (C) (a) Mobility distributions of [Ag29(S2R)12Na]

2− and [Ag29(S2R)12Na]2
4− with different drifts (S2R = BDT: 1,3-benzenedithiol).

(b) DFT optimized structure of [Ag29(S2R)12Na]2
4−. Color codes: yellow, S; blue and red, Ag; purple, Na; white, H; gray, carbon. (Adopted from

ref 43. Copyright 2016 Royal Society of Chemistry.)
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by the formation of intercluster adducts,34,35 which have been
detected by MS (Figure 2A).

2.2. Dimerization of NMNCs

Dimerization and aggregation of NMNCs occurred due to the
presence of noncovalent interactions. Our group reported the
aggregation of [Au25(SR)18]

− in the gas phase using ion
mobility (IM) MS.39 The trimer, dimer, and monomer of
[Au25(SR)18]

− were separated because of their difference in
collision cross sections. As a result, different drift times were
observed for them in the mobility distribution. The isotopic
patterns and mobility distributions of [Au25(PET)18]

1− and
[Au50(PET)36]

2− at the collision energies (CEs) 30 and 5 eV
are presented in Figure 2Ba and b, respectively. DFT
calculations revealed that noncovalent and aurophilic inter-
actions are the primary causes for the gas-phase aggregation of
[Au25(SR)18]

− (Figure 2Bc). However, despite having a similar
structure, [Ag25(SR)18]

− did not produce such a dimer in the
gas phase. Bidentate thiol ligand can play a crucial role to
assemble thiolated NMNCs into multimers. Recently,
Bodiuzzaman et al. reported a covalently linked dimer of
[Ag25(SR)18]

− which was also confirmed using MS and
supported by DFT calculations and other techniques.40 Dimers
of [Au25(S-tBu)18]

− were obtained using bidentate benzene-
1,4-dithiol as a ligand.41 Similarly, Lahtinen et al. confirmed
the formation of a dimer of [Au102(SR)44] and [Au250(SR)n]

using transmission electron microscopy (TEM) where
biphenyldithiols (BPDTs) were used as a linker.42

In another report, dimerization of [Ag29(S2R)12]
3− induced

by alkali metal ions was investigated using IM MS in the gas
phase.43 The proton affinity of the same metal cluster was also
studied. Dimers induced by H+ and Li+ were not detected
because these cations are smaller in size. Na+, K+, Rb+, and Cs+

induced dimer formations were studied using IM MS. The
mobil i ty distr ibutions of [Ag29(S2R)12Na]2− and
[Ag29(S2R)12Na]2

4− with different drift times are shown in
Figure 2Ca. The dimerization process was assisted by the
interactions between the sulfur of the NMNCs and the cations
(Figure 2Cb).

2.3. Interactions of NMNCs with Ligands

Ligand−ligand and NMNC−ligand interactions play a crucial
role to build the SC of NMNCs in gaseous and solution
phases. In this context, Zhu and co-workers reported a novel
mechanism of aggregation induced emission where the
restriction of the “dissociation−aggregation pattern” of ligands
is explained using [Ag29(S2R)12(TPP)4] (TPP: triphenylphos-
phine) (termed as Ag29) as an example (Figure 3A).44 To
prove the dissociation−aggregation process, different concen-
trations of TPP molecules were added to the nondissociative
[Ag28Pt1(Adm)18(TPP)4]

45 (termed as Ag28Pt1) (Adm: 1-
adamantanethiol) and dissociative Ag29 solution. The photo-

Figure 3. (A) Schematic representation of the luminescent enhancement of [Ag29(S2R)12(TPP)4] in solution by the dissociation−aggregation
process (S2R = BDT). (B) (i) π···π interaction between S2R ligands and (ii) π···H−C interaction between S2R and TPP ligands, respectively.
(Reproduced from ref 44. Copyright 2018 Royal Society of Chemistry.) (C) Emission and excitation spectra of NCs with different secondary
ligands; each set is presented using the same color code. The DFT optimized structure of [Ag29(S2R)12] is presented in the inset. About 30 times
enhancement in PL intensity related to its parent NMNC, [Ag29(S2R)12(TPP)4], was confirmed when TPP was replaced with DPPP. (Reproduced
from ref 46. Copyright 2018 Royal Society of Chemistry.)
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luminescence (PL) intensity of Ag29 was improved 13 times by
the addition of TPP into N,N dimethylformamide (DMF)
solution of the NMNC. But the PL intensity of nondissociative
Ag28Pt1 remained almost the same after the addition of TPP. A
temperature-dependent PL study of Ag29 NC showed two
stages of intensity increase.44 This confirmed that both the
quenched thermal vibration process and the restriction of the
TPP dissociation−aggregation process were involved in Ag29.
However, only the thermal vibration process was observed for
Ag28Pt1. The π···π and π···H−C interactions between the
ligands are shown in Figure 3B.
In a subsequent study, Khatun et al. demonstrated that

systematic replacement of the TPP with other secondary
ligands resulted in an enhancement of PL intensity of Ag29 in
the NIR (near-infrared) region.46 Secondary ligands also play a
vital role to enhance the photoluminescence of NMNCs.
About 30 times enhancement in PL intensity related to the
parent NMNC, [Ag29(S2R)12(TPP)4], was confirmed when
TPP was replaced with 1,3-bis(diphenylphosphino)propane
(DPPP) (Figure 3C). DFT calculations of the NMNC with
different secondary ligands suggested that the emission was
due to a LMCT (ligand to metal charge transfer). Enhance-
ment of the luminescence was because of restricted intra-
molecular rotation (RIR). The rigidity of the NMNC surface
was increased when TPP was replaced with DPPP because of
the presence of a greater number of noncovalent interactions
(π···π and π···H−C interactions) in DPPP capped NMNCs.

The rigidity of the NC promoted the radiative transitions by
allowing RIR. A similar type of result was also observed for
[Ag51(S2R)19(TPP)3].

46

3. SUPRAMOLECULAR ASSEMBLIES OF NMNCS IN
CRYSTAL LATTICES

Supramolecular interactions could play an important role in
the systematic organization of NMNCs in crystal lattices. Well-
organized assembly of NMNCs is present in their unit cells. An
understanding of the packing arrangement of NMNCs in a
crystal lattice could provide new insights into the NMNC-
assembled patterns, structures, and properties. In this section,
supramolecular interactions of NMNCs via intercluster and
intracluster fashions in crystal lattices are presented.
3.1. Ligand Induced Supramolecular Assemblies of NMNCs
in Crystal Lattices

Supramolecular interactions among ligands present in a crystal
lattice generate various unique patterns, structures, and
properties. In this section, we will focus on various supra-
molecular interactions among ligands leading to different
symmetries and patterns.
For example, Jin and co-workers determined the structure of

[Au246(p-MBT)80] (p-MBT = p-methylbenzenethiolate) at the
atomic, molecular, and nanoscale levels using SCXRD (single
crystal X-ray diffraction).47 The ligands generated complex
patterns on the NMNC surfaces similar to structures of
biomolecules. The density and symmetry of the surface

Figure 4. (A) Packing of [Au246(p-MBT)80] in the unit cell. Views from the (a) z-direction, (b) y-direction, (c) and x-direction. Color codes:
[Au246(p-MBT)80] with different chirality, gold, blue, and magenta; sulfur, yellow; carbon, gray. (d−f) Arrangement of ligands of [Au246(p-MBT)80]
along the z-, y-, and x-directions. Color codes: ligands positioned at the middle of [Au246(p-MBT)80], gray, red, blue, and green; ligands positioned
at the extremes, green, blue, and red. (B) Intercluster self-assembly generated by the ligands. (a and b) Coordination geometry of [Au246(p-
MBT)80] in the unit cell: side view (a) and top view (b). (c) Interactions among the intercluster ligands. (d) Side-by-side assembly of the ligands in
[Au246(p-MBT)80] with the same chirality. (e) Point-to-point assembling of the ligands in [Au246(p-MBT)80] with opposite chirality. (f) Schematic
representation of the directional packing of [Au246(p-MBT)80]. (C) Various π···H−C interactions between the ligands of NMNC: (a) rotational
and (b) parallel patterns. (Reproduced from ref 47. Copyright 2016 American Association for the Advancement of Science.)
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patterns further guided the packing of NMNCs into lattices
with rotational, orientational, and translational order. [Au246(p-
MBT)80] NMNCs are presented with a square configuration in
Figure 4Aa, akin to the packing mode in the [100] plane of fcc
metals. The NMNCs are stacked obliquely along the [001]
direction (Figure 4Ab). The packing density of the NMNCs is
60%, which is less than the fcc lattice (74%). The consequence
of specific intercluster interactions of the monoclinic packing is
correlated to the alignment of the ligands on the NMNCs
(Figure 4Ad−f). The crystal lattice was verified to possess an
ABAB type of arrangement, wherein [Au246(p-MBT)80] makes
up the A layer and isomeric NMNCs are the B layer (i.e., (R-
NC)A@(L-NC)B@(R-NC)A@(L-NC)B), shown in Figure
4Ac. To realize the intercluster assembly of [Au246(p-MBT)80],
the coordination environment of the surface ligands was also
examined (Figure 4Ba−f). Each NMNC is surrounded by six
neighboring NMNCs. Four of them have the same chirality as
the central one (Figure 4Ba, yellow arrows). They are
organized within the same square layer. The other two are of
the opposite chirality in different layers (Figure 4Bb, purple
arrows). The peripheral ligands of a NMNC interacted with
other ligands from three neighboring NMNCs, and five pairs of
interacted ligands contributed to each interaction (Figure
4Bc). Intermolecular π···H−C interactions play a key role to
stabilize the surface patterns on the NMNCs. The C−H bonds
of the methyl groups or phenyl rings interact with the π
electrons (Figure 4Ca and b). The ligand’s rotational and
parallel self-assembled surface patterns are comparable to the
structural complexity of biomolecules such as the α-helix and
β-sheet in proteins.
Similarly, [Au144(PMT)60]

48 (PMT = S-CH2Ph) and
[Au133(PET)52]

49 (SR = S-C2H4Ph) NMNCs are arranged
with an ABAB packing mode (i.e., (R-NC)A@(L-NC)B@(R-

NC)A@(L-NC)B) like the above-mentioned [Au246(p-
MBT)80]. The asymmetric arrangement of the surface
structures results in isomerism in NMNCs. Intercluster
interactions were observed between the two neighboring
[Au144(PMT)60] NMNCs. The optical isomers (R and L) were
stacked layer by layer with a hexagonal pattern in the (001)
plane and a square configuration in the (100) and (010)
planes. Each [Au144(PMT)60] was surrounded by six
[Au144(PMT)60] NMNCs with the opposite chirality in the
crystal lattice. Various kinds of supramolecular interactions
such as π···H−C (2.80 Å) and H···H (2.54 Å) between the
ligands of neighboring NMNCs lead to the formation of
compact and ordered crystal structures.
The ABAB (e.g., [Au246(p-MBT)80], [Au133(PET)52], and

[Au144(PMT)60]) and the ABCD (e.g., [Au92(SR)44])
50 are the

two well-known packing fashions of the NMNC system.
Recently, a third mode of packingABCDEF (6H packing
mode)was reported for [Au60S6(PMT)36] by Gan et al.51 In
their work, Gan et al. incorporated a sulfur atom on
[Au60S6(PMT)36] and converted it into [Au60S7(PMT)36] by
heating. As a consequence, the ABCDEF (6H packing mode)
arrangement in [Au60S6(PMT)36] was converted into the
ABAB mode for [Au60S7(PMT)36], although the crystallization
conditions were identical. The difference in the packing in the
unit cell was reflected in the optical properties. The PL
intensity of the [Au60S6(PMT)36] (ABCDEF-6H packing
mode) crystal lattices is weaker compared to [Au60S7(PMT)36]
(ABAB packing mode) in the amorphous state. [Ag46S7(SR)24]
(SR = S-PhMe2) packed with the ACB@ACB mode (simple
translational symmetry) in the crystal lattice.52 Each NMNC is
connected with four other NMNCs in other planes. C−H···π
interactions (intracluster) between adjacent ligands resulted in

Figure 5. (A) Cubic unit cell and (B) trigonal unit cell of Ag29 NMNC. (C) Emission spectra of the cubic and trigonal crystals of the NMNC.
(Adopted from ref 53. Copyright 2018 Royal Society of Chemistry.) (D) Structure of Ag29 NMNC. (E) Crystal structure of
[Ag29Cs3(S2R)12(DMF)m] (m = 5, 6). (Adopted from ref 58. Copyright 2019 American Chemical Society.)
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the systematic organization of the ligands on the NMNC
surface.
Supramolecular interactions can be tuned to generate a

polymorphic NMNC crystal lattice.53 In this context, a cubic
lattice (C) of [Ag29(S2R)12(TPP)4] was obtained using the
drop-casting method (Figure 5A). [Ag29(S2R)12(TPP)4]
adopted the trigonal lattice (T) when the vapor diffusion
method was used (Figure 5B). The T unit cell was composed
of three different orientations of the NMNCs (highlighted in
different colors), whereas only one type of orientation of the
NMNCs was confirmed in the C unit cell (Figure 5A and B).
The difference in the intercluster interactions of TPP and S2R
resulted in two polymorphic crystals. The π···H−C inter-
actions of TPP were more favored in a C lattice compared to a
T lattice. The greater numbers of π···H−C interactions
resulted in a greater rigidity in the C system relative to the
T system. This is why the cubic crystals gave rise to a greater
PL intensity compared to trigonal crystals (Figure 5C).
In another study, the SCXRD of [Au103S2(NPT)41] (NPT =

2-naphthalenethiol) revealed the “intercluster assembly” of
NMNCs (Figure 6Aa).54 The surfaces of the NMNCs are
highly stabilized through intracluster noncovalent interactions,
such as H···H and π···H−C interactions. Intercluster and
ligand−ligand interactions resulted in highly dense assembly in
the unit cell (Figure 6Ab). Naphthalene thiols on the NMNC
surface created local tetramers through noncovalent inter-
actions of π···π and π···H−C stacking (Figure 6Ac). The outer
surfaces of the ligands of neighboring NMNCs are interlinked
via T-shaped C−H···π interactions with an average distance of
2.58 Å to yield intercluster assembly (Figure 6Ba). Such an
orderly T-shaped arrangement adopted a ‘‘herringbone
pattern” via intercluster interactions (Figure 6Bb). These

types of patterns have resulted in a linearly connected zigzag
arrangement in the unit cell.
Recently, Khatun et al. reported an assembly of NMNCs

c o p r o t e c t e d b y d i p h o s p h i n e a n d t h i o l ,
[Ag22(SR)12(DPPE)4Cl4]

2+ (SR = 2,5-dimethylbenzenethiol;
DPPE = 1,2-bis(diphenylphosphino)ethane).55 The NMNC
consisted of an Ag10 core and [Ag12(DPPE)4(2,5-
DMBT)12Cl4] shell. The [Ag12(SR)12(DPPE)4Cl4] shell
encapsulated the Ag10 core. Electrospray ionization (ESI) MS
study also supported the SCXRD data. An unusual
crystallization induced luminescence enhancement was con-
firmed for this NMNC as the emission was weak in the
amorphous states and solution. However, about 12 times
luminescent enhancement was observed in the case of the
crystalline state relative to the amorphous state. As the NMNC
is protected by DPPE and DMBT, the well-organized
noncovalent interactions (π···H−C and π···π) between the
ligands throughout the crystal lattice led to the enhancement in
luminescence.
Negishi and co-workers reported some essential factors for

the assembly of NMNCs and the functions and properties of
such assembled structures.56 [Au4Pt2(SR)8]

0 was used for the
study, and the following four points were mentioned about the
NMNCs: (1) [Au4Pt2(SR)8]

0 could be utilized as a building
block to generate one-dimensional connected structures (1D-
CS) via intercluster gold−gold bonds (aurophilic bond). (2)
The intra-NC ligand interactions differed subject to the ligand
structure having a similar structure of [Au4Pt2(SR)8]

0.
Consequently, the distribution of the ligands varied depending
on the structure of the ligand in [Au4Pt2(SR)8]

0. (3) The inter-
NC ligand interactions were influenced by the changes in the
distributions of the ligands. (4) The band gap of the NMNCs
was reduced by the formation of 1D-CS. This study established

Figure 6. (A) (a) Crystal structures of the [Au103S2(S-Nap)41] NMNC, Au79 (middle), and ligands (right). Color codes: magenta and blue, Au;
yellow, S; white, H. (b) Intracluster interactions via ligands. (c) T-shaped arrangement adopted a ‘‘herringbone pattern” via π···H−C. (B) (a)
Intercluster interactions (π···H−C) in the crystal lattice of Au103 NMNC. (b) Intercluster and intracluster interactions resulted in the “herringbone
pattern”. (Adopted from ref 54. Copyright 2017 American Chemical Society.)
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that intracluster ligand interactions need to be created to yield
1D-CS with desired functionalities.
Supramolecular interactions were also reported for hetero-

cycl ic carbene-protected Au superatom NMNCs
[Au13(NHCBn)9Cl3]

2+ (NHCs N-heterocyclic carbenes).57

The NMNC was synthesized by the reduction of precise
Cl−Au−NHC complexes. The NMNC consisted of an
icosahedral Au13 core protected by nine NHCs and three
chlorides in an ordered fashion. SCXRD revealed that the
NMNCs were assembled via multiple noncovalent interactions
(π···H−C and π···π) which made the surfaces of the ligands
rigid. As a result, a high quantum yield (QY) up to 16.0% was
observed. The QY is considerably higher than other reported
Au13 superatom NMNCs.
Hydrogen bonding interactions among ligands were also

studied. The complete structure of [Ag44(SR)30] (SR = p-
mercaptobenzoic acid) was resolved using X-ray crystallog-
raphy.20 The crystal lattice consisted of two kinds of Ag44
NMNCs (α and β) stacked in a fcc lattice. They are correlated
by a mirror reflection symmetry. The ACB layers were
arranged in order in a six-layer sequenceAα-Cβ-Bα-Aβ-Cα-
Bβdue to the presence of α−β mirror symmetry.
[Ag44(SR)30] produced a self-assembled structure throughout
the crystal lattice through the establishment of strong H-bonds
between the carboxyl groups of neighboring NMNCs. The
ligands were interconnected via double and triple bundles.
Intralayer H-bonding between neighboring NMNCs (αα or
ββ) resulted in a doubly bundled ligand arrangement, whereas
the interlayer H-bonding between neighboring NMNCs (αβ)
gave rise to the triply bundled ligand arrangements.21

3.2. Ion Induced Supramolecular Assemblies of NMNCs in
Crystal Lattices

Ion induced supramolecular interactions such as electrostatic,
cation···π, and anion···π interactions take crucial part in nature,
particularly in molecular recognition, protein structure, and
enzyme catalysis. Similarly, ions could also play an important
role to assemble NMNCs via ion induced supramolecular
interactions. Pradeep and co-workers reported the gas-phase
adducts of [Ag29(S2R)12] with alkali metals as discussed
above.43 Recently, Zhu and his co-workers resolved the
structure of Cs+ attachment with [Ag29(S2R)12(TPP)4] using
X-ray crystallography and studied the supramolecular assembly
of the NMNCs.58 The addition of Cs+ peeled the TPP off from
the NMNC surface and resulted in a neutral Cs−NMNC
complex, [Ag29Cs3(S2R)12(DMF)m] (m = 5, 6) (Figure 5D and
E). The formation of such a complex was driven by the
electrostatic attraction between [Ag29(S2R)12(TPP)4]

3− and
Cs+ and was facilitated by Cs···π and Cs−S interactions. The
capture of Cs+ induced changes on the [Ag29(S2R)12] unit.
Interactions among [Ag29(S2R)12(TPP)4]

3−, Cs+, and DMF
gave rise to a 1D self-assembled structure in the crystal lattice.
The optical properties of [Ag29Cs3(S2R)12(DMF)m] were
changed remarkably compared to the parent NC due to such
types of intercluster interactions. Similarly, hydrophobic
NMNCs [Ag29(S2R)12(PPh3)4]

3− were made water-soluble
using solvent-conjoined Na+ by the same group.59

In a subsequent study, Hyeon and co-workers reported a
simple synthesis of an assembly of highly fluorescent AuNCs.
In particular, Zn2+ induced precise assembly of Au4 NCs
exhibited a QY of ∼90% in water.60 This is the highest QY
reported for NMNCs until date. Zn2+ induced distinctive

Figure 7. (A) Schematic representation of the interactions between [Ag44(SR)30] and Te NWs. (B) Total structure of [Ag44(p-MBA)30]. (C)
Formation of the crossed-bilayer assembly (CBA) of Ag44@Te NWs shown via TEM images. (D) H-bonding between the carboxylic group of the
ligand of adjoining. The adjoining NCs’ network via H-bonding with L2 (i) and L3 (ii) fashion. (E) (i) Schematic representation of the CBA. (ii)
Zoom in view of the area shown in (i). Further zoom in view is presented in (iii). Different NCs are labeled as C1, C2, and C3. (Reproduced from
refs 28, 64, and 68. Copyright 2019 American Chemical Society, 2016 and 2017 Wiley.)
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aurophilic interaction (gold(I)−gold(I), d10−d10) among Au4
NCs, resulting in such a highly greenish-blue fluorescence.
This bright fluorescence came from the Zn2+ induced rigidified
environment due to the delay in vibrational relaxation. This
NMNC assembly may be used for the drug delivery by
monitoring the reassembly and disassembly processes rever-
sibly, by the readdition and extraction of metal ions.
Counter ions also assist in the packing arrangement of

NMNC in a unit cell. The Jin group reported the variation in
packing for Au23, Au21@Cl, and Au21@AgCl2 NMNCs because
of their differences in surface structures and counterions.61 X-
ray diffraction studies revealed the hierarchical assembly in the
crystal lattice. Au21 NCs were systematically organized into
one-dimensional (1D) nanofibrils via various noncovalent
interactions (π···anion, π···π, and aryl Cl···H−C interactions)
facilitated by site-specific surface hooks. Further, these 1D
nanofibrils resulted in 3D crystals which gave rise to the
hierarchical assembly. Modification of the packing arrange-
ments of Au21 NCs by modifying the counterions influenced
the electrical transport properties by 2 orders of magnitude.

4. SUPRAMOLECULAR ASSEMBLIES OF NMNCS
WITH NANOPARTICLES AND NMNCS

Supramolecular interactions of NMNCs with NPs and
NMNCs could result in self-assembled superstructures. The
interactions of [Ag32(SG)19]

62 with 1D tellurium nanowires
(Te NWs) were introduced by Pradeep and co-workers.63 The
reaction between Ag NPs and ions with 1D Te NWs resulted
in AgTe NWs. But a different reactivity toward Te NWs was
evidenced for NMNCs which lead to the formation of Ag
islands at different locations on the Te NWs. Inspired by this
result, Som et al. further studied the interactions between Te
NWs and [Ag44(p-MBA)30] (MBA = S-PhCOOH) (termed as
Ag44) (Figure 7A and B).64 After dispersing Ag44@Te NWs in
1-butanol, the sample was kept for solvent evaporation. These
hybrid material Ag44@Te NWs resulted in a crossed-bilayer
structure, whereas a monolayer assembly was formed when the
NMNC was absent (Figure 7C). TEM data revealed that the
hybrid Ag44@Te NWs formed a woven-fabric-like structure,
where the NWs were arranged in parallel fashion in the same
layer but, in the adjacent layer, they were organized with an
unusual angle of 81ο between them. The Ag44 NCs were
attached onto the Te NWs’ surface by Te−O interactions.
Computational study demonstrated that the organization of
the Te NWs between two adjacent layers with an angle of 81ο

assisted the formation of the strongest H-bonding because of
the three pairs (L3) of H-bonding between the neighboring
Ag44 NCs layered over Te NWs (Figure 7D and E). To
support these data, another NC [Au102(SR)44] was also used in
the study. In this case, a similar structure was noticed, but the
angle between the two adjacent layers was 77°. Such a
difference in angles (81° and 77°) was due to the difference in
orientation of the ligands on the two NMNC surfaces.
Recently, Chakraborty et al. explored the supramolecular

assembly of [Ag44(SR)30] with gold nanorods (GNRs) through
H-bonding interactions.65 They employed p-MBA ligands to
functionalize Au GNRs at neutral pH. Then, the functionalized
GNRs were utilized for the assembly of [Ag44(SR)30] in DMF
for 20 h. H-bonds were generated between the carboxyl groups
of nearby p-MBA ligands for both the GNRs and Ag44 NCs
during this process. This resulted in a multilayer shell that
encapsulated the individual GNRs. As a result, the GNRs
transformed into cagelike nanostructures. The morphology of

the composite nanostructures formed was octahedral.65

Similarly, the p-MBA-functionalized Au nanorods were used
for reactions with NMNCs such as [Au102(SR)44]

13 and
[Au250(SR)n]

42 in a parallel way to generalize the process. But
here less dense encapsulation of GNRs was noticed. It was
suggested that some of these p-MBA-stabilized Au NCs would
be deprotonated (i.e., S-PhCOONa) in the formation of the
assembly. As a result, a few of the p-MBA ligands of these two
NMNCs do not take part in the formation of H-bonds.
In yet another study, Bose et al. reported the reaction

between a NMNC, [Au25(SR)18] (SR = 2-phenylethanethiol),
and polydispersed silver NPs (∼4 nm) capped with the same
ligand.66 The reaction produced alloyed NPs under ambient
conditions. HRTEM study revealed that such type of reaction
gave rise to highly monodisperse superlattices of 2D Au−Ag
alloy NPs. Such reactions are highly dependent upon the
nature of the capping ligands since reaction did not proceed
when 4-(tert-butyl)benzyl mercaptan was used as a protecting
ligand for the Au NCs.
Supracolloidal self-assembly of NMNCs, especially [Au102(p-

MBA)44] under aqueous conditions, was studied by Nonappa
and co-workers.67,68 Monodisperse gold NCs were preferred
for the formation of template-free 2D nanosheets and closed
spherical capsids. Such supracolloidal self-assembly of
[Au102(p-MBA)44] was obtained due to the presence of the
spontaneous and inherent arrangement of the H-bonding
interactions of p-MBA ligands. Dialysis of [Au102(p-MBA)44]
(SR = S-PhCOOH or S-PhCOONa) from soluble water to
insoluble methanol led to the formation of spontaneous self-
assembly of such NMNCs into monolayer 2D sheets. The slow
dialysis offered enough time for the NMNCs to assemble in
the hexagonal close-packed structure as the geometry facilitates
the formation of the maximum number of H-bonds. However,
the rapid injection of dispersed partially deprotonated (in
water) [Au102(p-MBA)44] into methanol resulted in spherical
superstructures of an average diameter of 200 nm. The
tomographic reconstruction data revealed that these super-
structures were hollow. These hollow spherical superstructures
were formed based on shape-defined NMNC subunits. These
spherical superstructures were named “colloidal capsids” (see
Figure 1 and section 4). The fusion of two capsids was also
observed. The H-bonding interactions between two adjacent
capsids could result in the fusion of two capsids. Ellipsoidal
capsids were also formed either due to the rearrangement of
defects upon assembly or fusion of two capsids. However, the
forming mechanisms and how the ellipsoidal capsid shells can
be tuned are currently unknown.

5. SC OF NMNCS WITH OTHER MOLECULES

SC of NMNCs with other molecules such as fullerenes,
cyclodextrins, cucurbiturils, crown ether, etc. is composed of
special structural compatibility and host−guest interactions. In
this section, we discuss such interactions one by one.

5.1. SC of NMNCs with Fullerenes

Fullerenes are considered one of the important classes of
molecules to explore SC because of their size, shape, rich π-
electron cloud, and electron-accepting properties. Recently,
Chakraborty et al. described the supramolecular functionaliza-
tion of silver NMNCs with fullerenes.69 Reaction between
[Ag29(S2R)12]

3− with C60 at room temperature resulted in the
generation of [Ag29(S2R)12(C60)n]

3− (n = 1−9).
[Ag29(S2R)12]

3− and four equivalents of C60 gave rise to
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[Ag29(S2R)12(C60)n]
3− (n = 1−4) complexes, which were

detected by ESI-MS (Figure 8A). The ligand surfaces of the
NMNC are organized in such a fashion to form a cavity,
allowing the π-electrons of the surface of fullerenes to interact.
Such host−guest complexations were enabled by this structural
compa t ib i l i t y (F i gu re 8B) . The s t ruc tu r e s o f
[Ag29(S2R)12(C60)n]

3− (n = 1−4) adducts were predicted
using molecular docking and DFT calculation. The non-
covalent interactions such as π···H−C, π···π, and vdWs
interactions between the aromatic rings of S2R of the NC
and the aromatic surface of the fullerene were the main reason
for the formation of such assemblies. Similar results were
obtained when C70 was used in place of C60. Similarly, fullerene
(C60 and C70) based aggregation of [M25(SR)18]

− NCs (-SR=
thiolate ligand, M = Ag or Au) was also studied using ESI-
MS.70 The nature of the complexation witnessed in the case of
[Ag29(S2R)12]

3− was different compared to fullerene adducts of
[M25(SR)18]

−. Multiple fullerenes interacted on the ligand
surface of a single NMNC, in the case of [Ag29(S2R)12]

3−. But
multiple NMNCs interacted on the surface of a fullerene in the
case of [M25(SR)18]

− (Figure 8C).
In another study, Schulz-Dobrick et al. reported the crystal

structure of fullerides with Au NCs in 2008.71 Single crystals
were obtained via the layering method where slow
interdiffusion of [(Au8(TPP)8)(NO3)2] in acetonitrile and
KC60 in THF resulted in black crystals containing AuNCs and

fullerides (Figure 8D). By this method, two different
complexes, [(Au7(TPP)7)C60·THF] and [(Au8(TPP)8)-
(C60)2], were obtained. Electrostatic attraction between
fullerides and positively charged NMNCs and intermolecular
interactions resulted in such intercluster building blocks. This
kind of intercluster building block could bring in highly
exciting properties such as electronic transport.

5.2. SC of NMNCs with Cyclodextrins

Cyclodextrin (CD) is a family of cyclic oligosaccharides
containing a macrocyclic ring of glucose subunits (GS)
connected by α-1,4 glycosidic bonds. The three most studied
CDs are α-CD (connected by six GS), β-CD (connected by
seven GS), and γ-CD (connected by eight GS). CD has a
hydrophilic external surface and an inherent hydrophobic
internal cavity. Due to these properties, it is known to produce
supramolecular host−guest complexes.72 In this section, we
will mainly focus on the SC of CDs with NMNCs.
The supramolecular interaction between [Au25(SBB)18]

(SBB = 4-(tert-butyl)benzyl mercaptan) and β-CDs was
investigated by Pradeep and co-workers.72 There were a
maximum of four CDs on a single NC surface which were
established by ESI-MS. Formation of such adducts is shown in
Figure 9A. The supramolecular adducts, [Au25(SBB)18∩β-
CDn] (n = 1−4), are presented in Figure 9B. DFT calculations
suggested that host−guest interactions were favored through
the finer rim of the CDs which was further recognized by

Figure 8. (A) (a) ESI-MS of [Ag29(S2R)12(C60)n]
3− (n = 1−4) adducts. (b) Theoretical and experimental isotopic patterns of

[Ag29(S2R)12(C60)1]
3−. (c) DFT optimized structure of [Ag29(S2R)12(C60)4]

3−. (B) Strong noncovalent interactions between the NMNC and
C60. (Reproduced from ref 69. Copyright 2018 American Chemical Society.) (C) Fullerene (C60) induced aggregation of [Ag25(SR)18]

−. (Adopted
from the ref 70. Copyright 2020 American Chemical Society.) (D) Assembly of [Au8(TPP)8(C60)2] along the (001) plane. (Reproduced from the
ref 71. Copyright 2008 Wiley.)
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optimizing the structure of HSBB∩β-CD in DFT. The DFT
optimized structure of [Au25(SBB)18∩(β-CD)4] revealed that
the four β-CDs were attached with tetrahedral symmetry on
the NMNC surface, reducing the steric hindrance among β-
CDs. vdWs interactions between the SBB ligands and the β-
CD were the main reason for the formation of such a complex.
The noncovalent interactions between SBB and β-CD gave rise
to an improvement of the luminescence and stability of the
NMNC.
Similarly, Li and co-workers investigated the surface

modification of [Au38S2(SR)20] (SR/Adm = 1-adamantane-
thiolate) with α-, β-, and γ-CDs using MS and UV−vis
techniques.73 Among all the CDs, only β-CDs were selectively
chemisorbed onto the NMNC surface to form
[Au38S2(Adm)20∩(β-CD)1] and [Au38S2(Adm)20∩(β-CD)2]
complexes. The structures of these complexes were deciphered
using molecular dynamics simulations where two β-CDs were
attached at the two corners of the Au38 NC, reducing their
mutual steric hindrance. The functionalization of β-CDs onto
the NC surface resulted in stability. Similarly, Bhunia et al. also
studied the supramolecular interactions of Au NCs capped by
glutathione with α-, β-, and γ-CDs.74

Isomerism in NMNCs is a highly interesting research
theme.75−80 In this context, supramolecular complexes,
[Ag29(S2R)12∩(CD)n] (n = 1 to 6), were synthesized through
the reaction between the as-prepared [Ag29(S2R)12] and α-, β-,
and γ-CDs in DMF.81 ESI-MS and NMR study confirmed the

formation of supramolecular adducts. Molecular docking study
and DFT calculations were carried out to obtain the lowest
energy structures of [Ag29(S2R)12∩(CD)n] (n = 1 to 6)
complexes which showed that a pair of S2R ligands were
encapsulated by CD. The π···H−C, hydrogen bonding, weak
ionic Ag···O, and vdWs interactions play a crucial role to form
such supramolecular adducts. More significantly, the geo-
metries of these supramolecular complexes resembled the
octahedral complexes of transition metals, giving rise to
different isomers. A simple representation of the isomers is
presented in Figure 9C and D. Such kind of isomers were
separated using IM MS.81

5.3. SC of NMNCs with Cucurbiturils

Cucurbiturils are supramolecular macrocyclic molecules
consisting of glycoluril (C4H2N4O2) monomers con-
nected by methylene bridges (−CH2−). The crystal structures
of cucurbiturils revealed that the O atoms are situated along
the edges and tilted inward, creating a partly enclosed cavity.
The name of this molecule is derived from its resemblance
with a pumpkin of the Cucurbitaceae family. Cucurbiturils are
generally written as cucurbit[n]uril, where n is the number of
glycoluril (C4H2N4O2) units. Two simple abbreviations
are CB[n] and CBn. These compounds are suitable hosts for an
array of neutral and cationic species through hydrophobic
interactions and cation−dipole interactions, respectively. Here,

Figure 9. (A) ESI-MS of the [Au25SBB18∩CDn] (n = 1−4) adducts. (B) Schematic presentation of the [Au25(SBB)18∩(β-CD)n] (n = 1−4)
adducts. (Adopted from ref 72. Copyright 2014 American Chemical Society.) (C) Schematic presentation of (a) [Ag29(S2R)12] where S2R is BDT
and (b) β-CDs. (D) Simple presentation of the isomers of [Ag29(S2R)12∩(CD)n] (n = 2 to 3). (Reproduced from ref 81. Copyright 2018 American
Chemical Society). (E) Supramolecular interactions of CB[8] with AuNCs resulted in enhancement in luminescence. (Adopted from ref 82.
Copyright 2020 Royal Society of Chemistry.) (F) (i) DFT optimized structure of [Ag29(LA)12CB[7]1]. (ii) Highly luminescent
[Ag29(LA)12CB[7]] complexes in water. (Reproduced from ref 85. Copyright 2020 American Chemical Society.)
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we discuss mainly the supramolecular complexes of CBs with
NMNCs.
Recently, Jiang et al. developed a method to reversibly

brighten and enhance the emission of a gold NC,
[Au22(FGGC)18] (N-terminal Phe-Gly-Gly-Cys peptide =
FGGC), using supramolecular complexation between FGGC
peptides and CB[n] (n = 7, 8) in water (Figure 9E).82 This is
the first report of supramolecular complexation of a NMNC
with CBs. The approach of supramolecular complexation
effectively enhanced the emission of AuNCs by rigidifying the
ligand surface of an NMNC. As a result, an effective restriction
of the nonradiative transition and elevation of the radiative
transition occurred which was confirmed using an ultrafast
spectroscopy study. The supramolecular interaction between
the NMNCs and CBs resulted in a high QY of 51% for CB[7]
and 39% for CB[8] in water at room temperature, respectively.
In another study, Pradeep and co-workers investigated the

formation of supramolecular host−guest complexation of
[Ag29(LA)12]

83,84 (LA = α-lipoic acid) with CB[7] in an
aqueous medium at room temperature (Figure 9F).85

Molecular docking study and DFT calculations were used to
support the experimental results. This study demonstrated the
encapsulation of LA ligands by CB[7]. Here also, inclusion
complexation leads to improved luminescence of about 1.25
times compared to the parent NMNC.

5.4. SC of NMNCs with Crown Ethers

Crown ethers are heterocyclic compounds containing several
ether groups. They were highly used to form supramolecular
host−guest complexes. The hydrophilic cavity created by ether
oxygen atoms is highly efficient to capture alkali and alkaline
earth metal ions. The cavity size is highly specific for a specific
metal ion. For example, 18-crown-6, 15-crown-5, and 12-
crown-4 have a high affinity for potassium cation, sodium
cation, and lithium cation, respectively. The hydrophilic cavity
is surrounded by the hydrophobic ethylenic groups. Crown
ethers are well-known for the ion transport mechanism and
phase-transfer catalysis. They are used as building blocks for
supramolecular architectures.
Pradeep and co-workers reported the first crystal structure of

a s u p r amo l e c u l a r a s s emb l y o f a s i l v e r NC ,
[Ag29(S2R)12(TPP)4]

3− (Ag29), with dibenzo-18-crown-6
(DB18C6) using SCXRD (Figure 10A).86 The crystallization
induced self-arrangement of DB18C6 molecules produced a
hexamer cagelike structure in the interstitial spaces of the
crystal lattice of trigonal Ag29 (Ag29T) NCs. Such insertion of
hexameric cages in the crystal lattice gave rise to an anisotropic
expansion of the Ag29T lattice along its z-axis. The presence of
intermolecular π···H−C interactions between DB18C6Na

+ and
the TPP and S2R ligands of the NC and electrostatic
interaction between 3 DB18C6Na

+ and the negatively charged
Ag29 NC was the main reason for such self-organized
assemblies (Figure 10B). The distance between the sodium
ions is also provided in Figure 10C. This structure resembles a
new family of “lattice inclusion” complexes in NMNCs.
Assembly of NMNCs with DB18C6Na

+ is presented in Figure
10D. Such supramolecular interactions resulted in ∼3.5 times
improvement in luminescence compared to the parent crystals,
Ag29T. Such kind of study delivers an approach for building
new NC-assembled hybrid materials with enhanced properties.

5.5. Other Supramolecular Interactions of NMNCs

Muhammed and co-workers recently functionalized AgNCs
with a pillar[5]arene based host ligand (P5) [Ag29(LA-

P5)12(TPP)2] (LA- Lipoic acid).87 The AgNCs were
synthesized in two different ways: (i) via direct synthesis
using silver nitrate salt (AgNO3), LA-P5, and TPP and (ii) via
the reaction between [Ag18H16(TPP)10]2

+ (ref 88) and LA-P5
(Figure 11A). The pillar[5]arene based NMNCs [Ag29(LA-
P5)12(TPP)2] showed a reversible host−guest interaction with
neutral alkylamines and cationic quaternary ammonium guests
(Figure 11B). This supramolecular interaction resulted in the
formation of spherical assemblies with a dramatic enhance-
ment of luminescence by ∼2000-fold. This is the highest
luminescence enhancement data reported in the literature to
date for NMNCs.
In another study, Mohammed and co-workers explored the

charge-transfer dynamics between the positively charged
5,10,15,20-tetra(1-methyl-4-pyridino)-porphyrin tetra(p-tol-
uene sulfonate) (TMPyP) and negatively charged undoped
and Au-doped Ag29 NMNCs.89 Transient absorption (TA)
spectroscopic study revealed that the interfacial charge transfer,
the triplet state lifetime, and the intersystem crossing of
porphyrin can be altered by the doping of gold in Ag29 NCs.
Moreover, the electrostatic interaction between the negatively
charged NMNCs and the positively charged TMPyP played a
key role in the complex formation and subsequently facilitated
the transfer process.

Figure 10. (A) Crystal structure of [Ag29(S2R)12(TPP)4]
3− with

dibenzo-18-crown-6. (B) Supramolecular interaction between one of
the DB18C6Na

+ and S2R and TPP of the NMNC. (C) Zoomed in
view of the three DB18C6Na

+ molecules connected to the NMNC.
Color codes: Ag, gray; S, yellow; P, orange; O, red; C of TPP and
S2R, green; H of TPP and S2R, white; H and C of DB18C6, light blue;
Na, pink. Color codes in part C: C and H of the three DB18C6Na

+

molecules, light blue, dark blue, and purple, respectively. (D)
Formation of coassembly of [Ag29(S2R)12(TPP)4]

3− with dibenzo-
18-crown-6 via supramolecular interactions. (Adopted from ref 86.
Copyright 2019 American Chemical Society.)
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6. PROPERTIES OF SUPRAMOLECULAR ASSEMBLIES
OF NMNCS

Supramolecular complexes generally should have the following
basic properties:

(1) Structural complementarity: The geometric structure
and electronic properties of the host and guest are
mutually complementing. Complementarity permits the
host to accomplish a selective binding of the guest of a
specific structure only. This phenomenon is termed as
“molecular recognition” in supramolecular chemistry.

(2) Supramolecular complexes have a high structural
orientation because of the presence of a large number
of noncovalent interactions.

(3) The supramolecular interactions could result in self-
assembled structures. In this process, small molecular
species spontaneously interact together and result in
much larger and complex assemblies. As a result, the
entropy of the system reduces, or ΔS < 0. However, the
process is spontaneous, so the Gibbs energy is negative:
ΔG = ΔH − TΔS < 0. This must be true if ΔH < 0 and
|ΔH| > |TΔS|. So, self-assembly is accompanied by the
release of large amounts of heat.

Apart from all these basic properties, many other properties
are also evidenced for the supramolecular complexes of
NMNCs which are discussed below.
6.1. Mechanical

The mechanical properties of NMNC-assembled solids
generated from the supramolecular self-assembly are beginning
to be explored. Pradeep and co-workers explored the

mechanical properties of single crystals of NMNCs such as
Ag29 polymorphs (Ag29 C and Ag29 T, respectively),
monothiol-protected Ag46, and its cocrystal with Ag40
crystallizing in trigonal and monoclinic lattices (Ag46 T and
Ag40/46 M), respectively (Figure 12A).90 The acquired Young’s
modulus (Er) values of the NC-assembled solids were
comparable to those of zeolitic imidazolate frameworks
(ZIFs). The data exhibited the following trend: Ag29 T >
Ag29 C > Ag40/46 M > Ag46 T. The viscoelastic properties of all
of the four NC-assembled solids were evaluated, and the value
of the tan δ/damping factor of Ag46 T was higher than those of
other systems. The study concluded that the supramolecular
interactions of the NMNCs’ surfaces playing a key to
influencing the mechanical properties.
6.2. Luminescence

Supramolecular complexation of NMNCs could result in
enhancement of luminescence. Enhancement of luminescence
was evidenced for CBs, CDs, and crown ethers when they
formed supramolecular adducts with NMNCs.85,86 Due to the
presence of strong noncovalent interactions between the host
and guest, the whole system becomes highly rigid. As a result,
the whole system experienced a high luminescence. Similar
luminescence enhancement was observed for Ag29 C compared
to Ag29 T.

53

6.3. Charge Transfer

There could be charge transfer between the guest and host if
they differ in their electronic properties. This phenomenon was
evidenced in the case of [Ag29(S2R)12(C60)n]

3−, where NMNC
has three negative charge states.69 Collision induced
dissociation (CID) study revealed that the NMNC transferred

Figure 11. (A) Synthesis of [Ag29(LA-P5)12(TPP)2] via two methods: (i) direct synthesis and (ii) ligand exchange. (B) Schematic representation of
host−guest interaction between [Ag29(LA-P5)12(TPP)2] and CTAB leading to self-assembly and luminescence enhancement. (Reproduced from
ref 87. Copyright 2019 Wiley.)
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an electron to C60. Similarly, the reducing NC [Ni9Te6(PEt3)8]
is known to form a charge-transfer complex with the
fullerene.91 Microcrystals of Au32(

nBu3P)12Cl8 NCs containing
highly ordered self-assembly (σ = 1.56 × 10−4 S/m) exhibited
enhanced charge carrier transport by 2 orders of magnitude
compared to polycrystalline thin films (σ ≈ 1 × 10−6 S/m).92

6.4. Magnetic

The magnetic property of the NC is a very recent emerging
field. Supramolecular complexes of NCs could result in an
enhancement in the magnetic property. Binary assemblies of
fullerenes with [Ni9Te6(PEt3)8] transition metal NCs experi-
enced magnetic properties at low temperatures.91

7. APPLICATIONS OF SUPRAMOLECULAR
ASSEMBLIES OF NMNCS

Various applications of supramolecular complexes of NMNCs
are pointed out in the following:

7.1. Sensing

Sensing is one of the fundamental applications of NMNCs.
Supramolecular complexes of [Ag29LA12] with CDs displayed
red luminescence. In recent studies, Nag et al. have developed
a method to sense dopamine at a concentration as low as 10
nM using [Ag29LA12@CDn] (n = 1−3).85 Supramolecular
complexes of [Ag29LA12] with CDs are highly red luminescent.
The dopamine molecules were encapsulated by the vacant
cavity of CD, which resulted in quenching of the luminescence.
Recently, the rapid and cyclic detection of explosives such as

nitrobenzene (NB) was performed using a hybrid polymer
membrane generated from [Ag12(StBu)6(CF3COO)6(NH2-
bpz)3]n-MOF [NH2-Ag12bpz].

93 The chiral recognition of D-
and L-Trp (Trp = tryptophan) was reported using the
assembled enantiomeric [Au14(MPA)6(D/L-Trp)4] NMNCs
generated by Zn2+ coordination (MPA = 3-mercaptopropionic
acid).94

7.2. Cell Imaging

Live cell imaging is one of the fascinating applications of
supramolecular complexes of NMNCs. Recently, supra-
molecular complexes of [Au22(FGGC)18] with CB[7]
exhibited exceptional imaging of cancer A549 cells.82 Also,
cancer cell imaging, targeted delivery, and photothermal/
photodynamic therapies were reported using [Pt1Ag28] NC
assembly.95 Further, a folic acid based [Au22(SG)18] NMNC
assembly has been utilized to study the cancer cells.96

7.3. Photocatalytic Activity

Xie and co-workers introduced a hybrid material, consisting of
per-6-thio-β-cyclodextrin (SH-β-CD) capped gold NCs and
TiO2 NPs.97 This hybrid material displayed improved
photocatalytic performance over TiO2 NPs. The hybrid
material exhibited enhanced effects on photocatalytic decom-
position of organic pollutants via host−guest complexation.
This hybrid TiO2 system had better efficiency (∼98%)
compared to only TiO2 NPs (∼47%).

Figure 12. (A) Study of the mechanical properties of single crystals of NMNCs such as dithiol-protected Ag29 polymorphs (C and T), monothiol-
protected Ag46, and its cocrystal with Ag40. (Reproduced from ref 90. Copyright 2020 American Chemical Society.) (B) γ-CD-MOF induced water
solubility of [Au40(S-Adm)22] NMNCs. This water-soluble hybrid component activated gold NCs for the horseradish peroxidase (HRP)-mimicking
catalysis. (Adopted from ref 98. Copyright 2020 American Chemical Society.)
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7.4. Catalytic Activity

Zhao et al. recently generated a hybrid material using
adamantanethiolate-protected [Au40(S-Adm)22] NMNCs and
γ-CD-MOF.98 This hybrid material exhibited excellent water
solubility and catalytic activity which is different from the
parent [Au40(S-Adm)22] NMNCs (Figure 12B). This water-
soluble hybrid component activated gold NCs for the
horseradish peroxidase (HRP)-mimicking catalysis.
7.5. Other Applications

Cluster-assembled solids have been utilized to generate
multicolor light-emitting diodes (LEDs), where NMNCs’
assembly acts as a color conversion layer. Wu et al. effectively
established the construction of LEDs using an assembly of
[Cu14(DT)10] (DT-1-dodecanethiol).99 Fabrication of a
WLED (white light-emitting diode) using a Zn-coordinated
NMNCs’ assembly [Zn-Au@SG] was reported (SG =
glutathiolate).100

8. CONCLUSIONS AND FUTURE PERSPECTIVES
This Review highlights the various supramolecular assemblies
of NMNCs in gaseous, solution, and solid states. Intercluster
reaction, dimerization, cation induced dimerization, and
ligand−NC interactions were discussed in the context of
supramolecular interactions of NMNCs in gaseous and
solution phases. In the solid state, interactions, chirality, and
symmetry were studied in crystal lattices. These were mostly
studied by SCXRD and electron microscopy. This work also
presented the SC of NMNCs with molecules such as (i)
fullerenes, (ii) CDs, (iii) CBs, and (iv) crown ethers. Structural
compatibility between the NMNCs and such molecules favors
host−guest complexes.
There are many challenges in this field. In the initial stages

of NMNC research, understanding the core, ligands, and total
structures of clusters themselves was of interest to the
community rather than the understanding of NMNC−
NMNC interactions. It is natural that science in this area
evolved this way. Nowadays, the community is interested in
exploring NMNC assemblies of such large molecules in greater
detail within their crystal lattices. However, the nature of
supramolecular interactions in NMNC crystals is difficult to be
understood at the same level of precision as in the case of
organic molecules as most structures are solved by excluding
counterions and solvents. In many cases, solvent molecules are
not present in the solved crystal structures. Even finding a
counterion is very difficult.18 They are often observed in other
studies such as infrared spectroscopy or mass spectrometry.
Although such supramolecular interactions in crystal structures
are not studied in greater detail, in Ag44(MBA)30, for example,
such interactions between ligands have been shown to be the
fundamental reason for crystal assembly.20 Generally, the
resolution of such molecular crystals is lower than that of small
organic and inorganic molecules.13,54 It is clear that the
dynamic nature of NMNCs makes it difficult to form stable
directional assemblies in most of them. Besides, each NMNC
is stable only in a few specific solvents. Thus, exploring
crystallization under common conditions cannot be attempted
for all NMNCs.
Supramolecular interactions of NMNCs are largely about

the interactions of ligands. One can find supramolecular
interactions in all condensed phases. However, in the case of
NMNCs, new properties such as luminescence enhancement,
mechanical properties, electrical conductivity, etc. may arise

due to such supramolecular assemblies. With the help of such
supramolecular assemblies one can develop new hybrid
nanomaterials allowing noncovalent interactions. It is a highly
interdisciplinary research area. Much emphasis on the crystal
structures was given in many studies to understand the systems
properly. Such assemblies lead to highly complex structures,
and some of the structures are comparable to α-helices and β-
sheets of proteins.47

Noble metals such as silver and gold are highly expensive.
However, some of the luminescent NMNCs are biocompatible
and are used for cell imaging.1,2 Some of them are well-known
for catalysis.1,2 Recently, there is interest in synthesizing copper
NCs which may turn out to be cheaper.
Despite these limitations, there are many possibilities for

future work:

(i) Intercluster assembly could induce new properties such
as mechanical, optical, and magnetic properties as well as
gas sensing and storage.

(ii) CD, CB, and porphyrins based NMNC-assembled solids
can be potential candidates for gas storage and sensing.
NC based host−guest interactions are still a growing
research area compared to intracluster growth and
intercluster assembly. Noncovalent interactions between
hosts and guests could alter the electronic and geometric
structures and properties of individual NMNCs. Till
now only very few examples have been reported.
Supramolecular interactions could result in the enhance-
ment of luminescence.

(iii) Although some of the supramolecular complexes were
characterized as a mixture of adducts in the solution and
gas phases, isolation of these complexes in the solid state
can give rise to a new class of NMNC-assembled solids.
Moreover, separation of the isomers of these supra-
molecular complexes due to the different binding modes
of NMNCs is challenging. Such isomerism could result
in various novel properties such as chirality, self-
assembly, etc.

(iv) There are large possibilities to extend these supra-
molecular complexes to NMNC-assembled metal−
organic frameworks and polyoxometalates.101 Such
kind of supramolecular complexes may give rise to
new examples of magnetic and conductive luminescent
materials.

(v) Supramolecular complexes of NMNCs with CDs and
CBs could be utilized as drug delivery agents and for
bioimaging.

(vi) Studies such as dynamic light scattering, small angle X-
ray scattering, small angle neutron scattering, etc. could
be used to analyze the supramolecular complexes of
NMNCs in the immediate future.

(vii) Roy et al. demonstrated a binary assembly of fullerenes
with transition metal NCs.91,102,103 Similar kinds of
studies can be performed for other atomically precise
NC systems such as metal oxides, polyoxometalates,
metal peroxides, boron oxides, and boron clusters, which
are also atomically precise.

(viii) CDs, CBs, and fullerenes can be used as linkers between
NCs and other atomically precise NC systems such as
metal oxides, polyoxometalates, metal peroxides, boron
oxides, and boron clusters. This could result in hybrid
nanomaterials with enhanced properties.
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It is clear that these and other related aspects will enrich the
area in the years to come.
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Direct imaging of lattice planes in atomically
precise noble metal cluster crystals using a
conventional transmission electron microscope†

Ananthu Mahendranath,abc Biswajit Mondal,ab Korath Shivan Sugiab and
Thalappil Pradeep *ab

Imaging finer structural details of atomically precise noble metal

cluster crystals has been difficult with electron microscopy, owing

to their extreme beam sensitivity. Here we present a simple method

whereby lattice planes in single crystals of nanoclusters can be

observed using a conventional transmission electron microscope,

enabling further expansion of cluster research.

Atomically precise noble metal clusters (APNMCs) belong to an
emerging class of materials with unusual properties.1–3 Over
one hundred nanocluster molecules have been understood
with single crystal diffraction leading to their atomic
structures.4–11 Consequently, the application of quantum
chemical simulations has allowed us to unravel their spectro-
scopic properties.12 A large number of other clusters are known
today with their compositions being determined by advanced
mass spectrometry.13 While spectroscopy,14,15 chemistry,16–18

catalysis,19,20 and applications21,22 of all of them are intensely
pursued, absence of precise structures makes a thorough
understanding of their properties difficult.

Single crystal diffraction, the preeminent tool for structural
elucidation, requires high quality single crystals. While micro-
crystal electron diffraction and single particle reconstruction
coupled with computer modelling have revealed the structures
of many molecules including clusters,23–26 they are still not
commonly used in cluster science, excepting the report on
Au68.

24 The traditional transmission electron microscope
(TEM), available in most of the research institutions, is gen-
erally not adequate for routine characterization of APNMCs and
their crystals, in view of the extreme beam sensitivity of fragile

clusters, which transforms them to nanoparticles instanta-
neously upon electron beam exposure.27 A method to observe
clusters under such conditions for precise determination of
their lattice parameters would facilitate the growth of cluster
science.

In this communication, we present a simple way to image cluster
crystals using a traditional transmission electron microscope where
beam induced damage is minimized. Through this methodology,
we have successfully imaged various lattice planes in three APNMCs

Fig. 1 (A) Single crystal X-ray structure of [Ag29BDT12TPP4]
3� cluster. B(i)

represent optical image and B(ii) SEM image of the as crystalized Ag29
crystals prepared by solvent evaporation. (C–E) Schematic of the process
involved in sample preparation. (F) Shows TEM image of Ag29C crystallites.
Inset of (F) shows an expanded view of the (200) lattice plane of Ag29C.

a DST Unit of Nanoscience and Thematic Unit of Excellence, Department of

Chemistry, Indian Institute of Technology Madras, Chennai 600036, India.

E-mail: pradeep@iitm.ac.in
b Centre of Excellence on Molecular Materials and Functions, Indian Institute of

Technology Madras, Chennai, 600036, India
c Department of Metallurgical and Materials Engineering, Indian Institute of

Technology Madras, Chennai, 600036, India

† Electronic supplementary information (ESI) available. See DOI: 10.1039/d1cc05643c

Received 6th October 2021,
Accepted 22nd November 2021

DOI: 10.1039/d1cc05643c

rsc.li/chemcomm

ChemComm

COMMUNICATION

Pu
bl

is
he

d 
on

 2
2 

N
ov

em
be

r 
20

21
. D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

C
he

nn
ai

 o
n 

12
/1

0/
20

21
 6

:1
0:

12
 A

M
. 

View Article Online
View Journal

http://orcid.org/0000-0003-3174-534X
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cc05643c&domain=pdf&date_stamp=2021-11-30
http://rsc.li/chemcomm
https://doi.org/10.1039/d1cc05643c
https://pubs.rsc.org/en/journals/journal/CC


Chem. Commun. This journal is © The Royal Society of Chemistry 2021

whose structure has been solved previously using single crystal X-ray
diffraction, namely – cubic (C) [Ag29(BDT)12(TPP)4]

3� (ref. 7), it’s
trigonal (T) polymorph,28 and [Ag25(DMBT)18]

� (ref. 9), where BDT,
TPP, and DMBT are 1,3-benzenedithiol, triphenylphosphine, and
2,4-dimethylbenzenethiol, respectively. Themethod is schematically
illustrated in Fig. 1 with [Ag29(BDT)12(TPP)4]

3� (abbreviated as
Ag29C, C refers to cubic polymorph) as a model. We start with
Ag29C single crystals of edge length varying from around 0.1 mm to
80 mm, which are routinely crystalized in the laboratory by solvent
evaporation (see the experimental section in ESI† for further
details). All the clusters discussed here were fully characterized
using UV-Vis spectroscopy, and ESI MS (Fig. S1–S3, ESI†). Results
were in agreement with the reported data. The single crystal
morphology was as per literature and the structural parameters
were checked with SCXRD (Tables S2 and S3, ESI†). About 100 such
single crystals weighing around 0.5 mg were carefully transferred
from a glass slide used for crystal growth and were ground
thoroughly with a mortar and pestle, to make a powder composed
of 0.02 mm to 0.7 mm particles (see ESI† Fig. S4, for further details
and an optical micrograph of the powder). This cluster crystal
powder was suspended in methanol, in which the cluster was
insoluble, and was sonicated for 10 s. About 10 ml of this suspension
was drop-casted on a carbon coated 300 mesh copper grid. After
drying for 2 h, the sample was imaged under 100 kV electron beam

using a JEOL 3010 TEM, with a LaB6 filament, having 1.2 Å point-to-
point resolution. Cluster crystals were noticed immediately under
the electron beam while continuous exposure of more than 60 s
damages the crystals. This timemay be used to optimize parameters
for better imaging. Bymoving the beam to an adjacent crystal, it was
possible to collect more than 10 images without beam induced
damage.

While examining such crystallites, we observe the various
lattice structures of Ag29C, as shown in Fig. 2(A–C). These
correspond to (110), (111), and (200) planes with lattice con-
stants of 2.42 nm, 1.97 nm and 1.71 nm, respectively. Due to
the cubic symmetry of Ag29C, these may also correspond to
equivalent planes in other directions (ESI† Table S4). Several
other adjacent Ag29C crystallites on the grid are also presented
in the ESI† (Fig. S5). These lattice parameters match well with
the crystallographic data reported by AbdulHalim, et al.8 We
compare the TEM images with the crystal structures in
Fig. 2(D–F).

Once beam induced damage sets in, nanoclusters coalesce
to form larger nanoparticles. To understand the optimum time
during which measurements can be done, before beam
induced damages occur, we exposed the sample to the electron
beam for an extended period of time. As mentioned previously,
images can be collected for about 60 s from one crystallite,

Fig. 2 TEM images of Ag29C crystallites representing various lattice planes (A–C). The insets show expanded views of the corresponding lattice planes.
(D–F) are representative images of a 2 � 2 � 2 unit cell of Ag29C. Scale bars in insets are 25 nm. Early signs of beam induced damage are seen in B.
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without noticeable beam induced damage, during which
approximately 10 images could be collected for each area.
However, beam induced damages set in the course of time
and the lattice transforms continuously after 60 s. The systema-
tic transformation is captured in ESI† (Fig. S6 and S8), and two
of those images are presented in Fig. 3. As observed, beyond
60 s (Fig. S8, ESI†), the sample undergoes permanent changes
and lattice planes are no more visible. Particles up to approxi-
mately 3.8 nm diameter were observed till 56 s
(Fig. S7, ESI†). Bigger particles (410 nm) were formed up on
exposure beyond B2 min (Fig. S9, ESI†). It is to be noted that
the direction of growth of these particles is not yet clear and is
beyond the scope of experiments discussed here. In this

methodology, by reducing the accelerating voltage, we have
managed to delay the damges happening to APNMCs. This
creates a time window to image lattice planes, before beam
induced damges become predominant. We believe that the
success of this imaging methodology is also related to the
thickness of the sample as well as the relative orientation of
crystals on the TEM grid, with enhanced thermal contact with
the grid. Therefore, removing those crystallites without proper
contact by gentle tapping or inverting the grid, after drying the
sample on the grid, can enhance the success of imaging.
Improving thermal contact may be possible with grids such
as ultra thin carbon film, microgrid, and those with supports
such as molybdenum mesh and gold mesh. Thicker crystallites
were opaque to electron beam (Fig. S10, ESI†). Note that images
were collected at room temperature. When an acceleration
potential greater than 100 kV was used, the crystallites got
damaged sooner and the very first images showed signs of
particle formation. With 100 kV voltage, all our attempts were
successful in obtaining high quality images. The conditions
used for imaging are presented as Table S1 in ESI.†

In order to ensure that this methodology is applicable for
other crystals, we examined trigonal single crystals of
[Ag29(BDT)12(TPP)4]

3� cluster (abbreviated as Ag29T), which
was a polymorph reported by our group.28 The images corre-
lated exactly to the single crystal structure of crystal of Ag29T, as
seen in Fig. 4(A–D). The lattice planes observed were (011) and
(012) with interplanar spacings of 2.12 nm and 1.68 nm,
respectively. Additional images from adjacent Ag29T crystallites

Fig. 3 (A) TEM image of an Ag29C crystallite imaged without any notice-
able damages. (B) Nanoparticle growth that happened over the region,
after an exposure of nearly 56 s.

Fig. 4 TEM images of various crystallites representing different lattice planes of Ag29T and Ag25. (A and C) represent TEM images of Ag29T crystallites and
(B and D) are representative images of corresponding planes in a 2 � 2 � 2 unit cell of the same crystal. Inset in A represents the expanded image of the
crystallite. Insets (i and ii) show an expanded area of the crystallite and beam induced damage from another area after nearly 60 s of exposure. (E and G)
represent TEM images from Ag25 crystallites and (F and H) are representative images of corresponding planes in a 3 � 3 � 3 unit cell. Insets in (E and G)
show expanded views of the crystallites. The scale bars in all insets are 25 nm, except for (ii), where it is 10 nm.
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and beam induced damages on one of them are presented in
ESI† as Fig. S11 and S12, respectively. Ag29T shows beam
induced damage after 60 s of beam exposure (Fig. C(ii)).

Furthermore, we observed single crystals of [Ag25(DMBT)18]
�

(abbreviated as Ag25) as well. The lattice spacings observed in
these images were consistent with the expected distances in
Ag25 crystallites, which are triclinic, as depicted in Fig. 4(E–H).
Additional images of the Ag25 crystallites are presented as
Fig. S13 (ESI†). Ag25 also shows beam induced damage, as
shown in the inset of Fig. 4G. As in the case of Ag29C, the
planes may correspond to equivalent ones in other directions,
due to the trigonal and triclinic symmetries of Ag29T and Ag25,
respectively (Tables S5–S6, ESI†).

We had also performed this experiment by using water as a
solvent to disperse the cluster crystal powder. Both Ag29C and
Ag29T are insoluble in water. While using water as a solvent, the
grid was dried for an extended period of 6 h before imaging.
Similar results were obtained and are presented as Fig. S14 in
the ESI.† Detailed analysis followed for obtaining the lattice
spacing in the crystallites, is described in ESI† (Tables S4–S6
and Fig. S15).

In conclusion, we show that a simple methodology can make
cluster crystals observable with regular transmission electron
microscopes available in most research laboratories. Generally,
APNMCs grow in size and their structure gets transformed
upon exposure to electron beam. We demonstrate that with
careful sample preparation and optimized imaging parameters,
finer structural details of nanocluster single crystals can be
obtained, without causing damages, using electron microscope
models that are employed for routine imaging. This will ensure
more details of such fragile materials to be examined in many
labs across the world. If this methodology were to be applied
with improved instrumentation like low-dose imaging, cryo-
cooling, etc., we anticipate that even the ligands will be obser-
vable. Consequently, we hope that crystal structures of
unknown clusters will be determined more routinely.
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Experimental Section

Chemicals. Sodium borohydride (NaBH4, 99.99% metal basis), triphenylphosphine (TPP), 
tetraphenylphosphonium bromide, benzene-1,3-dithiol (BDT), and 2,4-dimethylbenzenethiol 
(DMBT) were purchased from Sigma-Aldrich. Silver nitrate (AgNO3, 99%) was purchased 
from RANKEM India. All solvents including methanol, dichloromethane (DCM), and 
dimethylformamide (DMF) were of analytical grade.

Synthesis of [Ag29(BDT)12TPP4]3- nanocluster. Synthesis of Ag29 nanocluster was 
performed by following a previously reported procedure.1 20 mg of AgNO3 was dissolved in 
5 mL of methanol. To this, 10 mL of DCM and 13.5 μL of BDT were added. The solution 
changed to turbid yellow color on addition of BDT. After stirring for about 2 min, 200 mg of 
TPP (dissolved in 1 mL of DCM) was added. The turbid yellow color changed to colorless 
immediately after addition of TPP. After 15 min, 10.5 mg of NaBH4 in 500 μL of cold 
deionized (DI) water was added. The stirring was continued for 3 h under dark conditions. 
The resulting solution was centrifuged, and the supernatant was discarded. The residue was 
repeatedly washed with methanol to remove excess thiols and thiolates, and was subsequently 
dispersed in DMF. This DMF dispersion on centrifugation gave cluster alone in the 
supernatant, and any resulting precipitate was discarded. This purified cluster solution in 
DMF was dried over glass slides, under dark conditions.

Synthesis of [Ag25(DMBT)18]- nanocluster. Synthesis of Ag25 nanocluster was performed by 
following a previously reported procedure.2 ∼38 mg of AgNO3 was dissolved in 2 mL of 
methanol. To this, ∼90 μL of DMBT was added that produced a thick yellow mixture. Next, 
17 mL of DCM was added to the vial and stirred for 20 minutes under an ice-bath. A freshly 
prepared solution of ∼6 mg tetraphenylphosphonium bromide in 0.5 mL methanol was added 
before the drop-wise addition of 0.5 mL of ice-cold water containing ∼15 mg NaBH4. Color 
of the reaction mixture changed to light yellow and then to dark. This solution was allowed to 
stir for 6 h and aged overnight at 4 . Afterward, the dark solution was centrifuged and thus  ℃
obtained supernatant was concentrated to 5 mL by solvent evaporation in a rotavapor. The 
cluster was precipitated in methanol, and subsequently washed a couple times in the same 
solvent. The precipitate obtained was then dissolved into DCM that produced a yellowish 
Ag25 clusters.

Crystallization of Ag29C nanocluster. The purified cluster powder (~10 mg) was dissolved 
in 1 ml of DMF and filtered using a syringe filter. This concentrated cluster solution was 
drop-casted on a microscope glass slide and was left to evaporate slowly in a dark box, at 
room temperature. After 2−3 days, luminescent red crystals suitable for SCXRD were 
obtained.

Crystallization of Ag29T nanocluster. The purified cluster powder (~5 mg) was dissolved in 
500 µl of DMF and filtered using a syringe filter. The concentrated cluster solution was kept 
for vapor diffusion with methanol (1.5 ml). After almost 2 months, luminescent red crystals 
suitable for SCXRD were obtanied. 

The crystals were also confirmed by monitoring the birefringence using a polarization 
microscope, for a faster assortment. Trigonal crystals alone showed strong birefringence.



2

Crystallization of Ag25 nanocluster. The purified cluster powder (~30 mg) was dissolved in 
1 ml of DCM and filtered using a syringe filter. The concentrated cluster solution was layered 
with hexane and kept at 4 , under dark conditions. After few days, thick rectangular-shaped  ℃
black crystals suitable for SCXRD were obtained. 

Instrumentation 

UV−Visible absorption spectra of all samples were collected using a PerkinElmer Lambda 25 
spectrometer. 

Electrospray Ionization Mass Spectrometry (ESI MS) of samples were measured using a 
Waters Synapt G2-Si high-resolution mass spectrometer. 

Optical micrograph images were taken on a Leica DM750 P microscope (transmission mode) 
and Keyence VHX-950F digital microscope (reflection mode). 

Scanning Electron Microscopy (SEM) was done using the Helios G4 UX DualBeam 
microscope. 

Single-Crystal X-ray Diffraction (SCXRD) of the nanocluster single crystals were performed 
on a Bruker D8 VENTURE APEX3 CMOS diffractometer using Cu Kα (λ= 1.54178 Å) 
radiation. 

Transmission electron microscopy (TEM) images were taken on a JEOL 3010 microscope.  
Details are presented below.
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Table S1 Instrument specifications and conditions used for TEM imaging

Instrument Model
JEOL 3010 (instrument was purchased in 
2004)

Accelerating voltage 100 kV

Beam Current 39 µA

Frame exposure 0.1 s

Filament LaB6

Camera Gatan Orius SC200 CCD camera (2K x 2K)

Vaccum 10-5 to 10-6 Pa

Resolution 1.4 Å lattice, 1.2 Å point-to-point

Objective lens
Focal length 2.5mm, Cs 0.6mm, Cc 1.3mm, 
minimum focus step 1 nm
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Fig. S1 Characterization of cubic Ag29 clusters. (A) Negative mode ESI MS of 
[Ag29(BDT)12(TPP)4]3-. Inset shows a comparison between experimental and simulated 
isotopic distributions of the main peak. (B) UV-Vis absorption spectrum of 
[Ag29(BDT)12(TPP)4]3-, dispersed in DMF. Inset shows optical micrograph images taken from 
a batch of Ag29C crystals.

400 500 600 700 800 900 1000

Wavelength (nm)

1000 2000 3000 4000 5000 6000

m/z

[Ag29(BDT)12]3-A B

1596 1600 1604 1608 1612

 Simulated
 Experimental

Fig. S2 Characterization of trigonal Ag29 clusters. (A) Negative mode ESI MS of 
[Ag29(BDT)12(TPP)4]3-. Inset shows a comparison between experimental and simulated 
isotopic distributions of the main peak. (B) UV-Vis absorption spectrum of 
[Ag29(BDT)12(TPP)4]3-, dispersed in DMF. Inset shows an optical micrograph taken from a 
batch of Ag29T crystals. 
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400 500 600 700 800 900 1000 1100
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m/z

 Experiemntal
 Simulated

[Ag25(DMBT)18]-

Fig. S3 Characterization of Ag25 clusters. (A) Negative mode ESI MS of [Ag25(DBMT)18]-. 
Inset shows a comparison between experimental and simulated isotopic distributions of the 
peak. (B) UV-Vis absorption spectrum of [Ag25(DBMT)18]-, dispersed in DCM. Inset shows 
optical micrograph images taken from a batch of Ag25 crystals.
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Table S1 Structural parameters of Ag29C crystal from SCXRD

Crystal system Cubic

Space group P a -3

Unit cell dimensions a = 34.72 Å = 90°

b = 34.72 Å = 90°

c = 34.72 Å  = 90°

Volume 41841 Å3

Table S2 Structural parameters of Ag29T crystal from SCXRD

Crystal system Trigonal

Space group R -3 H

Unit cell dimensions a = 27.39 Å = 90°

b = 27.39 Å = 90°

c = 47.66 Å  = 120°

Volume 30967 Å3
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A B

Fig. S4 Optical images of sample preparation. (A) Ag29C crystals before crushing and (B) 
crushed Ag29C crystallites in the mortar. Inset shows one of the crystallites. The images were 
recorded in reflection mode. 
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A B

C D

Fig. S5 TEM images from Ag29C crystallites. Early signs of beam induced nanoparticle 
formation can be seen in D.
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Fig. S6 Systematic transformation in a piece of Ag29C crystal, during extended exposure. 
Time of exposure is mentioned on the images.

At the beginning of imaging there is hardly any noticeable particle growth on the crystallites. 
As the experiment advanced, the time through which the crystallite is exposed to the electron 
beam increases, and we start seeing noticeable particle growth on the crystallites.  After 
approximately 56s, there is considerable particle growth. 

Fig. S7 TEM image of a crystallite after approximately 56s exposure to electron beam. A few 
of the particles are highlighted. Particles of different sizes, varying from 0.2 nm to 3.8 nm are 
visible.  
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Fig. S8 Systematic transformation in another Ag29C crystallite, during extended exposure. 
Time of exposure is mentioned on the images.

Beyond approximately 60s, the particle growth becomes predominant and lattice planes of 
cluster crystals are no more imageable.  
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A B

Fig. S9 Fused nanoparticles formed upon exposure beyond ~2 min, showing lattice 
resolution. 

A B

Fig. S10 TEM images from thicker Ag29C crystallites. The electron beam was opaque to 
these crystallites. 
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A B

C D

Fig. S11 TEM images from Ag29T crystallites. Early signs of beam induced nanoparticle 
formation can be seen in all crystallites. 
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Fig. S12 Systematic transformation happening to an Ag29T crystallite, during extended 
exposure.
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A B

C D

Fig. S13 TEM images from Ag25 crystallites. Early signs of beam induced nanoparticle 
formation can be seen in (A) and (D).
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A B

C D

 

Fig. S14 TEM images of Ag29C crystallites dispersed in water. Beam induced damage is seen 
in D. 
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Calculation of theoretical lattice spacing for various planes

The theoretical lattice spacing in various planes in Ag29C, Ag29T and Ag25 were calculated 
from the standard formula corresponding to their crystal symmetry. 

Ag29C has a cubic symmetry, so the following formula was used:

                  =  

1

𝑑2

ℎ2 + 𝑘2 + 𝑙2 

𝑎2

The following crystal parameters, as reported,1 were use: 

a = b = c = 34.2011 Å

𝛼 =  𝛽 =  𝛾 = 90°

Table S4 Lattice spacing of some selected planes in Ag29C 

(hkl) d (nm)

(100), (010), (001),
( ), ( ), (001̅00 01̅0 1̅) 3.42

(110), (101), (011),
( ), ( ), ( ),1̅10 1̅01 011̅
( ), ( ), ( ),11̅0 101̅ 01̅1
( ), ( ), ( )1̅1̅0 1̅01̅ 01̅1̅

2.42

(111), ( ), , 1̅1̅1̅ (1̅11)
(1 1), (11 ), ( ),1̅ 1̅ 1̅1̅1

( ), ( )1̅11̅ 11̅1̅
1.97

(200), (020), (002),
( ), ( ), (002̅00 02̅0 2̅) 1.71

(210), (201), (021),
(120), (102), (012),
( ), ( ), ( ),2̅10 2̅01 012̅
( ), ( ), ( ),1̅20 1̅02 021̅
( ), ( ), ( ), 21̅0 201̅ 021̅
( ), ( ), ( ), 01̅2 2̅1̅0 2̅01̅

( ), ( ), ( ), ( )02̅1̅ 1̅2̅0 1̅02̅ 01̅2̅

1.52
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Ag29T has a trigonal symmetry, so the following formula for a hexagonal lattice was used:

      = ( ) + 

1

𝑑2
4
3

(ℎ2 + ℎ𝑘 + 𝑙2)

𝑎2

𝑙2

𝑐2

The following crystal parameters, as reported,3 were used: 

a = b = 27.46 Å

c = 46.65 Å

 𝛼 =  𝛽 =  90°

120𝛾 =  °

Table S5 Lattice spacing of some selected planes in Ag29T

(hkl) d (nm)

(100), (010), ( ), ( ),1̅00 01̅0 2.38

(011), (101), ( ), ( ), (01̅1̅ 1̅01̅
), ( )01̅1 1̅01 2.12

(012), ( ), ( ), ( ),102̅ 1̅02̅ 01̅2̅
( ), ( ), ( ), ( )1̅02 01̅2 102̅ 012̅ 1.66

(110), ( ), ( ), ( ), (1̅1̅0 21̅0 1̅20
), ( )2̅10 12̅0 1.373
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Ag25 has a triclinic symmetry, so the following formula was used:

      = (  +   +  +  +   +  )

1

𝑑2

1

𝑉2 𝑆11ℎ2 𝑆22𝑘2 𝑆33𝑙2 2𝑆12ℎ𝑘 2𝑆23𝑘𝑙 2𝑆13ℎ𝑙

where

 = 𝑆11 𝑏2𝑐2𝑠𝑖𝑛2𝛼

 = 𝑆22 𝑎2𝑐2𝑠𝑖𝑛2𝛽

 = 𝑆33 𝑎2𝑏2𝑠𝑖𝑛2𝛾

 = 𝑆12 𝑎𝑏𝑐2(cos 𝛼cos 𝛽 ‒ cos 𝛾)

 = 𝑆23 𝑎2𝑏𝑐(cos 𝛽cos 𝛾 ‒ cos 𝛼)

 = 𝑆13 𝑎𝑏2𝑐(cos 𝛾cos 𝛼 ‒ cos 𝛽)

The following crystal parameters, as reported,2 were used 

a = 19.0634 Å

b = 19.5919 Å

c = 26.7981 Å

𝛼 =  93.424°

 𝛽 = 90.859°

104.756𝛾 =  °

V = 9656.7 Å
3

Table S6 Lattice spacing of some selected planes in Ag25

(hkl) d (nm)

(010), ( )01̅0 1.89

( ), ( )1̅00 100 1.84

( ), ( )01̅1 011̅ 1.59
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( ), ( )101̅ 1̅01 1.53

Calculation of experimental lattice spacing for various planes 

The TEM images were analysed using ImageJ software. The scale bar is calibrated from the 
value obtained from TEM. Following this, a fast Fourier transform (FFT) pattern was 
generated from the area where lattice planes were observed. An inverse FFT pattern was 
generated by selecting an appropriate spot from the FFT pattern. In this inverse FFT pattern, 
the lines correspond to the lattice planes. A plot profile corresponding to a line drawn 
perpendicular to the pattern can be generated from which lattice distance was calculated. 

TEM image of Ag29C crystallite Selected area from the crystallite FFT pattern generated from the 
selected area

Spot selected from the pattern

Generated inverse FFT pattern
Plot profile of a line perpendicular to the pattern

Length of line = 34.33 nm
No of peaks = 20

Lattice spacing = 34.6/20 = 1.7165 nm

Fig. S15 Method used for calculating lattice distances from the experimental data. 
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Desorption-induced evolution of cubic and
hexagonal ices in an ultrahigh vacuum and
cryogenic temperatures†

Gaurav Vishwakarma, Jyotirmoy Ghosh and Thalappil Pradeep *

Reflection absorption infrared spectroscopic investigations of multilayer films of acetonitrile (ACN) and

water in an ultrahigh vacuum under isothermal conditions showed the emergence of cubic (ice Ic) and

hexagonal (ice Ih) ices depending on the composition of the film. The experiments were conducted with

a mixed film of 300 monolayers in thickness and the ACN :H2O monolayer ratios were varied from 1 : 5

to 5 : 1. Mixed films were deposited at 10 K and warmed to 130–135 K, where ACN desorbed subse-

quently and IR spectral evolution was monitored continuously. While the emergence of ice Ic at 130 K

has been reported, the occurrence of ice Ih at this temperature was seen for the first time. Detailed

investigations showed that ice Ih can form at 125 K as well. Crystallization kinetics and activation energy

(Ea) for the emergence of ice Ih were evaluated using the Avrami equation.

1 Introduction

The existence of water in diverse environments, as exotic as in
space, is well known.1–3 Water ice is known to exist in a number
of amorphous as well as crystalline forms at different tempera-
ture and pressure conditions.4–7 While ice Ih is the most
dominant form in terrestrial conditions, it is known to exist
above 150 K under an ultrahigh vacuum (UHV). The process of
amorphous to crystalline transformation under UHV occurs
generally by annealing the vapour deposited film, amorphous
solid water (ASW), which involves multiple steps. At first, ASW
is converted to ice Ic at temperatures between 100 and 150 K.
This cubic form of ice is metastable in nature and is finally
converted to the more stable ice Ih at temperatures higher than
150 K under an UHV,8 a condition relevant to astrochemistry.
However, ice Ic is, nowadays, termed as stacking-disordered ice
(ice Isd) as its structure contains cubic sequences interlaced
with hexagonal sequences.9,10

Impurities/guest molecules lead to diverse phenomena in
the host ice network ranging from hydrate formation11–13 to
varying phase behavior.14,15 They also play a crucial role in the
crystallization of water. For example, crystallization kinetics of
H2O can be enhanced by the addition of impurities like
methanol, HCl and HNO3. Different reasons have been

suggested to explain these observations. While methanol-
induced nucleation reduced the crystallization temperature,16

excess proton (H+) provided by HCl promoted the
crystallization.17 Minor amounts of HNO3 also facilitated rapid
crystallization.18 Under high-pressure conditions, however,
clathrate hydrates can be transformed to ice Ic upon their
dissociation.19–22 Mixed ices can be warmed to form gas
hydrates in an UHV; our earlier studies showed that clathrate
hydrates of acetone and formaldehyde formed by such methods
were converted to ice Ic and ice Ih, respectively, in the range of
130–135 K.12,23 In such conditions, however, the formation of
both ice Ic and ice Ih was not shown from a single system.
Crystallization of H2O can also be achieved by several other
methods such as annealing of amorphous ices,24,25 supercool-
ing of water droplets,26–29 freezing of high-pressure ice phases
followed by annealing25,30–32 and freezing of water in confined
geometries.33–35 Hama et al.36 showed that sublimation of a
water/neon matrix leads to H2O crystallization where sublima-
tion of neon provided enough mobility to water molecules to
cross the kinetic barrier of crystallization, even at 11–12 K.
These studies suggest the rich diversity that is possible during
the desorption of molecules from multicomponent ices.

ACN was detected in the molecular clouds Sgr B and Sgr A37

and in comet Kohoutek.38 Comets are condensed bodies of gas,
ice and dust, and are known for their diversity in composition
with H2O as the most abundant species. But, in recent
reports,39–41 it was observed that comets (C/2016 R2 (Pan-
STARRS) and 2I/Borisov) have a peculiar volatile composition
with CO as the most abundant species. Volatiles are known to
play a crucial role in the chemistry and physics of star
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Department of Chemistry, Indian Institute of Technology Madras, Chennai 600036,
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formation in such regions. The present work hints at the
importance of the composition of volatiles on water-ice crystal-
lization and thus may have a direct impact on catalysis,8

cometary outbursts, and heat balance in the cometary
bodies.42 These phenomena can be modeled with the help of
experiments conducted in an UHV under cryogenic conditions.

In the present study, we show that ice Ic and ice Ih can be
formed selectively from mixed ices of ACN and H2O by control-
ling their compositions. We found that a thin film with 1 : 5
ACN and H2O mixture forms ice Ic while a thin film with 5 : 1
ACN and H2O results in ice Ih after desorption of ACN from the
ice film at 130–135 K. The existence of the two ice forms has
been confirmed by using their unique IR spectral features. The
rates of crystallization of the films were studied using the
Avrami equation. The activation energy for the formation of
ice Ih under this condition was slightly lower than the value
reported earlier. The creation of different crystallographic
forms of ices by composition control presents new possibilities
for structural diversity in interstellar ice analogues.

2 Experimental section
2.1 Experimental setup

All the experiments were performed in an ultrahigh vacuum
(UHV) chamber with a base pressure of B5 � 10�10 mbar,
discussed in detail elsewhere.43 Briefly, the instrument is
composed of three stainless steel UHV chambers: an ionization
chamber, an octupole chamber, and a scattering chamber, used
for low energy ion scattering of mass selected ions.44–47 The
instrument is equipped with reflection absorption infrared
spectroscopy (RAIRS) and temperature-programmed desorption
(TPD) mass spectrometry. Experiments were performed in the
scattering chamber, fitted with a precision x–y–z–y sample
manipulator on which a closed-cycle helium cryostat (Coldedge
Technologies) was mounted from the top, along with various
probes focusing on the substrate. These vacuum chambers were
pumped using a turbomolecular pumps, which were backed by
several diaphragm pumps. A cold cathode gauge controlled
using a MaxiGauge controller (Pfeiffer, Model TPG 256 A)
monitored the vacuum in these chambers.

A highly polished Ru(0001) single crystal was used as sub-
strate. The substrate was attached to a copper holder which in
turn was connected at the tip of a closed-cycle helium cryostat
(Zephyr HC-4A air-cooled compressor). The substrate tempera-
ture could be varied in a wide range of 8–1000 K with a
temperature accuracy/uncertainty of 0.5 K. Different tempera-
ture sensors (K-type thermocouple and a platinum sensor) and
a resistive heater (25 O) were connected to a temperature
controller (Lakeshore, Model 336).

2.2 Sample preparation

Before preparing the sample, the metal substrate was heated to
400 K multiple times to ensure the cleanness of the surface. The
substrate was polished and annealed at 1000 K prior to the
present set of experiments. As the experiments were of

multilayers and the results were insensitive to the impurities
on the very top of the surface, detailed cleaning procedures
were not necessary. ACN (RANKEM, 99.9%) and Millipore water
(H2O of 18.2 MO resistivity) were taken in a vacuum-sealed test
tube (glass-to-metal seal) and further purified by several freeze–
pump–thaw cycles. The samples were vapour-deposited on
Ru(0001) using high-precision all-metal leak valves, one each
exclusively for ACN and H2O. The sample lines were kept near
to the substrate for uniform growth of the thin ice films. During
vapour deposition, mass spectra were recorded simultaneously
to verify the purity, and to measure the ratio of the ACN and
water vapours. Preparation of ice thin film was controlled
through a leak valve and the coverage is expressed in mono-
layers (MLs), assuming 1.33 � 10�6 mbar s = 1 ML, which was
estimated to contain B1.1 � 1015 molecules cm�2, as outlined
in several reports.11,48,49

2.3 Experimental procedure

Thin films of 300 MLs of ACN and H2O were created by
backfilling the vacuum chamber at a total pressure of
B5 � 10�7 mbar for 10 minutes. Different ratios of ACN and
H2O (1 : 1, 1 : 5, and 5 : 1) were prepared at 10 K by keeping the
total pressure constant and varying the inlet pressure of ACN
and H2O accordingly. For example, for the co-deposition
(referred to as ACN :H2O) of ACN and H2O at a 1 : 1 ratio, the
inlet pressure of ACN was B2.5 � 10�7 mbar and that of H2O
was B2.5 � 10�7 mbar. For the other ratios, the inlet pressures
of ACN and H2O were varied accordingly. Here, exposures were
measured as the product of the dosing time and the increase in
total chamber pressure for the dose. We followed a similar
method of surface coverage to one reported previously.48–50

However, the actual composition of the mixture may be differ-
ent upon considering ionization sensitivity factors. The
accepted sensitivity factor for water and ACN are 1.0 and 2.0,
respectively.51 For time-dependent as well as temperature-
dependent studies, as prepared thin films were warmed at a
rate of 5 K min�1 to the desired temperatures.

2.4 RAIRS setup

RAIR spectra were collected in the 4000–550 cm�1 range with a
spectral resolution of 2 cm�1 using a Bruker Vertex 70 FT-IR
spectrometer. The IR beam was taken out of the spectrometer
using a gold-plated mirror and focused on the sample at an
incident angle of 801 � 71 through a ZnSe viewport. The
reflected IR beam from the sample was re-focused using
another gold-plated mirror to a liquid N2 cooled mercury
cadmium telluride (MCT) detector. The IR beam outside of
the vacuum chamber was purged with dry N2 to avoid back-
ground noise. To ensure better signal-to-noise ratio, each RAIR
spectrum was averaged over 512 scans.

3 Results and discussion

We performed our study starting with the desorption behavior
of ACN from 1 : 1 ice mixtures of ACN :H2O in the range of 125–
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135 K. As mentioned in the experimental section, the ratios are
in terms of molar concentrations, assuming the same sticking
coefficient for both the species. Fig. 1 shows the time-
dependent RAIR spectra of 300 MLs of 1 : 1 ACN :H2O at
130 K. For this, mixed ice was co-deposited on Ru(0001) at
10 K and warmed to 130 K. The ice mixture was held at 130 K
under vacuum for 7 h. Fig. 1a and b show time-dependent RAIR
spectra at 130 K in the CRN and O–H stretching regions,
respectively. We will mainly focus on the CRN stretch
(2232–2280 cm�1) and O–H stretch (3000–3800 cm�1) where
major changes were observed for the ACN :H2O films. The
spectra of 150 MLs of pure ACN and of 300 MLs of ACN :H2O
films with different ratios (1 : 1, 1 : 5, and 5 : 1) at 10 K are shown
in Fig. S1A (ESI†) and the peak assignments for these are
consistent with previous reports.52,53 In Fig. 1a, at 0 h, corres-
ponding to the first spectrum when the temperature equili-
brates at 130 K, the CRN stretching band shows a peak at
2251 cm�1 which is the characteristic peak of pure ACN at
130 K. This peak is due to the phase separation of ACN from the
H2O matrix as shown in Fig. S2b (ESI†), where the broad peak
(2264 cm�1, attributed to hydrogen-bonded ACN with H2O)

44,54

at 10 K was reduced in intensity and shifted to 2251 cm�1

(attributed to pure ACN) at 130–135 K, as reported in our
previous study.44 This was further confirmed by comparing
the RAIR spectra of 150 MLs of pure ACN (Fig. S3, ESI†) with the
spectra in Fig. 1a. The 2251 cm�1 peak disappeared within 3.5 h
due to the desorption of ACN from the ice mixture and is
comparable to the desorption of 150 MLs of pure ACN within
3 h from the substrate, as shown in Fig. S3b (ESI†). The
desorption behavior of ACN can be seen in the TPD mass
spectra shown in Fig. S1B (ESI†), for different mixtures.

In Fig. 1b, the O–H stretching band showed a major change
due to the desorption of ACN with time, at 130 K. At 0 h, the
broad peak centered atB3350 cm�1 (after the phase separation
of ACN from the ice mixture), is a distinctive feature of ASW. At
130 K, ACN desorbed gradually from the ice matrix and the

broad peak centered at B3350 cm�1 was red-shifted, manifest-
ing an increase in order and number of H-bonded H2O
molecules.55 The peak gradually became sharp and was spilt
within 7 h. Sharpening and splitting of the O–H stretching
band were attributed to the crystallization of the ice film. The
band splits, giving three peaks positioned at 3375, 3275, and
3165 cm�1, were assigned to ice Ih. These assignments were
confirmed by comparing the O–H stretching band of the ice
film left after desorption of ACN at 130 K and of pure crystalline
ice Ih, as shown in Fig. S4a (ESI†). Both the bands are equiva-
lent, which confirmed the formation of ice Ih after desorption
of ACN at 130 K. However, as shown in Fig. S4a (ESI†), the high-
frequency shoulder at B3380 cm�1 increases in amplitude
slightly for pure crystalline ice Ih (red trace) compared to ice
Ih obtained from mixed ice (black trace) and this rise is
attributed to the presence of grain-boundary water in the
former case.56 Furthermore, to confirm that ice crystallization
is a desorption assisted process, we carried out two experi-
ments. First, we performed an isothermal time-dependent RAIR
study of 300 MLs of ACN :H2O in a 1 : 1 ratio at 120 K as shown
in Fig. S8 (ESI†). Desorption of ACN (shown in Fig. S8b, ESI†)
was not complete even after 51 h as the peak at 2251 cm�1 did
not vanish completely. In turn, the broad peak at B3350 cm�1

of the O–H stretching band shown in Fig. S8a (ESI†) remained
broad, suggesting no crystallization. Also, we performed an
isothermal time-dependent RAIR experiment of 150 MLs of
solid H2O film at 130 K, as shown in Fig. S9 (ESI†). Self-
crystallization of a solid H2O film was not observed even after
19 h. This proved that desorption of ACN from an ice mixture
assists in crystallization of ice at a lower temperature than its
normal crystallization temperature of 155 K.

Ice Ih was formed via ACN desorption from 1 : 1 ACN :H2O
films even at 125, 127, and 135 K as shown in Fig. S5–S7 (ESI†).
We observed that with decreasing temperature, the time
required for the desorption of ACN and crystallization of ice
increased. Here, it was evident that desorption assisted ice Ih

Fig. 1 Desorption induced ice crystallization. Isothermal time-dependent RAIR spectra of 300 MLs of 1 : 1 ACN :H2O at 130 K in the (a) CRN stretching
region and (b) O–H stretching region. The film was co-deposited on Ru(0001) at 10 K and then heated at a rate of 5 K min�1 to 130 K. The CRN
stretching band at 2251 cm�1 vanished due to desorption of ACN which transformed the broad O–H stretching band centered atB3350 cm�1 into ice Ih.
The inset in (a) shows the desorption of ACN from an ice mixture at 130 K.
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crystallization follows certain kinetics. The crystallization
kinetics of ice formation is of major importance for both
terrestrial as well as extraterrestrial science. Isothermal time-
dependent RAIR spectra of 1 : 1 ACN :H2O films at 125, 127,
130, and 135 K were used to evaluate the crystallization
kinetics. These data are described in the Crystallization
Kinetics section. Furthermore, the effect of the composition
of the ice film on ice crystallization was also studied for ACN :
H2O ratios of 1 : 5 and 5 : 1. The larger the fraction of ACN
molecules in the ASW film, the faster the desorption of ACN
and consequently the diffusion of H2Omolecules. Fig. 2a shows
the isothermal time-dependent RAIR spectra in the O–H
stretching region of 300 MLs of 1 : 5 ACN :H2O film at 130 K.
The associated desorption behavior of ACN from the ice film is
shown in Fig. S10a (ESI†), where the CRN stretching band
consists of two types of peaks, attributed to hydrogen-bonded
ACN (broad peak around 2266 cm�1)54 and free ACN (peak at
2251 cm�1), respectively, at 130 K at 0 h. At 130 K, while the
ACN phase separated for an ACN :H2O ratio of 1 : 1, the
occurrence of a broad peak at 2266 cm�1 for 1 : 5 ACN :H2O
was surprising. Here, ACN could not phase-separate completely
from the ice film even at 130 K because the number of ACN
molecules was less and most of them were trapped in the ASW
matrix. Several theoretical studies suggest57–59 that ACN mole-
cules can form a hydrate cluster (CH3CN)-(H2O)n (n 4 1) with
varying number of H2O molecules which could also be a reason
for ACN not being phase-separated at 130 K for the 1 : 5 ACN :
H2O film. Because of the cluster formation between ACN and
H2O, complete desorption of ACN from the ice film took a
longer time of 4 h than the 1 : 1 ACN :H2O film. This restricted
ACN desorption can also be seen in the TPD mass spectra
shown in Fig. S1B (ESI†). The marked (with red star) desorption
hump around 132 K along with the main desorption peak at
B140 K are attributed to the restricted ACN desorption from
the 1 : 5 ACN :H2O film during annealing. On the other hand,
the O–H stretching region showed (in Fig. 2a) a prominent

change with the restricted desorption of ACN from the film.
The ASW feature at 0 h gradually became sharp and split into
three peaks namely, 3395, 3290 and 3165 cm-1, with time. These
features of the O–H stretching band correspond to ice Ic, (Fig.
S4b, ESI†) and are consistent with previous studies12,60,61

including our earlier study12 where we correlated the RAIRS
and reflection high-energy electron diffraction (RHEED) data
under similar experimental conditions. Limited (due to the
smaller amount of ACN in the 1 : 5 ACN :H2O film) and
obstructed (due to the cluster formation) desorption of ACN
molecules from the ice film gave restricted mobility to the H2O
molecules. In turn, ASW was restricted to metastable ice Ic even
after 21 h at 130 K. We performed similar isothermal time-
dependent RAIR experiments for the 1 : 5 ACN :H2O film at 133
and 135 K and obtained similar results leading to ice Ic as
shown in Fig. S11, and S12, respectively (ESI†).

We performed another isothermal time-dependent experi-
ment of 300 MLs with 5 : 1 ACN :H2O at 130 K. The O–H
stretching region is shown in Fig. 2b and the associated ACN
desorption behavior is shown in Fig. S10b (ESI†). At 0 h, the
CRN stretching band at 2251 cm�1 (the same as obtained for
the 1 : 1 ACN :H2O film) shown in Fig. S10b (ESI†) obtained
after phase separation of ACN from the ice mixture at 130 K
vanished within 3 h due to rapid desorption of the ACN
molecules. The desorption of a large number of ACN molecules
from the ice matrix provided a sufficiently high mobility to the
H2O molecules. These mobile H2O molecules arranged most
stably and resulted in ice Ih within 4.5 h. It is evident that the
ice Ih formation from the 5 : 1 ACN :H2O film was faster than
that of the 1 : 1 ACN :H2O film as expected due to bulk
desorption of ACN in the former case. We obtained a similar
result for the 5 : 1 ACN :H2O films at 133 and 135 K, shown in
Fig. S13 and S14 (ESI†). Thus, we can form ice Ic and ice Ih
selectively depending on the ice film compositions.

Formation of crystalline ice requires a sufficiently high
mobility of water molecules for diffusion and molecular

Fig. 2 (a) Time-dependent RAIR spectra of 300 MLs of 1 : 5 ACN :H2O film at 130 K in the O–H stretching region. The film was co-deposited on
Ru(0001) at 10 K and then heated at a rate of 5 K min�1 to 130 K. The first spectrum (t = 0 h) is from a completely amorphous film and the last spectrum
(t = 21 h) is from a completely crystallized ice film. (b) Time-dependent RAIR spectra of 300 MLs of the 5 : 1 ACN :H2O film at 130 K in the O–H stretching
region. The film was co-deposited on Ru(0001) at 10 K and then heated at a rate of 5 K min�1 to 130 K. The first spectrum (t = 0 h) is from a completely
amorphous film and the last spectrum (t = 4.5 h) is from a completely crystallized ice film.
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rearrangement.36 When ACN and water are co-deposited at
10 K, it forms a well-mixed system. Upon warming above
100 K, ACN molecules were phase-separated from water-ice44

but they remain in the ice matrix. We suggest that during phase
separation, ACN being a larger molecule, will increase the
mobility/diffusion of water molecules, which will be further
increased by the subsequent desorption of ACN after keeping
the mixture at a given temperature for several hours. This
desorption of the ACN molecules is the trigger for the diffu-
sion/mobility of water that leads to the accelerated crystal-
lization. In the case of the 1 : 5 mixture, due to the phase
separation of smaller quantities of ACN and their desorption,
ASW crystallization is restricted to metastable ice Ic.

The present study and earlier reports on methanol,16 acetone12

and formaldehyde23 show that the kinetics of crystallization is
affected by the specific additives that are incorporated in the ASW
film and a specific reason has been given for each. There may be
one or several effects that might be causing the lowering of the
onset temperature of crystallinity; it could be the desorption tem-
perature, size, chemical nature or morphology of the co-deposited
molecules. In the present case, it is the desorption (temperature) of
the co-adsorbed molecule, which is affecting the crystallization
kinetics of ASW. It may require additional theoretical as well as
experimental investigations to correlate the effect of different
molecules on ASW crystallization.

Crystallization kinetics

Time-dependent RAIR spectra of 1 : 1 ACN :H2O films were
utilized to evaluate the crystallization of ASW under isothermal
conditions at the corresponding temperatures (125, 127, 130,
and 135 K, shown in Fig. 1b and Fig. S5–S7, ESI†). The volatile
O–H stretching bands of RAIRS were utilized to estimate the
crystallization kinetics of ASW crystallization in previous
reports.12,17,23,62,63 Here, we adopted a similar approach.

Fig. 3(a) shows the time-dependent RAIR spectra for
300 MLs of 1 : 1 ACN :H2O film kept at 127 K. The first spectrum
(0 h trace) in Fig. 3a is from a completely amorphous film and

the last spectrum (21 h) is from a completely crystalline film.
The intermediate spectra represent the progress of crystal-
lization and are a combination of pure amorphous and pure
crystalline spectra. The vertical dashed line at a fixed wave-
number (3268 cm�1) was used to evaluate the crystallization
fraction for each temperature.

Fig. 3b shows the crystallization fraction versus time
obtained from vertical cuts through the time series spectra of
O–H starching bands for a set of isothermal time-dependent
experiments (shown in Fig. S5a, S6a and S7a, ESI†), analogous
to those shown in Fig. 3a at different temperatures. The
crystallization fraction, x(t) was calculated by eqn (1),

xðtÞ ¼ DAð1Þ
DAð2Þ (1)

where DA(1) is the difference in the absorbance at a particular
time t and that at time zero, and DA(2) is the difference in
absorbance of a completely crystallized film and that of a
completely amorphous film.

In Fig. 3b the change of the shape of the curve from
sigmoidal to an exponential, manifests an increase in crystal-
lization kinetics with increasing temperature.12,17 Various
crystallization parameters for ASW were evaluated by fitting
the crystallization fraction to the Avrami equation64,65 at dif-
ferent temperatures. The Avrami equation is

x(t) = 1 � exp (�k�t)n (2)

where k is the rate constant, t is time, and n is an exponent. For
all temperatures, n can hold close to integer values between 1 to
4 and this predicts the nature of the crystallization process.
After arranging eqn (2) in linear form, the equation becomes

ln(�ln[1 � x(t)]) = n ln(t) + n ln k (3)

Fig. 4a shows ln(�ln[1 � x(t)]) versus ln(t) plotted for
different temperatures using eqn (3). The slope and intercept
of linearly fitted lines were utilized to estimate the value of
n and k for different temperatures. The obtained values of n and

Fig. 3 (a) Time-dependent RAIR spectra of 300 MLs of the 1 : 1 ACN :H2O film at 127 K in the O–H stretching region. The film was co-deposited on
Ru(0001) at 10 K and heated at a rate of 5 K min�1 to 127 K. (b) Crystallization fraction versus time for 300 MLs of the 1 : 1 ACN :H2O film obtained from
isothermal RAIR measurements at 125, 127, 130, and 135 K. The crystallization fraction was calculated from a vertical cut at 3268 cm�1 in the O–H
stretching band for a set of time-dependent RAIRS spectra shown in Fig. 1a and Fig. S5a, S6a, and S7a (ESI†).
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k are listed in Table S1 (ESI†). The estimated value of k in this
study is larger than the previously reported values estimated in
similar experimental conditions,23,62 which, further, presents
evidence for accelerated crystallization.

The value obtained for n was between 1.80 to 0.90 for
different temperatures. With the input of previous studies we
note that for the evaluated value of n, crystallization kinetics is a
diffusion-controlled phenomenon with particles growing into
predominantly spherical geometry,12,23,62,63,66–68 and it is evi-
dent that ACN desorption from an ice mixture provides enough
mobility for water volatile molecules for rearrangement and
crystallization. However, crystallization of ASW gives an n value
equal to B4, and suggests three-dimensional growth and ran-
dom nucleation.62,69,70 Our values of n are, however, lower and
suggest low dimensional growth. This is reasonable because
ACN is undergoing phase separation but within the ice-matrix in
the form of small domains. These domains can be present at
bulk and at interfaces in the ice-matrix. When the ACN mole-
cules desorbed form such domains, they will induce (diffusion/
mobility) crystallization and will prevent three-dimensional
growth.12,23 The activation energy (Ea) of ice crystallization was
estimated from the slope of the linearly fitted line of the
Arrhenius plot (Fig. 4b, ln k versus (1/T)). The evaluated activa-
tion energy in this study was B57.7 kJ mol�1 and it is compar-
able with that of the previously reported value for the
crystallization of pure ASW.17,62,69,71,72 Here, early ice Ih crystal-
lization from 1 : 1 ACN :H2O films can be attributed to the
desorption assisted mobility of H2Omolecules. Due to sufficient
mobility, H2O molecules occupied the thermodynamically most
stable sites and resulted in ice Ih at a lower temperature
(125–135 K) than the usual ice Ih crystallization temperature.

4 Conclusions

We have established an isothermal route for the formation of
either ice Ic and ice Ih, induced by the desorption of ACN from

ice mixtures depending upon their compositions at 130–135 K
in an UHV. We were also able to form ice Ih at 125 K which is a
much lower temperature than the usual crystallization tem-
perature in UHV conditions. Associated crystallization kinetics
for ice Ih and the activation energy of crystallization were
evaluated by using isothermal time-dependent RAIR spectra
at 125–135 K for a 1 : 1 ACN :H2O film. We assumed that the
extent of desorption of ACN and relative (simultaneous) diffu-
sion of H2O molecules played an important role in ice crystal-
lization at low temperatures. Such studies will be of importance
in astrophysical environments or ISM.
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Fig. 4 A plot of the linearized form of the Avrami equation for ASW crystallization. Plots of ln(�ln[1� x]) vs. ln(t) at different temperatures of 125, 127, 130,
and 135 K were made using the O–H stretching bands. The obtained data points were fitted using the Avrami equation. (b) Arrhenius plot of ln k versus
(1/T), achieved from the analysis the slope and intercept of the linearly fitted lines of plot (a) for different temperatures. The activation energy (Ea) of ice
crystallization was calculated from the slope of the linearly fitted straight line of plot (b).
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Fig. S1A RAIR spectra of (a)150 MLs of ACN, (b) 300 MLs of 1:1 ACN:H2O, (c) 300 MLs 

of 1:5 ACN:H2O, (d) 300 MLs of 5:1 ACN:H2O at 10 K. 
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Fig. S2B TPD-MS spectra of 150 MLs of pure ACN (green), 300 MLs of 1:1 ACN:H2O (blue), 

300 MLs of 1:5 ACN:H2O (red), and 300 MLs of 5:1 ACN:H2O (black). Ramping rate = 10 

K.min-1. Here, the intensities of CH3CN+ (m/z = 41) under these conditions are plotted. The 

marked desorption (*) hump is due to the restricted ACN desorption from 1:5 ACN:H2O film 

during annealing. 
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Figure S3 Temperature-dependent RAIR spectra of 300 MLs of 1:1 ACN:H2O film co-
deposited on Ru(0001) at 10 K and heated at a rate of 5 K min-1. (a) O-H stretching region (b) 
C≡N stretching region. 
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Fig. S4 RAIR spectra of 150 MLs of pure ACN in the C≡N stretching region. (a) Temperature-

dependent spectra taken after ACN deposited at 10 K and heated at a rate of 5 K min-1 to the 

desorption temperature of ACN. ACN was found in two phases, where a low temperature 

amorphous phase (broad peak at ~ 2253 cm-1) converted into crystalline phase (sharp peak at 

2251 cm-1) after 100 K.1,2 (b) Isothermal time-dependent spectra at 130 K. The ACN vapour 

was deposited at 10 K and heated at a rate of 5 K min-1 to and kept at 130 K. ACN desorbed 

from substrate within 3 h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a b

150 MLs
T = 130 K

150 MLs

2253 cm-1

2251 cm-1

D
es

o
rp

ti
o

n

2251 cm-1

2280 2268 2256 2244 2232

0.000

0.006

0.012

0.018

0.024

A
b

s
o

rb
an

ce

Wavenumber (cm-1)

 0 h
 0.5 h
 1.25 h
 1.5 h
 2 h
 2.5 h
 3 h

2280 2268 2256 2244 2232

0.000

0.006

0.012

0.018

0.024
A

b
s

o
rb

a
n

c
e

Wavenumber (cm-1)

 10 K
 30 K
 40 K
 80 K
 100 K
 110 K
 120 K
 130 K
 135 K
 140 K



S7 
 

Supplementary Information 4:  

(a) Hexagonal Ice 

 

 

 

 

 

 

Fig. S5a RAIR spectra of Ice Ih obtained after desorption of ACN from 300 MLs of 1:1 

ACN:H2O film at 130 K (black trace) and Ice Ih obtained after heating 150 MLs of pure solid 

H2O at 155 K (red trace) in the O-H stretching region. The spectra were normalized by the 

integral intensity of the absorbance. ACN:H2O (1:1) film of 300 MLs and pure H2O film of 

150 MLs were prepared by depositing at 10 K and heating at a rate of 5 K min-1 to the 

mentioned temperatures. Both the spectrum were almost identical and confirms the formation 

of Ice Ih after desorption of ACN from 1:1 ACN:H2O film. 

(b) Cubic Ice 
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Fig. S4b The deconvoluted features of IR data of ref. 12 (J. Phys. Chem. Lett. vol. 11 (2020) 

p. 26) and the current work. In ref. 12, Ice Ic via acetone hydrate was prepared by annealing a 

co-deposited ∼300 MLs acetone:H2O (1:1) film to 135 K and maintaining it there in UHV for 

3 h. 
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Fig. S6 Isothermal time-dependent RAIR spectra of 300 MLs of 1:1 ACN:H2O film at 125 K 

in the (a) O-H stretching region and, (b) C≡N stretching region. Mixed film was prepared by 

vapour deposition on Ru(0001) at 10 K and heated to 125 K at a rate of 5 K min−1. 
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Fig. S7 Isothermal time-dependent RAIR spectra of 300 MLs of 1:1 ACN:H2O film at 127 K 

in the (a) O-H stretching region and, (b) C≡N stretching region. Mixed film was prepared by 

vapour deposition on Ru(0001) at 10 K and heated to 127 K at a rate of 5 K min−1. 
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Fig. S8 Isothermal time-dependent RAIR spectra of 300 MLs of 1:1 ACN:H2O film at 135 K 

in the (a) O-H stretching region and, (b) C≡N stretching region. Mixed film was prepared by 

vapour deposition on Ru(0001) at 10 K and heated to 135 K at a rate of 5 K min−1. 
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Fig. S9 Isothermal time-dependent RAIR spectra of 300 MLs of 1:1 ACN:H2O film at 120 K 

in the (a) O-H stretching region and, (b) C≡N stretching region. Mixed film was prepared by 

vapour deposition on Ru(0001) at 10 K and heated to 120 K at a rate of 5 K min−1. 
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Supplementary Information 9: 

 

Fig. S10 Isothermal time-dependent RAIR spectra of 150 MLs of H2O film at 130 K in the O-

H stretching region. Thin film was prepared by vapour deposition on Ru(0001) at 10 K and 

heated to 130 K at a rate of 5 K min−1. 
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Supplementary Information 10: 

 

Fig. S11 (a) Isothermal time-dependent RAIR spectra of 300 MLs of 1:5 ACN:H2O film at 

130 K in the  C≡N stretching region. (b) Isothermal time-dependent RAIR spectra of 300 MLs 

of 5:1 ACN:H2O film at 130 K in the  C≡N stretching region. Mixed film was prepared by 

vapour deposition on Ru(0001) at 10 K and heated to 130 K at a rate of 5 K min−1. 
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Fig. S12 Isothermal time-dependent RAIR spectra of 300 MLs of 1:5 ACN:H2O film at 133 K 

in the (a) O-H stretching region and, (b) C≡N stretching region. Mixed film was prepared by 

vapour deposition on Ru(0001) at 10 K and heated to 133 K at a rate of 5 K min−1. 
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Fig. S13 Isothermal time-dependent RAIR spectra of 300 MLs of 1:5 ACN:H2O film at 135 K 

in the (a) O-H stretching region and. (b) C≡N stretching region. Mixed film was prepared by 

vapour deposition on Ru(0001) at 10 K and heated to 135 K at a rate of 5 K min−1. 
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Fig. S14 Isothermal time-dependent RAIR spectra of 300 MLs of 5:1 ACN:H2O film at 133 K 

in the (a) O-H stretching region and, (b) C≡N stretching region. Mixed film was prepared by 

vapour deposition on Ru(0001) at 10 K and heated to 133 K at a rate of 5 K min−1. 
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Fig. S15 Isothermal time-dependent RAIR spectra of 300 MLs of 5:1 ACN:H2O film at 135 K 

in the (a) O-H stretching region and, (b) C≡N stretching region. Mixed film was prepared by 

vapour deposition on Ru(0001) at 10 K and heated to 135 K at a rate of 5 K min−1. 
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Table S1 The parameters for crystallization of Ice Ih during the desorption of ACN from ice 

films at different temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature (K) n Rate constant; k (s-1)

125

127

130

135

1.80

1.75

1.63

0.91

1.39×10-05

2.66×10-05

9.60×10-05

8.05×10-04

O-H stretching
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ABSTRACT: Noble metal nanoclusters protected with carbor-
anes, a 12-vertex, nearly icosahedral boron−carbon framework
system, have received immense attention due to their different
physicochemical properties. We have synthesized ortho-carbor-
ane-1,2-dithiol (CBDT) and triphenylphosphine (TPP) cop-
rotected [Ag42(CBDT)15(TPP)4]

2− (shortly Ag42) using a
ligand-exchange induced structural transformation reaction
starting from [Ag18H16(TPP)10]

2+ (shortly Ag18). The formation
of Ag42 was confirmed using UV−vis absorption spectroscopy,
mass spectrometry, transmission electron microscopy, X-ray
photoelectron spectroscopy, infrared spectroscopy, and multi-
nuclear magnetic resonance spectroscopy. Multiple UV−vis
optical absorption features, which exhibit characteristic
patterns, confirmed its molecular nature. Ag42 is the highest nuclearity silver nanocluster protected with carboranes reported
so far. Although these clusters are thermally stable up to 200 °C in their solid state, light-irradiation of its solutions in
dichloromethane results in its structural conversion to [Ag14(CBDT)6(TPP)6] (shortly Ag14). Single crystal X-ray diffraction of
Ag14 exhibits Ag8−Ag6 core−shell structure of this nanocluster. Other spectroscopic and microscopic studies also confirm the
formation of Ag14. Time-dependent mass spectrometry revealed that this light-activated intercluster conversion went through
two sets of intermediate clusters. The first set of intermediates, [Ag37(CBDT)12(TPP)4]

3− and [Ag35(CBDT)8(TPP)4]
2− were

formed after 8 h of light irradiation, and the second set comprised of [Ag30(CBDT)8(TPP)4]
2−, [Ag26(CBDT)11(TPP)4]

2−, and
[Ag26(CBDT)7(TPP)7]

2− were formed after 16 h of irradiation. After 24 h, the conversion to Ag14 was complete. Density
functional theory calculations reveal that the kernel-centered excited state molecular orbitals of Ag42 are responsible for light-
activated transformation. Interestingly, Ag42 showed near-infrared emission at 980 nm (1.26 eV) with a lifetime of >1.5 μs,
indicating phosphorescence, while Ag14 shows red luminescence at 626 nm (1.98 eV) with a lifetime of 550 ps, indicating
fluorescence. Femtosecond and nanosecond transient absorption showed the transitions between their electronic energy levels
and associated carrier dynamics. Formation of the stable excited states of Ag42 is shown to be responsible for the core
transformation.
KEYWORDS: carboranes, silver nanoclusters, intercluster conversion, near-infrared emission, luminescence, ultrafast electron dynamics

INTRODUCTION

Atomically precise nanoclusters (NCs) of noble metals with
core dimension <3 nm, composed of a few tens to hundreds of
atoms, are an emerging class of nanomaterials with specific
properties, which represent a distinct category of materials
between atoms and traditional nanoparticles.1,2 Different noble
metal based NCs, especially of gold, silver, copper, and
platinum, protected by various types of surface ligands such as
thiols, imine-thiols, phosphines, alkynes, sulfonates, DNAs,
proteins, etc., have been synthesized by following different
synthetic protocols.3−13 Among different noble metal NCs,

gold NCs have been prominent due to their facile synthesis
and stability. Although silver NCs are reported less commonly,
perhaps due to their higher reactivity, they have received
increasing attention recently due to their functional proper-
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ties.14 Therefore, it is of interest to explore a family of stable
silver NCs with tunable properties. Various physicochemical
properties such as narrow energy gap and associated multiple
electronic transitions, luminescence, chirality, etc., have been
used in numerous fields, including optoelectronics, nano-
sensors, nonlinear optics, circularly polarized luminescence,
and nanocluster sensitized solar cells, etc.15−22 Different silver
NCs have been characterized through mass spectrometric
studies. However, some of them, such as Ag6, Ag9, Ag25, Ag29,
Ag44, Ag56, Ag67, and Ag141, etc., with specific ligand structure
and overall charge, have also been characterized structurally
using single crystal X-ray diffraction.23−30 Some recent studies
have also reported synthesis and structural characterization of
bimetallic and polymetallic NCs following coreduction of
mixed metal precursors and intercluster reactions.31−33 Differ-
ent transition metal-doped silver NCs, especially Ti and Cd,
with varying numbers of dopant atoms showed different
electronic features in comparison to the undoped ones.34,35

During crystallization of nanoclusters, more than one silver NC
was crystallized within the same unit, forming cocrystals, such
as Ag16−Ag17, Ag40−Ag46, Ag210−Ag211, etc.36−38 A detailed
understanding of their synthesis, and associated structures, and
properties has become an important research direction.
Synthesis of specific nuclearity silver NCs with high purity is

always challenging. Many factors such as pH, solvent,
temperature, and ligand have profound roles in regulating
nuclearity, shape, and surface activity of NCs.39,40 Along with
conventional coreduction of metal thiolates, other unconven-
tional synthetic strategies such as solid-state gel-based
mechanical grinding, microwave irradiation, and ligand
exchange induced size focusing as well as fast purification
using desalting column techniques were employed to scale up
as well as purify NCs.41−44 Shape tuning of nanoclusters based
on their sensitivity or reactivity to an external solvent
environment is possible, resulting in changes in the cluster
core and composition.45,46 Different photoirradiation methods

Figure 1. Synthesis and characterizations of Ag42 NC. (a) Molecular structure of the ortho-carborane 1,2-dithiol ligand. Color code for
atoms: pink = boron, gray = carbon, yellow = sulfur, blue = hydrogen. (b) Time-dependent UV−vis absorption spectra of Ag42 NC in DCM
indicating its stability. (inset) Photograph of the respective DCM solution. (c) Full range negative ion-mode ESI-MS spectrum of Ag42 NC.
Two TPP losses were observed from the parent NC which are shown by the ☆ symbols. (inset) Exact matching of the isotopic distribution
of the experimental and theoretical spectra. (d) Systematic losses of four TPP were observed from the peak at m/s 4337.11 with a charge
state of 2− up to CE 30. (inset left) Schematic representation of TPP losses. (e) Fourteen sequential mass losses of carborane (C2B10H10, M
142) units, along with a few silver sulfide loss peaks (marked as ☆). (inset right) Schematic representation of carborane losses.
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are of interest due to their simplicity and effectiveness in shape
engineering.47 Various light sources such as UV lamps,
sunlight, light emitting diodes (LEDs), fluorescent lamps,
and lasers have been used for shape-tuning of nanoparticles
and associated properties.48,49 We have shown sunlight-
mediated synthesis of stable silver nanoclusters in a gel
matrix.50 Although light-induced size growth was observed in
gold nanoclusters, there has been no report of light-activated
intercluster conversion of silver nanoclusters.51 In view of the
light sensitivity of silver nanostructures, we hypothesized that
light may trigger the interconversion of NCs.
Carboranes (dicarba-closo-dodecaboranes of general formula

C2B10H12) are 12-vertex, nearly icosahedral carbon, and boron
cage molecules with electrons delocalized over the molecular
framework of CH and BH vertices as well as within the cage.52

These types of molecules are promising candidates for
synthesizing stable silver NCs with tunable electronic proper-
ties. Due to their rigid and robust three-dimensional
architectures, chemical, and thermal stability as well as
electronic structure, they possess an enormous potential to
become key constituents of luminescent polymer materials,
catalysts, hypergolic materials, surface-supported self-as-
sembled entities, light-driven molecular nanomachines,
etc.53−58 Their tunable dipole moment and 3D pseudoar-
omatic character make carboranes’ electronic properties

tunable, unlike other organic counterparts.59 There are a few
reports of carborane-based metal nanoclusters and their
extended framework solids (EFSs) with luminescence proper-
ties, but reports on the synthesis of higher nuclearity NCs are
rare due to their poor stability and other synthetic
limitations.60−62

In this work, we report the synthesis of Ag42 nanoclusters
coprotected by ortho-carborane-1,2-dithiol (CBDT), and
triphenylphosphine (TPP) ligands through the ligand-
exchange induced structural transformation (LEIST) protocol.
The formation of Ag42 was confirmed using different
microscopic and spectroscopic studies. Although Ag42 is
thermally stable up to 200 °C, it undergoes light-activated
intercluster conversion to [Ag14(CBDT)6(TPP)6], through
two sets of intermediate NCs. Single crystal X-ray diffraction
(SC-XRD) confirmed the atomic structure of the as
synthesized Ag14. The Ag42 has a NIR emission centered
around 980 nm, while as synthesized Ag14 showed red
luminescence at 626 nm. Although the luminescence of Ag14
was weak at room temperature, there was >25-fold enhance-
ment in emission with a slight red shift (17 nm) at 77 K. Time-
dependent density-functional theory (TDDFT) calculations
revealed the nature of orbitals responsible for their electronic
transitions. To further understand the electronic transition of
both the NCs, we have used femtosecond and nanosecond

Figure 2. Structural studies and thermal stability of Ag42 NC. (a) DFT optimized structure of Ag42 NC. Atomic color code: blue = inner core
Ag atoms, dark pink = outer core Ag atoms, green = phosphorus, pink = boron, yellow = sulfur, gray = carbon, white = hydrogen. (b)
Comparison between theoretical and experimental UV−vis absorption spectra. (inset) Electron density map of kernel-centered LUMO + 6.
(c) Large area TEM micrograph showing Ag42 NCs. (inset) EDS spectrum from such an area. (d) Thermogravimetric and differential
thermal analysis data showing thermal stability up to 200 °C. The maximum mass change occurs at 315 °C.
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transient absorption (fs-ns TA) pump−probe measurements,
which probed their excited state charge transfer and relaxation
dynamics. The Ag42 showed slow decay of excited state charge
carriers (3.4 ± 0.6 and 24 ± 1 μs for 576 nm and 5.7 ± 0.4 and
70 ± 10 μs for 685 nm), in comparison to fast (85 ± 9 ps for
565 nm) decay in Ag14.

RESULTS AND DISCUSSION
Synthesis and Characterization of Ag42 NC. We have

synthesized ortho-carborane-1,2-dithiol, and triphenyl-
phosphine coprotected Ag42 using a modified LEIST reaction
from bipositively charged Ag18 nanocluster protected with 10
TPP and 16 hydride ligands. Details of synthesis and
characterization of Ag18, which has been reported previously,
are presented in the Supporting Information along with UV−
vis absorption and mass spectra (Figure S1).63 Mass spectra of
CBDT shown in Figure S2 exhibit characteristic isotopic
distribution of the molecular ion at m/z ∼ 207.44 and confirm
its purity. A sequence of photographs showing the progression
of the LEIST reaction is shown in Figure S3. In brief, following
the addition of methanolic solution of CBDT to Ag18, a white
precipitate was formed initially. During the progress of the
reaction, the precipitate got converted to a brown product in 4
h, indicating the formation of Ag42.
It was first characterized using UV−vis absorption spectros-

copy having a characteristic spectrum, as shown in Figure 1b.
Three sharp absorption peaks at 688, 572, and 458 nm
indicated the closely spaced molecule-like electronic states of
the nanocluster. Absorption spectroscopic measurements of
the cluster in different solvents (Figure S4) show characteristic
spectral bands at 572 and 458 nm. We have observed
broadening of the 572 nm peak in DMF and DMSO. The
dipolar aprotic nature of these solvents, which leads to
favorable interactions with the cluster, is the reason behind this
spectral broadening. Long-term stability of the cluster was
shown by identical UV−vis absorption features measured over
a period of one year. Despite several attempts, we were unable
to grow single crystals suitable for diffraction analysis. The
grown black solids did not show prominent diffraction peaks in
powder X-ray diffraction (Figure S5).
The molecular composition of the Ag42 was confirmed using

high-resolution electrospray ionization mass spectrometry
(HR-ESI-MS). Detailed instrumentation conditions and
sample preparation details are given in the SI. Figure 1c
shows the full-range mass spectrum of Ag42 in the negative ion-
mode, with a characteristic isotopic distribution envelope of a
dianionic (2−) cluster centered at m/z 4337.11. A peak
separation of m/z 0.5 confirms the charge state as 2−. As no
monoanionic species was detected, we assume that the charge
state in solution is 2−. A mass of 8674.22 was assigned to the
cluster, [Ag42(CBDT)15(TPP)4]

2−. Isotopic distribution of the
experimental spectrum is in exact agreement with the
simulated one. Two other fragments, and their characteristic
isotopic envelopes at m/z 4205.67 and 4074.21 indicate
sequential losses of 262 amu, corresponding to TPP. In order
to gain additional experimental evidence on the composition,
we have studied MS/MS fragmentation of the ions derived
from the parent cluster by varying the collision energy (CE).
Figure 1d and e show the MS/MS fragmentation patterns of
Ag42. The parent Ag42 feature at m/z 4337.11 with 2− charge
state was selected for the MS/MS fragmentation experiments.
Sequential increase of CE from 0 to 30 (in instrumental units)
led to four consecutive mass losses, each corresponding to one

TPP (262) unit, which indicates the presence of four weakly
bound TPP molecules on the cluster surface. The DFT
optimized structure (shown in Figure 2a, to be discussed
below) also revealed weak binding of monodentate TPP
ligands as a secondary shell through Ag−P bonds on the
cluster. Increasing the CE from 30 to 150 did not yield any
other fragmentation. At the CE of 150, a set of fragments
belonging to carborane (C2B10H10, M 142) units started
appearing, which indicate carborane loss from the NC. Further
increase of the CE up to 300 showed a total of 15 mass losses
of the carborane moiety. This is also supported by the previous
results of desorption experiments and time-of-flight secondary
ion mass spectrometry data of flat silver surfaces, both pointing
at strong Ag−S bonds.64,65 Along with the systematic loss of
carborane fragments, other peaks in the lower mass range,
shown in Figure S6, indicate the detachment of different silver-
sulfide motifs during fragmentation. Spectral analysis reveals
the formation of a few smaller carborane-thiolate silver clusters
at m/z 1580.82, 1158.96, and 736.28 with the composition of
[Ag7(C2B10H10S2)4]

− , [Ag5(C2B10H10S2)3]
− , and

[Ag3(C2B10H10S2)2]
−, respectively. A gradual decrease of the

intensity of these clusters was observed at higher collision
energies. Along with these cluster species, there were several
fragmented peaks at m/z 143.27, 175.26, 217.25, 250.20,
314.08, 326.24, 359.40, 391.41, 457.31, and 499.30 assigned to
[C2B10H11]

−, [C2B10H11S]
−, [Ag2H2]

−, [AgC2B10H10]
−, [Ag-

(C 2B 1 0H 1 0 S 2 ) ]
− , [ A g 3H 3 ]

− , [ A g 2 (C 2B 1 0H 1 1 ]
− ,

[ A g 2 (C 2B 1 0H 1 1 S ) ]
− , [ A g (C 2B 1 0H 1 1 S ) 2 ]

− , a n d
[Ag3(C2B10H11S)]

−, respectively. All of these peaks confirm
the presence of different types of silver and CBDT arrange-
ments present in the cluster.
In order to understand the structure, in the absence of single

crystal data, theoretical modeling was undertaken. The
optimized structure of Ag42 NC is shown in Figure 2a,
protected with both CBDT and TPP ligands. We started the
optimization from [Ag46(SPhMe2)24(TPP)8]

2+ NC, reported
by the group by removing 4 silver atoms, 4 TPPs, and 24
thiolate ligands.37 We have added 15 CBDT ligands to prepare
a model of [Ag42(CBDT)15(TPP)4]

2−. The optimized
structure of Ag42 has a distinct core with 28 silver atoms and
a shell of 14 silver atoms (shown in Figure S7). The core is
distorted in nature, having Ag−Ag bond distances in the range
2.77−3.10 Å. The distortion of the core is mainly due to the
spatial confinement of carboranes. Furthermore, a large
number of CBDT ligands create voids between them to adjust
their positions, and consequently, the distribution of Ag atoms
in the shell is not even. The binding of carborane ligands with
the silver core is through AgS2, Ag2S, and Ag3S moieties,
having Ag−S bond distances in the range 2.4−2.6 Å. The
secondary TPP ligands bind with four Ag atoms with an
average bond distance of 2.43 Å. The calculated UV−vis
absorption features at 572 nm (shown in Figure 2b) match
well with the experimental spectrum, indicative of an
optimized structure. Density of states (DOS) calculations
reveal that the absorption at 572 nm is due to the electronic
transition from HOMOs (HOMO − 10 and HOMO − 9)
having the energy of −0.74 eV to the LUMOs (LUMO + 5,
LUMO + 6, and LUMO + 7) with the energy of 1.366, 1.43,
and 1.576 eV, respectively (Figure S8a). Electron density plots
show that the corresponding transitions are from ligand-
centered HOMOs to kernel-centered LUMOs (shown in
Figure 2b and S8b). We will come back to this aspect later in
the text.
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The Ag42 was further characterized by TEM. TEM
micrographs are shown in Figures 2c, S9, and they show
uniform particles in between 1.2 and 1.5 nm, confirming their
cluster size. Although electron beam-induced damage is
common in such clusters, individual clusters were readily
seen in such images, possibly due to the high thermal stability
of the system. The EDS spectrum confirmed the presence of B,
C, P, S, and Ag with their atomic concentrations (%) of 41.83,
51.41, 2.22, 1.68, and 2.86, respectively. To further understand
ligand binding, we studied multinuclear NMR spectra of the
NC in CDCl3. The

11B NMR spectrum shown in Figure S10
displays four peaks at −10.32, −7.45, −3.35, and 20.23 ppm,
which can be assigned to four nonequivalent boron atoms of
the carborane ligands. The broadness of the peaks is due to the
high electron density of the metallic core close to the
carborane molecule. Furthermore, 1H-decoupled 13C NMR
spectrum shown in Figure S11 exhibits two peaks at 53.45 and
58.49 ppm assigned to the carbon atoms of carborane ligands,
along with several peaks characteristic of the TPP ligands in
the range of 128.49−133.92 ppm. The 31P NMR spectrum in
Figure S12 shows a broad peak at 5.31 ppm, indicating TPP
binding to the NC, in contrast to a free TPP exhibiting a sharp
31P NMR signal at −5.66 ppm. XPS spectra of Ag42 in Figure
S13 show the binding energy values of Ag 3d5/2 and 3d3/2 to be
368.5 and 374.6 eV, respectively. These values are close to the
typical values of Ag(0). Other characteristic binding energy
values of 162.2, 189.5, 284.8, 131.5 eV were correlated with S
2p, B 1s, C 1s, and P 2p spectral regions, respectively. To
further understand ligand binding, the FT-IR spectrum of Ag42
was measured and compared with that of the free CBDT
ligand, both shown in Figure S14. Two vibrational bands at
2601, and 2578 cm−1 for the free CBDT ligand, which got
shifted to a single band at the lower frequency of 2561 cm−1

upon binding in the Ag42, were observed. To comprehend
these experimental data, we used DFT calculations to
investigate the effect of silver binding to the CBDT ligand in
this spectral region. The calculated IR spectra, shown in Figure
S15, are dominated by the collective stretching modes of
boron−hydrogen bonds. The stretching vibrations of the free
SH groups of CBDT fall in this region too but produce only
weak infrared lines covered by overlapping BH bands. The
differences in the spectra of the free and Ag42-bound CBDT
ligand can therefore be attributed mainly to the specific way in
which the individual BH bonds, and especially those that are
adjacent to the vertices substituted by sulfur atoms, combine
into the active vibrational modes. The shift of the band
maximum of Ag42 to a lower wavenumber compared to free
CBDT suggests chemically bound thiolate moieties.

Thermal Stability and Light-Activated Intercluster
Conversion. To investigate the thermal stability, we have
measured thermogravimetric analysis (TGA) of purified Ag42
powder. A detailed experimental procedure of the TGA
measurement is presented in the SI. Figure 2d shows the TGA
plot of Ag42, which indicates thermal stability up to 200 °C and
shows superior thermal stability compared to known silver
NCs. To better understand the structural transformation in the
solid state, we performed UV−vis absorption spectroscopy and
differential scanning calorimetry (DSC) of the cluster during
heating. Sample heated in the solid state was dissolved in
DCM to measure the absorption spectra. Spectra shown in
Figure S16 remained unchanged up to 125 °C, which supports
structural stability. At 150 °C, the heated sample appears to
have decomposed as the absorption spectrum shows no
characteristic features except a background. In the DSC
measurement (Figure S17), we observed a continuous
exothermic heat flow up to 190 °C, which implies no

Figure 3. Studies of light-activated intercluster conversion. (a) Schematic representation of light-activated intercluster conversion of Ag42 to
Ag14 through different intermediates. (b) UV−vis absorption spectra of both the NCs along with their mixed intermediate NCs. (inset)
Photographic images of the color change during the light-irradiation. (c) Respective mass spectra showing the formation of intermediate
nanoclusters during light exposure (each ☆ indicates TPP ligand loss from the respective parent NCs).
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prominent phase transformation of the cluster below 200 °C.
The continuous exothermic peak is attributed to ligand
ordering, which also manifests a weak structural transition at
227 °C.
Nevertheless, we observed light-activated intercluster

conversion from Ag42 to Ag14 in a DCM solution, accompanied
by a visible color change from dark brownish to orange.
Experimental details of light-triggered intercluster conversion
are discussed in the SI. Figure 3a shows a schematic
representation of the conversion. UV−vis absorption spectra
and mass spectra measured after specific periods of light
exposure (Xe arc lamp, 190 W) unveils that this intercluster
conversion proceeds through several intermediate NCs. After 8
h of light exposure, the brownish Ag42 solution became dark
reddish, and this change was accompanied by the decrease of
the absorption peaks in the range from 500 to 700 nm, along
with the appearance of other peaks at 418 and 463 nm, both
arising from these intermediates. HR-ESI-MS spectrum
(Figure 3c) shows two features at m/z 3239.64, with the
charge state of 2−, and at m/z 2504.68, for 3−. These two
spectral features correspond to [Ag35(CBDT)8(TPP)4]

2− and
[Ag37(CBDT)12(TPP)4]

3−, respectively. Figure S18 shows the
exact matching of the experimental and calculated isotopic
envelopes for both of these intermediate NCs. Light irradiation
after 16 h leads to further changes in the UV−vis absorption

spectra manifested by the appearance of a peak at 525 nm and
another sharp peak at 462 nm. HR-ESI-MS measurements of
the solution confirm the existence of a mixture of three primary
NCs; [Ag30(CBDT)8(TPP)4]

2−, [Ag26(CBDT)11(TPP)4]
2−,

and [Ag26(CBDT)7(TPP)7]
2− along with their fragmented

peaks due to the loss of phosphine. Simulated isotopic
distribution (shown in Figure S19) of these NCs matched
well with experimental spectra. After 24 h of light irradiation,
the solution became yellowish-orange with two distinct optical
absorption peaks at 415 and 486 nm, and the mass spectrum
confirmed the formation of Ag14 as an end product (Figure
S20). Further exposure of light up to 48 h did not result in any
significant change in the absorption features. To understand
the effect of the lamp power on the conversion process, we
have monitored the absorption features while varying the lamp
power. Figures S21−S25 show the time-dependent UV−vis
absorption spectra of the conversion at different lamp powers,
namely 100, 125, 150, 175, and 200 W. We have observed
complete conversion of Ag42 to Ag14 following a similar set of
intermediate nanoclusters after 24 h of light exposure, at 175−
200 W. Decreasing the lamp power below 150 W slowed down
the conversion. For the lamp power of 100 W, the conversion
was completed after 48 h. Lamp power below 100 W
drastically reduced the rate of transformation.

Figure 4. Single crystal structure of Ag14 NC. Optical micrographs of a single crystal (a) without a polarizer and (b) with a polarizer. (c−h)
SEM-EDS elemental mapping of a single crystal proving the presence of all respective elements. (i) Single crystal structure of Ag14
nanocluster protected with six CBDT and six TPP ligands. (j−l) Ag8@Ag6 core−shell geometry from different orientations. (m, n)
Supramolecular structure showing the packing of Ag14 in different orientations. The [Ag2S(TPP)6] fragments are removed for clarity. Atomic
color code: blue, dark pink = silver, yellow = sulfur, green = phosphorus, faint pink = boron, gray = carbon, white = hydrogen.
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However, the absorption spectrum of Ag42 remained
unchanged up to 100 °C. This confirms the thermal stability
of the NC not only in its solid-state but also in solution. Figure
S26 shows photographs of a DMF solution of Ag42 without any
significant visible color change after heating to 100 °C. The
superior thermal stability of Ag42 together with changes
activated by light show possibilities leading potentially toward
superstable silver NCs.
To better understand the structural stability, we have

calculated the valence electrons of both the nanoclusters.
According to the superatomic electron counting formula, NνA
− M − Z, the [Ag42 (CBDT)15(TPP)4]

2− nanocluster has 14
free electrons (42 − 30 + 2) with the superatomic electronic
configuration, 1S2 1P6 1D6 (where N = number of metal
atoms, νA = atomic valence of the metal atoms, M = number of
electron withdrawing ligands, and Z = overall charge of the
cluster).66−68 The unpaired electrons present in 1D non-
spherical superatomic orbitals may generate paramagnetism in
Ag42 clusters. In contrast, the [Ag14(CBDT)6(TPP)6] nano-
cluster has two free electrons (14 − 12 − 0), with an electronic
configuration of 1S2. The superatomic closed shell electronic
configuration may be a reason behind the formation of Ag14 as
an end product upon light irradiation. Although due to the lack
of closed shell electronic structure, the Ag42 nanocluster has
less electronic stability, and it is stable over a longer time as
well as upon heating, which is most probably due to the heat
absorbing capacity of surrounding bulky carborane ligands.

Structure of the Product Ag14. We were able to grow
single crystals of Ag14, which gave a detailed understanding of
the structural details of the system. Around 50 mg of the
product obtained from different sets of light-irradiation were
used for the crystallization by slow diffusion of dry hexane into
dichloromethane (dichloromethane:hexane = 2.5:1.5, v/v).
Yellow cuboid crystals (an optical microscopy image of a single
crystal is shown in Figures 4a and b) were obtained. The SEM
image of a crystal shown in Figure 4c indicates its cuboid
nature. Figures 4d−h shows the EDS elemental mapping of a
single crystal, which proves the presence of the respective
elements, i.e. B, C, P, S, and Ag in the single crystal.
The SC-XRD measurements show that Ag14 crystallizes in a

triclinic crystal system with a cell volume of 7160 Å3 under the
space group of P̅1 (detailed crystallographic information is
presented in Table S1). The total structure of Ag14 (shown in
Figure 4i) has diagonally opposite three pairs of carborane and
three pairs of triphenylphosphine ligands. The further
structural anatomy of the Ag14 core is shown in Figures 4j−l
and S27, and it reveals the Ag8@Ag6 core−shell geometry. The
Ag8 core of the nanocluster is made by two tetrahedrons in a
bicapped trigonal antiprismatic fashion along with an Ag6S12
shell, which is further surrounded by six CBDT and TPP
ligands. The CBDT and TPP act as the primary and secondary
ligands, respectively. The six Ag atoms on the shell are bonded
with the TPP ligands through Ag−P bonds. The average Ag−
Ag bond distance of 2.6−2.7 Å of the Ag8 core shown in Figure

Figure 5. Theoretical electronic energy levels of Ag14 NC. (a) Experimental and theoretical UV−vis absorption spectra of Ag14. (b) Frontier
molecular orbitals responsible for the electronic transitions at 486 nm. (c) Total density of states in terms of molecular orbital contribution.
(d) Total density of states in terms of atomic orbital contribution.
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S28 is much shorter compared to the bond distance of 3.7−3.9
Å between the Ag8 core and the six surrounding Ag atoms,
clearly indicating a core−shell geometry. Careful analysis
reveals that Ag14 has C3 axial symmetry along with two capping
Ag atoms of the Ag8 core. Figures S29 and S30 show the C3
axial symmetry of the structure from different orientations. The
unit cell molecular packing of the crystal shown in Figure S31
reveals that four [Ag2S(TPP)6] fragments are packed
diagonally opposite to the cluster. Most probably, the
[Ag2S(TPP)6] fragments are generated from Ag42 during
light irradiation, and they crystallize along with the Ag14 due to
favorable interactions. The average distance of each [Ag2S-
(TPP)6] fragment from the Ag14 centroid is in between 14.4
and 16.4 Å (Figure S31b). There is no covalent bonding
between Ag14 and the [Ag2S(TPP)6] fragments (Figure S32).
Molecular packing of Ag14 along with [Ag2S(TPP)6] fragments
is shown in Figures 4m, n and S33 indicating lamellar packing
of the cluster within the lattice. The binding force of Ag14 with
[Ag2S(TPP)6] fragments (shown in Figure S34) is due to the
several intermolecular interactions such as CH-π, BH-π, B-CH,
CH-BH, Ag-π, B-π, etc. To provide another independent view
on Ag14, we used TEM imaging (Figure S35), which displays
uniform particle distribution. Extended beam irradiation
produced Ag2S with a lattice spacing of 2.8 Å, corresponding
to the d110. The EDS elemental analysis showed the presence
of all the expected elements, i.e. B, C, P, S, and Ag with an
atomic % of 38.86, 56.67, 1.54, 1.20, and 1.73, respectively.
Figure S36 shows the 11B NMR spectrum of the same with
four peaks at −0.69, −7.32, −10.78, and −13.43 ppm in the
shielded regions with nearly identical intensity, which was
correlated with the symmetrical carborane binding of the Ag14
nanocluster. The proton decoupled 13C NMR spectrum,
shown in Figure S37, exhibits two peaks at 53.44 and 50.85
ppm assigned to carbon atoms of the carborane ligands, along
with different characteristic peaks in the region of 128 to 134
ppm, corresponding to bonded TPP ligands. A broad 31P
NMR peak (shown in Figure S38) at 4.04 ppm indicates TPP
binding with the nanocluster. To further confirm the chemical
binding of different atoms in Ag14, we performed XPS studies.
The survey spectrum along with individual elements (Figure
S39) confirm that the oxidation state of silver is close to Ag(0).

The presence of B 1s and P 2p signatures at 189.8, and 131.5
eV, respectively, confirm the ligand binding in the solid state.
FT-IR results (Figure S40) show changes in the BH stretching
due to carborane binding with the metallic core.

Electronic Structure of Ag14 through TDDFT. TDDFT
calculations were performed to understand the electronic
energy levels and associated electronic transitions of Ag14.
Detailed structure optimization and details of calculations are
presented in the SI. The DFT optimized structure and its
anatomy are shown in Figures S41 and S42. The optical
absorption spectrum was calculated using linear-response
TDDFT and delta SCF methods, using the ground and
excited state optimized structures of the NC. The calculated
optical absorption spectrum in comparison with the exper-
imental UV−vis spectrum is shown in Figure 5a. For both the
spectra, not only the overall trend but also the distinct peak at
486 nm were matched well. The relevant molecular orbitals
corresponding to this transition are plotted in Figure 5b. The
transition is arising from two occupied molecular orbitals, i.e.,
HOMO − 4 and HOMO − 3, having energies of −4.413 and
−4.405 eV to empty orbitals LUMO + 9 and LUMO + 11 with
energies of −1.87 and −1.856 eV, respectively. This excitation
is from core to surface states.
Additional density of state (DOS) calculation (shown in

Figure 5c) reveals that both the HOMOs (HOMO − 4 and
HOMO − 3) having the energy of −1.50 eV contributed
equally to the transition to the LUMOs (LUMO + 9 and
LUMO + 11) with the energy of 1.04 eV for this transition.
The distribution of electron density of these molecular orbitals
clearly shows that the metal core localized HOMOs transfer
their charge to the delocalized LUMOs centered around the
ligands. Therefore, the charge transfer is assigned as a metal
core to ligand shell charge transfer (MLCT). However, the
lowest transition (HOMO−LUMO gap) for this cluster is at
561 nm. The corresponding transition is taking place between
HOMO and LUMO with a gap of 2.207 eV. To comprehend
the hybridization of these molecular orbitals, the total and
partial density of states were analyzed in the entire energy
regime from −9.5 to 2 eV, as shown in Figure 5d. The middle
of the gap was set at 0 eV for clarity. From Figure 5d, the
doubly degenerate HOMO bands are mainly made up of 3p

Figure 6. Emission properties of Ag42 and Ag14 NCs. (a) Excitation and emission spectra of the Ag42 indicate their NIR emission (inset)
Image of the NC under 365 nm UV light, at room temperature. (b) >25-fold enhancement in the emission of the Ag14 upon cooling in LN2,
PL excitation, and emission spectra of Ag14 at room temperature. (left inset) Expanded spectra. (right inset) Red emission of the cluster
under UV light. The sample was cooled under LN2.
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AOs of S atoms and 5p and 4d AOs of Ag atoms, while the
LUMO bands are dominated by 3p AOs of P atoms and 5p
AOs of Ag atoms.
Luminescence Properties of Ag42 and Ag14 NCs. We

have measured the photoluminescence spectra of Ag42 and
Ag14 separately. Figure 6a and b shows the excitation and
emission spectra of both the NCs. The former one exhibits a
NIR emission maximum centered around 980 nm, correspond-
ing to a broad excitation maximum centered around 525 nm.
The lifetime of the NIR emission is >1.5 μs indicating that the
emission is phosphorescence, originating from a triplet state
(Figure S43). UV−vis absorption peak at 572 nm is close to
the excitation maximum at 525 nm. Interestingly, Ag14 shows
red luminescence at room temperature (25 °C) with an
emission maximum at 626 nm, corresponding to the excitation
maxima at 373 and 447 nm. The excitation maximum of the
cluster present near to the broad absorption maximum is
responsible for this emission at 626 nm. The emission feature
of Ag14 enhances significantly upon cooling the sample in
liquid nitrogen. The inseparable [Ag2S(TPP)6] fragments
present with the Ag14 cluster in solution may have a slight
contribution in this aggregation process.
Luminescence spectral measurements show a 25.4-fold

enhanced emission with 17 nm red-shift of the spectral profile.
Luminescence enhancement with slight red-shift is due to the
restriction of the nonradiative decay of the NCs, due to
aggregation-induced emission, in liquid nitrogen matrix.
Literature reports a similar type of emission enhancement in
NCs due to enhanced rigidity of the NC in the presence of
secondary ligands and lowering of the temperature.69,70 Figure
S44 presents images of Ag14 crystals under 365 nm UV
excitation with clearly observable red emission.
Electron Dynamics of Ag42 and Ag14 through fs- and

ns-TA. For better understanding the effect of light-activation

to the electronic energy levels, and associated electronic
transitions, we have measured femtosecond−nanosecond
transient absorption (fs−ns-TA) of both the NCs. Details of
the instrumental setup and measurements are given in the SI.
The TA spectra of Ag42 are compiled in Figure 7. Upon
photoexcitation using a 400 nm laser pump with a fluence of
250 μJ/cm2, Ag42 showed ground-state photobleaching
(GSPB), centered at 576 and 468 nm. The observed GSPB
are at the positions of two states observed in the ground state
optical absorption spectrum at 572 and 458 nm. It indicates
the Pauli blocking of these two states by pump excited carriers,
which reduces the absorption of probe pulse, generating GSPB
signals. Along with it, other important features observed are a
fast decaying photoinduced absorption (PIA) at 620 nm, red-
shifted with respect to the GSPB at 576 nm and two
nondecaying PIA signals at 685 and 520 nm.
In order to gain additional insight behind the origin of fast

decaying PIA, we have plotted the spectral kinetics of TA and
temporal profiles at 580 and 620 nm for the early time scales,
in Figure 7b and c. From Figure 7b, we observe the
simultaneous growth of the GSPB signal and the decrease of
the PIA signal. The GSPB growth time generally relates to the
time taken by the pump excited hot carriers to reach that state.
The close association of GSPB growth with the PIA decay
suggest that Coulomb interaction between the hot carriers
causes the red shift of the 576 nm resonance. It causes the
absorption of probe pulse into these levels, observed as red-
shifted PIA. It disappears once all the pump-excited carriers
reach that state. A similar effect, generally observed in
semiconductors, is attributed as a Stark effect.71 The
observation of the Stark effect in our NCs suggests the close
similarity of the electronic structure of NCs with semi-
conductors. The DFT optimized structure of Ag42 (shown in
Figure 2a) reveals that it has a layer-like silver core (Ag12 and

Figure 7. Femtosecond and ns-TA pump−probe spectra of Ag42 NC. (a) Contour plot, where the region enclosed by dashed lines indicates
the photoinduced absorption arising from the Stark effect. (b) Spectral evolution of TA at an early time scale. (c) Formation and decay of
bleach and PIA with time constants of 1.6 ± 0.1 and 1.4 ± 0.1 ps, showing close association of PIA with hot carriers. (d, e) Spectral and
temporal evolution of TA for long time scales at different wavelengths. (f) Nanosecond time evolution recorded with ns laser flash
photolysis.
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Ag30) and surface CBDT and TPP ligand shells, making an
anisotropic nature, which generates an inherent electric field
gradient. Perturbation of the external electromagnetic field is
due to this inherent electric field gradient. The literature shows
that an anisotropic gold NC exhibits a similar type of Stark
effect.72 In order to analyze the lifetime of carriers, we have
plotted the time evolution of GSPB and PIA features in Figure
7d and e. It shows almost similar kinetics for GSPB and PIA,
not decaying in our fs-TA window, and this has an almost
constant magnitude up to 1400 ps. It demonstrates the long
lifetime of NC states. To determine their lifetime, we have
further studied ns-TA decay kinetics using ns laser flash
photolysis. The time evolution of ns-TA is shown in Figure 7f,
with a very long lifetime, having average decay constants of 3.4
± 0.6 and 24 ± 1 μs for 576 nm and 5.7 ± 0.4 and 70 ± 10 μs
for 685 nm. The localized long-lived excited states of the silver
core of the cluster, an element having inherent light sensitivity,
are likely to be contributing to its light-induced core
transformation (shown in Figures 2b and S6b).
In contrast to Ag42 NC, Ag14 did not show any type of

photoinduced bleaching effects, the only feature observed was
a broad PIA. Most probably, isotropic structure of Ag14 having
C3 axial symmetry (shown in Figures S29 and S30) did not
have any inherent electric field gradient. Figure 8A shows the
contour plot of Ag14 after 400 nm excitation at a fluence of 250
μJ/cm2. The TA spectral profile in Figure 8b did not show any
GSB peaks; only it has a broad PIA in the range of 500 to 650
nm. The time evolution of PIA maximum centered around 565
nm is shown in Figure 8c, with the decay time of 85 ± 9 ps
indicating fast relaxation, which is also in contrast to Ag42,
where we observed long lifetime of carriers.

CONCLUSION

In summary, we have presented the synthesis of ortho-
carborane-1,2-dithiol and triphenylphosphine coprotected
Ag42 NC using a LEIST reaction starting with Ag18. This is a
carborane-protected silver nanocluster with the highest
number of Ag atoms reported so far. Numerous techniques
have been used to probe the structure as well as electronic and
photophysical properties of the Ag42. Despite several efforts,
molecular complexity limited us to get diffractable single
crystals. Thermogravimetric measurements showed exceptional
thermal stability in them, up to 200 °C. Although the cluster is
thermally stable, irradiation with white light leads to a
structural conversion to Ag14. UV−vis absorption spectra
indicate this structural conversion through some intermediate
NCs. The mass spectrometric measurements suggested the

interconversion through two sets of intermediate NCs. The
first set of NCs were composed of [Ag35(CBDT)8(TPP)4]

2−

and [Ag37(CBDT)12(TPP)4]
3− , and the next had

[Ag30(CBDT)8(TPP)4]
2−, [Ag26(CBDT)11(TPP)4]

2−, and
[Ag26(CBDT)7(TPP)7]

2−. Single crystal XRD confirms Ag14
had a Ag8 bicapped trigonal antiprism core surrounded by six
Ag surface atoms through Ag−S and Ag−P bonding. Six
CBDT and TPP ligands coprotected the metallic core.
TDDFT calculation of Ag14 reveals an electronic transition
from the HOMO localized to Ag14 core to the LUMO
centered on CBDT and TPP ligands. Interestingly, Ag42
showed a NIR phosphorescence in comparison to the red
emitting Ag14. Femtosecond TA measurements showed a very
fast (lifetime of <1 ps) red-shifting of the ESA of Ag42 due to
its anisotropic nature. Time-resolved (fs and ns)-TA confirms
the slow decay (3.4 ± 0.6 and 24 ± 1 μs for 576 nm and 5.7 ±
0.4 and 70 ± 10 μs for 685 nm) features of Ag42, in
comparison to the fast decaying (85 ± 9 ps for 565 nm) ESA
for Ag14. This long time scale decay suggests slow vibrational
relaxation, a potential reason for the observed light-induced
core reduction. This work leads to the path toward a detailed
understanding of light-triggered intercluster conversion of
atomically precise metal nanoclusters and associated electron
dynamics. We believe light-irradiated interconversion is a
synthetic method to prepare other silver nanoclusters.

EXPERIMENTAL SECTION
Synthesis of Ag42 NCs. Ag42 was synthesized from hydride, and

TPP coprotected Ag18 using the LEIST reaction. A detailed protocol
for the synthesis of Ag18 is presented in the SI. In brief, a methanolic
solution of Ag18 was reacted with CBDT, producing Ag42 as a brown
precipitate, which was insoluble in common alcohols such as ethanol
but soluble in chlorinated solvents. The crude NCs were purified
using repeated washing by water, methanol, and ethanol solvents. The
purified NCs in the solutions of dichloromethane (DCM), 1,2-
dichlorobenzene (DCB), acetone, acetyl acetone (acac), methyl
isobutyl ketone (MIBK), acetonitrile (ACN), tetrahydrofuran (THF),
dimethylformamide (DMF), and dimethyl sulfoxide (DMSO) were
used for further studies.

Synthesis of Ag14 NCs through Light-Irradiation. Ag14 was
synthesized using light-irradiation of Ag42. A DCM solution (5 mL) of
purified Ag42 (10 mg) was degassed using argon bubbling prior to
exposure to light. A 190 W solar simulator from Newport, India, was
used as the source of light. After 24 h of light irradiation, Ag42 got
transformed fully to Ag14. There was no transformation Ag14 upon
further irradiation. The reaction was accompanied by a change of
color from dark brown (Ag42 NCs), to dark red (intermediate NCs),
and to a final orange−yellow, typical of Ag14. Diffraction quality single
crystals of Ag14 were obtained by slow diffusion of dry hexane into the

Figure 8. Femtosecond-TA pump−probe spectra of Ag14 NC. (a) Contour plot indicating a broad ESA. (b) Time evolution spectral profile of
ESA features. (c) Fast decay time data of ESA corresponding to the 565 nm peak.
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concentrated cluster solution in DCM. The grown yellow cuboid
crystals were used for single crystal X-ray diffraction.
Additional experimental details and instrumentations are presented

in the Supporting Information.
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Machácěk, J.; Šícha, V.; Thomas, J. C.; Yavuz, A.; Houk, K. N.;
Danlsm̧an, M. F.; Mete, E.; Alexandrova, A. N.; Basě, T.; Weiss, P. S.
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Experimental section 

Chemicals 

Ortho-carborane-1, 2-dithiol (CBDT) was synthesized by following the previous literature.1,2 As 
synthesized CBDT was further purified using crystallization from hot dichloromethane/hexane 
(1:1) solution. Silver nitrate (AgNO3) was purchased from Rankem chemicals. Sodium 
borohydride (NaBH4, 98%), and triphenylphosphine (TPP) were purchased from Aldrich 
chemicals. Solvent grade dichloromethane (DCM), chloroform (CHCl3), n-hexane, N-N dimethyl-
formamide (DMF), and methanol (99.5%) were purchased from Rankem chemicals and Finar, 
India. Milli-Q water was used for [Ag18H16(TPP)10]2+ NC synthesis purpose. Deuterated solvent, 
CDCl3 (99.8 atom % D) was purchased from Sigma Aldrich. All the chemicals are commercially 
available and used as such without further purification. 

Synthesis of [Ag18H16(TPP)10]2+ NC 

Ag18 NC was synthesized by following the previous literatures.3,4 Briefly, in room temperature, 20 
mg of AgNO3 was dissolve in 5 mL of methanol. After that, 70 mg of TPP was dissolved in 9 mL 
of CHCl3 and was added to the reaction mixture under stirring condition. After 20 min of reaction, 
6.5 mg NaBH4, dissolved in 0.75 mL of milli-Q water was added to it. After addition of NaBH4, 
reaction mixture becomes yellow solution, which gradually converted to dark brownish solution, 
and finally after 3.5 hours it becomes dark green color which indicates the formation of Ag18 NC. 
After completion of the reaction, mixed solvents were removed under reduced pressure. Dark 
greenish NC was dissolved in cold water to remove excess salts. Finally, the purified Ag18 NC was 
extracted using methanol. Formation of the NC was confirmed from their UV-vis absorption 
spectra and mass spectrometric results are shown in Figure S1. The yield of the reaction is 20% in 
terms of silver. The same NC was used for the synthesis of Ag42 NC. 

Synthesis of [Ag42(CBDT)15(TPP)4]2- NC 

Ag42 was synthesized by following ligand exchange induced structural transformation (LEIST) 
reaction between Ag18, and ortho-carborane-1, 2-dithiol (CBDT) ligand. During the synthesis, at 
first 5.5 mg of CBDT was dissolved in 1 mL of methanol. Then it was quickly added to the 
methanol solution of Ag18 (3 mg/mL) under 800 rpm stirring condition. Just after the addition of 
the ligand, a greenish-white precipitate was formed. After 4 hours of continuous reaction, the white 
precipitate was slowly converts to the brownish precipitate, which indicates the formation of Ag42. 
After completion of the reaction, brownish precipitate was cleaned three times each using 
methanol and ethanol to remove the excess phosphines. Then the precipitate was vacuum dried, 
and Ag42 was extracted by dissolving the precipitate in dichloromethane or chloroform or 
dimethylformamide for further characterizations. Yield of the product is 60 to 65 % in terms of 
silver. 

Thermal treatment of Ag42 NC 

Thermal stability of the Ag42 cluster in its solid state was measured upon dropcasting 10 mg of 
purified cluster. After 24 h of heating, we have measured its UV-vis absorption spectrum upon 
dissolving the cluster in DCM. Figure S16 shows absorption spectrum of the cluster after each 
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heating. To understand the thermal stability of the Ag42 in solution at ambient condition, 10 mg of 
NC soluble in 5 mL of DMF solvent was used for heat treatment. Each step of the heating 
experiment was performed for up to 24 hours at 600 rpm stirring condition. Photographs of the 
solution and the respective UV-vis absorption spectra of each step are shown in Figure S26. 

Instrumentation 

UV-vis absorption spectroscopy 

UV-vis absorption spectra were measured using Perkin Elmer Lambda 365 UV-vis spectrometer 
in the wavelength region of 200 to 1100 nm. 

ESI-MS 

Mass spectrum of ortho-carborane-1, 2-dithiol was measured using Thermo Scientific LTQ XL 
Linear ion Trap Mass spectrometer. Mass spectra of all the nanoclusters were measured using 
Waters Synapt G2Si HDMS instrument. Ag18 NC mass spectrum was collected in positive ion 
mode, and Ag42, Int. I, Int. II, Ag14 NCs mass spectra were collected in negative ion mode. All the 
MS/MS or fragmentation experiments were performed by varying the collision energy of the 
selected ions inside the trap cell using the G2Si instrument. An optimized condition of flow rate: 
20 µL/min, capillary voltage: 2.5 - 3 kV, cone voltage: 0 V, source temperature: 70-100 oC were 
used to record these ESI-MS spectra measurements. 

Photoluminescence spectroscopy 

Photoluminescence spectra were measured using Jobin Yvon Nanolog fluorescence spectrometer. 

X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy was recorded using ESCA probe TPD equipped with 
polychromatic Mg Kα X ray source (hγ = 1253.6 eV). Purified cluster solution made in DCM was 
drop casted on a sample grid for the measurements. 

FT-IR spectroscopy  

FT-IR spectra were recorded using JASCO FT-IR 4100 spectrometer after preparing sample 
pallets using potassium bromide. 

NMR spectroscopy 

Multinuclear NMR spectra of the samples were measured using Bruker 500 MHz FT-NMR 
spectrometer. Around 20-25 mg of NC soluble in 0.75 mL of CDCl3 solvent was used for 
measurements. Spectra were processed using MestRe-Nova NMR software. 

Powder XRD 

Powder XRD of the Ag42 NC was measured using a D8 Advance Bruker instrument, using Cu Kα 
as the X-ray source (hγ = 8047.8 eV). 
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Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG), and 
differential scanning calorimetry (DSC) analysis  

Thermogravimetric (TG) measurements of about 3.821 mg of NC sample in an alumina crucible 
were performed using a NETZSCH STA 449 F3 Jupiter instruments equipped with Proteus-6.1.0 
software. The measurements were performed under nitrogen atmosphere at a flow rate of 20 
mL/min in the temperature range of 30 to 600 °C with a heating rate of 10 °C/min. The DSC study 
was performed using the same instrument. 

TCSPC measurements 

The time-resolved PL lifetime measurements were performed using HORIBA DeltaFlex TCSPC 
lifetime spectrofluorometer. The spectrometer was coupled with ps pulses diode lasers (pulse 
width of 85 ps) with excitation wavelength centred at 530 nm and 400 nm for Ag42 and Ag14 NCs, 
respectively. For visible region HORIBA PPD-850 detector, and for NIR region HAMAMATSU 
PMT detector is employed. The instrument response function is shown in Figure S43.  

Femtosecond pump-probe measurements 

In fs-TA measurement, ultrafast short laser of pulse width 120 fs centred at 800 nm are generated 
by spectra physics Maitai oscillator with the energy of few hundreds of nJ. The output beam send 
to Ti: sapphire optical amplifier system to produce high energy pulses (4 mJ/pulses, pulse width 
120 fs, repetition rate 1 kHz). The output beam is further split into two parts, the first high energy 
beam is used to produce the second harmonic using β-barium borate crystal. The obtained 400 nm 
pulses are employed to excite the sample with the intensity of 250 μJ/cm2. Other weak part of 
beam is used to generate the white light continuum probe pulses by CaF2 crystal (450-800 nm). 
The computer-controlled motion controller is used to create the delay between pump-probe. The 
absorbance changes in the probe beam due to pump is calculated using the equation-  

∆𝐴𝐴 = log[𝐼𝐼𝑒𝑒𝑒𝑒(𝑠𝑠)/𝐼𝐼0(𝑠𝑠)] − [𝐼𝐼𝑒𝑒𝑒𝑒(𝑟𝑟)/𝐼𝐼0(𝑟𝑟)] 

Where r and s correspond to the reference and sample, Iex and Io are transmitted intensities of probe 
pulse after excitation and in ground state, respectively. The intensity of transmitted pulse are 
measured with the help of MS 2004 (600 lines/mm diffraction grating blazed at 600 nm) 
spectrometer, and Si linear photodiode arrays. To compensate for the group velocity dispersion, 
the obtained TA spectra are chirp corrected. The ethanol is used to measure the magnitude of chirp. 

Nanosecond flash photolysis 

In ns pump-probe measurement, we excite the sample using the second harmonic of Nd-YAG laser 
with pulse width of 5 ns (spectra physics). To monitor the change in absorbance the white light 
(500-800) is produced using Xenon-Arc lamp (150 W) which is aligned in cross beam 
configuration to the pulp laser beam. Laser flash photolysis spectrometer (LKS80Applied Photo 
physics) with the combination of oscilloscope (Agilent Infinium DSO9064A) is used to measure 
the change in absorbance. 
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Optical microscopy 

Optical microscopic images of the crystals in 10X magnification were collected using LEICA 
optical microscope equipped with LAS V4.8 software. Polarizer, and without polarizer mode was 
used to collect the images. 

Scanning electron microscopy (SEM) 

SEM imaging was performed using FEI quanta environmental scanning electron microscope 
(ESEM) at high vacuum mode, at operating voltage of 30 kV. Energy dispersive X-ray analysis 
(EDS) spectra and elemental mapping were recorded using the same instrument. 

Transmission electron microscopy (TEM) 

TEM imaging and size analysis of the nanoclusters were performed using a JEOL 3010, 300 kV 
instrument at an accelerating voltage of 200 kV. The accelerating voltage was kept low to reduce 
beam-induced damage. Samples were prepared by drop casting the solution of the clusters on 
carbon-coated copper grids and dried under ambient conditions. EDS spectra were collected using 
the same instrument. 

Crystallographic details 

Single-crystal X-ray diffraction (SC-XRD) data collection was performed at 293 K using Bruker 
D8 VENTURE SC-XRD equipped with Mo Kα radiation source of wavelength 0.71073 Å, and a 
PHOTON 100 CMOS detector. A suitable crystal for SC-XRD analysis was mounted on a Kapton 
loop with the help of Paratone oil. The program APEX3-SAINT (Bruker, 2016) was used for 
integrating the frames. A multi-scan absorption correction was done using the program SADABS 
(Bruker, 2016). The structure was solved by SHELXT-2014 (Sheldrick, 2014), and refined by full-
matrix least squares techniques using SHELXL-2018, (Sheldrick, 2018) computer program. 
Hydrogens on all carbon, and boron atoms were fixed at calculated positions, and refined as riding 
model with C—H = 0.93 Å, B-H = 1.10 Å, and Uiso(H) = 1.2 Ueq(C) or 1.2 Ueq(B). The molecule 
is crystallized in triclinic crystal system with P-1 space group. The asymmetric unit contains half 
of Ag14 nanocluster (Ag14 NC) and half of Ag2-S-(triphenylphosphie)2 (shortly, Ag2S@TPP) 
moieties. The solvent electron density could not be modelled satisfactorily due to difficulty in 
locating their position. The observed Rint was high due to very weak diffraction of crystal at higher 
Bragg’s angles. Therefore a resolution cut at ~1.0 Å was made during data reduction process to 
get a reasonable integration parameters in values/error models. Reflections above θ = 180 were 
omitted during refinement to improve Rint to a reasonable value. Due to very high thermal and 
vibrational/rotational disorder of triphenylphosphine as well as carborane moieties, several 
restraints (DFIX, SIMU, ISOR, DELU etc.) were applied to their bond distances, and thermal 
parameters (Uij) values during refinement to maintain sensible molecular geometry as well as 
reasonable anisotropic displacement parameter (ADPs) values. Moreover, FLAT restraint is 
needed to be applied for atoms in the phenyl ring to lie in a common plane. These factors prevent 
to get a quality data for these type of crystals for a good R values. It is to be noted here that, there 
are some literature reports for metal-organic frameworks (MOFs), which has this type of high R 
values.5-7  



7 
 

Several attempts were made to grow a better quality crystal for SC-XRD studies, but all failed 
miserably, and this is the best crystal we could obtain for single crystal studies. Also, attempt to 
collect data at low temperature was not successful as we could not observe any diffraction peaks 
at simple scan stage itself. This may be caused due to the collapse of crystal lattice at low 
temperatures. Although refinement parameters such as R1 = 0.1869, wR2 = 0.4247, Rint = 0.2609, 
etc., are high, the structure is presented here to show the formation of Ag14 nanocluster with the 
support of other experimental findings. A cif check report was made using the service of IUCR in 
which A and B level alerts were explained. 

Computational details  

The structural, electronic, and optical properties such as absorption spectra of the NCs are 
computationally studied using density functional theory (DFT) and time-dependent density 
functional theory (TDDFT) calculations. The atomic coordinates of its crystal structure were taken 
to initiate the geometric optimization using DFT and TDDFT as implemented in Grid-based 
Projector Augmented Wave method (GPAW) software package.8,9 The exchange functional 
Pardew−Burke−Ernzerhof (PBE) functional was used in the real space grid to describe their 
optimized geometry and interactions in the cluster.10 The grid spacing was kept at 0.2 Å. The 
atomic PAW setup describes the valence electrons for Ag (4d10 5s1 5p6), S (3s2 3p4), P (3s2 3p3), 
C (2s2 2p2), B (2s2 2p1), and H (1s1) with scalar-relativistic effects which were included for Ag. 
The convergence condition was to minimize the residual forces without any symmetry constraints 
by 0.05 eV/Å. The emission spectrum of the cluster was computed from the excited state optimized 
geometry of the cluster using delta SCF method.11 All the structural visualizations of the NCs were 
done with visual molecular dynamics (VMD) software. 

Ag14 NC structure optimization by DFT 

The theoretically optimized structure of [Ag14(CBDT)6(TPP)6] NC in real space DFT was shown 
in Figure S41. The combination of TPP ligands with CBDT ligands restricts the TPP ligands to 
interact only at six edges of the cubic shell of the cluster. Here, the primary ligand is CBDT, and 
the secondary ligand is TPP. From the optimized structure, it is clear that the interaction of CBDT 
is responsible for the stability of the cluster. Further the primary ligand also controls the interaction 
of secondary ligand on the surface of the cluster. From Figure S42a, it is clear that with two sulfur 
atoms, the carborane ligand interacts with the core of the Ag14 cluster. However, the CBT ligands 
strongly interact with the Ag6 core with the average bond distance of 2.56 Å rather than the shell. 
However, there is a significant distortion in the Ag(core)-S is found with the bond distances of 
2.54 Å and 2.61 Å. Due to this interaction, the octahedral core is formed with two different Ag-
Ag bond distances of 2.82 Å and 2.84 Å. The CBT ligands interaction with the cubic shell Ag 
atoms on the eight edges have two unique interactions, such as a strong interaction with the Ag-S 
bond distance of 2.63 Å on either Ag atom on the top and bottom of the cubic structure in which 
there is no secondary ligand interaction is observed. On the other hand, the Ag-S interaction with 
the Ag atom in which the P atom of the TPP ligands interacts is in general, a weak bonding 
interaction with the average bond distance of 2.67 Å starting from the bonding variation from 2.67 
Å to 2.93 Å. It is noted from the geometry that the stabilization of the structure could be due to the 
asymmetric bonding interaction of S atoms of CBT ligands, and it may originate due to the two 
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main things. One is the charge difference between two S atoms of the same CBT ligand, and the 
second thing is due to the strong interaction of Ag-P interaction with the bond distance of 2.56 Å. 
Furthermore, the conjunction of both primary and secondary ligands on the surface of the cluster 
also does not allow accommodation of two more TPP ligands on two Ag atoms of the cubic shell, 
which are only interacting with the primary CBT ligands. It is noted from the geometry that the 
stabilization of the structure could be due to the asymmetric bonding interaction of S atoms of 
CBT ligands, and it may originate due to the two main things. One is the charge difference between 
two S atoms of the same CBT ligand, and the second thing is due to the strong interaction of Ag-
P interaction with the bond distance of 2.56 Å. Furthermore, the conjunction of both primary and 
secondary ligands on the surface of the cluster also does not allow accommodation of two more 
TPP ligands on two Ag atoms of the cubic shell, which are only interacting with the primary CBDT 
ligands. 

Theoretical calculation of IR Spectra 

Quantum chemistry calculations were performed by the NWChem package.12 The geometries were 
optimized and vibrational frequencies were calculated by means of the density functional theory 
with the hybrid exchange–correlation functional PBE0.13-15 Jensen's double–zeta basis PC-1 was 
used.16 The translations and rotations were projected out of the nuclear hessian using the standard 
Eckart algorithm.17 The calculated frequencies and normal modes were examined with the help of 
the visualisation program Gabedit.18 The vibrational spectra were simulated with Gabedit by the 
simple application of Lorentzian line shape of uniform arbitrary half width. The half width values 
of 15 cm-1 and 30 cm-1 respectively were used, as indicated in the Figure S15. 

Figure S1. a) Positive ion-mode ESI-MS spectrum of the Ag18 NC. Each * indicates sequential 
TPP loss from the parent NC. Inset shows the exact matching of the isotopic distribution of the 
experimental and theoretical spectrum. b) UV-vis absorption spectrum of the Ag18 NC in methanol. 
Inset: photograph of the nanocluster in methanol. 
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Figure S2. a) Negative ion-mode ESI-MS spectrum of the ortho-carborane-1, 2-dithiol ligand, b) 
MS/MS fragmentation pattern of the molecular ion peak at m/z 207.44, showing the loss of 
different fragments from the carborane moiety, c) exact matching of the isotopic distribution of 
the experimental spectrum with the theoretical spectrum. 

 

Figure S3. Digital photographs at the various stages of Ag42 synthesis; a) Ag18 in 5 ml methanol, 
b) after 5 min of the addition of the CBDT ligand, c) after 4 hours of the reaction at room 
temperature showed the color change during the reaction. 
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Figure S4. UV-vis absorption spectra of Ag42 nanocluster measured in different solvents. 
Broadening of absorption band at 572 nm was observed due to solvatochromic interaction with 
DMF, and DMSO. (Abbreviation: DCM = dichloromethane, DCB = 1, 2-dichlorobenzene, acac = 
acetyl acetone, MIBK = methyl isobutyl ketone, ACN = acetonitrile, THF = tetrahydrofuran, DMF 
= dimethyl formamide, DMSO = dimethyl sulfoxide). 
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Figure S5. a) Powder XRD pattern of the Ag42, which didn’t show any significant diffraction 
peaks, indicating its weak crystallinity. Inset shows the optical image of powder of Ag42. b, c) 
Optical microscopic images of the black color solids grown during crystallization. d, e) SEM 
images of the crystalline solids at different magnification. 

 

 

 

 

 

 

 

 

 

 

 



12 
 

 

Figure S6. a) The collision energy dependent fragmentation patterns at lower mass range shows 
the formation of different silver thiolate species at higher collision energies. b) Expanded views of 
four different spectral regions having silver and carborane fragments. 

 

 

Figure S7. The DFT optimized core structure of Ag42, a) the Ag42 core having Ag28 inner core, 
and Ag14 outer core, b) the same core connected with phosphorous and sulphur atoms. Ligands are 
removed for clarity. Atomic color codes as, blue = inner core 28 Ag atoms, pink = outer core 14 
Ag atoms, yellow = sulphur, green = phosphorous.  

a) b)
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Figure S8. a) Density of states of Ag42 indicating the molecular orbitals contribution for the 
transition at 572 nm. b) Electron density plots of the respective molecular orbitals.  

Figure S9. a-b) TEM images of the Ag42 in different magnification. c) EDS spectrum of the 
nanocluster showed the existing elements. d) Atomic % and weight % of the existing elements. 
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Figure S10. 11B NMR spectrum of the Ag42 nanocluster in CDCl3 solvent. 

Figure S11. 13C {1H} NMR spectrum of the Ag42 nanocluster in CDCl3 solvent. 
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Figure S12. 31P NMR spectrum of the Ag42 nanocluster in CDCl3 solvent. 

Figure S13. XPS spectra of Ag42; a) XPS survey spectrum showed the signature peaks of the 
existing elements. Spectral fitting of b) Ag 3d region, c) S 2p region, d) B 1s region, e) C 1S region, 
f) P 2p region. 
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Figure S14. Combined FT-IR spectra of the ortho-carborane-1, 2-dithiol ligand, and Ag42 NC (top 
spectrum). Expanded view of the same spectra indicates the specific regions (bottom spectra). 
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Figure S15. Calculated spectra of free CBDT (labelled as H2CBDT) and its respective bis-silver 
salt Ag2-CBDT. Circled is the area of SH vibrations. 

Figure S16. UV-vis absorption spectra of Ag42 cluster after heating at different temperatures in 
solid state. 
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Figure S17. Differential scanning calorimetry data of Ag42 solid. No phase transition was observed 
up to 190 °C. The broad endothermic peak at 227 °C is attributed to a weak structural 
transformation, possibly due to ligand ordering. 
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Figure S18. Negative ion-mode ESI-MS spectrum of the Int. I NCs indicating formation of 
[Ag35(CBDT)8(TPP)4]2-, and [Ag37(CBDT)12(TPP)4]3- NCs. Inset: Exact matching of the isotopic 
distribution of the experimental and theoretical spectrum of the respective NCs. The subsequent 
TPP losses from their parent NC were observed. 
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Figure S19. Negative ion-mode ESI-MS spectrum of Int. II NCs indicating the formation of 
[Ag30(CBDT)8(TPP)4]2-, [Ag26(CBDT)11(TPP)4]2-, and [Ag26(CBDT)7(TPP)7]2- parent 
nanoclusters after 16 hr. light irradiation. Inset shows the exact matching of the isotopic 
distribution with the simulated spectra. The subsequent TPP losses from their parent nanoclusters 
were observed. 
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Figure S20. Negative ion-mode ESI-MS spectrum of the as synthesized Ag14 after 24 hr. light 
irradiation. [Ag12(CBDT)5(TPP)4]2- peak also observed due to [Ag2(CBDT)(TPP)2] fragment loss 
from the original Ag14 NC. Inset shows the exact matching of the isotopic distribution with the 
respective theoretical spectrum. 

Figure S21. Time-dependent interconversion of Ag42 to Ag14 at an irradiation power of 100 W.  
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Figure S22. Time-dependent interconversion of Ag42 to Ag14 at an irradiation power of 125 W. 

 

Figure S23. Time-dependent interconversion of Ag42 to Ag14 at an irradiation power of 150 W. 
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Figure S24. Time-dependent interconversion of Ag42 to Ag14 at an irradiation power of 175 W. 

Figure S25. Time-dependent interconversion of Ag42 to Ag14 at an irradiation power of 200 W. 
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Figure S26. a) Photographs of the Ag42 in DMF during the heating of different temperatures, b) 
UV-vis absorption spectra were recorded for heating at above mentioned temperatures, which 
showed its stability up to 100 °C. 
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Figure S27. Atomic packing of the Ag14 as Ag8 bicapped trigonal antiprism core, and Ag6 surface 
silver atoms. All of the atoms are silver here. Red atoms indicate the inner Ag8 core, blue atoms 
are for the outer six silver atoms. 

 

 

Figure S28. a) Interatomic Ag-Ag distances within Ag8 bicapped trigonal antiprism core, b-c) 
interatomic distance of outer 6 Ag atoms from their nearest Ag atoms. All of the atoms are silver 
here. 

 

a) c)b)
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Figure S29. a-d) Single crystal structure of Ag14 core without CBDT, and TPP ligands with C3 
axial symmetry in a different orientation, a, c) atomic color codes as red, pink = silver, yellow = 
sulphur, brown = phosphorous, b, d) the same atomic arrangements with symmetry oriented colors 
in ball and stick model. 
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Figure S30. a-d) Full structure of the Ag14 having C3 axial symmetry from two different orientation 
(a, c atoms are in their respective colors; b, d symmetry colors). 
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Figure S31. a) Full structure molecular packing of the Ag14 shows four [Ag2S(TPP)6] units packed 
surrounding the Ag14, b) distance between the centroids of four [Ag2S(TPP)6] fragments from the 
centroids of Ag14 core. 

Figure S32. Single-crystal molecular packing of the Ag14 shows two capped silver atoms on the 
bicapped trigonal antiprism Ag14 core was shielded by the nearest TPP unit of [Ag2S(TPP)6] 
(hydrogen atoms are removed for clarity). 
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Figure S33. Extended molecular packing of the same NC showed repeating lamellar packing of 
[Ag14(CBDT)6(TPP)6] and [Ag2S(TPP)6] units.  
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Figure S34. a-b) Intercluster packing due to different intermolecular interaction such as CH-π, 
BH- π, B-CH, BH-CH, Ag- π, Ag-CH, B-π of Ag14 with [Ag2S(TPP)6] unit. 
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Figure S35. a) TEM image of the Ag14, b) HRTEM image of the NCs having lattice spacing of 
2.8 Å after 5 min beam irradiation, c-d) EDS spectrum of the NC with the quantification of the 
respective elements. 
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Figure S36. 11B NMR spectrum of the Ag14 nanocluster in CDCl3 solvent. 

Figure S37. 13C {1H} NMR spectrum of the Ag14 nanocluster in CDCl3 solvent. 
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Figure S38. 31P NMR spectrum of the Ag14 nanocluster in CDCl3 solvent. 

Figure S39. XPS spectra of Ag14; a) XPS survey spectrum showed the signature peaks of existing 
elements. Spectral fitting of b) Ag 3d region, c) C 1S region, d) S 2p region, e) B 1S region, f) P 
2p region. 
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Figure S40. a) Combined FT-IR spectra of the ortho-carborane-1, 2-dithiol ligand, and Ag14 NC, 
b, and c) expanded view of the same spectra with peak assignments. 
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Figure S41. The DFT optimized structure of the Ag14 with all ligands; (color code of the atoms, 
grey: silver, yellow: sulphur, orange: phosphorous, blue: carborane, brown: phenyl). 

 

Figure S42. The DFT optimized relaxed structure of Ag14 a) without CBDT ligands b) with CBDT 
ligands. (Color code of the atoms, grey: silver, yellow: sulphur, orange: TPP, blue: carborane). 

a) b)
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Figure S43. TCSPC data of a) lifetime decay of >1.5 µs for NIR emissive peak (980 nm) of Ag42 
and b) lifetime decay of 550 ps corresponding to the red emissive peak (626 nm) of Ag14. 

 

  

Figure S44. Photograph of the crystals of Ag14 under 365 nm UV-light illumination. Red 
luminescence was observed from the crystals. 
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Table S1. Crystal data, and structure refinement for Ag14 NC 

Identification code  Arijit Ag14 NC 

Empirical formula  C228 H240 Ag14 Ag2 B60 P12 S13 

Formula weight  6143.13 

Temperature  293(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 19.18(5) Å a= 68.50(12)°. 

 b = 19.19(4) Å b= 82.39(19)°. 

 c = 24.08(9) Å g = 60.44(7)°. 

Volume 7160(36) Å3 

Z 1 

Density (calculated) 1.425 Mg/m3 

Absorption coefficient 1.273 mm-1 

F(000) 3048 

Crystal size 0.150 x 0.100 x 0.050 mm3 

Theta range for data collection 2.926 to 18.000°. 

Index ranges -16<=h<=16, -16<=k<=16, -20<=l<=20 

Reflections collected 67889 

Independent reflections 9814 [R(int) = 0.2609] 

Completeness to theta = 18.000° 99.5 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7230 and 0.5910 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 9814 / 1854 / 1483 

Goodness-of-fit on F2 1.613 

Final R indices [I>2sigma(I)] R1 = 0.1869, wR2 = 0.4247 

R indices (all data) R1 = 0.2756, wR2 = 0.4815 

Extinction coefficient n/a 

Largest diff. peak and hole 1.783 and -2.024 e.Å-3 
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Table S2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2x 103) 

for Ag14.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

______________________________________________________________________________

__ 

 x y z U(eq) 

______________________________________________________________________________

__ 

Ag(1) 5001(3) 3917(2) 5473(2) 134(2) 

Ag(2) 3826(3) 5609(2) 4925(3) 134(2) 

Ag(3) 4994(3) 5228(3) 5727(3) 136(2) 

Ag(4) 6632(3) 5670(4) 5568(2) 141(2) 

Ag(5) 3381(3) 7096(3) 3325(2) 133(2) 

Ag(6) 6359(3) 2512(3) 4743(3) 143(2) 

Ag(7) 3842(4) 4752(4) 6110(3) 188(2) 

Ag(8) 1088(2) 4138(2) 9333(2) 81(1) 

C(7) 7620(20) 6930(20) 4940(20) 95(8) 

C(8) 7747(19) 6730(30) 4419(19) 99(9) 

C(9) 7950(20) 7110(30) 3850(20) 110(10) 

C(10) 8060(30) 7780(30) 3830(20) 116(10) 

C(11) 7910(30) 8070(30) 4317(19) 111(10) 

C(12) 7720(30) 7640(20) 4870(20) 102(9) 

C(13) 8480(30) 5470(30) 5932(19) 100(9) 

C(14) 9190(20) 5460(30) 5687(19) 90(10) 

C(15) 9960(30) 4780(30) 5940(20) 108(11) 

C(16) 9970(30) 4130(30) 6460(20) 110(12) 

C(17) 9280(20) 4090(30) 6720(20) 111(12) 

C(18) 8550(30) 4780(30) 6452(19) 101(11) 

C(19) 7110(30) 6970(30) 6050(20) 131(10) 

C(20) 7590(30) 6890(30) 6480(20) 138(11) 

C(21) 7320(30) 7430(30) 6820(20) 144(12) 

C(22) 6560(30) 8120(30) 6800(20) 159(13) 

C(23) 6130(30) 8140(30) 6360(20) 160(13) 

C(24) 6330(30) 7640(30) 6000(20) 150(12) 

C(25) 8290(20) 1240(20) 4220(20) 100(9) 

C(26) 9060(20) 540(30) 4330(20) 105(11) 

C(27) 9740(30) 560(30) 4050(20) 116(12) 
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C(28) 9580(20) 1310(20) 3580(20) 93(10) 

C(29) 8830(20) 2020(20) 3450(20) 88(10) 

C(30) 8160(20) 1980(20) 3738(18) 80(9) 

C(31) 7770(30) 270(30) 5290(20) 117(10) 

C(32) 7810(30) 390(30) 5810(20) 118(11) 

C(33) 8080(30) -370(30) 6300(20) 136(12) 

C(34) 8260(30) -1210(30) 6420(20) 137(13) 

C(35) 8240(30) -1200(30) 5850(20) 132(12) 

C(36) 8050(30) -560(30) 5290(20) 122(11) 

C(37) 6960(30) 860(30) 4080(30) 154(11) 

C(38) 6290(30) 740(30) 4280(20) 164(11) 

C(39) 5940(30) 500(30) 3970(20) 169(12) 

C(40) 6370(30) 410(30) 3450(30) 161(12) 

C(41) 7030(30) 510(30) 3250(20) 152(11) 

C(42) 7360(30) 770(30) 3570(20) 147(11) 

C(43) 3440(40) 8170(30) 1710(30) 135(11) 

C(44) 4190(40) 7430(40) 1860(30) 166(14) 

C(45) 4600(40) 7470(40) 1330(30) 174(15) 

C(46) 4470(40) 8160(40) 820(30) 175(16) 

C(47) 3760(40) 8910(40) 790(30) 182(16) 

C(48) 3290(40) 8960(40) 1280(30) 163(14) 

C(49) 2230(40) 7710(40) 2020(30) 173(11) 

C(50) 2100(40) 7030(40) 2380(30) 167(12) 

C(51) 1750(40) 6790(40) 2070(30) 171(12) 

C(52) 1510(40) 7070(40) 1470(20) 169(12) 

C(53) 1580(40) 7790(40) 1130(30) 172(12) 

C(54) 2020(40) 8010(40) 1410(30) 171(12) 

C(55) 1970(30) 9130(20) 2330(30) 189(13) 

C(56) 1170(30) 9470(30) 2470(20) 211(15) 

C(57) 620(20) 10300(40) 2430(20) 220(17) 

C(58) 780(30) 11010(30) 2230(30) 221(17) 

C(59) 1610(30) 10760(30) 2050(30) 209(15) 

C(60) 2060(20) 9850(30) 2150(30) 195(14) 

C(61) -810(30) 4660(30) 8557(18) 97(9) 

C(62) -1090(30) 4570(30) 9130(20) 109(11) 

C(63) -1880(20) 4780(40) 9270(20) 120(12) 
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C(64) -2330(30) 5000(40) 8763(19) 119(12) 

C(65) -2170(20) 5200(30) 8160(20) 114(11) 

C(66) -1340(20) 4920(30) 8090(20) 111(10) 

C(67) 680(30) 3630(30) 8150(20) 103(11) 

C(68) 390(40) 3100(30) 8220(30) 160(20) 

C(69) 780(40) 2400(40) 8000(30) 180(30) 

C(70) 1610(40) 2290(40) 7830(30) 150(20) 

C(71) 2020(40) 2800(30) 7740(40) 190(40) 

C(72) 1500(30) 3410(40) 7880(20) 113(17) 

C(73) 30(20) 5510(30) 7785(18) 76(8) 

C(74) 90(20) 5530(30) 7191(17) 84(9) 

C(75) -70(30) 6260(30) 6690(20) 91(10) 

C(76) -120(30) 6860(30) 6900(20) 95(10) 

C(77) -120(30) 6860(30) 7479(18) 92(9) 

C(78) -10(20) 6130(20) 7970(19) 83(8) 

C(79) 2510(20) 4550(30) 8270(20) 94(9) 

C(80) 2110(30) 5120(30) 7714(18) 109(12) 

C(81) 2410(30) 4990(30) 7170(20) 110(12) 

C(82) 3080(30) 4250(30) 7160(20) 118(13) 

C(83) 3460(30) 3730(30) 7730(19) 126(13) 

C(84) 3210(30) 3810(30) 8280(20) 121(13) 

C(85) 1680(30) 5900(30) 8770(30) 126(10) 

C(86) 2070(30) 6370(30) 8350(30) 133(12) 

C(87) 1760(40) 7190(40) 8290(30) 134(12) 

C(88) 1050(30) 7630(40) 8500(30) 138(13) 

C(89) 640(30) 7180(30) 8890(30) 138(13) 

C(90) 990(30) 6270(30) 9090(30) 127(12) 

C(91) 2920(30) 4290(40) 9430(20) 137(11) 

C(92) 3520(30) 4520(40) 9320(20) 150(12) 

C(93) 4170(30) 4170(40) 9730(20) 156(13) 

C(94) 4210(30) 3490(40) 10240(20) 154(13) 

C(95) 3610(30) 3270(40) 10420(20) 152(13) 

C(96) 2960(30) 3720(40) 10000(20) 138(12) 

C(97) 2010(30) 2340(30) 10710(20) 133(9) 

C(98) 1730(20) 3030(30) 10910(20) 137(10) 

C(99) 1890(20) 2730(30) 11520(20) 142(10) 
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C(100) 2250(30) 1920(30) 11970(20) 156(11) 

C(101) 2510(30) 1280(40) 11720(20) 157(10) 

C(102) 2400(30) 1490(30) 11100(20) 151(10) 

C(103) 1160(40) 2050(30) 10000(30) 247(16) 

C(104) 1520(40) 1160(30) 10160(30) 256(17) 

C(105) 1180(40) 670(40) 10170(30) 259(17) 

C(106) 370(40) 1050(30) 10010(30) 257(17) 

C(107) 100(40) 1910(30) 9870(30) 256(17) 

C(108) 350(40) 2500(30) 9830(30) 249(17) 

C(109) 2770(20) 2010(30) 9690(20) 210(14) 

C(110) 3490(30) 1660(30) 10030(20) 217(16) 

C(111) 4250(20) 1230(30) 9790(20) 226(17) 

C(112) 4220(20) 1180(40) 9210(20) 229(18) 

C(113) 3480(30) 1570(40) 8890(20) 222(17) 

C(114) 2740(20) 1970(30) 9130(20) 214(16) 

C(1) 1980(30) 6120(30) 4990(30) 106(5) 

C(2) 2020(30) 7090(30) 4530(30) 98(5) 

B(2) 1100(30) 8060(40) 4740(30) 101(6) 

B(4) 1230(30) 7710(40) 4040(30) 96(6) 

B(1) 1680(30) 6660(30) 4200(30) 98(5) 

B(3) 1720(40) 6960(40) 5210(30) 106(5) 

B(5) 1120(40) 6470(40) 5380(30) 112(6) 

B(6) 1100(30) 6210(40) 4730(30) 106(6) 

B(7) 580(30) 7610(40) 5320(30) 108(7) 

B(8) 210(40) 7100(40) 4900(30) 108(7) 

B(9) 560(30) 7270(40) 4100(30) 100(6) 

B(10) 310(40) 8060(40) 4500(30) 103(7) 

C(3) 4430(30) 5970(30) 6850(20) 109(6) 

C(4) 5580(30) 5240(30) 6940(20) 97(6) 

B(17) 5000(30) 6600(40) 7330(30) 109(6) 

B(18) 5890(30) 5710(40) 7210(30) 100(6) 

B(11) 4860(30) 5200(40) 8010(30) 114(7) 

B(12) 4360(40) 6340(40) 7820(30) 119(7) 

B(13) 5500(40) 5570(40) 7870(30) 110(7) 

B(14) 5880(40) 4730(40) 7650(30) 104(7) 

B(15) 4930(30) 4980(40) 7350(30) 107(6) 
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B(16) 4060(40) 5870(40) 7500(30) 120(7) 

B(19) 5100(30) 6370(40) 6720(30) 100(6) 

B(20) 4120(40) 6830(50) 7070(30) 114(7) 

C(5) 5150(30) 2220(30) 6560(20) 93(5) 

C(6) 5010(20) 2080(30) 5920(20) 85(5) 

B(21) 5980(30) 1480(30) 6350(30) 91(5) 

B(22) 5950(30) 540(40) 6810(30) 95(6) 

B(23) 5630(30) 970(30) 6090(30) 89(6) 

B(24) 4490(30) 1590(30) 6050(30) 87(6) 

B(25) 4270(30) 2330(40) 6320(30) 90(5) 

B(26) 4670(30) 1820(40) 7070(30) 96(6) 

B(27) 4330(30) 1340(40) 6780(30) 93(6) 

B(28) 5130(30) 740(40) 7300(30) 98(7) 

B(29) 5050(30) 590(40) 6620(30) 93(6) 

B(30) 5680(30) 1290(40) 7100(30) 97(6) 

P(1) 7456(7) 6306(8) 5631(6) 75(4) 

P(2) 7394(7) 1200(8) 4579(7) 87(4) 

P(3) 2722(9) 8048(9) 2313(8) 116(5) 

P(4) 2065(7) 4721(8) 8972(6) 74(3) 

P(5) 218(7) 4463(8) 8445(6) 74(3) 

P(6) 1738(8) 2545(9) 9942(7) 94(4) 

S(1) 2813(8) 5124(8) 5234(7) 99(4) 

S(2) 2897(7) 7116(7) 4375(7) 90(3) 

S(3) 3890(8) 6082(8) 6220(7) 111(4) 

S(4) 4987(7) 2822(8) 5195(7) 93(3) 

S(5) 5123(8) 3172(9) 6579(7) 104(3) 

S(6) 6096(7) 4801(9) 6413(6) 91(3) 

S(7) 0 5000 10000 71(5) 
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ABSTRACT: Contamination of groundwater by arsenic (As(III/V))
is a serious global issue, and phosphate (P(V)) is known to be the
biggest interference in adsorption-based remediation methods. The
present study is focused on understanding the interaction between
phosphate and iron oxides/oxy-hydroxides with two well-known
classes of potential adsorbents in the important pH range of 5−9
and the effect of such interactions on the uptake of arsenite and
arsenate. Spectroscopic studies such as X-ray photoelectron spectros-
copy (XPS) and Fourier transform infrared (FTIR) spectroscopy were
used to understand the binding of various oxyanions of phosphorous
and arsenic with the iron oxides/oxy-hydroxides, exploring the core
levels of P 2p and Fe 2p. Materials used for adsorption experiments
were magnetite (MAG) and a nanocomposite, confined metastable
two-line ferrihydrite (CM2LF); CM2LF is used for arsenic remediation in the affected states in India. Further, we studied the
interference of P(V) in As(III/V) adsorption. The kinetics of adsorption was quantified using ion chromatography (IC), where P(V)
alone followed a pseudo-second-order model. In the case of mixed solutions, namely, APmix1 (P(V) + As(III)) and APmix2 (P(V) +
As(V)), kinetics data suggested that P(V) or As(III/V) oxyanions partially follow the pseudo-second-order model. Results also
confirmed that CM2LF performed better than magnetite (MAG) for As(III/V) uptake in the presence of P(V). As(III) and As(V)
species are more competitive than P(V) at neutral pH. A model for the adsorption of P(V) species in water on ferrihydrite particles
was developed using density functional theory (DFT). This accounted for phosphate complexation at various pH values. The study
is highly useful in developing an affordable solution for sustainable arsenic remediation. Various aspects of sustainability are
discussed.

■ INTRODUCTION

Phosphorus (P) is the 11th most common element and is
essential for all known life forms on earth.1,2 It exists in
different inorganic and organic forms having various oxidation
states (+V, +III, +I, 0, and −III). The dominant biological
forms of P are H2PO4

1−, HPO4
2−, and PO4

3− at biologically
relevant pH (7−9).3 There are similarities between P and
arsenic (As). Arsenic is a metalloid that sits just below P in the
periodic table with larger atomic radii, the same number of
valence electrons, and nearly identical electronegativity.
Arsenic exists preferentially in +V, +III, and 0 oxidation states.
The similarity between phosphorus and arsenic translates to
the various species that they form, importantly phosphate
(PO4

3−) and arsenate (AsO4
3−). The dissociation constants for

P(V) in H3PO4 are close to those of As(V) in H3AsO4 over a
range of physiological conditions. Also, As(V) can retain a
negative charge even when it bonds with two other species,
similar to P(V). Due to these similarities, As(V) and P(V) are
not easily distinguishable by most life forms.3 As(V) is taken
up by cells via phosphate transporters and can substitute for

P(V) in the early steps of many phosphate-based metabolic
pathways.3

Interaction of arsenic with metal oxides or metal oxy-
hydroxides is mainly influenced by pH (H+/OH− ions) and
competing ions (phosphates, silicate, iron, manganese, calcium,
magnesium, nitrate, chloride, and sulfate) generally present in
groundwater.4 The mobility of these oxyanions (P(V), As(III/
V)) in the environment is influenced by redox potential, pH
conditions, organic matter, and other competing oxyanions.5

Phosphate can interact with iron oxide surfaces through Fe−
O−P bonds. These are relevant processes in bacterial adhesion
as in the case of organisms such as Bacillus subtilis and
Pseudomonas aeruginosa.6 Phosphate and arsenate are consid-
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ered to have similar adsorption characteristics because they
have very similar protonation tendencies in aqueous
medium.7−10 Due to their structural similarities, PO4

3−

competes with AsO4
3− during sorption and coprecipitation

on iron oxy-hydroxides.11−14 The presence and mobility of
contaminants (in the context of arsenic and other heavy metal
ions) in groundwater systems are strongly dependent on the
interaction with iron and aluminum-based materials present in
soils and waterways.15 Studies on the desorption of arsenic
compounds were reported in the presence of PO4

3− and Cl−

and other constituents.16

While numerous PO4
3− adsorption studies have been

performed in view of its importance to soil,17 in water, it is
treated as a pollutant depending on its concentration levels.18

For its removal, the adsorbents used are mainly iron oxides
(hematite19 and magnetite20,21) and iron oxy-hydroxides
(ferrihydrite,22 goethite,23 and maghaemite24). Adsorption of
phosphate onto iron oxides/oxy-hydroxides (commonly
present in soils) plays a significant role in soil fertility as it
influences the surface charge responsible for the attachment of
organic matter to the soils.23 The effect of pH on various
complexation mechanisms, such as inner-sphere and outer-
sphere adsorption on the hematite surface, was reported.25 The
molecular-scale structure of surface complexes depends on the
mineral surfaces, and there is a brief discussion on models of
surface complexation in a study by Wang et al.26 Sodium
phosphate interaction with iron oxide (Fe2O3) was understood
using density functional theory (DFT) calculations.27

Adsorption of phosphate on ferrihydrite15/magnetite28 has
been studied using X-ray photoelectron spectroscopy (XPS).
Earlier, attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy was also used to study the influence
of phosphate on the adsorption of As(V) on goethite and
ferrihydrite.29 Binary oxy-hydroxide such as Fe and Mn-based
mixed oxy-hydroxide were used to study the competitive
adsorption of arsenate and phosphate.30 This suggests that the
adsorption of arsenate (6−80 μM) on binary oxy-hydroxide

decreased by approximately 7−20% in the presence of P(V)
(120−300 μM). Even after considerable research, phosphate
interference during arsenic adsorption is not well understood
and needs a more comprehensive effort.
The present work focuses on elucidation of phosphate

adsorption and its interference in the arsenic uptake on MAG
and CM2LF substrates in a qualitative and quantitative
manner. Experiments were conducted with different ionic
forms of P and As. CM2LF is a nanoscale material that has
been developed in our laboratory and is being used to supply
arsenic-free water to over 1.2 million people every day. All
adsorption experiments were conducted in the environmentally
relevant pH range of 5−9. While XPS and IR spectroscopy
were performed to obtain a detailed understanding of the
surface complexation phenomenon during adsorption, all
uptake experiments were quantified using ion chromatography
(IC) and inductively coupled plasma-mass spectrometry (ICP-
MS). Finally, DFT calculations were performed on various
phosphate complexes at model surfaces, such as bidentate
binuclear (2C) [>(FeO)2(OH)PO or >(FeO)2(OH)2P],
bidentate mononuclear (2E) [>FeO2(OH)PO or
>FeO2(OH)2P], monodentate mononuclear (1V) [>FeO
PO2(OH) or >FeOPO(OH)2], and physically adsorbed
species (T) [>FeOH...O−PO2(OH) or >FeO...HO−
PO2(OH)], to support the XPS results. 2C, 2E, and 1V are
referred to as inner-sphere complexes, and T is referred to as
an outer-sphere complex. Also, a brief discussion is given on
the sustainability aspects of both materials.

■ EXPERIMENTAL SECTION

Stock solutions of 100 mM P(V), As(III), and As(V) were
prepared using KH2PO4, NaAsO2, and Na2HAsO4·7H2O salts,
respectively. P(III) was not examined as it is not a dominant
form in the environment. A combination of P(V) and As(III)
is referred to as APmix1 and a mixture of P(V) and As(V) is
referred to as APmix2. A 100 mM APmix1 stock solution was
prepared by mixing equimolar amounts of NaAsO2 and

Figure 1. (A) (a) TEM image and (b) 3D reconstructed tomographic image of the two-line ferrihydrite composite (CM2LF); ED, electron
density. (B) XPS P 2p spectra of aqueous phosphate solutions at various pH values of (a) 5, (b) 7, and (c) 9 after drying. The XPS samples were
prepared by dropcasting the phosphate solutions onto an ITO plate and drying at room temperature for 2 days. (C) ATR-FTIR spectra of 100 mM
phosphate at various pH values of (a) 5, (b) 7, and (c) 9 in the region of interest. All IR spectra shown here were subtracted from those of water.
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KH2PO4. The mixture APmix2 was made with equimolar
quantities of Na2HAsO4·7H2O and KH2PO4. The pH of the
stock solutions was adjusted to 7 by adding dil. HCl or dil.
NaOH whenever necessary. Further, 150 mg of CM2LF was
added to 100 mL of 40 mM solutions of P(V), APmix1, and
APmix2, each in 250 mL polypropylene conical flasks. The same
process was followed for the MAG material. The flask was held
on an orbital shaker for 24 h until an adsorption equilibrium
was reached. The solution was centrifuged, and the residue
(adsorbent) was washed several times with deionized water to
remove the unreacted species (P or As) from the surface of the
material. Thereafter, about 2−3 mg of the cleaned residue was
suspended in 300 μL of distilled water for sample preparation
for XPS, and similar sample preparation was carried out for IR
spectroscopy. The suspension was dropcast on a 1 cm × 1 cm
indium tin oxide (ITO) plate (nonconducting surface) that
was kept in a vacuum desiccator for 48 h for complete drying
and to prevent contamination. For a clear understanding of the
kinetics of phosphate uptake and its interference in arsenic
adsorption kinetics, IC and ICP-MS measurements were
performed. For this, 100−150 mg of CM2LF was added to 5−
20 ppm of 100 mL of P(V), APmix1, and APmix2 solutions, each
in a 250 mL polypropylene conical flask. The same process was
followed for MAG. The solution was held on an orbital shaker,
and 1 mL of the solution was collected at various time intervals
of 3, 5, 10, 15, 20, 40, 60, and 90 min. The solutions were
subjected to centrifugation immediately after collecting them.
The material, if any, separated as residue, was discarded, the
supernatant was filtered using a 0.2 μm membrane filter, and
the filtrate was diluted to 5 mL using Millipore water of 18 MΩ
resistance. Details of materials, instrumentation, and computa-
tional aspects are provided in the Supporting Information (SI).

■ RESULTS AND DISCUSSION

Figure 1A-a shows a transmission electron microscopy (TEM)
image of CM2LF. The image suggests that the material is
composed of amorphous particles, in agreement with the

literature.31 To further investigate the morphology of the
CM2LF aggregates, transmission electron tomographic recon-
struction was performed for CM2LF and its composites with
As(III) and As(V). Accordingly, a series of two-dimensional
(2D) projections were collected between ±69° with a 3°
increase (see Supporting Information 2 for details). Three-
dimensional (3D) reconstruction of CM2LF suggests that the
material has a porous structure with random aggregation but
with no well-defined packing patterns (Figures 1A-b and S1A-
i,ii). Such random aggregation and porous structure are
beneficial for the uptake of various species such as As(III/V)
and P(V). Further, the tomographic reconstruction of As(III/
V)-bound CM2LF nanoparticles shows no change in the
morphological features (Figure S1B-i,ii for As(III)-adsorbed
CM2LF and Figure S1C-i,ii for As(V)-adsorbed CM2LF).
This suggests that the structures are intact even after As(III/V)
binding. XPS and FTIR spectra of phosphate species were
measured at pH 5, 7, and 9 to understand the degree of
protonation and phosphate speciation at room temperature. P
2p energy levels of phosphate species are shifted to lower
binding energies (134.3 > 133.8 > 133.5 eV) with increase in
pH (Figure 1B). Note that the XPS spectra were measured in
the dry state of materials. The materials, magnetite,28,32,33 and
two-line ferrhydrite12,34 nanoparticles embedded into organic
matter (chitosan and cellulose) are stable in the pH range of
5−9. Previous spectroscopic (XPS and Mossbauer) studies
suggest that phosphate-adsorbed wet magnetite nanoparticles
remain as magnetite after drying.28,32,33 Kumar et al. studied
arsenic-adsorbed CM2LF (in the dry state) using X-ray
powder diffraction and electron energy-loss spectroscopy.31

These studies demonstrated that there is no phase change in
two-line ferrihydrite. These materials are converted from one
phase to another, taking months or years under natural
circumstances. However, the current study does not target
studying dehydration,35 surface reactivity,36 and aggrega-
tion36,37 of the bare two-line ferrihydrite nanoparticles. We
dried the wet (after adsorption) samples at room temperature

Figure 2. XPS spectra of the (A) P 2p region of (a) KH2PO4 solid, adsorbed phosphate on CM2LF at various pH values of (b) 5, (c) 7, and (d) 9.
(B) Fe 2p region showing 2p3/2 and 2p1/2 features of (a) CM2LF before adsorption and (b−d) Fe 2p after phosphate adsorption at various pH
values of 5, 7, and 9. (C) FTIR spectra of CM2LF before adsorption; it was treated with distilled water and adjusted to various pH values of (a1) 5,
(a2) 7, and (a3) 9. FTIR spectra of CM2LF measured after phosphate adsorption at pH values of (b) 5, (c) 7, and (d) 9. The difference between
the FTIR features before and after phosphate adsorption at various pH values of 5, 7, and 9 is represented by curves (e), (f), and (g), respectively.
Various component features observed in the difference spectra are also shown.
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(24−30 °C) for measurements. These experimental conditions
cannot affect the chemical state of the elements (P, Fe, and
As). Magnetite and CM2LF materials are stable even above 80
°C. Considering the previous reports, XPS data are valuable for
identifying chemical states and for quantifying the elements,
although the samples were dried prior to measurements. XPS
data of each peak before and after the interaction of P(V)/
APmix1/APmix2 with CM2LF and MAG used in this work are
shown in Supporting Information, Table S1. Deprotonation of
hydroxyl groups attached to P causes an increase in the
electron density (ED) on O atoms (P−OH to P−O−), which
results in an increase in the electron density on the P atom.
This change leads to a fall in the binding energy (BE) of P 2p.
These results are supported by theoretical calculations (Table
S2). P(V) in solution at pH 5 has two vibrational features at
1076 and 1157 cm−1 (Figure 1C-a). These correspond to the
symmetric stretching frequencies of −P−OH and −P  O of
H2PO4

1−, with C2v structure.22,38 At pH 9, it shows two
features at 990 and 1079 cm−1 (Figure 1C-c) corresponding to
the bending of −PO2 and the symmetric stretching of −P−OH
groups of HPO4

2−, with C3v structure.
22,38 However, at pH 7,

P(V) shows three characteristic peaks at 1155 and 1078 and
991 cm−1 (Figure 1C-b) due to H2PO4

1− and HPO4
2−,

respectively.
Adsorption on CM2LF. The XPS analysis of phosphate

standard in the solid form (KH2PO4) is shown in Figure 2A-a.
The P 2p peak appears at 133.4 eV. The P 2p peak was
deconvoluted into 2p3/2 and 2p1/2. The P 2p peak was shifted
from 133.4 (KH2PO4) to 134.2, 134.1, and 133.9 eV upon its
adsorption on CM2LF at pH values 5, 7, and 9, respectively.
Throughout this paper, a blue shift indicates that the selected
peak shifted to higher binding energy from a reference peak,
and a red shift indicates the opposite. A large blue shift was
observed at pH values 5 (0.8 eV) and 7 (0.7 eV) (Figure 2A-
b,c). This suggests that P(V) forms more stable inner-sphere
complexes (2C) at pH values 5 and 7. On the other hand, a
small blue shift was observed for pH 9 (Figure 2A-d),
indicating that there is some amount of outer-sphere
complexes (T) along with inner-sphere complexes. In contrast,
P(V) may form more number of less stable inner-sphere
complexes (2E and 1V). However, there is more chance of
forming outer-sphere complexes at pH 9 due to the increase of
the Fe−O− groups. A minor change observed in the position of
the P 2p peak while comparing with pH values 5 and 7 arises
due to the variation in the extent of protonation of surface
complexes. Figure 2B-a shows Fe 2p fitted with three pairs of
peaks of CM2LF.39 The lowest binding energy corresponds to
−Fe−O−Fe− groups, the next refers to the surface >Fe−OH
groups (Fe(III)surf), followed by a satellite peak (Fe(III)sat).
A significant blue shift was observed in Fe 2p due to
adsorption of P(V) at various pH values, as shown in
Supporting Information, Table S1. The shifted peaks did not
match with Fe 2p of Fe(II) and Fe(IV) ions. Thus, the Fe 2p
data suggest that there was no reduction or oxidation of iron
(Fe(III)) upon P(V) uptake (Figure 2B). The observed blue
shift in Fe 2p is due to the formation of inner-sphere
complexes (−Fe−O−P−), which are discussed in Figure 7.
FTIR spectroscopic studies were used to identify the inner-
sphere complexes of P(V) with CM2LF. At first, we studied
the pH influence on CM2LF in the range of 4−9 using FTIR
spectroscopy. The results suggest that CM2LF functional
groups are not affected by varying pH (Supporting
Information, Figure S2). The IR spectrum at pH 5 (Figure

2C-e) was fitted with five peaks: 900, 963, 1015, 1087, and
1148 cm−1. The 1015 cm−1 was assigned to −Fe−O−P−, 1148
cm−1 to PO stretching, 1087 cm−1 to the PO2 group, while
900 and 963 cm−1 corresponded to P−OH symmetric bending
vibrations. These features refer to bidentate binuclear (2C)
species [>(FeO)2(OH)PO or >(FeO)2(OH)2P].

22,38,40 These
features also correspond to C1 symmetry complexes. In
previous reports, at pH 4.5, the formation of less stable
inner-sphere complexes (2E and 1V) were observed41 when
P(V) loadings were increased from 1.25 to 10 μmol/m2

(μmol/m2 ≈ ppb), i.e., a higher P(V) loading increases the
chance of formation of less stable complexes (2E and 1V).
Here, the P(V) loadings used were higher than 10 μmol/m2.
Thus, there may be some amount of 2E and 1V complexes. The
spectrum observed at pH 7 (Figure 2C-f) shows four features
at 910, 961, 1015, and 1076 cm−1 that refer to bidentate
binuclear species [>(FeO)2(OH)PO].

22,34 The pH 9 spectrum
(Figure 2C-g) shows only two features at 945 and 997 cm−1.
These features are similar to 961 and 1015 cm−1 features (at
pH 5) with a shift (16 cm−1) that may correspond to
deprotonated bidentate binuclear species [>(FeO)2PO2].
However, from these data, it is difficult to understand the
exact surface complexes. XPS data confirm that the CM2LF
surface is covered with more outer-sphere complexes than
inner-sphere complexes at pH 9 (Figure 2A-d).

Adsorption on MAG. In the case of MAG, Fe 2p3/2 was
deconvoluted into four peaks that corresponded to Fe(II),
Fe(III), and two separate shake-up peaks for Fe(II) (Fe(II)sat)
and Fe(III) (Fe(III)sat).39,42 Similarly, deconvolution was
performed for Fe 2p1/2. The Fe 2p3/2 (for Fe(II) and Fe(III))
feature of MAG appears at 707.9 eV before phosphate
adsorption (Figure 3B-a), and after adsorption, it is blue-

shifted by 0.6 and 0.4 eV at pH values 5 and 7, respectively,
and no shift was observed in the case of pH 9 (Figure 3B-d).
The shifts are shown in Supporting Information, Table S1.
Upon P(V) interaction with MAG at various pH values, a
considerable change was observed in P 2p. The P 2p was
shifted from 133.4 (KH2PO4) to 134.5, 134.0, and 132.8 eV at
pH values 5, 7, and 9, respectively, when P(V) interacted with

Figure 3. XPS spectra of the (A) P 2p region of (a) KH2PO4 solid,
adsorbed phosphate on MAG at various pH values of (b) 5, (c) 7, and
(d) 9. (B) Fe 2p region showing 2p3/2 and 2p1/2 features of MAG (a)
before and (b−d) after adsorption at pH values of 5, 7, and 9,
respectively.
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MAG (Figure 3A). The P 2p is more blue-shifted at pH 5 and
less at pH 7 (Figure 3A-b,c). These results are similar to those
of CM2LF, which suggest that phosphate forms monoproto-
nated bidentate binuclear (2C) species at pH values 5 and 7.28

According to the literature, the P 2p binding energy for
adsorbed phosphate on magnetite is 133.6 eV when the P(V)
uptake is in the range of 2−5 mg/g.28 Previous FTIR and

Mossbauer spectroscopic studies reflected that phosphate is
attached to Fe(III) at the octahedral sites as monoprotonated
bidentate binuclear complexes.28 At pH 9, P 2p of the
adsorbed phosphate shows a shift toward lower binding energy
as compared to the KH2PO4 (Figure 3A-a,d). No shift was
observed in the Fe 2p3/2 peak upon P(V) uptake as discussed
before. The results at pH 9 suggest that most of the species are

Figure 4. XPS spectra of CM2LF treated with (a) P(V), (b) APmix1, and (c) APmix2 and MAG treated with (d) P(V), (e) APmix1, and (f) APmix2.
The spectra show the regions corresponding to O 2s (20−28 eV), As 3d (40−50 eV), Fe 3p (52−60 eV), and P 2p (130−136 eV). The atomic
compositions of O, As, Fe, and P in the materials were calculated after adsorption from the corresponding XPS spectrum; the values are presented
in the table on the right-hand side.

Figure 5. XPS spectra of (A) P 2p, (B) As 3d, and (C) Fe 2p. In the (A) P 2p region, CM2LF treated with (a) P(V), (b) APmix1, and (c) APmix2
and MAG treated with (d) P(V), (e) APmix1, and (f) APmix2, respectively, are presented. In the As 3d region (B), the red and blue traces correspond
to NaAsO2 and Na2HAsO4·7H2O. Only As(III)-adsorbed materials are (a-i) CM2LF and (d-i) MAG and, on the other hand, As(V)-adsorbed
materials are (a-ii) CM2LF and (d-ii) MAG. Traces (b) and (c), (e), and (f) are after adsorption of ions while using mixed solutions (APmix1 and
APmix2) as indicated above. In the (C) Fe 2p region, (a) CM2LF and (d) MAG are before adsorption and the remaining (b and c, e, and f) are after
adsorption of ions while using mixed solutions, as above.
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adsorbed through hydrogen bonding (outer-sphere complexes
or physically bonded species). The physically bonded (T)
species have lower P 2p binding energy compared to inner-
sphere complexes. The binding energy of P 2p of various
phosphate complexes (2C, 2E, 1V, and T) was calculated from
theoretical studies (see Figure 7).
The atomic percentage (Figure 4) shows the interference of

P(V) in the adsorption of arsenic (As(III/V)) while each had a
concentration of 20 mM. The P(V) uptake is higher for
CM2LF (3.6%) than for magnetite (2.9%) (Figure 4a,d,
respectively). In the case of mixtures (APmix1 and APmix2),
CM2LF (Figure 4b,c) shows better As(III/V) uptake capacity
than magnetite (Figure 4e,f). This can be attributed to a lower
number of adsorption sites (Fe−OH2

+, Fe−OH) available in
magnetite than CM2LF. The porous structure of CM2LF
provides additional adsorption sites, as shown in Figure 1A-b.
At pH 7, in the case of APmix1, the component As(III) and in
the case of APmix2, the component As(V) were more adsorbed
on CM2LF/MAG than P(V) (Figure 4b,c,e,f). The complex-
ation of phosphate in the presence of As(III/V) was further
evaluated by studying the energy levels of P 2p, As 3d, and Fe
2p (Figure 5).
In the case of CM2LF, there is no considerable shift

observed in the P 2p peak between P(V) and APmix1 (P(V) =
134.0, APmix1 = 134.1 eV (Figure 5A-a,b)), and while looking
at the corresponding As 3d region for APmix1, which showed a
peak at 45.4 eV (Figure 5B-b), this is slightly blue-shifted from
the As(III)-treated sample (45.1 eV (Figure 5B-a(i))). This
blue shift indicates that the ratio of inner-sphere and outer-
sphere complexes of As(III) is more in the case of APmix1 than
As(III) alone. The corresponding IR spectrum (Supporting
Information, Figure S3d) shows features at 790, 830, 886, 970,

1010, and 1075 cm−1, where the features at 790 cm−1 belong
to the As−OH stretching, 830 cm−1 due to Fe−O−As bonds,
1075 cm−1 due to the PO2 group, 970 cm

−1 due to P−OH, and
1010 cm−1 to −Fe−O−P. IR data suggest that P(V) and
As(III/V) are chemisorbed when they are co-adsorbed. Hence,
XPS data suggest P(V) interference in As(III) complexation.
A slight red shift was observed in the P 2p peak in the case of

APmix1 adsorption (APmix1 = 133.7 eV, Figure 5A-e) as
compared to P(V) adsorption (P(V) = 134.1 eV, Figure 5A-
d) on the MAG surface. This shift refers to physically adsorbed
species. Thus, there are some amount of physically adsorbed
phosphate species on the surface of MAG along with the
chemically adsorbed species at pH 7. The APmix1-treated MAG
shows the As 3d peak at 45.7 eV, and it is more blue-shifted as
compared to As(III) alone (44.3 eV) (Figure 5B-d(i),e). The
observed shift is high (1.4 eV), which suggests that there is a
greater fraction of chemically adsorbed species in the case of
APmix1 compared to As(III) alone (in overall surface
complexes). Thus, there is a positive effect on As(III)
complexation in the presence of P(V), but vice versa is not
true.
While comparing APmix2-treated CM2LF and P(V)-treated

CM2LF, there is a noticeable shift (0.3 eV) observed in P 2p;
the P 2p peaks are at 134.4 and 134.1 eV, respectively (Figure
5A-a,c). This may be due to the increased ratio of the inner-
and outer-sphere complexes or a plausible conversion of less
stable inner-sphere complexes (1V) to more stable inner-
sphere complexes (2C) of P(V) in the presence of As(V). For
the As 3d region of APmix2- (Figure 5B-c) and As(V) (Figure
5B-a(ii))-treated CM2LF, the peaks are at 46.5 and 45.3 eV,
respectively. The shift between them is 1.2 eV, which suggests
increased chemisorption of As(V) in the presence of P(V) than

Figure 6. Pseudo-second-order kinetics plot for adsorption of (a), (b), and (c) indicating phosphate, APmix1, and APmix2, respectively, on (A)
CM2LF and (B) MAG. The qt of each data point was evaluated using the linear form of the pseudo-second-order equation where the unit of qt is
mg/g. In the case of CM2LF treated with APmix1 and APmix2, the adsorption kinetics data showed two slopes from 0 to 10 and 15 to 90 min
indicating varying rates of adsorption.
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As(V) alone. The corresponding IR spectrum (Supporting
Information, Figure S3e) shows two features at 820 and 871
cm−1; 820 cm−1 is assigned to the Fe−As−O−bond stretching
and 871 cm−1 is due to AsO; these features correspond to
stable inner-sphere complexes (2C).
However, in the case of APmix2-treated MAG, no shift was

observed in P 2p as compared to APmix2-treated MAG and
P(V)-treated MAG at pH 7 (APmix2 = 134.1 eV, P(V) = 134.1
eV (Figure 5A-d,f)). As(V) shows a 3d peak at 46.6 eV (Figure
5B-f). The results are the same as in the case of CM2LF.
Hence, similar complexes (2C or 3C (tridentate trinuclear
complex)) can be expected here. These results suggest that the
ratio of inner- and outer-sphere complexation of As(III/V)
increases in the presence of P(V). On the other hand, these
results may be obtained due to strong hydrogen bonding with
the surrounding ferric hydroxyl groups (−Fe−OH) or arsenic
hydroxyl groups (−As−OH). The consolidated results are
presented in Table S3 in the Supporting Information.
The adsorption kinetics of oxyanions like P(V) with iron

oxides/oxy-hydroxides was reported to follow pseudo-second-
order kinetics that correlates with our experimental data as well
(Figure 6A-a,B-a).43−45 Initially, phosphate adsorption with
CM2LF and MAG occurs rapidly, but 5 min onward, it

becomes slower (Supporting Information, Figures S4A-a and
S5A-a). In our earlier studies,46 Raman spectroscopy measure-
ments suggested pseudo-second-order kinetics for the
adsorption of As(III/V) on CM2LF and MAG (Supporting
Information, Figure S8). However, in the case of APmix1, P(V)
and As(III) ions were competitive up to the initial 15 min for
CM2LF (Supporting Information, Figure S4B-b), but at a later
stage, As(III) reached an equilibrium state earlier than P(V),
both following the pseudo-second-order kinetics with two
slopes and variable adsorption rates (Figure 6A-b). In the case
of APmix2, As(V) clearly showed a faster rate than P(V) on the
CM2LF surface (Supporting Information, Figure S4B-c),
showing similar kinetics behavior as the former (Figure 6A-
c). These results confirm the interference (or competition)
between P(V) and As(III/V) species during adsorption on
CM2LF.
In the case of magnetite, while P(V) adsorption was faster

than As(III) initially (Supporting Information, Figure S5B-b),
and after 10 min, desorption of P(V) was observed for APmix1.
However, in the case of APmix2, both P(V) and As(V) showed
comparable rates of adsorption throughout with higher As(V)
uptake (Supporting Information, Figure S5B-c). Thus, As(III/
V) shows different adsorption kinetics for CM2LF and

Table 1. Adsorption Data in Terms of Initial Rates, Rate Constants, and Uptake of As at Equilibrium

adsorbate 100 mL adsorbent (mg) species pH 7 qe (mg/g) ± 1% k (min(mg/g))−1 ± 2% initial rate h = kqe
2 ± 5% R2

20 ppm P(V) CM2LF: 100 HxPO4
y− 18.26 0.02 6.67 0.99

MAG: 100 HxPO4
y− 15.83 0.02 5.01 0.99

5 ppm P(V)+ CM2LF: 100 HxPO4
y− 3.39 (avg) 0.13 (avg) 1.49 (avg) 0.99

H3AsO3 2.67 (avg) 0.29 (avg) 2.07 (avg) 0.99
5 ppm As(III) MAG: 100 HxPO4

y− 3.30 0.51 5.55 0.96
H3AsO3 2.28 0.28 1.45 0.99

5 ppm P(V)+ CM2LF: 100 HxPO4
y− 3.06 (avg) 0.04 (avg) 0.37 (avg) 0.74

HxAsO4
y− 4.16 (avg) 0.05 (avg) 0.87 (avg) 0.99

5 ppm As(V) MAG: 100 HxPO4
y− 2.30 1.64 8.67 0.99

HxAsO4
y− 2.40 1.89 10.89 0.99

Figure 7. Various phosphate complexes with a small ferrihydrite cluster: (1) bidentate binuclear complex (2C), (2) bidentate mononuclear complex
(2E), (3) monodentate mononuclear complex (1V), (3a) deprotonated monodentate mononuclear complex (1V-H), (4) outer-sphere complex (T),
and (4a) deprotonated outer-sphere complex (T-H). Here, theoretical binding energies (Δ = TBE2) of P 2p in phosphate complexes are reported in
eV.
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magnetite. Kinetics data are given in Table 1. These results are
presented as a schematic diagram (Supporting Information,
Figure S7).
To understand the mechanism of adsorption of various

phosphate species on CM2LF, theoretical studies were
performed as discussed in the Supporting Information. In
Figure 7, to find the theoretical binding energy (TBE) of P 2p
in various complexes, equation TBE2 = −E + R = Δ was used,47

where E is the orbital energy, R is the relaxation energy, and Δ
is computed using the ΔSCF method. Based on Δ, the binding
energy of P 2p for the complexes given above follows the order
1V > 2E > 2C > 1V-H > T > T-H (Figure 7; Supporting
Information, Table S2). Theoretical calculations of binding
energy have been extended to As(III/V) complexes. Based on
K, the binding energy of As 3d for the As(III) complexes
follows the order 2C > 1V > 2E > T (Supporting Information,
Figure S6). In the case of As(V) complexes, it follows the order
2E > 2C > 1V > T (Supporting Information, Figure S6). The
binding energies of As 3d for As(V) complexes are higher than
those of As(III) complexes.
To show phosphate adsorption on two-line ferrihydrite

schematically at various pH values 5, 7, and 9, we used the unit
cell parameters of two-line ferrihydrite as reported in Michel et
al.48,49 A rectangular slab was made with four unit cells and
surfaces parallel to the (010) plane of FeOOH (Figure 8). In
general, the ferrihydrite structure has three symmetry-distinct
Fe atoms. Here, we represented them as octahedral Fe1 center
(orange), octahedral Fe2 center (sky blue), and tetrahedral
Fe3 center (blue) as reported by Pinney et al.49 The CM2LF
−O−/−OH groups are shown in red, while phosphorous-
attached −O−, −OH, and =O groups are marked in sky blue,
blue, and indigo, respectively. XPS and FTIR spectroscopy
results suggest that phosphate species bind the surface Fe
atoms through a ligand-exchange mechanism, at pH values 5
and 7. The results are supported by the literature.28,50,51 In the
ligand-exchange mechanism, −P−(O−/OH−) groups replace

the Fe−(O−/−OH−) groups. Moreover, the formation of
possible stable complexes of phosphate with two-line
ferrihydrite is shown in Figure 8. Herein, P(V) forms 2C
(major) and 1V (minor) complexes at pH 5 and 7 due to the
presence of more labile groups Fe−(OH/OH2

+); on the other
hand, at pH 9, P(V) forms T (major), 2C(minor), and (1V)
(minor) complexes as a result of an increase of less labile
groups Fe−O−.

Sustainability Aspects of CM2LF and Magnetite
Materials. To study the sustainability of CM2LF and
magnetite systems, the following factors can be considered:
(1) green synthesis, (2) material efficiency, (3) material
stability, and (4) cost of production. Upon carefully observing
these factors for both the materials, CM2LF was found to be a
greener option than magnetite, owing to its ease and
waterborne synthesis, higher arsenic uptake capacity, mechan-
ical robustness, and cost-effective production process. Each
aspect is discussed in quantitative detail in the SI.

■ CONCLUSIONS
Of the phosphate ions, H2PO4

1− is dominant at pH 5 and
HPO4

2− is dominant at pH 9. Both species exist in water at pH
7 as confirmed by ATR-FTIR studies. The P 2p binding energy
of adsorbed phosphate decreased gradually on CM2LF and
MAG surfaces upon increasing pH from 5 to 9. The changes in
P 2p energy levels suggest that surface complexes vary with
changes in pH. The XPS and IR studies suggested that
phosphate complexation with iron oxides/oxy-hydroxides was
driven by the ligand-exchange mechanism, leading to the
formation of Fe−O−P bonds at pH 5−7. The adsorbed
materials showed P 2p binding energy in the order APmix2 >
APmix1 > phosphate-only samples. Time-dependent ion
chromatography measurements allowed us to understand the
adsorption kinetics of As(III)/As(V) on CM2LF and MAG in
the presence of P(V) at neutral pH. The As(III)/As(V)
adsorption kinetics was affected by phosphate. Phosphate

Figure 8. Schematic of a (010) plane of ferrihydrite (k) before adsorption, (l), (m), and (n) after phosphate adsorption at pH values of 5, 7, and 9,
respectively.
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desorbs from magnetite in the presence of As(III). At higher
concentrations (i.e., 20 mM P(V) and 20 mM As(III/V)), XPS
data suggest that phosphate uptake by iron oxides/oxy-
hydroxides is affected by As(III) and As(V). These studies
confirm that As(III/V) is more competitive than P(V) toward
iron oxides/oxy-hydroxides. However, P(V) levels in natural
water are 100−1000 times higher than that of As(III/V), and,
therefore, P(V) is an obvious interfering ion during arsenic
adsorption. DFT calculations suggest that P 2p and As 3d
binding energies vary with the type of complexation (2C, 2E,
1V, and T). The degree of protonation of P(V) in phosphate
surface complexes affects the P 2p binding energy. The binding
energies of As 3d for As(V) complexes are higher than those of
As(III) complexes.
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MATERIALS 

 

Potassium dihydrogen ortho phosphate (KH2PO4), Sodium arsenite (NaAsO2), and disodium 

hydrogen arsenate (Na2HAsO4·7H2O) were purchased from SD Fine Chemicals Limited. 

Magnetite (Fe3O4) was purchased from Alfa Aesar. The syntheis of confined metastable 2-line 
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ferrihydrite (CM2LF) was reported earlier.1 Sodium hydroxide (NaOH) was purchased from 

Rankem Glasswares and Chemicals Pvt. Ltd., India. Hydrochloric acid (HCl) was purchased from 

Merck Life Science Pvt. Ltd., India. All chemicals were of analytical grade and were used without 

further purification. Deionized (DI) water was used throughout the experiments. 

 

INSTRUMENTATION 

 

X-ray Photoelectron Spectroscopy (XPS): measurements were done using an ESCA Probe TPD 

spectrometer of Omicron Nanotechnology. Polychromatic Al Kα was used as the X-ray source (hν 

= 1486.6 eV). Binding energy was calibrated with respect to C 1s at 284.8 eV. All the XPS spectra 

were deconvoluted using Casa XPS software. A PerkinElmer FTIR spectrometer was used to 

measure the infrared spectra. The spectrometer resolution was kept at 4 cm−1. All the IR spectra 

were deconvoluted using Origin Pro 9.0 software. Various model building software were used to 

build the structures. The rectangular slab was built by using VESTA and Avogadro 1.2.0 software. 

Transmission Electron Microscopy (TEM): TEM images were collected using JEM 3200FSC 

field emission microscope (JEOL) operated at 300 kV in bright field mode with Omega-type Zero-

loss energy filter. The images were acquired with GATAN DIGITAL MICROGRAPH software 

while the specimen temperature was maintained at -187 oC.  

Sample Preparation: The TEM samples were prepared by placing 5 µL aqueous dispersion (~5 

mg/ mL) 300 hexagonal mesh Ni grid with ultrathin carbon support film.  The grids were plasma 

cleaned for 30 s before use. After placing the aqueous dispersion, the grids were subjected to 

cleaning by dipping them in double-distilled water for 2 x15 s. The specimen was then dried under 

ambient conditions for 24 h before imaging. 

SerialEM and Electron Tomographic Reconstruction: The tilt series were acquired with the 

SerialEM-software package.2 Samples were tilted between ±69o angles with 3o increment steps.3 

Prealignment of tilt image series was, and the fine alignment and cropping were executed with 

IMOD.4  The images were binned twice to reduce noise and computation time. Maximum entropy 

method (MEM) reconstruction scheme was carried out with a custom-made program on Mac or 

Linux cluster with a regularization parameter value of =1.0e3.4-5 

THEORETICAL CALCULATIONS 
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To find binding energy (BE) of P 2p in various phosphorous complexes used equation is TBE2 = −E 

+ R = Δ [Tardio et al., 2018], E equals to orbital energy of ejected electron from its orbit according 

to Koopman theorem (-E = TBE1 = K) and R is orbital relaxation after ionization. The electron 

correlation function is needed to add to the given equation (TBE3 = −E + R + ΔC) to get more 

accurate results. Two calculations are needed to find the binding energy of a particular atom in a 

molecule using ΔSCF method. The first calculation involves optimizing the geometry of the 

molecule(or ion) and the chance to spot and find the locations of the orbitals of concern. The 

second calculation (which involves finding the energy of the core ionized molecule) requires two 

steps while executed with GAUSSIAN 09. The first step requires the interchange of the core orbital 

of interest with the highest occupied molecular orbital (HOMO). The second step involves 

ionization of a given molecule or ion that means an electron will be taken from the exchanged core 

orbital (2p) which is switched from core level to HOMO. The steps followed for binding energy 

calculation of the core electron are explained in detail in Tardio et al., 2018. 

 

DFT CALCULATIONS ON POSSIBLE PHOSPHATE COMPLEXES WITH Fe2O10HY 

To support the XPS results, as a first step, DFT calculations were performed on two phosphate 

species, which exist in natural waters at pH 7. To determine the P 2p binding energy of H2PO4
1- / 

HPO4
2-species theoretically, two methods were used such as Hartree Fock (HF) and B3LYP 

(Becke, 3-parameter, Lee–Yang–Parr) method with (or without) solvent effect. The B3LYP 

method with solvent effect gave the best results for H2PO4
1-/ HPO4

2- among other methods, using 

a basis set of 6-31G. These results are shown in Table S2. Therefore, the B3LYP method was 

chosen to find the TBE of P 2p in various complexes. Finally, the B3LYP method was chosen 

without including the solvent effect for additional calculations in order to reduce the computational 

cost. Further theoretical calculations of binding energy have been extended to As(III/V) 

complexes. 
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Figure S1. 3D reconstructed images of 2-line ferrihydrite composite (CM2LF) before and after 

arsenic treatment. Ai and Aii) CM2LF and its cross-sectional view before arsenic treatment. Bi 

and Bii) As (III) adsorbed CM2LF with and its cross-sectional view. Ci and Cii) As (V) adsorbed 

CM2LF and its cross-sectional view. E.D. refers to electron density.   
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Figure S2. (A) FTIR spectra of CM2LF and CM2LF in distilled water at various pH: 4, 5, 7, and 

9, also included only KBr. (B) zoomed spectra of (A) in three different regions 450 to 850, 900 

to1300, and 1400 to 1800 cm-1.   

 

 

Figure S3. FTIR spectra of CM2LF (a) before adsorption, (b) APmix1 and (c) APmix2 adsorption. 

(d) Spectrum after subtraction (curve b-a). (e) Spectrum after subtraction (curve c-a). 
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Figure S4. Time-dependent ion chromatograms showing the interaction of CM2LF with A) a) 

P(V), b) APmix1 and c) APmix2. Their concentration versus time plots are shown in B). For As(III) 

analysis ICP-MS is used. 
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Figure S5. Time-dependent ion chromatograms showing the interaction of magnetite with A) a) 

P(V), b) APmix1, and c) APmix2. Their concentration versus time plots are shown in B). For As(III) 

analysis ICP-MS is used.  
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Adsorption kinetics can be expressed by using pseudo-second-order equation:   

                                             

                                                           
𝑑𝑞𝑡

𝑑𝑡
= 𝑘(𝑞𝑒 − 𝑞𝑡 )2                                         Equation (1) 

 

Where, 𝑞𝑡 is the adsorption capacity of given material at time t, 𝑞𝑒 is the adsorption capacity of 

the material at equilibrium and k is the pseudo-second-order rate constant, where initial rate is h = 

k𝑞𝑒
2. Integration of equation (1) with limits t = 0 to t and applying boundary conditions 𝑞𝑡 = 0 at 

t = 0 gives,  

                                                            
𝑡

𝑞𝑡
= (

1

𝑞𝑒
)𝑡 +

1

𝑘𝑞𝑒
2                                         Equation (2) 

The values of k and 𝑞𝑒 can be calculated by plotting t/𝑞𝑡 versus t.  
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Figure S6. Theoretical binding energies (TBE1) of As 3d in standard species 1) H3AsO3  and 6) 

H2AsO4
1-. As(III/V) species can form complex with a small ferrihydrite cluster in various ways: 

As(III) can bind as 2) bidentate binuclear complex (2C), 3) bidentate mononuclear complex (2E), 

4) monodentate mononuclear complex (1V) and 5) outer-sphere complex (T). Similarly, the 

corresponding As(V) ferrihydrite complexes are shown as 7), 8), 9) and 10). Here, theoretical 

binding energies (K = −E = TBE1) of As 3d in arsenic complexes and their energies (Es) are reported 

in eV. 
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Supporting Table 1 

Table S1. XPS data of CM2LF and MAG before and after treated with P(V), APmix1, and APmix2.  

Adsorbate pH Adsorbent P 2p 
eV 

Shift 
eV 

As 3d 
eV 

Shift 
eV 

Fe 2p3/2   
eV 

Shift 
eV 

Studies 

  KH2PO4 133.4 ---     current 
  NaAsO2   44.2     

previous6   Na2HAsO4·
7H2O 

  44.8    

CM2LF       Fe(III): 708.5   
current  

 
 
CM2lF 

5 P(V) 134.2 0.8   Fe(III): 708.9 0.4 
9 P(V) 133.6 0.2   Fe(III): 709.1 0.6 
 
 
 
7 

P(V) 134.1 0.7   Fe(III): 708.8 0.3 
As(III)   45.1 0.9   previous6 
As(III) + 
P(V) 

134 0.5 45.4 1.2 Fe(III): 708.7 0.2 current 

As(V)   45.3 0.5   previous6 
As(V) + 
P(V) 

134.4 1.0 46.5 1.7 Fe(III): 708.6 0.1  
 
 
 
 
 
current 

 
MAG 

 
 

 
 

 
 

   Main peak: 
            707.9 
Fe(II): 706.9 
Fe(III): 708.6 

 

 
 
 
 
 
 
 
 
MAG 

5  
P(V) 

 
134.5 

 
1.1 

  Main peak: 
            708.5 
Fe(II): 707.4 
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0.6 
0.5 
0.5 

9  
P(V) 

 
132.8 

 
-0.6 

  Main peak: 
            707.9 
Fe(II): 706.8 
Fe(III): 708.5 

 
 0.0 
-0.1 
-0.1 

 
 
 
 
 
 
7 

 
P(V) 

 
134.0 

 
0.6 

  Main peak: 
            708.3 
Fe(II): 707.2 
Fe(III): 708.9 

0.4 
 
0.3 
0.3 

As(III)   44.3 0.1   previous6 
 
As(III) + 
P(V) 

 
133.7 

 
0.1 
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            708.5 
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current 

As(V)   45.5 0.7   previous6 
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Supporting Table 2 

Table S2. DFT calculations for the P 2p binding energy of two phosphate species and each type 

of phosphate surface complex.  

 

Species 
& 
Complexes 

Optimized  
structure 
(A.U.) 

After 
excitation 
(A.U.) 

 K 
(A.U.) 

R 
 (A.U.) 

 ∆  
(A.U.) 

∆ = TBE2 
(eV) 

Method Solvent 
effect 

H2PO4
1- -643.5993 

 
-643.4714 4.6035 0.1279 4.7314 128.7501 B3LYP 

 

HPO4
2- -642.8234 

 
-642.9396 4.3536 -0.1162 4.2374 115.3056 B3LYP 

 

H2PO4
1- -643.7020 

 
-643.4810 4.7808 0.2209 5.0018 136.1076 B3LYP water 

HPO4
2- -643.1887 

 
-643.0357 4.7082 0.1530 4.8611 132.2788 B3LYP water 

H2PO4
1- -641.4873 -641.3325 5.2826 0.1548 5.4374 147.9595 HF 

 

HPO4
2- -640.7106 -640.8178 5.0302 -0.1072 4.9230 133.9621 HF 

 

H2PO4
1- -641.5943 -641.3859 5.4615 0.2084 5.6699 154.2869 HF water 

HPO4
2- -641.0802 -640.9102 5.3863 0.1700 5.5563 151.1968 HF water 

2C -3776.6787 
 

-
3776.4137 

4.8545 0.2649 4.5895 124.8878 B3LYP  

2E -3775.6640 
 

-
3775.2396 

5.0147 0.4245 4.5902 124.9057 B3LYP  

1V -3851.9797 
 

-
3851.6604 

5.0094 0.3193 4.6901 127.6232 B3LYP  

1V-H -3851.8156 
 

-
3851.5166 

4.8741 0.2989 4.5752 124.4970 B3LYP  

T -3928.2736 
 

3927.9462 4.8715 0.3274 4.5441 123.6504 B3LYP  

1T-H -3928.1196 3928.7922 4.6995 0.3274 4.3721 118.9698 B3LYP  

129 132 135 138

134.3

133.5

Binding energy (eV)
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* Complexes: 2C = bidentate binuclear, 2E = bidentate mononuclear, 1V = monodentate 

mononuclear, 1V-H = deprotonated monodentate mononuclear, T = outer-sphere, and T = 

deprotonated outer-sphere. 

 

 

 

Figure S7. Schematic illustration of P(V) interference in the As(III/V) adsorption based on time 
dependent ion chromatography and XPS studies. The term rx means rate of ions adsorption (X= 
P(V)/As(III)/As(V)). nAs(III/V) means no of adsorbed arsenic species, nP(V) no of adsorbed 
phosphate species. 
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Table S3. Interference of P(V) on the As(III/V) adsorption (experimental results).  

Adsorbent  Species 

pH 7 

Type of  

experiment 

P 2p 
(eV) 

Shift 
 

As 
3d 
(eV)  

Shift Electrostatic 
effects on  
P 2p/As 3d 
levels   

Adsorption 
kinetics 
(PSO) 

 
 
 
 
 
 
 
CM2LF 

HxPO4
y- Reference 

for P(V) 
134.1 
 

    Solely 
follows PSO  

H3AsO3  Reference 
for As(III) 

  45.1 
 

  Solely 
follows PSO 

HxPO4
y-  

 + 
H3AsO3 

APmix1 134.0 no  
 
 
45.4 

 
 
blue 

no effect on  
P 2p 
effect on  
As 3d 

P(V) 
and As(III) 
partially 
follows PSO 

HxAsO4

y- 
Reference 
for As(V) 

  45.3   Solely 
follows PSO  

HxPO4
y-  

 + 
 
HxAsO4
y- 

 
 
APmix2 

134.4 blue  
 
 
46.5 

 
 
blue 

effect on  
P 2p 
effect on  
As 3d 

P(V) 
and As(V) 
partially 
follows PSO 

         
 
 
 
 
 
 
 
 
MAG 

HxPO4
y- Reference 

for P(V) 
 
134.1 

    Solely 
follows PSO 

H3AsO3  Reference 
for As(III) 

  44.3   Solely 
follows PSO 

 
HxPO4

y-  

 + 
H3AsO3 

APmix1 133. 7  red  
 
 
45.7 

 
 
blue 

effect on  
P 2p 
effect on  
As 3d 

P(V) shows 
desorption  
As(III) 
equilibrium 
shifted  

HxAsO4
y- 

Reference 
for As(V) 

  45.5    

HxPO4
y-  

 + 
HxAsO4
y- 

 
APmix2 

134. 1 no  
 
 
46.6 

 
 
blue 

no effect on  
P 2p 
effect on  
As 3d 

P(V) and 
As(V) reached 
early 
equilibrium  

 

* PSO: pseudo-second-order 

 

As 3d peak got blue-shifted for As(III) in case of APmix1 as compared to only As(III) adsorbed 

materials (Table S3 and Figure 5). Similar results were observed in the case of APmix2. These 
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results suggest that the speciation of adsorbed As(III) (ratio of chemisorbed and physisorbed 

species ) on CM2LF and MAG gets affected due to the presence of P(V). We can conclude that 

P(V) ions are affecting the As(III/V) speciation on CM2LF and MAG. As far as adsorption kinetics 

is concerned, As(III/V) ions follow pseudo-second-order kinetics when alone and follow pseudo-

second-order kinetics partially in presence of P(V) in case of APmix1 and APmix2 adsoprtion. Thus 

kinetics and adsorption equilibrium for As(III/V) get affected by presence of P(V) ions (Figure 

S7). 

 

 

 

Figure S8. Pseudo-second-order kinetics for A) CM2LF and B) MAG, where a, b and c 

represent As(III), As(V) and As(mix) removal, respectively. The unit of qe and qt is mg/g. 

Kinetics data taken from Sudhakar et al., 20176. 
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Sustainability aspects of CM2LF and magnetite materials 

 

CM2LF has a composite structure where the metastable 2-line ferrihydrite phase (Fe2O3.0.5H2O) 

is confined in biopolymeric cages of chitosan. Particles used here are of 72 µm in size. 1 It is 

synthesized by the hydrolysis of a metal precursor (Fe3+)–chitosan complex using an alkaline 

medium followed by washing and drying it at ambient conditions. On the other hand, commercial 

grade magnetite nanoparticles used in this work are iron oxide (Fe3O4) grains of about 40 nm size 

that exhibit superparamagnetic properties at ambient temperature and can be prepared by various 

methods. Some reports follow refluxing of FeOOH and oleic acid in 1-octadecene7, while others 

have reported alkali precipitation of solution with a molar ratio of Fe(II)/Fe(III) = 0.5 in 

deoxygenated water resulting in a black precipitate.8  

 

1. Material efficiency: The removal effiency of a material can be considered based on its 

selectivity and uptake capacity for the contaminant. Results from the present study confirm 

that CM2LF performed better than magnetite (MAG) for As(III/V) uptake in presence of P(V) 

and shows higher affinity for As(III) and As(V) species than P(V) at neutral pH. On the other 

hand, our previous study has shown that the maximum adsorption capacity of CM2LF 

determined by Langmuir isotherm is 100 mg/g for AsIII/AsV and it has been tested in real time 

conditions1. For magnetite, it is 40 mg/g determined through time-dependent aqueous Raman 

measurements, but using Langmuir isotherm, it is 12.7 mg/g9, while activated alumina shows 

a capacity of 15.9 mg/g1. Loading or dosage required is lower for materials exhibiting higher 

uptake capacity, leading to lesser waste generation and thus serves as a more sustainable option 

for purification processes. 

2. Material stability: Although nanomaterials have been widely studied for their application in 

water purification, it is known that using loose nanoparticles for the same purpose may lead 

nanoparticle aggregation, conversion or dissolution/leaching, leading to secondary water 

pollution. These factors have led to the importance of using nanocomposites like CM2LF 

where nanoparticles are trapped inside templates making the system robust and stable, thus 

providing a more beneficial option. For example, there are reports where oxidation of 

magnetite takes place in aerated aqueous media10 to form more stable iron oxide form 

(hematite: α-Fe2O3) or dissolution of magnetite by thermal or microbial reduction.11-12 proving 
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that it is a less stable option to use for water purification. While, CM2LF has been tested for 

metals (Fe, As) and carbon leaching into water after its use in purification cartridges for long 

time by TCLP (Toxicity Characteristic Leaching Protocol) and TOC (Total Organic Carbon) 

procedures, it has shown negligible leaching, confirming its mechanical stability and thus 

making it more environment friendly.  

3. Cost of production: Affordability is another factor to determine sustainability of materials. 

While, commercial magnetite (Fe II/III oxide, 97%, Alfa Aesar) costs $51/kg13 and has come 

down from an initial cost of production like $2600/kg7, bulk scale CM2LF is less than $15/kg 

and the process requires no electrical power and no organic solvents. Hence, CM2LF can 

sustainably cater to larger strata of people, including economically weaker sections. 
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(RO) has emerged as a promising method 
to eradicate the drinking water crisis.[1–7] 
An RO membrane generally consists of 
a polyester non-woven fabric upon which 
a polysulfone layer is casted. These two 
layers are porous, highly permeable, and 
provide mechanical support to the top-
most layer. The polysulfone side of the 
membrane is coated with a cross-linked 
aromatic polyamide thin film by interfa-
cial polymerization between the organic 
molecules (e.g., trimesoyl chloride, TMC) 
and aqueous (e.g., m-phenylene diamine, 
MPD) phases.[8–11] The presence of the 
active layer of polyamide improves the salt 
rejection, and antifouling properties of the 
membrane.[11,12] Additives including cam-
phor sulfonic acid (CSA), triethylamine 
(TEA), and sodium lauryl sulfate (SLS) are 
also frequently used to enhance the mem-
brane preparation by aiding the absorption 
of MPD on the polysulphone support.[12]

Despite copious advantages of mem-
brane filtration systems, such as easy opera-

tion and high flexibility in technologies, they present some limita-
tions, including chlorine sensitivity, and susceptibility to fouling, 
which impedes their large-scale applications.[13–15] In some cases, 
deposition of extra-cellular polymeric substances (EPS), soluble 
microbial products (SMP), and microbial cells in the pores 
resulting in a drop in flux and salt rejection capacity. The amide 
groups in the polyamide skin layer are also vulnerable to chlorine 
attack, even at a low chlorine dosage in the feed water.[16]

The polyamide chains allegedly undergo ring chlorination 
in the presence of chlorine, which disrupts hydrogen bonding 
between the chains and degrades the polymer matrix.[17] The 
disruption leads to a dramatic decline in the permeation flux, 
membrane life, and selectivity, which increases the required 
pressure for operation. Modification of the thin-film composite 
(TFC) membranes by adding different hydrophilic nanoma-
terials like carbon, alumina, silica zeolites, 2D materials, and 
their derivatives is common in order to combat these prob-
lems and improve water permeation characteristics.[8,18–28] 
Recently, several nanocomposites-based RO membranes have 
been explored extensively, as synergy of components enhances 
the physicochemical properties and increases thermal and 

Present work attempts to incorporate aminoclay-graphene oxide compos-
ites into thin-film composite (TFC)-reverse osmosis membranes to improve 
the desalination efficiency of brackish water. The composite is coated on a 
polysulfone substrate as a result of interfacial polymerization of m-phenylene 
diamine and trimesoyl chloride, at different time durations. The prepared 
membranes are analyzed for their water permeation and salt rejection effi-
ciencies using brackish feed water. The results indicated that the membrane 
loaded with 0.015 wt% of the composite delivered maximum flux at 20 bar 
pressure for 2000 ppm feed. Moreover, the water flow rate increased by ≈3.27 
times (from 15.62 ± 0.36 to 50.28 ± 1.69 Lm–2 h–1), compared to the unmodi-
fied TFC membrane. An enhancement in the salt rejection from 97.03 ± 1.07 to 
99.51 ± 0.10% is also observed for the same feed water at 20 bar as compared 
to the unmodified membrane. Furthermore, antifouling tests with model 
bio-foulant humic acid revealed better stability and antifouling performance 
of the prepared membranes than the unmodified membranes under identical 
operating conditions. The membrane, therefore, assures high performance 
and lifetime owing to its mechanical and chemical stability, and hence sug-
gests energy-efficient desalination.
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1. Introduction

Water is the world’s most precious resource, essential for the 
functioning of all life forms. Desalination using reverse osmosis 
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chemical stability of the resulting materials.[29] Besides, they 
can be readily incorporated onto the membrane by mixing 
them in the aqueous or organic phase before the fabrication 
reaction of the polyamide layer, or they can be bonded chemi-
cally to the surface of TFC via bonding agents.[19]

Among the most common additives used for TFC-RO mem-
branes are graphene oxide (GO) and its derivatives, owing to 
their higher permeability, improved selectivity, and better chlo-
rine tolerance than polyamide. GO is highly hydrophilic due to 
the presence of various oxygen-containing functional groups 
on its surfaces and edges, allowing better dispersion in water 
and enhancing the compatibility with polysulfone substrate via 
different covalent and non-covalent interactions.[30] GO forms 
hydrogen bonds with primary and secondary amines, in addi-
tion to covalent bonds with terminal free carboxyl groups of 
TMC in the linear portion of the polyamide layer.[31,32]

In the present work, we have investigated the effect of incor-
porating aminoclay-graphene oxide (AC-GO) composite on 
water flux, salt removal efficiency, and the antifouling tendency 
of the RO membranes. Aminoclay (AC) is an aminopropyl-func-
tionalized magnesium phyllosilicate (R8Si8Mg6O16(OH)4, where 
R is CH2CH2NH2). It consists of octahedrally coordinated MgO/
OH chains and an aminopropyl-functionalized silicate network 
on both sides.[33] The protonation of amine moiety makes it 
highly dispersible in water, enabling it to interact electrostati-
cally with anions like HAsO4

2−, CrO4
2−, Fe (CN)6

3−, F–, NO3–, 
and PO4

3–, thereby facilitating their removal.[34,35] AC is also 
known to possess anti-algicidal properties, which encourages 
its application for real-time complex water treatment and desali-
nation. Thus, combining the properties of GO and AC and uti-
lizing the composite for water treatment appears rewarding.[36]

The present work reports the preparation and application of 
AC-GO composites in RO membranes. Optimization of various 
factors, such as the contact time of MPD and composite loading, 
followed by an effect on water permeability, salt rejection, and 
antifouling properties of the prepared TFC membranes, was 
conducted. The preparation procedures are simple, standard, 
and feasible, making the overall process scalable and sufficient 
for brackish water desalination in realistic applications.

2. Result and Discussion

2.1. Characterization of the Starting Materials: Graphene Oxide, 
Aminoclay, and Aminoclay-Graphene Oxide Composite

Here, we discuss the composite membrane and its characteris-
tics. In view of the detailed studies that are available on them, 
only essential details are presented, that too in the Experi-
mental Section. Synthesized GO, AC, and AC-GO composites 
were characterized by UV–vis spectroscopy, Raman spectros-
copy, X-ray powder diffraction (XRD), field-emission scanning 
electron microscopy (FESEM), transmission electron micro-
scopy (TEM), Fourier-transform infrared spectroscopy (FT-IR), 
and zeta potential measurements (Figures S2–S5, Supporting 
Information). Figure S2A, Supporting Information shows the 
UV–vis spectrum of aqueous GO with a characteristic peak at 
232 nm and a shoulder at ≈310 nm, which correspond to π–π* 
and n–π* electronic transitions of CC aromatic bonds and 

CO bonds, respectively.[37–39] Figure S2B, Supporting Infor-
mation represents the Raman spectrum of GO, which showed 
D- and G-bands at 1339 and 1599 cm–1, respectively. D-band is 
observed due to structural imperfections created by the attach-
ment of hydroxyl and epoxide groups on GO’s carbon basal 
plane. The G-band is attributed to the metallicity of carbon in 
graphene, that is, in-plane vibrations.[38,40] The experimental 
XRD pattern of GO, shown in Figure S2C, Supporting Informa-
tion, showed a peak at 2θ = 10°. It is attributed to the GO lat-
tice’s (002) plane, which corresponds to the interlayer spacing 
of 0.84  nm (expanded greatly from 0.34  nm in graphite).[41,42] 
TEM images showed a layered structure of nearly-transparent, 
wrinkled GO sheets (Figure S2D, Supporting Information).

The FESEM images of AC show micron-sized clay sheets 
(Figure S3A,B, Supporting Information). However, the well-
defined layered structure and individual sheets of the clay could 
not be identified, presumably due to vigorous stirring during 
their preparation. A schematic of the layered structure of AC 
and the corresponding TEM image is shown in Figure S4, 
Supporting Information. Figures S5A,B, Supporting Informa-
tion display the FESEM images of the AC-GO composite. The 
EDAX of AC-GO showed the presence of Mg, Si, and Cl, which 
confirmed the formation of amino-functionalized clay in the 
composite (Figure S5C, Supporting Information).

XRD patterns recorded for AC and AC-GO composite are 
shown in Figure 1A. AC showed a low angle reflection with a 
d001 interlayer spacing of ≈1.6  nm, which corresponded to the 
bilayer arrangement of propyl amino groups.[33,43] The broad in-
plane reflections at higher angles (d020,110  = 0.41  nm, d130,200  = 
0.238  nm) and the characteristic (060) reflection at 2θ  = 59° 
confirmed the formation of 2:1 tri-octahedral Mg-phyllosilicate 
clay with a talc-like structure.[33,43] The XRD pattern obtained 
for the AC-GO composite retained the features obtained for AC 
and GO individually, with slight shifts in the peak positions, 
which arose due to the amine’s electrostatic interaction with the 
oxygen-containing groups of GO.[44] Thus, the observed pattern 
confirmed the formation of the composite with the retention of 
their chemical integrity. To determine the vibrational features 
of the AC-GO composite, we performed Raman measurements 
on AC, GO, and AC-GO composites. Raman spectrum of AC is 
shown in Figure 1B, which shows multiple peaks. Raman spec-
trum of GO showed its signature peaks at 1339 (D-band) and 
1599 cm–1 (G-band). However, we could not observe the spec-
tral feature of aminoclay in the AC-GO composite (Figure  1B), 
although IR features were observed. A significant Raman feature 
(both D-and G-band) of GO was observed in AC-GO with a blue 
shift (≈8 cm–1). The composite exhibited characteristic D- and 
G-bands of GO at 1331 and 1597 cm–1, respectively. This blue shift 
is attributed to the hydrogen bonding or electrostatic interaction 
between the amine of AC with the acid functional group of GO.

FT-IR spectra of GO, AC, and AC-GO composite are shown 
in Figure  1C. For GO, the broad peak between 3200–3400 cm–1 
is due to O-H stretching. The peaks at 2975 and 2900 cm–1 cor-
respond to asymmetric and symmetric stretching vibrations, 
respectively, of the CH2 groups. The IR signals at 1710, 1554, 1410, 
1170, and 1045 cm–1 are due to CO stretching, CC stretching, 
-OH bending, C-O stretching of epoxy, and C-O stretching vibra-
tion of alkoxy functionalities, respectively. For AC, the peaks at 
≈3377, ≈2900, ≈2040, 1613, 1126, 1022, and 555 cm–1 are due to 
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the stretching vibrations of OH, CH2, NH3
+, NH2, Si-C, Si-O-Si, 

and Mg-O, respectively.[45,46] Also, the signal at ≈1500 cm–1 is due 
to -OH bending. The FT-IR spectrum of the AC-GO composite 
confirmed the presence of both AC and GO.[39,45,46] Zeta potential 
measurement of 10:1 (w/w%) AC-GO composite revealed a low 
negative potential of −6.69 ± 2.95 mV (Figure 1D), which could 
prove effective in removing water contaminants. This might be 
due to the presence of oxygen-containing functional groups on 
the GO sheet in excess of the positively charged moieties on the 
AC, as the latter has a positive zeta potential.[47] The morphology 
of the prepared AC-GO composite at different magnifications 
displayed a stacked lamellar structure having lateral dimensions 
extending to the micron regime, as explicated from TEM images 
(Figure 1E,F). Furthermore, the composite showed the presence 
of clay nano particles, viewed as dark features, on the surface of 
the GO sheet. The negatively-charged GO can form hydrogen 
bonds or covalent bonds with the terminal primary amine pen-
dant group of the AC, and therefore, might serve as nucleation 
centers for the clay particles. The negatively charged carbonyl 
functional groups of GO can also plausibly have electrostatic 
interactions with the protonated amine moiety.[44] Additionally, 
Figure S6, Supporting Information showed three types of interac-
tions between AC and GO in AC-GO composites, that is, AC-AC 
(green shade), GO-GO (red shade), and AC-GO (yellow shade).

2.2. Characterization of Modified TFC Membranes

Desalination takes place by permeation of water molecules 
diffusing through the membrane, secured in these cells, as 

presented in Figure 2A. Figure 2B further shows the motion of  
water molecules through the inter-lamellar spacing of the 
composite. The top surfaces and cross-sections of the AC-GO 
-modified TFC membranes were characterized using FESEM, 
and the data were compared with the polysulfone (PSf) 
substrate and unmodified membranes (TFC), as shown in 
Figure  2C–E. As shown in Figure  2E, the AC-GO modified 
(TFC/AC-GO/M30) membranes exhibited unique morphologies  
and possessed rougher surfaces compared to the PSf support 
and the other pristine membranes. The TFC/AC-GO mem-
brane showed a typical “ridge and valley” morphology with 
nodule-like structures, while the PSf and TFC depicted smooth 
and porous surfaces, respectively. The presence of elements 
like Mg, Si, and Cl in TFC/AC-GO (Figure  2F) confirmed the 
coating of AC onto the surface of the membrane.

The FESEM images of the membranes incorporated with 
varying concentrations of the composite, ranging from 0.005 to 
0.100 wt% AC-GO, unveiled diverse morphologies (Figures S7 
and S8, Supporting Information). Evidently, the surface mor-
phology of the membranes depends on the percentage of the 
incorporated composite material. Higher concentrations of 
AC-GO composite resulted in agglomeration. Similarly, 
increasing the MPD-substrate contact time resulted in the 
aggregation of the composite particles (Figure S9, Supporting 
Information). Excessive loading and extended reaction time 
are the reasons for such aggregation. Cross-sectional FESEM 
images revealed the presence of asymmetric, “finger-like” 
porous structures on the PSf support and the fabric underneath 
(Figure S10, Supporting Information). However, the polyamide 
layer was extremely thin and could not be resolved in imaging.

Figure 1. A) XRD pattern, B) Raman spectra, and C) FT-IR Spectra of GO, AC, and AC-GO composite; D) Zeta potential of AC-GO composite;  
E,F) TEM images of AC-GO composite at different magnifications (scale bars: 5 and 0.5 µm, respectively).
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Figure S11, Supporting Information shows the FT-IR spec-
trum of PSf, unmodified TFC, and AC-GO modified mem-
branes. The broad hump centered at 3345 cm–1 matched the 
stretching vibrational frequencies of O-H and N-H groups. 
Enlarged view of the shaded spectrum showed peaks at 1665, 
1583, 1485, 1240, 1150, and 1102 cm–1 that correspond to CO 
stretching vibration of the amide functional group of the active 
polyamide layer, N-H, and C-N stretching vibrations of the 
amide group, C-C stretching, C-O stretching, SO stretching 
and C-H stretching vibrations, respectively, and these are 
common across all the membranes. However, in membranes 
other than PSf, two peaks were present at 1546 and 1607 cm–1, 
which were assigned to N-H bending of the unreacted amine 
and amide groups, respectively. Conclusively, amide bond for-
mation was observed from the spectra of unmodified TFC and 
AC-GO modified TFC membranes (M30).

2.3. Permeation Studies of Prepared Membranes

The performance of the prepared membranes was measured 
in terms of the permeation characteristics like water flux and 
% of salt rejection efficiency for brackish feed water samples. 
The data in Figure 3 represents the outcome of these studies. 
Figure  3A shows a comparison of the cross-flow permeation 
results of flux and rejection for the PSf substrate, unmodified 
TFC (or the PA), and AC (0.015 wt%, TFC/AC), GO (0.015 wt%, 
TFC/GO), and AC-GO (0.015 wt%, TFC/AC-GO) modified 
M30 membranes, at 2000 ppm salt and 20 bar pressure. From 
Figure 3A, it is clear that modified membranes displayed higher 
water permeation, with improved salt rejection as compared to 
unmodified PSf membranes. The presence of lamellar nano-
structures (TFC/AC and TFC/GO) favored water flow through 
the membrane matrix. The randomly-positioned nano-sheets 

(both AC and GO) created channels for water molecules to 
pass through. Further, the protonated amine moiety of AC and 
hydrophilic surface functional groups of GO facilitate elec-
trostatic interactions, leading to higher flux than unmodified 
membranes. The incorporation of AC-GO composite further 
increased the water flux by 57% (≈1.57×), compared to TFC/AC 
and TFC/GO, while maintaining a high percentage of salt rejec-
tion (>99.5%).

The active layer in modified TFC-RO membranes was the 
dense polyamide layer, formed by the interfacial polymerization 
of MPD and TMC. The thickness of this polyamide layer and 
the amount of material incorporated were a function of contact 
time between the aqueous diamine solution and the membrane 
surface. Therefore, to study the effect of contact time of MPD, 
a set of six membranes, represented as M10 to M60, were pre-
pared by increasing the reaction time of MPD solution with the 
PSf support (10–60 s), keeping the contact time of TMC solu-
tion (50 s) and concentration of AC-GO composite (0.015 wt%) 
constant.

Figure  3B–D depict an initial increase in water flux from 
M10 to M30 for all three feed salt concentrations (2000, 5000, 
and 10  000  ppm), followed by a steady decrease from M30 to 
M50, and similar for M50 and M60. For feed concentration 
of 2000  ppm of salt (Figure  3B), M30 exhibited a water flux 
of 50.28  ± 1.69 L (m2 h)−1, that is, ≈3.27× higher compared 
to the unmodified TFC membrane (PA), with 99.51  ± 0.10% 
salt rejection. For higher salt concentrations of 5000 and 
10  000  ppm, water permeation for M30 was 39.23  ± 1.16 and 
25.39 ± 0.80 L (m2 h)−1, with salt rejection efficiencies of 99.41 ± 
0.07% and 99.21 ± 0.06%, respectively.

The unprecedented water permeation of the AC-GO 
modified polyamide matrix membranes was presumably due 
to the lamellar nanostructures of AC-GO. The stacking of AC 
on the GO sheets could create transport channels for  water 

Figure 2. A) Schematic representation of water transport and ions removal across the membrane. B) Detailed mechanism of water transport pathways 
through the aminoclay-GO sheets. Green and orange bars are representations of aminoclay and GO sheets, respectively. FESEM images of C) Fabric, 
D) PSf, E) Optimized modified membrane (M30), and F) SEM EDS of the M30 membrane (top view).
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molecules and enhance adsorption of water  molecules onto 
the membrane surface and within the inter-lamellar spaces of 
these stacked structures.[45] In addition, the increase of water 
permeance might be due to sorption capability in terms of 
solution-diffusion mechanism due to the presence of hydro-
philic functional groups. However, on the contrary, the inclu-
sion of denser nanostructures or higher concentrations of 
nanomaterials might cause  agglomeration of nanosheets, 
posing resistance to the flow of water molecules, causing 
a reduction in water flux even at high operating pressures.[48] 
This agglomeration of 2D materials in the selective mem-
brane layer geometrically leads to reduction in permeance 
due to the increase in path length. Because of these two 
opposing effects, an optimum water flux was obtained for 
TFC/AC-GO (0.015 wt%) M30 among the membranes studied 
here.
Figure 4A summarizes the study and compares the perfor-

mance of the membranes at varying input salt concentrations. 
As observed from Figure  4A, with increasing salt concentra-
tion in the feed water sample, the flux declined gradually 
because of the lower net driving pressure due to the increased 
osmotic pressure of the feed at higher salt concentration. As 
the net driving pressure decreased, the relative amount of water 
passing through the membrane, compared to salt, decreased, 
resulting in lower salt rejection.

For M30, the water flux observed a continuous increase 
from 36.12 ± 0.99 to 85.60 ± 1.29 L (m2 h)−1, corresponding to 
a pressure variation from 15 to 40 bar (Figure 4B). This direct 
relationship suggests an increase in the net driving pressure. 
Higher pressures, in excess of the osmotic pressure, forced 
the feed water through the membrane, leading to higher 

permeation and greater flux.[49] Permeation parameters (flux 
and percentage salt rejection) were plotted as a function of 
applied pressure to evaluate the membrane’s performance. A 
sharp increase in % salt rejection was observed (98.53 ± 0.17% 
at 15 bar, to 99.51 ± 0.10% at 20 bar) initially. Further increase 
in pressure resulted in an insignificant change in % salt rejec-
tion, till a pressure of 35 bar. An additional increase of pressure 
to 40  bar resulted in a slight increase in the % salt rejection 
(Figure 4B).[50]

Contact angle studies were performed to observe the influ-
ence of contact time of the composite and the PSf support on 
the wettability of the membrane (Figure  4C); and loading of 
the AC-GO composite on the membranes keeping the contact 
time constant (Figure 4D). For M10, since the contact time of 
MPD and the PSf support was too short for nano-composite 
inclusion into the polymer matrix of the membrane, surface 
hydrophilicity was only slightly improved when compared to 
the unmodified membrane (Figure  4C), which was evident 
from the contact angles for M0 and M10. This slight improve-
ment in surface hydrophilicity was reflected as the rise in flux 
from 15.62 ± 0.36 to 19.79 ± 1.22 L (m2 h)−1. When contact time 
was increased to 50 s, the surface became highly hydrophilic 
compared to the unmodified membrane. The inclusion of a 
higher amount of clay composite resulted in the stacking of 
layers, posing resistance to water flow, thereby decreasing the 
flux.

Figure  4D shows the effect of incorporating AC-GO com-
posite on the surface hydrophilicity of the thin-film composite 
membranes, and with an increase in the AC-GO composite 
concentration from 0 to 0.1 wt% (0–1000 ppm), the variation in 
water contact angle (59–550), exhibiting improved hydrophilicity.

Figure 3. A) Water flux and % salt rejection for PSf support layer, unmodified M30 and modified M30 (0.015 wt% of AC, GO, and AC-GO) at 2000 ppm 
salt and 20 bar pressure, the average performance of membranes M10-M60 at B) 2000, C) 5000, and D) 10 000 ppm input concentration (feed water), 
under 20 bar pressure.
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2.4. Biofouling and Anti-Bacterial Study

To study the resistance of prepared membranes against surface 
biofouling, model foulant, humic acid was used, and the perfor-
mance was evaluated in terms of normalized flux, Jn,

=J J J/n 0  (1)

where J is the instantaneous flux, and J0 is the flux after 
compaction.

A comparative investigation of the antifouling performance 
of a commercial RO membrane (Vontron: model number: 
VM-TFC-80), an unmodified M30, and an AC-GO modified 
M30 was performed by treating them under identical experi-
mental procedures (with 2000 ppm NaCl, 500 ppm humic acid, 
and 2 mm CaCl2 under 20 bar pressure). Figure 5A shows the 
variation of the normalized flux of membranes with time under 
testing conditions: 2000 ppm NaCl, 500 ppm humic acid, and 
2 mm CaCl2. Before adding foulants to the feed water, compac-
tion was done for 3 h with distilled water to maintain constant 
flux. During the initial hours of study, a significant reduction in 
water flux was observed for the commercial membrane, while 
unmodified and modified M30 showed only a slight decrease 
in water flux. This indicated that for the commercial mem-
brane, fouling occurred within the first hour of the addition of 
foulants, perhaps because of high surface roughness and high 
affinity for humic acid in the feed water. After 3 h of examina-
tion, a sharp decline was observed for the unmodified mem-
brane, indicating the deposition of humic acid on its surface. 
Even after 10 h of the experiment, the AC-GO modified mem-
brane showed only a moderate decrease in water permeation. It 

implies less bio-fouling of the prepared membrane, plausibly 
due to the electrostatic repulsions between negatively charged 
humic acid at brackish water pH and negative zeta potential 
of the AC-GO composite. This repulsive force was effective in 
preventing the fouling of membranes incorporated with the 
clay composite. Since humic acid is hydrophobic, the extent of 
foulant deposition on the membrane was analyzed by meas-
uring the contact angle on fresh and bio-fouled membranes 
(Figure 5A).

For the commercial membrane, maximum fouling was 
observed, and the contact angle changed from 40.70 to 60.20 in 
10 h. For unmodified and modified composite membranes, the 
angle was observed to increase from 59.10 and 55.60 to 62.70 and 
57.40, respectively, for the same period (Figure 5B). The differ-
ence in the contact angles indicated that scaling had occurred 
due to the added foulants. For AC-GO modified membrane, 
the change in angle was found to be the minimum, which sug-
gested improved resistance to such foulants. A larger amount 
of humic acid was deposited onto the commercial membrane 
compared to the M30 membrane. The observed result could be 
attributed to repulsive forces existing between the composite 
and the foulant.

Figure  5C,D show that the M30 membrane exhibited good 
bacterial (Escherichia coli and Bacillus subtilis) growth inhibition, 
compared to the unmodified and commercial membranes. The 
M30 membrane showed 90% and 44% anti-bacterial effect on 
E. coli and B. subtilis, respectively. This agrees with the known 
anti-bacterial activity of GO against gram-positive and gram-
negative bacteria. The commercial membrane failed to show 
such anti-bacterial effects, while the M30 membrane showed 
high stability in resisting bacteria and foulants (Figure 5).

Figure 4. A) Variation in water flux at different feed water concentrations (2000, 5000, and 10 000 ppm), B) Permeation characteristics of M30 with 
varying pressure at 2000 ppm salt concentration, C) Contact angle of membranes (M0 to M60) with 0.015 wt% AC-GO and D) Contact angle of M30 
at different AC-GO loadings and E) expanded view of D. M0 refers to the unmodified TFC.
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3. Conclusion

The potential use of TFC-RO membranes, modified with  
aminoclay-graphene oxide composite, was investigated. The 
membranes showed improved water flux due to increased sur-
face area and enhanced hydrophilicity, along with enhanced salt 
rejection. For a feed concentration of 2000 ppm of salt, the mem-
brane M30 modified with 0.015 wt% of composite exhibited a 
flux of ≈50.28 ± 1.69 L (m2 h)−1 with 99.51 ± 0.10% salt rejection at 
20 bar and 25 °C. The incorporation of AC-GO further increased 
the water permeation and showed a 57% (≈1.57×) enhancement 
compared to TFC/AC and TFC/GO membranes while main-
taining high salt rejection (>99.5%). Overall, modified M30 mem-
brane flux increased ≈3.27× compared to the unmodified TFC 
membrane (PA membrane) at 20 bar pressure in 2000 ppm feed 
NaCl solution. The membranes displayed a reduction in contact 
angle with an increase in contact time of PSf substrate and MPD, 
suggesting greater inclusion of composite into the substrate with 
time. Similar measurements were done for membranes with 
different composite loadings. The negative zeta potential of the 
composite was responsible for significantly improving fouling 
resistance to humic acid. These modified membranes were 
prepared by employing the standard procedure for interfacial 
polymerization. Therefore, the approach is simple and scalable to 
develop membranes for brackish water desalination.

4. Experimental Section
Materials: Natural graphite flakes (95% of carbon) were obtained 

from Active Carbon. Sulfuric acid (H2SO4, 95–98%) and hydrochloric 

acid (HCl, 36%) were purchased from Rankem Chemicals. Phosphorus 
pentoxide (P2O5, 95%) and hydrogen peroxide (H2O2, 98%) were 
purchased from SD Fine Chemicals. Potassium permanganate (KMnO4, 
98.5%) and potassium peroxydisulfate (K2S2O8, 98%) were procured 
from Sisco Research Laboratories. Nitric acid (HNO3) (65−68%), 
magnesium chloride (MgCl2.6H2O), (3-Aminopropyl) triethoxysilane 
(APTES), and sodium hydroxide (NaOH) were purchased from Merck. 
Acetone, ethanol, and sodium chloride (NaCl) from Loba Chemie. 
Polysulfone (PSf, MW 35  000  g mol−1) and trimesoyl chloride (TMC, 
99% purity) were procured from Sigma Aldrich. Calcium chloride 
(CaCl2), oxalic acid, hexane (HPLC grade), dimethylsulfoxide (DMSO), 
N,N-dimethylformamide (DMF), and N-methyl-2-pyrrolidone (NMP) 
were purchased from Merck. D(+)– 10-camphor sulfonic acid (CSA) 
and sodium lauryl sulphate (SLS) were obtained from Spectrochem. 
m-Phenylenediamine (MPD, 98%) was procured from Alfa Aesar. 
Sodium lauryl sulfate (SLS), sodium chloride (NaCl), and sodium 
hypochlorite (NaClO, 6% available free chlorine) were purchased from 
Rankem. The sodium salt of humic acid (HA) containing 50–60% of 
HA was procured from Acros Organics. Luria Bertani (LB) Broth and 
Nutrient agar were purchased from HiMedia. Escherichia coli MTCC 
443 and Bacillus subtilis ATCC 21  331 were procured from MTCC and 
ATCC, respectively. All chemicals were of analytical grade and used as 
received without further purification. Glassware was cleaned thoroughly 
with aqua regia (HCl:HNO3, 3:1 vol%), rinsed with deionized water (DI) 
water, and dried in an oven before use.

Characterization: The UV–vis spectroscopy measurements, in the 
range 200 to 1100  nm, were performed using PerkinElmer Lambda 25 
spectrophotometer. IR spectra of the materials were measured using 
PerkinElmer Spectrum-One spectrometer, fit with a diamond crystal 
(for stronger signals due to greater penetration). However, germanium 
crystal was used for dark samples because of its high-refractive-index. 
Raman spectra of materials were obtained using WITec GmbH CRM200 
confocal Raman spectroscope with 532 and 633  nm laser excitation. 
Morphological studies of the prepared composite and the membranes, 
elemental analysis, and elemental mapping were carried out using a 

Figure 5. A) Normalized water flux for Von-VM-TFC-80, unmodified M30, and 0.015 wt% AC-GO modified membranes during the antifouling test with 
2000 ppm NaCl, 500 ppm humic acid, and 2 mm CaCl2 under 20 bar pressure, B) contact angle for fresh and humic acid-fouled membranes and cell viability 
test on the membrane with control, commercial, unmodified-TFC and M30 membranes with C) E. Coli and D) B. Subtilis bacteria after 8 h of incubation.
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scanning electron microscope equipped with energy dispersive analysis 
of X-rays (EDAX or EDS) (FEI Quanta 200) and HRTEM (JEOL 3010, 
300 kV). Also, HRSEM images of the electrode materials were obtained 
through Thermo Scientific Verios G4 UC SEM. The experimental XRD 
patterns were obtained by Bruker D8 Advance X-ray diffractometer with 
Cu Kα radiation (λ = 1.54 Å). The hydrophilicity of the membranes was 
obtained by contact angle measurements using a Holmarc contact angle 
meter.

Preparation of Graphene Oxide: Graphene oxide (GO) was synthesized 
from graphite powder using a modified Hummer’s method.[51,52] 
Graphite powder was oxidized using concentrated sulphuric acid 
(H2SO4), potassium persulphate (K2S2O8), and phosphorus pentoxide 
(P2O5) as oxidizing agents. The resulting dark blue mixture was cooled 
to room temperature. It was then diluted, filtered with a membrane 
of 0.22  µm, and dried. The obtained powder was then added to cold 
H2SO4, to which potassium permanganate (KMnO4) was slowly added 
with continuous stirring in an ice bath. After 15  min, sodium nitrate 
(NaNO3) was added to the mixture. The solution was further stirred for 
2 h at 35 °C and 200 mL distilled water was added slowly to complete the 
reaction. It was then further diluted with distilled water (≈500 mL), and 
15 mL of hydrogen peroxide (H2O2) was added for further oxidation. The 
color of the mixture turned brown-yellow, which indicated the formation 
of GO. The product was first washed with hydrochloric acid (HCl) (1:10), 
then with water, and finally suspended in distilled water. The brown 
dispersion was dialyzed for 7–10 days to remove residual metal ions and 
acids. GO was then exfoliated via sonication for 1.5 h.

Preparation of Aminoclay: Aminopropyl functionalized aminoclay 
was prepared by using magnesium chloride (MgCl2.6H2O) and 
(3-Aminopropyl) triethoxysilane (APTES) as precursors.[33,53,54] Briefly, 
8 g of MgCl2.6H2O was added to 150 mL of ethanol in a 250 mL conical 
flask. To it, 12 mL of APTES was added drop-wise, and the solution was 
magnetically stirred for 24 h at room temperature to obtain a milky 
white suspension. The suspension was then aged at 40 °C, followed by 
centrifugation and washing with ethanol to get the white product, which 
was then grinded and sieved to produce the powdered material.

Preparation of Aminoclay-Graphene Oxide Composite: Prepared GO 
and AC were added in 1:10 (w/w%) ratio and left for stirring for 24 h at 
room temperature to obtain a brown-black slurry. The slurry was dried at 
100  °C, followed by redispersion in water, centrifugation, and repeated 
washing with ethanol. The composite was dried at 60 °C, which was then 
ground into excellent powder by ball milling for 4 h.

Membrane Casting: The polysulfone (PSf) porous substrate was 
prepared by the phase inversion process, wherein the non-woven 
polyester fabric was cast with the polymer-doped solution using a flat RO 
membrane casting unit. First, the polymer solution (19 wt%) was prepared 
by dissolving 19 g of polysulfone pellets (Mol. Wt. ≈ 35 kDa) in 78.64 mL 
of N-methyl-2-pyrrolidone (NMP, density: 1.03 g cm−3). The mixture was 
stirred continuously at 60 °C for 24 h to obtain a homogenous solution, 
which was subsequently degassed in a desiccator to remove air bubbles. 
Second, the fabric was placed on a flat glass sheet, and the polymer 
solution was uniformly spread on it, keeping a thickness of 0.2  mm by 
an adjustable casting knife. The prepared membranes were placed in DI 
water and preserved in Milli-Q water at ≈4 °C until further use.[31]

Preparation of Thin-Film Composite (TFC) Membranes: Both unmodified 
and modified TFC-RO membranes were prepared by interfacial 
polymerization on a PSf substrate. Detailed experimental conditions for 
synthesizing GO, AC, and AC-GO composite are provided in the Section 
4. Briefly, an aqueous solution containing of m-phenylene diamine 
(MPD) (2.0 wt%), camphor sulphonic acid (CSA) (1.0 wt%), sodium 
lauryl sulphate (SLS) (0.2 wt%), and AC-GO composite (0.015 wt% for 
modified membranes), after probe sonication of 10  min, was allowed 
to come into contact with the PSf substrate for different time intervals 
(10, 20, 30, 40, 50, and 60 s, denoted as M10 to M60). The excess 
solution was drained-off, followed by the reaction with TMC (0.1 wt%) 
in hexane for 50 s, to induce polymerization between the diamine moiety 
of MPD and the acid chloride moiety of TMC. The membranes were 
then cured at 60 °C for 5 min. After thoroughly washing with water, the 
membranes were stored in Milli-Q water at ≈4 °C until further use.

Performance Studies of Membranes: The modified TFC membranes 
were analyzed for their performance, based on water flux and salt 
rejection rates of total dissolved solids (TDS), using a cross-flow 
permeation apparatus (Figure S1, Supporting Information). Cross-flow 
refers to the tangential flow of feed water with respect to the membrane. 
The set-up consisted of three membrane chambers, and each had an 
effective surface area of 32.3 cm2. This arrangement allowed the analysis 
and comparison of the performance of three membranes simultaneously, 
under identical operating conditions. Unless stated otherwise, the 
running conditions were 20  bar pressure, room temperature (25  °C), 
neutral pH, and 3.75 L min−1 (225 L h−1) flow rate with a 2000  ppm 
concentration of NaCl in feed water. However, before adding NaCl 
to the feed w, the membranes were compacted using distilled water 
for 3 h to achieve a constant flux. Also, throughout the RO test runs, 
both permeate and reject water were re-circulated to the feed inlet tank 
to maintain constant salt concentration during the study. Membrane’s 
resistivity to chloride ions was tested at different NaCl concentrations 
(2000, 5000, and 10 000 ppm).

The salt rejection (R) and permeation flux (J) for the studies were 
determined using the following two equations,

R
C
C

= −






 ×1 100%p

f
 (2)

J V
A t

=
·

 (3)

where Cf and Cp are the salt concentrations in the feed and permeate, 
respectively, V is the volume of permeate collected over a time interval t 
for a membrane cross-sectional area, A.

Also, relation between flux (LMH) and permeance (LMH/bar) has 
been given below,

=Permeance Flux
bar

 (4)

where LMH is liter per meter square per hour (L m–2 h–1).
Anti-Bacterial Test of Membranes: E. coli and B. subtilis bacterial 

stock cultures were revived by inoculation in LB broth and were grown 
overnight at 37  °C and 120  rpm shaking for 4 h. The culture was used 
for inoculation into fresh LB broth and allowed to grow till the culture 
reached the log phase. The bacterial cells were washed twice in saline 
by centrifugation at 3000 rpm for 5 min to remove the nutrients in the 
medium. Membranes (commercial, unmodified and modified M30) 
uniformly cut in the dimensions of 0.5  cm × 0.5  cm were sterilized by 
spraying 70% ethanol on them and allowed to dry in a laminar flow 
chamber. These membranes were introduced into 1 mL of 104 CFU mL−1 
of bacterial cells suspended in saline. The cells were shaken at 80 rpm 
for 8 h to avoid the settling of bacterial cells and to keep the cells in 
continuous contact with the membrane. The number of viable cells after 
incubation with the membranes was determined through the colony 
counting method by inoculating the cells interacted with the membrane 
on nutrient agar plates for 24 h at 37 °C. All the experiments were done 
in triplicates.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure S1. Experimental set-up of the RO skid. 
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Figure S2. A) UV-Vis spectrum, B) Raman spectrum, C) XRD pattern, and D) TEM image of 

GO. 
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Figure S3. (A, B) FESEM images of AC at different magnifications. C) SEM EDS of AC. 
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Figure S4. A) Schematic and B) corresponding TEM image of AC showing the layered 

structure.  
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Figure S5. (A, B) FESEM images of AC-GO at different magnifications. C) SEM EDS of 

AC-GO. 
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Figure S6. Possible bond formation between AC and GO in AC-GO composites (yellow 

shade shows AC and GO interaction, green shade for AC and AC interaction, and red shade 

for GO and GO sheets interaction). 
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Figure S7. FESEM images of A) fabric, B) blank PSf and, loading dependent C) 0.005, D) 

0.01, E). 0.015, F) 0.02, G) 0.025, H) 0.05 and I) 0.1 wt% of TFC/AC-GO membranes (scale 

bar for all images 5 µm). 

A B C

G H I

D E F

C



  

S-10 
 

 

Figure S8. FESEM images of A) fabric, B) blank PSf and, loading dependent C) 0.005, D) 

0.01, E). 0.015, F) 0.02, G) 0.025, H) 0.05 and I) 0.1 wt% of TFC/AC-GO membranes (scale 

bar for all images 500 nm). 
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Figure 9. FESEM images of membrane: A) M10, B) M20, C) M30, D) M40, E) M50 and F) 

M60 (scale bar for all images 500 nm). 
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Figure 10. The cross-sectional view of A) fabric (scale bar 50 µm), B) fabric+PSf (scale bar 

50 µm), C) M30 (scale bar 50 µm) and D) M30 membrane at higher magnification (scale bar: 

10 µm). 
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Figure S11. FTIR analysis of i) PSf, ii) unmodified TFC, and iii) AC-GO modified TFC 

membrane (M30). 
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Table S1. Water flux, % salt rejection and  permeance for PSf support layer, unmodified 

M30, and modified M30 membranes (0.015 w% of AC, GO, and AC-GO) at 2000 ppm salt 

concentration and 20 bar pressure.  

Membrane Flux (L/m2h) Permeance (Lm-2h-1bar-1) % salt rejection 

PSf 8.04 ± 0.20 ~ 0.402 ± 0.01 23.67 ± 1.58 

PA 15.62 ± 0.36 ~ 0.781 ± 0.02 97.03 ± 1.07 

AC 32.02± 1.42 ~ 1.601 ± 0.07 99.30 ± 0.36 

GO 31.96 ± 1.55 ~ 1.598 ± 0.08 99.51 ± 0.09 

AC-GO 50.28 ± 1.69 ~ 2.514 ± 0.08 99.51 ± 0.10 

Table S2. Water flux and salt rejection studies of AC-GO modified M30 membrane at 20 bar 

pressure and different salt concentrations (2000, 5000, and 10,000 ppm).  

 Salt concentration (ppm) 

Membrane 2000 ppm 5000 ppm 10,000 ppm 

 Flux (L/m2h) % salt 
rejection 

Flux (L/m2h) % salt 
rejection 

Flux (L/m2h) % salt 
rejection 

M10 19.79 ± 1.22 99.36± 0.18 14.80 ± 0.58 99.33 ± 0.14 10.21 ± 0.44 99.02 ± 0.08 

M20 46.47 ± 1.38 99.49 ± 0.12 37.68 ± 1.18 99.22 ± 0.07 23.91 ± 0.88 99.11 ± 0.05 

M30 50.28 ± 1.69 99.51± 0.10 39.23 ± 1.16 99.41 ± 0.07 25.39 ± 0.80 99.21 ± 0.06  

M40 47.42 ± 1.28  99.48 ± 0.08 36.32 ± 0.99 99.33 ± 0.07 23.07 ± 0.67 99.04 ± 0 11 

M50 39.05 ± 1.08 99.29 ± 0.16 30.11 ± 0.69 99.24 ± 0.10 19.52 ± 0.40 98.70 ± 0.27 

M60 40.13 ± 2.21 99.31 ± 0.07 29.04 ± 0.58 99.20 ± 0.11 20.69 ± 0.41 98.58 ± 0.05 

Table S3. Pressure-dependent permeation studies of M30 membrane for feed water salt 

concentration of 2000 ppm. 

Pressure (bar) 15 20 25 30 35 40 

Flux (L/m2h) 36.12 ± 0.99 50.28 ± 1.69 55.68 ± 1.94 66.63 ± 0.78 77.63 ± 1.73 85.60 ± 1.29 
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ABSTRACT: Adsorption is shown to be an extremely affordable
and sustainable way of producing clean water, particularly in
resource-limited settings. In this paper, we sought to synthesize an
effective cellulose-based composite adsorbent from eco-friendly,
earth-abundant, and consequently affordable ingredients at room
temperature for fluoride removal from drinking water. We utilized
the synergistic effect of various renewable materials and active sites
of metal oxyhydroxides in developing an effective adsorbent, which
is physically stable under the conditions of use. Nanoscale
oxyhydroxides of aluminum and iron were scaffolded into a matrix
of carboxymethyl cellulose (CMC) to form a nanocomposite
adsorbent, which was prepared in water, eventually making a water-
stable porous solid. This was used in batch and cartridge adsorption
experiments for fluoride removal. The adsorbent surface before (in situ) and after fluoride uptake was characterized using various
analytical techniques. The in situ composite exhibited a surface area of 134.3 m2/g with an amorphous solid structure with Al and Fe
uniformly distributed in the cellulose matrix. From the batch adsorption experiments, we observed 80% fluoride removal within the
first 3 min of contact, with a maximum uptake capacity of 75.2 mg/g as modeled by the Langmuir adsorption isotherm, better than
most reported materials. The adsorbent effectively reduced F− levels in field water from 10 to 0.3 mg/L, less than 1.5 mg/L the
World Health Organization upper limit for drinking water. Optimum F− removal was achieved between the pH of 4−9; however, the
effectiveness of the adsorbent was reduced in the presence of competing ions in the order PO4

3− > SiO3
2− > CO3

2− > HCO3
− >

SO4
2−. A cartridge experiment demonstrated the applicability of the adsorbent in a domestic point-of-use water purifier for

defluoridation. Sustainability metrics of the material were evaluated. Defluoridation using the material is estimated to cost $3.3 per
1000 L of treated water at the scale of community implementation projects.

KEYWORDS: fluoride, defluoridation, carboxymethyl cellulose, iron oxyhydroxide, aluminum oxyhydroxide, composite adsorbent

■ INTRODUCTION

Adsorption is widely used in environmental remediation
applications, including air and water purification, targeting a
wide range of organic and inorganic pollutants. Many water
purification technologies utilize a variety of inorganic
adsorbents such as oxides of Al, Fe, Ca, and Mn, silicates,
and carbon-based adsorbents.1−4 Biosorbents synthesized from
alginates, chitosan, cellulose, and their derivatives with various
functionalities have also been successfully applied in water
purification.5,6 On their own, these materials may not be very
effective adsorbents and are often unstable and hence
disintegrate in water, causing further contamination.7 Efforts
have been made to scaffold metal oxides in polymer
frameworks for synergistic enhancement of adsorption
capacity, along with stability.8−10 Composite adsorbents
consisting of metal oxyhydroxides embedded in organic
polymer matrices have gained the attention of researchers

due to their high adsorption efficiency and stability in aqueous
media.11−13 Such adsorbents utilizing organic matrices of
chitosan, alginate, and cellulose, in which nanoparticles of
metal oxides and hydroxides are confined, have been widely
used to remove arsenic, Cr6+, dyes, and fluoride from
water.5,11,14,15 Wang, Lin, Luo, and Long loaded Zr4+ onto
carboxymethyl cellulose and reported impressive fluoride
removal capacity of up to 47 mg/g. These and other
studies15−17 highlight the effectiveness of composite adsorbent
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materials used in the sequestration of both cationic and anionic
water pollutants.
Over 30 countries are grappling with the health problems

related to the ingestion of excess F− (>1.5 mg/L) in surface
and groundwater sources.18 Fluorosis is prevalent in China,
India, South America, North Africa, and countries along the
East African rift valley. Fluoride pollution, therefore, is a global
problem spanning nearly all geographical locations.19 It is
therefore evident that the need to develop affordable, effective,
environmentally friendly, and sustainable defluoridation
technologies can only increase, given the current and projected
global demand for clean water. A key aspect of providing new
solutions is affordability, implying the use of earth-abundant
materials and simple processing.
In this paper, we present the facile synthesis, character-

ization, and application of a cellulose-based adsorbent referred
to as a cellulose-Al-Fe nanocomposite (abbreviated as
CAlFeC) by incorporating AlOOH and FeOOH into a
carboxymethyl cellulose (CMC) matrix, which was used as
an effective adsorbent to remove excess fluoride from water to
bring it down to below the permissible guideline (<1.5 mg/L)
of WHO. These metal oxyhydroxides have been shown to bear
high adsorption potential owing to their metastable state,
higher surface area due to their porous structures, nanoscale
confinement in the polymer cages, and exposure of active
surfaces for adsorption. CMC provides a rigid cellulose
backbone onto which the metal oxyhydroxides are embedded,
providing strength and rigidity even after prolonged exposure
to water. Aluminum compounds have been shown to have very
good F− uptake capacity in several studies,4,19 while iron(III)
oxides provide structural rigidity and strength when embedded
in polymer cages. Another similar study suggests that the
synergistic action of these three main components is known to
offer a rigid material with good adsorption capacity.13 CAlFeC
was used in batch and cartridge adsorption experiments to
investigate adsorption kinetics in simulated field applications.
The adsorbent was characterized before and after fluoride
uptake using standard analytical techniques and a possible
mechanism of F− adsorption was developed.
From our evaluation, CAlFeC is a stable and effective

adsorbent for fluoride, applicable under a wide range of
environmental water conditions. At the adsorbent dose of 1 g/
L, CAlFeC can be used to effectively reduce fluoride levels
from 20 to <1.5 mg/L. From Table 2, even at elevated fluoride
levels >20 mg/L, the amount of fluoride removed (qe)
increased, and increasing the adsorbent dose can achieve the
desired 1.5 mg/L limit in the treated water. The material is
easily synthesized from readily available nontoxic reagents and
water as the only solvent used. All reactions were conducted at

room temperature and under ordinary laboratory conditions
without the need for sophisticated equipment or specialized
skills. The ease and greenness of synthesis and the properties
highlighted make CAlFeC suitable for use in low-income
settings.

■ EXPERIMENTAL SECTION
Materials. Carboxymethyl cellulose (CMC) was purchased from

Avantor Performance Materials India Ltd. Aluminum sulfate
octadecahydrate (Al2(SO4)3·18H2O) was purchased from Loba
Chemie Pvt. Ltd., India. Ferric chloride hexahydrate (FeCl3·6H2O)
and NaOH were purchased from RANKEM Glassware and Chemicals
Pvt. Ltd., India. Sodium sulfate anhydrous (Na2SO4) and sodium
fluoride (NaF) were purchased from Merck India Ltd. All chemicals
were of high-purity analytical grade and were used without further
purification. Distilled water (DW) was used in all synthetic processes.
Ultrapure water (QW) of electrical conductivity ∼0.05 μS/cm and tap
water (TW) of about 800 μS/cm were used in some batch adsorption
experiments as described. Fluoride was determined by the ion-
selective electrode (ISE) method (Thermo Scientific, Orion BNWP
96009). All reactions were carried out in polypropylene labware.

Methods: Synthesis of CAlFeC. About 132 mg of CMC, a
cellulose precursor, was dissolved in 10 mL of DW and ultrasonicated
for 5 min, followed by the addition of 1.4 g of sodium sulfate
anhydrous with constant stirring for 1 h until the salt was dissolved.
To this, 0.5 M aluminum sulfate solution (4 mL) was added, and the
mixture was incubated for 3 h, followed by the addition of 1 M ferric
chloride hexahydrate solution (4 mL), and was further incubated for 1
h. Sodium hydroxide solution (2 M) was added (about 15 mL)
dropwise to adjust the pH of the mixture to 7. The resultant brown
gel was further incubated for 12 h with vigorous stirring at room
temperature, after which it was filtered and washed thoroughly with
distilled water until the conductivity of the washed water was ≤200
μS/cm. The composite material formed was oven-dried at 60 °C for
12 h, after which it was ground, sieved to desired particle sizes, and
used in fluoride adsorption studies. Figure 1 below shows a summary
of the procedure used to synthesize CAlFeC.

The optimized synthetic protocol of CAlFeC above was arrived at
after several separate reactions in which different parameters were
optimized. The effect of polyvalent cations (Ca2+, Mg2+, Mn2+, Zn2+,
Ce3+, La3+, Zr3+, Ti4+) and anions (SO4

2−, SiO3
2−, PO4

3−, CO3
2−,

HCO3
−) on the adsorbent structure was investigated. Each time, dry

lumps of the solid adsorbent were shaken at 200 rpm with distilled
water to evaluate the stability under wet conditions. The experimental
conditions that yielded the adsorbent with the best balance of fluoride
uptake and physical hardness (tested both in dry and wet conditions)
were chosen for bulk synthesis and batch adsorption experiments. The
adsorbent was ground and sieved to obtain particle sizes of 300, 212,
and <150 μm (referred to as powder).

Adsorption Experiments. Effects of particle size, adsorbent dose,
contact time, pH, initial adsorbate (fluoride) concentration, co-ions
usually present in water, and the number of reusable cycles were
evaluated in batch experiments. The aforementioned variables were

Figure 1. Schematic diagram illustrating the synthesis of CAlFeC.
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optimized to obtain the best conditions for the subsequent batch
experiments. Typically, 100 mg of CAlFeC was placed in contact with
100 mL of 10 mg/L fluoride solution separately in DW and TW in a
250 mL polypropylene Erlenmeyer flask and shaken at 200 rpm in an
orbital shaker for 2 h. The adsorption capacity of the material at
particle sizes of 300 and 212 μm and powder was tested separately.
After shaking, the mixture was decanted, and residual fluoride in the
supernatant was determined by the ISE method (US-EPA method
9214). Fluoride-spiked laboratory TW was used to mimic environ-
mental water. The choice of particle sizes of 300 and 212 μm was due
to their applicability in cartridge packing in realistic applications.
The regeneration ability of CAlFeC was investigated using 0.1, 1,

and 2 mol/L NaOH solutions as eluents. For the first cycle, a freshly
prepared 10.3 mg/L fluoride-spiked water was placed in contact with
CAlFeC for approximately 12 h. For the next cycle, the used
adsorbent was filtered off and washed several times with NaOH
solution and rinsed with DW, and then oven-dried at 60 °C.
Characterization of the Adsorbent. Fourier transform infrared

spectroscopy (FTIR), Raman spectroscopy, X-ray diffractometry
(XRD), scanning electron microscopy-energy-dispersive X-ray spec-
trometry (SEM-EDS), high-resolution transmission electron micros-
copy-energy-dispersive X-ray spectrometry (HRTEM-EDS), and
Brunauer−Emmett−Teller (BET) surface area analysis techniques
were used to characterize the adsorbent before and after fluoride
uptake. SEM imaging was done with an FEI Quanta 200 coupled to
the EDS system. Powdered samples of CAlFeC and fluoride-loaded
CAlFeC (CAlFeC-F) were spread on carbon strips, sputter-coated
with gold, and mounted. Powder XRD patterns of CAlFeC and
CAlFeC-F were determined using a Bruker D8 Advance spectrometer
at the Department of Chemistry, Indian Institute of Technology
Madras, India. Raman spectra of CMC, CAlFeC, and CAlFeC-F were
recorded using a confocal Raman spectrometer with 633 nm as the
excitation source. BET surface area was measured by nitrogen
adsorption−desorption experiments using a BET surface area analyzer
(Micromeritics ASAP 2020). XPS analyses of elemental compositions
of CAlFeC before and after its interaction with fluoride were
performed using an ESCA Probe TPD spectrometer, Omicron
Nanotechnology. Direct shear stress measurements were performed to
determine the physical strength of the material in dry and wet
conditions. The leaching of metals (Al and Fe) and total organic
carbon (TOC) into the treated water was evaluated using the US-
EPA method 1311. PerkinElmer NexION 300X inductively coupled
plasma mass spectrometry (ICPMS) with appropriate standards and a
TOC analyzer, Shimadzu TOC-VCPH, were used to determine metal
concentrations and TOC, respectively.

■ RESULTS AND DISCUSSION

Effect of Incorporating Other Polyatomic Anions as
Binders. A crucial aspect of the material is its stability in
water. We observed that sodium sulfate is essential for the
stability and physical hardness of the material. Without it, the
solid formed was easily crushed into powder, which would not
be desirable in a water filtration column or cartridge as this
would cause a pressure drop and possible leaching of its
constituents into the treated water. Sulfate ions provide a
stable linkage between cellulose fibers and the metal
oxyhydroxides. In Figure 5, we have suggested a possible

mechanism of binding of sulfate to facilitate crosslinking
between cellulose chains, utilizing the OH groups.21 The
presence or absence of sodium sulfate, however, did not affect
the fluoride uptake capacity of the adsorbent. It is known that
carbonate and bicarbonate ions in solution interfere most with
fluoride adsorption.22 However, when carbonate and bicar-
bonate, instead of sulfate, were incorporated as binders into the
adsorbent solid structure, there was a slight improvement in
fluoride adsorption. The resulting adsorbent was, however, too
soft to make a good filter cartridge or column packing. When
sulfate was substituted with phosphate and silicate anions as
stabilizers, there was a drastic reduction in the fluoride removal
efficiency of the adsorbent (Figure S1B). The composite in
which phosphate anion was incorporated as a binder formed a
thick gel that could not be filtered or washed, and therefore its
bulk synthesis was not viable. The addition of sodium sulfate,
therefore, gave the best balance between fluoride removal,
physical hardness of the solid adsorbent, and ease of gel
separation. Poor fluoride uptake observed due to phosphate
and silicate is attributed to their interference with adsorption
sites and low porosity of the resultant adsorbent. This is
consistent with a report of Kumar et al.11

Effect of Incorporating Other Polyvalent Cations. We
investigated the effect of adding different polyvalent cations
(Ca2+, Mg2+, Mn2+, Zn2+, Ce3+, La3+, Zr3+, and Ti4+) on the
strength and fluoride uptake capacity of CAlFeC. The addition
of other polyvalent cations gave mixed results, with some
cations (Mg2+, Mn2+, and Zn2+) resulting in better strength of
the material but with very low fluoride uptake (Figure S1A),
while others (Ca2+, Ce3+, La3+, Zr3+, and Ti4+) resulted in a
slight improvement in fluoride uptake performance with poor
strength. However, the improvement was not significant
enough to justify the additional cost of incorporating these
extra components. It was observed that excluding Al3+ from the
composition of the adsorbent drastically reduced its ability to
remove fluoride, while the elimination of CMC, sodium
sulfate, and ferric chloride yielded a very soft solid that
completely disintegrated in water. The optimized composition
described, therefore, yielded just the correct ratio of CMC/Al/
Fe for the best balance of green strength, fluoride removal, and
ease of gel separation. Fluoride removal capacity was lower in
TW compared to DW due to the presence of competing ions.
Figure S1A,B in the Supporting Information (SI) shows an
increase in fluoride uptake capacity as the adsorbent particle
size was reduced (from 300 μm to powder). A high surface
area of powdered solid exposed more adsorption sites and
hence improved the efficiency. However, granular solids
(micron particles) are preferred for cartridge packing than
powder to enhance hydraulic conductivity.

Synergistic Effect of the Components of CAlFeC.
From the experiments done to investigate the effect of adding
or removing the different components of CAlFeC, we found a
cooperative interaction of the components to enhance the

Table 1. Synergistic Effect of Components on the Strength and Effectiveness of CAlFeC

composition strength of material

sample ID CMC Na2SO4 Al2(SO4)3 FeCl3 dry wet color of treated water fluoride uptake (%)

CAlFeC1 √ √ √  very poor very poor turbid 95
CAlFeC2 √ √  √ excellent excellent very clear 24
CAlFeC3 √  √ √ poor very poor brown 96
CAlFeC4  √ √ √ poor very poor turbid 94
CAlFeC5 √ √ √ √ very good very good very clear 97
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properties of the adsorbent, i.e., its strength and effectiveness.
As can be seen in Table 1, removing one or more of the
components negatively affected the adsorption effectiveness
and physical strength of the material. The increase in strength
is attributed to entropic stabilization as more components are
added, a phenomenon encountered in high entropy alloys. Fe3+

and Al3+, upon interaction with other components of CAlFeC,
and during coprecipitation with NaOH, resulted in the
formation of a stable multicomponent system of different
oxides, oxyhydroxides, and hydroxides, as confirmed by PXRD
analysis. We determined that Al3+, being a harder acid than
Fe3+, accounts for most of the fluoride removal capacity, while
CMC, sulfate, and Fe3+ are mainly responsible for the
structural rigidity of CAlFeC.
SEM images revealed a layered structure after the saturation

of the composite surface with fluoride ions (Figure 2B).
Elemental maps and EDS spectra show a fluoride signal only
after fluoride adsorption (Figure S3). This confirms that
fluoride is adsorbed and uniformly distributed on the
adsorbent surface, as can be confirmed from mapping images
in Figure S3A compared to S3B. HRTEM-EDS imaging of the
adsorbent was carried out using a JEM 3010 (JEOL, Japan)
coupled to the Oxford Semistem EDS system. The samples for
HRTEM were prepared as drop-casts of the dispersion on
carbon films supported on a copper grid and dried. Figure 2C−
F shows the high-resolution transmission electron microscopic
(HRTEM) images of CAlFeC at different magnifications.
Figure 2D,E shows the time-dependent images of the same
frame with insets of respective fast Fourier transform (FFT)

images. The electron beam irradiation induced crystallization
of the adsorbent structure. This is attributed to the
crystallization of iron oxide/oxyhydroxide/hydroxide, which
usually changes to more crystalline phases by electron
irradiation.23 Figure S4 presents the HRTEM elemental
maps and atomic percentages of CAlFeC and CAlFeC-F,
confirming fluoride uptake.
Lattice-resolved HRTEM image of CAlFeC (Figure 2F)

reveals clear crystal planes (002), (111), and (214) with
interplanar distances of 0.2, 0.245, and 0.18 nm of FeOOH,
respectively. Semicrystalline nanoparticles of goethite and
pseudoboehmite are responsible for the crystalline phases
embedded in a largely amorphous cellulose matrix. The
observed crystallization is due to the electron beam irradiation
of the material. This results in more stable oxides/oxy-
hydroxides of Fe and Al such as hematite, goethite, and
gibbsite by electron beam-induced crystallization.13 This is
corroborated by powder X-ray diffraction (PXRD) patterns of
CAlFeC and CAlFeC-F.
In Figure 2H, the PXRD patterns reveal a largely amorphous

solid structure with a few broad and less-intense peaks at 36
and 63° corresponding goethite (α-FeOOH) JCPDS no. 29-
713. Other less-intense peaks that appeared at 27 and 57°
matched with boehmite (γ-AlOOH), based on JCPDS no. 21-
1307.8 These crystalline phases also matched with the
inorganic crystal structure database (ICSD) of goethite (α-
FeOOH), gibbsite, hematite, hydrohematite, and a mixed Fe/
Al oxyhydroxide with ICSD reference codes 03-0251, 33-0018,
89-8103, 33-664, and 13-157, respectively, from the ICSD

Figure 2. Micrographs and crystallographic features of CAlFeC showing SEM images (A, B; at a micron scale). HRTEM images (C−E) before
beam irradiation (D) and after beam irradiation (E) with insets of corresponding FFT images. (F) Enlarged section of (E) showing lattice-resolved
planes. (G) Lattice distance profile of FeOOH nanoparticles for the (111) crystal plane. It is a profile of 10 consecutive lattice planes, an average of
which was considered as the lattice distance between the planes. (H) Powder X-ray diffraction patterns of CAlFeC before (a) and after (b) fluoride
uptake.
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database.24,25 This confirms the presence of a mixture of
metastable oxyhydroxides and oxides of iron and aluminum in
the adsorbent structure. The high surface energies of these
phases are responsible for the high adsorption capacity. Other
previous studies25,26 have shown that the FeOOH and AlOOH
can be transformed to more crystalline phases by electron
beam irradiation in TEM.
FTIR spectra of CMC, CAlFeC, and CAlFeC-F are

presented in Figure 3A. The broad peak between 3200 and
3400 cm−1 is attributed to the stretching modes of O−H
vibrations. This peak is more intense in CAlFeC and CAlFeC-
F, which is due to the additional OH groups from metal
oxyhydroxides and interstitial water molecules. Displacement
of sodium ions and subsequent protonation of the carboxylate
groups of CMC is another plausible explanation for the
amplification of this feature. The peak at 2907 cm−1

corresponds to the −C−H stretching vibrations. This peak
disappeared in CAlFeC and CAlFeC-F. The disappearance of
−CH2− features is also seen at 1410 and 1320 cm−1, an
indication of strong binding of cellulose chains with metal
oxyhydroxides during synthesis.
From Figure 3A, the peak at 1584 cm−1 is attributed to the

asymmetric stretching of COO− groups,27 which diminished in
CAlFeC and CAlFeC-F and shifted to 1640 cm−1. This is due
to the direct coordination of the carboxylate group to metal
ions in a bidentate fashion, as indicated below.28

This confirms the participation of the COO− group in strong
metal binding during the formation of the nanocomposite. The
prominent peak at 1022 cm−1 is assigned to the C−O−C of
the β-1,4 glycosidic linkages between the sugar units of CMC.
There is a reduction in the intensity of this peak in CAlFeC,
and a much bigger reduction in CAlFeC-F, possibly due to
surface coverage and also due to masking by fluoride.
However, it has been shown that when the C−O−C links
are vibrationally excited, all other atoms in the rings attached
by that linkage are affected; hence, this peak cannot be
assigned to the glycosidic link alone.29 In the presence of an
acidic solution of ferric chloride, some cellulose chains undergo
hydrolysis and oxidation, leading to shorter oligosaccharide

chains and gluconic acid.30 This reaction is probably
responsible for the cleavage of some C−O−C linkages in the
cellulose chains and hence the lowering of intensity.
Raman spectra (Figure 3B) revealed the characteristic CMC

features with few additional peaks due to the iron and
aluminum oxyhydroxides in the composite. The broad peak
between 300 and 500 cm−1 is due to the C−C−C, C−O−C,
and C−C−O ring deformation of the glucopyranose rings.
This peak became more prominent in CAlFeC and CAlFeC-F
as it overlaps with the −OH vibration peaks of metal
oxyhydroxides.31 The Al−O characteristic peaks also appear
in this region.31 The peak at 729 cm−1 that appears in the
nanocomposite is attributed to Fe−O stretching23 but could be
in combination with the γ vibration of OH groups of boehmite
that also occurs at 730 cm−1. The peak at 931 cm−1, redshifted
to 983 cm−1 in the composite, is assigned to COO−

deformation, whose intensity reduced in CAlFeC and
CAlFeC-F as a result of strong metal−carboxylate group
interaction highlighted in earlier IR data. The peak at 1115
cm−1 is attributed to C−O−C glycosidic stretch, with reduced
intensities in CAlFeC and CAlFeC-F, possibly caused by
restrictions to the vibrations of these groups as a result of
confinement and masking in the composite matrix. The
−CH2− twisting, wagging, and deformation peaks between
1200 and 1500 cm−1 become less prominent in the composite,
which gives further evidence of a strong and complex
interaction between CMC and other components of CAlFeC
and adsorption of fluoride. Adsorption of fluoride did not
significantly change the CAlFeC structure, implying physical
adsorption rather than chemical transformation.
BET surface area for the as-prepared nanocomposite (before

fluoride uptake) was obtained as 134.3 m2/g. This high surface
area is responsible for the excellent fluoride uptake capacity of
CAlFeC. The average pore diameter of 74.259 Å was recorded,
higher than what has been reported from similar materials.13

This reveals the existence of mesopores in the material, which
can be penetrated by free fluoride ions with an ionic radius of
1.47 Å. One may note that the surface area of best-performing
materials is generally in this range and not very large.11,13 The
adsorbent recorded a pore volume of 0.298620 cm3/g.
The XPS survey spectra of CAlFeC and CAlFeC-F are

shown in Figure 4Aa,Ab, respectively. Deconvoluted peaks due
to S 2p, Al 2p, Fe 2p, O 1s, C 1s, and F 1s are represented in
Figure 4B−G, before (a) and after (b) adsorption of fluoride.

Figure 3. Vibrational spectroscopic features of the materials. (A) FTIR spectra of CMC (1), CAlFeC (2), and CAlFeC-F (3). (B) Raman spectra
of CMC (1), CAlFeC (2), and CAlFeC-F (3). Note that FTIR data are presented in the transmission mode, and Raman data are in terms of
scattering intensity.
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The XPS spectrum of C 1s shows a characteristic peak at
284.8 eV for CAlFeC, which did not change after its
interaction with fluoride. This is consistent with the

observation by Mukherjee et al.32 The peaks at 286.5 and
288.7 eV denote the presence of hydroxyl C−OH and carboxyl
(CO) bonds in the composite, which originate from

Figure 4. XPS features of CAlFeC: (A) survey spectra before (a) and after (b) fluoride adsorption; (B−G) XPS characteristics of the different
elemental constituents of CAlFeC before (a) and after (b) fluoride uptake in each case.
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CMC.32 The XPS peaks corresponding to F 1s appeared at
683.3 eV in CAlFeC-F but were absent in CAlFeC. This
confirms the fluoride adsorption onto CAlFeC. The peak due
to Al 2p appeared at its characteristic position at 75.2 eV and
did not show any significant shift upon fluoride adsorption.
The O 1s peak was very prominent at 530.9 eV, which did not
show a change in its position after adsorption (Figure 4E). The
peak due to Fe 2p appeared at 709.0 eV in CAlFeC but
redshifted to 709.5 eV in CAlFeC-F. This points to the change
in the bonding environment of Fe, possibly the exchange of
−OH for F− at the iron centers, leading to their increased
stabilization owing to the chemisorption of fluoride. The S 2p
peak is also significantly shifted from 168.8 to 169.2 eV.
Although the bonding nature of sulfate in the nanocomposite is
not fully understood, this result suggests its participation in
fluoride binding. Figure 4 shows that except for Fe 2p and S
2p, most peak positions remained largely unchanged after
fluoride adsorption, suggesting that a combination of
physisorption and chemisorption contribute to fluoride
binding, in addition to ion exchange and electrostatic surface
interactions.33

Direct shear stress measurement was essential to evaluate
the strength of the adsorbent. Dry and wet samples of the
material were separately mounted in a shear box, and normal
stress of 50, 100, and 150 kPa were applied, respectively, and
the horizontal shear displacement was measured, as shown in
Figure S2A. Figure S2B shows the Mohr−Coulomb failure
envelopes for the dry and wet materials. The calculated
internal angle of friction (φ) shown were 58.7 and 54.3° for
the dry and wet materials, respectively, depicting a hard
material comparable to dense gravel sand, a feature that is
highly desirable for adsorbent-based water purifiers.34

Effect of Adsorbent Dose, pH, Counterion, and Cycle
Study. The extent of fluoride removal increased with an
increase in the sorbent dose to a saturation point at about 1 g/
L (Figure S6A). This was taken as the sorbent dose for further
experiments. At this adsorbent dose and initial fluoride
concentrations <20 mg/L, the number of adsorption sites
available was sufficient to lower fluoride concentrations to the
permissible limit.
Change in pH of the medium affects not only the speciation

of fluoride in solution but also the protonation state and thus
the surface charge density of the adsorbent. At a relatively low
pH, the adsorbent surface acquires a net positive charge as a
result of the protonation of surface groups, as shown in eq 1.

≡ + → ≡
++MOH H MOH2 (1)

This favors fluoride adsorption owing to electrostatic
attraction and displacement of H2O from the sites. However,
when the pH is lower than 4, fluoride exists in a protonated
form as HF, and the loss of negative charge lowers its uptake
by the adsorbent.22 From Figure S6B, we see that CAlFeC
effectively adsorbs fluoride within a relatively wide pH range
(4−9), consistent with other studies on similar materials.32

Increase in pH beyond 9 lowered its fluoride uptake capacity.
This is due to a negative charge imparted on the adsorbent
surface at a pH higher than the pHpzc, thereby repelling
fluoride ions, consistent with other reports on similar
materials.3 Reduced fluoride adsorption at higher pH can
also be attributed to competition for the adsorption sites with
excess hydroxide ions.22

The effect of counterions, commonly present in environ-
mental water, on the defluoridation capacity of CAlFeC was
tested. It was observed that Cl−, NO3

−, SO4
2−, Mg2+, Ca2+,

Na+, and K+ did not significantly affect the fluoride uptake
capacity of the adsorbent. However, the presence of CO3

2−,
HCO3

−, PO4
3−, and SiO3

2− in contaminated water reduced the
effectiveness of the adsorbent in the order PO4

3− > SiO3
2 − >

CO3
2− > HCO3

− > SO4
2− (Figure S6C). Fortunately, the levels

of phosphate in environmental water are usually low. The
bulky and highly charged orthophosphate anion is thought to
be preferentially adsorbed to the cationic surface groups or
blocks them, excluding fluoride. This is consistent with the
research findings of another study, which found a similar trend
of interference by coexisting ions.35

To regenerate an adsorbent sustainably, the eluent should
have a quick desorbing ability, be affordable, and should not
damage the adsorbent surface.17 We, therefore, used NaOH
and avoided acidic eluents that could easily react with metallic
oxides in CAlFeC. The regeneration efficiency of the materials
is shown in Figure S6D. When the spent adsorbent from the
first cycle was washed with 2 mol/L NaOH, it retained 64%
effective capacity even after the 4th cycle. The adsorbent can
be regenerated and reused up to four times, hence reducing the
cost of treated water. A higher concentration of NaOH was
found to be a more effective regenerant.

Adsorption Isotherms. To gain an insight into the
mechanism of adsorption, 100 mg of the adsorbent was
contacted with 100 mL of varied initial fluoride concentrations
(ranging from 3.2 to 202 mg/L) and stirred at 200 rpm in an
orbital shaker for 24 h. The equilibrium adsorption capacity is
usually expressed as the extent of adsorption in milligram of
adsorbate loaded per gram of adsorbent (qe), and the
adsorption efficiency is calculated from eqs S1 and S2. The
data obtained, presented in Table 2, were fitted into the
Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich
adsorption isotherm models.

From Table 2, we see that at the adsorbent dose of 1 g/L
used, water containing up to 20 mg/L of fluoride can be
effectively treated to the acceptable level of 1.5 mg/L. When
the fluoride concentration is higher than 20 mg/L, a higher
dose of CAlFeC can be used to achieve the required fluoride
concentration in treated water. The amount of fluoride
adsorbed (qe) generally increased when higher initial fluoride
concentrations were used, indicating the abundance of
adsorption sites.
The Freundlich isotherm describes nonideal and reversible

adsorption, usually physisorption, on heterogeneous adsorbent

Table 2. Effect of the Initial Fluoride Concentration on the
Adsorption Capacity of CAlFeC

Co (mg/L) Ce (mg/L) qe (mg/L) fluoride removal (%)

3.2 0.09 3.11 97.2
6.2 0.2 6 96.8
10.5 0.46 10.04 95.6
17.3 0.89 16.41 94.9
27.2 2.6 24.6 90.4
52.7 14.5 38.2 72.5
78.9 32 46.9 59.4
105 48.5 56.5 53.8
157 91 66 42
202 125 77 38.1
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surfaces. This empirical model can be applied to multilayer
adsorption, with a nonuniform distribution of heat of
adsorption and affinities over the heterogeneous surface.36

The linear form of Freundlich isotherm is given in eq S3 in the
SI. Fitting our data to this model (Figure S7B) gave linear
regression, R2 = 0.9603. The slope ranging between 0 and 1 is a
measure of adsorption intensity or surface heterogeneity,
becoming more heterogeneous as its value reaches closer to
zero. A value below 1 indicates chemisorption, while 1/n > 1
depicts cooperative adsorption.36 We obtained a slope of 0.4
and n = 2.5, implying a fairly heterogeneous adsorbent surface
and favorable adsorption.6 The linear form of Langmuir
isotherm is given in eq S4 in the SI. This model assumes
equivalent adsorption sites on a uniform sorbent surface and
no interaction or transmigration of adsorbed particles in a
monolayer surface coverage.36 Our adsorption data fitted best
to the Langmuir isotherm (Figure S7A), with R2 = 0.9729, and
with an impressive maximum adsorption capacity, qmax = 75.2
mg/g. Such a high value of qmax has hardly been attained by
other reports of fluoride adsorption.
Many similar adsorbents reported in other studies are only

effective at low pH, or are less effective at neutral pH, or are
difficult to separate from treated water. Besides, many of the
reported synthetic protocols utilize aggressive chemicals,
solvents, and temperatures. These problems are effectively
solved in the present study. From Table 3, CAlFeC compares
favorably with other related adsorbents in ease of synthesis,
performance, and optimum pH range.
This, however, is not surprising, given the high porosity and

surface area of CAlFeC, and hence the availability of
adsorption sites. This implied that fluoride was largely
chemisorbed in a monolayer on equivalent sites on the sorbent
surface. This is consistent with the proposed mechanism of
fluoride interaction with a similar adsorbent studied by Barathi
et al.33 in which a combination of ion exchange, Coulombic
attraction, and hydrogen bonding is believed to be responsible
for fluoride adsorption. An essential feature of the Langmuir
isotherm is the separation factor RL, which is calculated from
eq S5 in the SI. The RL value indicates the adsorption to be
either unfavorable (RL > 1), favorable (0 < RL < 1), or
irreversible (RL = 0). In this work, 0 < RL < 1, indicates
favorable adsorption. The Temkin isotherm model is presented
in eq S6. It was initially used to describe the adsorption of
hydrogen onto platinum electrodes within acidic solutions.36

Its derivation assumes a uniform distribution of binding
energies of the adsorbate. This model assumes that the heat of

adsorption of all molecules in the layer would decrease linearly
rather than logarithmically with coverage. Our data agreed
fairly with this model, with R2 = 0.9537 (Figure S7C).
The Dubinin-Radushkevich isotherm model is usually used

to describe the adsorption mechanisms involving heteroge-
neous surfaces with Gaussian energy distribution. It is
represented as eq S7 in which the parameter ε is obtained
from eq S8 in the SI. The Dubinin-Radushkevich isotherm
model is temperature-dependent, and when adsorption data at
different temperatures are fitted, all suitable data lie on a
characteristic curve. The model has often successfully fitted
high and intermediate adsorbate concentrations; however, our
data did not fit very well (R2 = 0.79), as shown in Figure S7D.

Adsorption Kinetics. To investigate adsorption kinetics,
the effect of contact time on fluoride uptake was studied.
Fluoride solution (100 mL, 10.4 mg/L) was shaken with 100
mg of the sorbent. About 5 mL of the solution was withdrawn
at different time intervals and tested for residual fluoride.
Figure S8A shows that up to 80% of the fluoride was removed
within the first 3 min, and equilibrium was attained within the
30 min of contact, indicating fast adsorption kinetics. This is
essential as clean water can be obtained within a few min of
treatment with the adsorbent. In all other experiments, a
contact time of 120 min was used to ensure reaching the
equilibrium concentration. Kinetic data were fitted into
pseudo-first-order, pseudo-second-order, and intraparticle
diffusion models.
The Lagergren pseudo-first-order model is given by the eq

S9 in the SI.39,40 CAlFeC adsorption data did not fit very well
into this model, with R2 = 0.917 (Figure S8C). Ho and
McKay41 developed the pseudo-second-order kinetic model
based on the assumption that the rate-limiting step is chemical
adsorption involving valence forces through sharing or
exchange of electrons between sorbent and sorbate. The
pseudo-second-order model is given by the eq S10 in the SI.
Fluoride adsorption onto CAlFeC fitted best into this model
with linear regression, R2 = 0.9999 (Figure S8B). This is also in
agreement with the fact that fluoride adsorption onto CAlFeC
also obeys the Langmuir isotherm, hence giving evidence for
the predominance of chemisorption. In this case, we suggest
that the exchange of fluoride ions for surface hydroxide of
AlOOH and FeOOH is as shown in the proposed mechanism
illustrated in eq 2 and Figure 5.

Table 3. Comparison of CAlFeC with Other Similar Adsorbents

adsorbent
solvent(s) used in

synthesis
maximum synthesis
temperature (oC)

optimum pH
of use

adsorption capacity,
qmax (mg/g) ref

Al
2
O

3
-Fe

3
O

4
-expanded graphite acetic acid, vitriol 450 2−10 2.19 35

chitosan-based Ti−Al binary metal oxide acetic acid,
hydrochloric acid

425 3−10 2.22 37

magnesium-iron-aluminum trimetal composite water 600 3−9 92.85 38
cellulose nanofiber-polyaniline-templated ferrihydrite
nanocomposite

aniline room temperature 3−4 50.8 13

La-doped Li−Al-layered double hydroxides supported by a
polymeric anion exchanger

water, ethanol 70 4−9 75.7 8

Fe3O4/Al2O3 nanoparticle-coated polyurethane foams methanol, petroleum
ether

100 2−6 43.47 16

chitosan-reinforced ZrxAl1−x OOH 3−10.5 9.44 17
nanocomposites
cellulosic FeOOH/AlOOH composite water room temperature 4−9 75.2 this

study
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Other related studies have proposed a similar mechanism of
fluoride adsorption.20,33

Ionic interaction with protonated surface groups such as ≣

− − −−−−−−−
+ −M OH F2 is believed to be the other

mechanisms of fluoride adsorption onto CAlFeC; moreover,
protonated OH groups are good leaving groups that can be
easily replaced by F−. According to the Weber-Morris
intraparticle diffusion kinetic model, in many adsorption
cases, solute uptake varies almost proportionally with t1/2

instead of t (where t is the contact time), as shown in eq
S1142 in the SI. The contribution of intraparticle diffusion in
the transfer of adsorbate from the bulk of the solution into the
porous solid structure cannot be ignored. This is often the rate-
determining step when adsorption occurs in a rapidly stirred
batch reactor.43 Despite its contribution to the overall fluoride
uptake, our experimental data fitted fairly to this model, with
R2 = 0.9067 (Figure S8D).
Leaching Experiment for TOC, Fe, and Al. The extent

of leaching of total organic carbon (TOC), aluminum, and iron
from the adsorbent into the treated water was evaluated. TOC

was measured in the water before and after contact with
CAlFeC using a TOC analyzer (Shimadzu TOC-VCPH). The
values of TOC were below the US-EPA permissible limit of 4
mg/L (Figure S5C); hence, there was no significant risk of
formation of toxic organics even if chlorine disinfection was
applied to the treated water. Leaching of iron and aluminum
was determined using ICPMS (PerkinElmer NexION 300X).
Ultrapure water before and after contact with the adsorbent
was prepared in 5% nitric acid, and iron and aluminum were
measured in a precalibrated ICPMS. The leaching protocol
followed the US-EPA method 1311. The amount of iron was
found to be below the US-EPA and WHO limits for drinking
water, in the range of 64−140 μg/L, within the acceptable limit
of 300 μg/L. Aluminum levels in purified water ranged from 26
to 120 μg/L in the experiments done with different particle
sizes. All samples contained aluminum levels lower than the
guideline value of 200 μg/L. These results indicate the
inorganic components (metal oxyhydroxides) are mostly
confined in the polymer cages, not easily leached, yet accessible
to provide safe and clean drinking water upon removing
fluoride.

Cartridge Experiment. A cartridge setup illustrated in
Figure S5A was used to test the field applicability of CAlFeC to
remove fluoride from water. Field water, with characteristics

Figure 5. Proposed structure of CAlFeC and the suggested mechanism of fluoride adsorption. The metal centers shown here represent the
oxyhydroxides.
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given in Table S1, was spiked with fluoride to 10.4 mg/L and
passed through a cartridge packed with 21.7 g of CAlFeC of
particle size 212 μm with the flow rate maintained at 10 mL/
min. Figure S5B shows the changes in fluoride levels and pH of
purified water after passing through the CAlFeC cartridge. It
was found that about 20 liters of water contaminated with 10
mg/L of fluoride can be treated to less than 1.5 mg/L (WHO
limit). Upon passing through CAlFeC, the pH of the water was
slightly lowered from 8.0 to about 6.8, initially (Figure S5B),
still within the normal pH range of 6.5−8.5 for potable water.
This slight reduction in pH can be corrected by passing it
through a second cartridge in series packed with a calculated
amount of lime.
Sustainability Metrics. The sustainability of synthesis and

utilization of CAlFeC was evaluated using sustainability indices
and greenness parameters. These are the indicators of
environment-conscious approaches to chemical reactions and
manufacturing processes.44−46 These indices were calculated
using standard equations given in the SI, eqs S12−S16, and a
summary of the results is shown in Table 4.

Raw Materials. The major raw materials used were CMC,
which was obtained from renewable plant materials, and the
aluminum and iron salts used were nontoxic. The alkali used
was neutralized during coprecipitation of an acidic solution of
Al3+ and Fe3+. The only solvent used was water, which is
mostly reused and is easily recyclable. All raw materials are
readily available and affordable.
Mass Intensity.Mass intensity is a measure of the total mass

of materials used to produce a specified mass of product.
Materials include reactants, reagents, and catalysts. Ideally,
Mass intensity equals unity when no waste is produced and all
materials are incorporated into the product. Mass intensity was
determined from eq S12 and was found to be 5.68 kg/kg. This
value could be improved by minimizing the loss of product
during the filtration and washing process. Water intensity was
estimated from eq S13 in the SI and was found to be 36.67 kg/
kg, a relatively high figure, but comparable to the findings from
other similar studies.13,32 The water (over 95%) was used for
washing the material, and this can be recycled and reused. A
significantly large amount of water was used to wash the
material before drying, and this spent water can be stored and
used in the next several rounds of preliminary washing before it
is recycled.
Reaction Mass Efficiency. Reaction mass efficiency was

determined from eq S14, and a value of 17.6% was obtained.
From our calculations, about 5 L of water (used mainly to
wash the composite) is required to form 300 g of adsorbent,
which can give about 300 L of purified water. The whole
process is, therefore, water positive. Regeneration and reuse of
adsorbent can significantly improve these figures.
Energy Intensity. Using eq S15, it was found that about 2

kW·h/kg of electricity was required for stirring, suction

filtration, and oven-drying. Electricity cost could be reduced
by scaling up the quantity of material synthesized and by
utilizing sunshine to dry the material.

Resulting Emissions. The synthesis of CAlFeC does not
produce any harmful solvents, fumes, or byproducts. Spent
water used in washing has high TDS but can be recycled and
reused. The E factor (environmental factor) was estimated
from eq S16 and was found to be 0.124, an indication of a
negligible amount of waste products during synthesis. An E
factor close to the ideal value of zero signifies the optimal
utilization of reagents and minimization of waste products.

Toxicity Potential. CMC is a nontoxic food-grade
substance. Al2(SO4)3 and FeCl3 have low acute toxicity, and
NaOH is corrosive.47 They are nonflammable and stable at
room temperature. Simple precautionary safety measures have
to be taken during the synthesis of CAlFeC.

Disposal of Waste. The fluoride-loaded adsorbent can be
regenerated and reused 3−4 times by treatment with a strong
alkali. The spent adsorbent can be safely disposed of in leach-
free landfills.

Affordability. This fluoride removal technology can provide
fluoride-free water at a cost of about $3.3/kL of safe drinking
water. This is comparable to the cost of an adsorbent
synthesized in a related study13 but reasonably more affordable
compared to membrane technologies such as reverse osmosis.

■ CONCLUSIONS
The synthesis of an environmentally friendly, highly effective
adsorbent for the removal of fluoride from water is presented
in this report. Readily available and low-cost reagents were
used to synthesize the adsorbent in an aqueous medium at
room temperature. The synthesis protocol was optimized to
ensure reduced cost, robustness, effectiveness, and ease of use.
From several studies, the adsorbent was found to be a hard,
porous, and largely amorphous solid but became semicrystal-
line upon electron beam irradiation. The adsorbent was
applicable in a pH range of 4−9. Regeneration is possible by
treatment with sodium hydroxide, and this would give up to
four reusable cycles. It is effective for fluoride removal even in
the presence of other ions commonly present in environmental
waters, although PO4

3− and SiO3
2− ions significantly reduced

its effectiveness. It was observed that no significant leaching of
the adsorbent components (Al, Fe, and TOC) into treated
water took place and the adsorbate-laden material met the
leaching characteristics prescribed by the US-EPA. The
material exhibited fast adsorption kinetics, following the
pseudo-second-order model, with over 80% of fluoride removal
happening within 3 min of contact. The approach presented
confirms the possibility of creating sustainable absorbent
materials with enhanced capacity by nanostructuring, using
multiple components.
Isotherm studies showed that adsorption of fluoride follows

the Langmuir adsorption model, largely as chemisorption
through ion exchange and Coulombic attraction on charged
groups. About 22 g of the adsorbent could effectively treat up
to 20 L of water contaminated with 10 mg/L F−. On
evaluation of the sustainability and greenness of synthesis and
use, the process was found to be water, energy, and atom
efficient, with the only toxic waste being the spent adsorbent
that can be safely disposed of in landfills. From estimation, the
cost per liter of purified water is expected to be low, enabling
its applicability in poor rural communities affected by excess
fluoride in drinking water.

Table 4. Sustainability Metrics for the Synthesis and Use of
CAlFeC

sl. no. parameter value

1 mass intensity (kg/kg) 5.68
2 water intensity (kg/kg) 36.67
3 reaction mass efficiency (%) 17.6
4 energy intensity (kW·h/kg) 2.0
5 E factor 0.124
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44  Figure S1. Effect of addition of other polyvalent cations (A) and other polyatomic anions (B) 

45 on the fluoride removal capacity of CAlFeC, tested with fluoride solution in distilled water 

46 (DW) and tap water (TW) and with particle sizes of 300 μm, 212 μm and powder, respectively. 

47 (C) Physical appearance of dried CAlFeC. (D and E) Show the stable and unstable composite, 

48 respectively, when shaken with water.
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53 corresponding Mohr-Coulomb failure patterns. 
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68 Figure S6. Fluoride adsorption characteristics of CAlFeC showing the effect of adsorbent dose 

69 (A), pH of the medium (B), counter-ions (C), and the effect of regeneration (D).  
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72 Figure S7. Adsorption isotherms of CAlFeC for fluoride showing Langmuir (A), Freundlich 

73 (B), Temkin (C) and Dubinin-Radushkevich (D) isotherm fittings. 
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86 EQUATIONS: 

87 Equation S1. The maximum uptake of F- (qe) was calculated using the equation given by:

88 𝑞𝑒 =
(𝐶0 ― 𝐶𝑒)𝑉

𝑤

89 where qe is the amount of F- ions adsorbed per gram of the adsorbent (mg/g) at 

90 equilibrium, Ce is the equilibrium concentration of fluoride in the bulk solution 

91 (mg/L), C0 is the initial fluoride concentration (mg/L), V is the volume of 

92 solution (L) and w is the mass of the adsorbent (g).

93 Equation S2. Percentage of fluoride removal:

94 % 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 = (𝐶0 ― 𝐶𝑒

𝐶0 )100%

95 Equation S3. The linear form of Freundlich adsorption isotherm is given as

96 ln qe = ln k +  ln Ce
1
𝑛

97 where k is the adsorption capacity and n is the adsorption intensity

98

99 Equation S4. The linear form of Langmuir adsorption isotherm is given by equation 

100
𝐶𝑒

𝑞𝑒
=

1
𝑏𝑞𝑚𝑎𝑥

+
𝐶𝑒

𝑞𝑚𝑎𝑥

101 where qmax is the maximum surface density at monolayer coverage and b is the 

102 Langmuir adsorption constant (L/mg) related to the free energy of adsorption 

103 and 1/qmax and 1/bqmax are the Langmuir constants.

104 Equation S5. Separation factor RL, which is calculated from the following equation:

105 𝑅𝐿 =
1

1 + 𝑏𝐶𝑜



S13

106 Equation S6. The Temkin isotherm model is represented in the form:

107 𝑞𝑒 =
𝑅𝑇
𝑘 𝑙𝑛 𝐴 + (𝑅𝑇

𝑏 )𝑙𝑛 𝐶𝑒

108 where k, A and b are Temkin constants.

109 Equation S7. Dubinin-Radushkevich isotherm model is given by the equation:

110 ln qe = ln qo - kε2

111 Equation S8. The parameter ε in Equation S7 is obtained from the formula:

112 𝜀 = 𝑅𝑇 𝑙𝑛(1 +
1
𝐶𝑒)

113 where R and T are the gas constant and absolute temperature, respectively.

114 Equation S9. Lagergren pseudo-first order model is given by the equation below:  

115 ln (qe - qt) = ln qe - k1t

116 where k1 is the rate constant and qt is the adsorption capacity at any given time, 

117 t.

118 Equation S10.  Ho & Mckay pseudo-second order model is given by the equation below:

119
𝑡
𝑞𝑡

=
1

𝐾2𝑞2
𝑒

+
𝑡

𝑞𝑒

120   where k2 is the pseudo-second order rate constant.

121 Equation S11.  Weber-Morris intraparticle diffusion kinetic model

122 qt = ki√t

123    where ki is the rate constant. 

124 Equation S12. Mass intensity =   kg/kg product  
Mass of all materials used excluding water

Mass of product

125 Equation S13. Water intensity =   kg/kg product
 Mass of all water used

Mass of product
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126 Equation S14. Reaction mass efficiency =  
Mass of product

Mass of all reactants × 100%

127 Equation S15. Energy intensity =     kW.h/kg
Amount of non renewable energy uses

Mass of product

128 Equation S16. E factor =  
[kg (raw materials) ―  kg (desired product)]

kg (total product including water)

129

130 TABLES:

131 Table S1. Characteristics of TW before and after spiking with F-, and after contact with 
132 CAlFeC.

Property of TW Before spiking 
with F-

After spiking 
with F-

After contact with 
CAlFeC

Electrical conductivity 
(µS/cm)

760.3 810 620.5

pH 7.2 8.1 6.7

Fluoride (mg/L) 0.03 10.4 0.6
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ABSTRACT: We present isotopic exchange reactions of atomically precise
silver nanoclusters (NCs) with materials of different dimensions, namely,
NCs, plasmonic nanoparticles (NPs), and bulk metals, all made of silver.
Isotopically pure 109Ag25(DMBT)18

− and 107Ag25(DMBT)18
− (DMBT is 2,4-

dimethyl benzene thiol) were reacted with Ag NPs of different sizes in the
range of ∼2−11 nm, protected with the same ligand. The exchange of
107Ag/109Ag atoms in the NC was monitored using electrospray ionization
mass spectrometry. The reaction kinetics was analyzed by fitting the temporal
evolution of the reactant concentration to a kinetic model. The reaction
timescales of NC−NP reactions were significantly longer compared to those
of the NC−NC exchange process under similar conditions. Differences
between NC−NC exchange and NC−NP exchange highlighted the importance of the structure in controlling the reaction.
Moreover, isotopic exchanges of the NC were also studied with the bulk metal to obtain a complete understanding of how the
kinetics of atom transfer varies upon changing the size of the reacting partner from nanoscale to bulk.

1. INTRODUCTION

Atomically precise nanoclusters (NCs) are a class of
nanomaterials that are gaining importance due to their precise
structures and unique properties.1−12 These NCs are
composed of a metal core capped by ligand monolayers.
One of the growing areas of research is exploring the chemical
reactions of these NCs.13 Ligand exchange14−18 and metal
exchange17,19−21 reactions of NCs have been explored by
various research groups. Intercluster reactions have established
that NCs can react just as molecules.13,22,23 Au25(SR)18

− and
Ag44(SR)30

4− (SR is a thiolate ligand) react spontaneously to
form alloy NCs as the product.22 Similar reactions were also
observed between Au25(SR)18

− and Ag25(SR)18
−.23,24 Inter-

cluster reactions were also used to create bimetallic22,23,25 and
trimetallic NCs.26 Literature studies suggest that a possible
route of such reactions is through the exchange of metal or
metal−ligand fragments.22 Monolayers of ligands, protecting
the surface of the NCs, are dynamic,27 and the metal−ligand
interface plays a decisive role in controlling such reactions of
NCs.28 Zhang et al. further showed that collisions between
NCs are essential for such reactions to occur.29 Li et al. also
demonstrated intramolecular metal-exchange pathways in
NCs.30 However, a complete understanding of the mechanism
of reactions of NCs is still elusive.
Recent studies revealed that there can also be specific

interactions between NCs and nanoparticles (NPs).
Ag44(SR)30

4− NCs interact with gold nanorods and form
shells of NCs surrounding the nanorods.31 However, the

possibilities of atomic exchange have remained unexplored in
this case. In another report, Bose et al. reported the formation
of superlattices by the reaction of Au25(SR)18

− with AgNPs
due to the formation of uniformly sized alloy NPs by atom
transfer between NCs and NPs.32 Kazan et al. showed that
doping in NCs can occur by a reaction with metal surfaces.33

From such studies, it is clear that NCs behave differently in the
case of NC−NC, NC−NP, or NC−bulk surface reactions, and
in each case, the reactions are guided by specific driving forces.
However, further research in this area is required to address
how the mechanism, kinetics, and dynamics are affected during
reactions of NCs with particles of different size regimes.
Isotopic exchange reactions have been widely used to

understand dynamics in the structures of proteins and
polymers.34−37 Similarly, isotopic exchange in NCs also
resolved their structural dynamics.38,39 Two Ag25(DMBT)18

−

NCs, prepared with isotopically pure 107Ag and 109Ag,
respectively, reacted to produce isotopically mixed
Ag25(DMBT)18

−.40 The isotopic exchange was similar to the
exchanges observed in H2O and D2O, which revealed that NCs
indeed behave as simple molecules. Such isotopic exchanges in
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NCs were driven by their entropy of mixing and were distinctly
different compared to bimetallic intercluster atomic exchanges
of different metals, which are mainly driven by enthalpy.22

However, the isotopic exchange in NCs upon reaction with
classical NPs and bulk metals was not explored earlier. NPs
exhibit different sizes, facets, stability, and surface area.
Similarly, bulk metals also offer different interfaces for the
reaction. The isotopic exchange in each of these cases is
expected to show different behaviors. A complete study of the
isotopic exchange of NCs with materials of different sizes will
provide further insights into how the spontaneous atom
exchange of NCs varies with the size of the reacting material.
In this work, we studied the isotopic metal atom exchange

kinetics of NCs upon reaction with NPs of different sizes and
demonstrated how the kinetics of reactions change with an
increase in the size of the reacting particles. We used
isotopically pure 107Ag25(DMBT)18

− or 109Ag25(DMBT)18
−

(DMBT is 2,4-dimethyl benzene thiol) and Ag NPs protected
by DMBT (AgNPs@DMBT) in the size range of ∼2−11 nm,
made from isotopically mixed (natural) Ag, for our reaction.
The isotopic exchange was studied using high-resolution
electrospray ionization mass spectrometry (ESI MS). We
further explored the isotopic exchange in NCs by the reaction
with Ag foil and Ag powder to understand how the exchange
kinetics is affected upon reaction with bulk materials as well.
The exchange was also studied after forming a self-assembled
monolayer of DMBT ligands on the Ag foil, which also
highlighted the role of the protecting ligands or the ligand−
metal interface in controlling the atom transfer process.

2. EXPERIMENTAL METHODS

2.1. Materials. Silver nitrate (made of naturally abundant
Ag) was purchased from RANKEM, India. 2,4-DMBT,
tetraphenyl phosphonium bromide (PPh4Br), and sodium
borohydride (NaBH4) were purchased from Sigma-Aldrich. Ag
foils (>98% purity) were obtained from the local market and
Ag powder of size ∼2−3.5 μm was obtained from Sigma-
Aldrich. The solvents used were of high-performance liquid
chromatography grade. Isotopically pure 107Ag (98%) and
109Ag (98%) foils were purchased from Cambridge Isotope
Laboratories, Inc.

2 .2 . Synthes i s o f 1 0 7Ag2 5 (DMBT) 1 8
− and

109Ag25(DMBT)18
−. Isotopically pure 107Ag25(DMBT)18

− and
109Ag25(DMBT)18

− NCs were synthesized using isotopically
pure 107AgNO3 and 109AgNO3 salts and following the
previously established synthetic protocols.40,41 Details of
synthesis are mentioned in the Supporting Information, and
ESI MS of the NCs is presented in Figure S1.

2.3. Synthesis of AgNPs. DMBT-protected AgNPs
(referred to as AgNPs@DMBT) were synthesized by
modifying the conventional protocols known for the synthesis
of AgNPs.42,43 In a typical synthesis, 25 mg of AgNO3
(commercially available, made from naturally abundant Ag)
was dissolved in 0.5 mL of water, and 58 μL of 2,4-DMBT in
10 mL of MeOH was added to it. Subsequently, Ag was
reduced to its zero-valent state by slowly adding a freshly
prepared NaBH4 solution in 8 mL of ice-cold water. Two sets
of syntheses were carried out by using different quantities of
NaBH4 (35 and 25 mg) to alter the size of the resulting NPs.

Figure 1. (A) Schematic showing NPs of increasing sizes, (B,C) ESI MS of (a) parent isotopic NCs, 107Ag25(DMBT)18
− and 109Ag25(DMBT)18

−,
respectively, and products formed by the reaction of the isotopic NCs with (b) ∼11, (c) ∼4, (d) ∼2 nm AgNPs, and (e) NC (made from naturally
abundant Ag) at 1:5 molar ratio in each case. (D) Plot showing the extent of isotopic exchange (%) as a function of the ratio of the concentration
of NPs (CNP) and concentration of isotopic NCs (CNC

o ) used in the NC−NP and NC−NC reactions.
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The reaction mixture was stirred for about 12 h at room
temperature. The as-synthesized particles were first precipi-
tated and then repeatedly washed with methanol. Finally, the
AgNPs@DMBT were obtained as dark brown precipitates.
These NPs were soluble in dichloromethane (DCM) and
further characterized by using UV−vis and high-resolution
transmission electron microscopy (HRTEM) (Figure S2A,B).
The plasmonic nature of the particles was reflected in their
UV−vis spectra. A particle size distribution of 1.8 ± 0.5 and
3.9 ± 1.2 nm was observed in the HRTEM images of the NPs
synthesized using 35 and 25 mg of NaBH4, respectively.
Another synthesis was performed by slightly altering the
precursor quantities with 50 mg of AgNO3, 10 μL of 2,4-
DMBT, and 25 mg of NaBH4. AgNPs@DMBT of slightly
larger size were formed in this case, which showed a reduced
solubility in DCM. Therefore, they were dispersed in DCM
and subsequently characterized using UV−vis and HRTEM
(Figure S2C). These AgNPs showed a particle size distribution
of 11.2 ± 3.1 nm. The AgNPs@DMBT were stable for weeks
when stored in a refrigerator under dark conditions. The sizes
of the particles refer to the metal core diameter observed in
HRTEM images. The binding of the DMBT ligands on the
surface of the AgNPs was confirmed from Raman spectro-
scopic studies, as shown in Figure S3. Upon functionalization
of the AgNPs, the S−H bond of DMBT was replaced by an
Ag−S bond, which was proved by the absence of the S−H
stretching peak.
2.4. Reaction between NCs and AgNPs. For carrying

out the reactions of the NCs with AgNPs, first, stock solutions
of 1 mg/mL were prepared for all the particles. Then, 20 μL of
the stock NC solution was mixed with 20, 40, 60, and 100 μL
of the stock NP solution, and the reaction mixture was
appropriately diluted with DCM, keeping the total volume as 5
mL. This allowed reactions to occur at different NC/NP
concentrations (i.e., 1:1, 1:2, 1:3, and 1:5, respectively in w/v).
A similar procedure was followed for the reaction with AgNPs
of the three different sizes.
2.5. Preparation of Monolayer-Protected Foils. Ag

foils were first washed with soap water and then cleaned with
methanol to remove the surface contaminants. The Ag surface
was further cleaned with acetic acid and again with methanol.
The cleaned Ag foils were then dried by purging with N2 gas.
Ag foils of size 1 cm × 1 cm were used in our experiments. For
preparing the monolayers on the foils, the cleaned Ag foils
were soaked in a methanolic solution of the thiol (1 mM). It
was kept undisturbed overnight, and then, the excess thiol was
washed using methanol. The cleaned monolayer-protected foils
were then dried under N2 gas.
2.6. Reaction with Bare and Monolayer-Protected

Foils. 20 μL of the stock (1 mg/mL) NC solution was diluted
with DCM to a final volume of 5 mL. Bare and monolayer-
protected foils were then immersed in this NC solution, and
the reaction was monitored with time.
2.7. Reaction with Ag Powder. From the stock NC

solution (1 mg/mL), 20 μL of the sample was taken out and
diluted in DCM to a total volume of 5 mL. To this solution, Ag
powder of desired mass was added, and the reaction was
monitored with time.

3. RESULTS AND DISCUSSION
3.1. Reaction of Isotopic NCs with Plasmonic NPs. To

investigate the interparticle isotopic exchange between sub-
nanometer-sized NCs and classical plasmonic nanomaterials,

we chose Ag25(DMBT)18
− and AgNPs@DMBT with increas-

ing size as our systems of study (Figure 1A). Metallic NPs
show different facets and distribution of capping ligands on the
NP surface compared to NCs. Moreover, as conventional NPs
are larger compared to atomically precise NCs, they are
expected to exhibit more stability due to their reduced surface
area. All such factors may significantly alter the dynamics and
kinetics of exchange compared to intercluster isotopic
exchanges.
We present the essential characterization data of the

materials used, although briefly and that too in the Supporting
Information. We prepared isotopically pure 107Ag25(DMBT)18

−

and 109Ag25(DMBT)18
−. The ESI MS data of the samples

confirm the purity of 107Ag25(DMBT)18
− (Figure 1Ba) and

109Ag25(DMBT)18
− (Figure 1Ca), which show peaks centered

at m/z 5142 and m/z 5192, respectively. Full-range mass
spectra of the systems are presented in the Supporting
Information (Figure S1). The AgNPs@DMBT were made
from naturally abundant Ag, which contained 107Ag and 109Ag
in the ratio 51.8:48.2. Three AgNPs@DMBT systems of
average sizes, 1.8 ± 0.5, 3.9 ± 1.2, and 11.2 ± 3.1 nm, were
used in our study. TEM images of the AgNPs and particle size
distribution from TEM are presented in Figure S2. These are
referred to as ∼2, ∼4, and ∼11 nm AgNPs, respectively, in the
subsequent text. The optical absorption spectra of the AgNPs
are also presented in Figure S2, which showed that the
particles are plasmonic in nature. The synthetic protocol and
characterization of the NCs and the NPs were discussed in the
Experimental Methods. Note that Ag NPs of lower sizes
exhibiting plasmonic behavior have also been reported
earlier.44−46 The surface plasmonic nature of the ∼2 nm
AgNPs also supported that the sample did not contain any
significant contribution from NCs. Isotopically pure NCs
[107Ag25(DMBT)18

−/109Ag25(DMBT)18
−] were mixed with

AgNPs@DMBT at varying NC: NP concentrations (w/v).
We monitored the isotopic exchange in the NC by using ESI
MS. Time-dependent ESI MS was performed on the reaction
of 107Ag25(DMBT)18

−/109Ag25(DMBT)18
− with different

AgNPs@DMBT NPs: ∼2 (Figure S4), ∼4 (Figure S5), and
∼11 nm (Figure S6) at NC/NP mixing ratios of 1:1, 1:2, 1:3,
and 1:5, respectively, in each case. Mixing ratios are given in
terms of w/v concentration of the particles. Upon mixing the
solutions of 107Ag25(DMBT)18

− and AgNPs@DMBT, isotopic
exchange of 107Ag with 109Ag occurred in the NCs. Due to the
exchange of 107Ag with 109Ag, the parent peak distribution of
107Ag25(DMBT)18

− (m/z 5142) broadened gradually and
shifted to a higher mass with the progress of the reaction
and finally attained an equilibrium state after about 1 h
(Figures S4−S6, panel a in each case). Similar results were also
obtained when 109Ag25(DMBT)18

− was reacted with AgNPs@
DMBT of different sizes (Figures S4−S6, panel b in each case).
In this case, the parent peak for 109Ag25(DMBT)18

− (m/z
5192) broadened and shifted to lower mass, with the progress
of the reaction due to the exchange of 109Ag with 107Ag atoms.
We attempted to quantify the effect of size of AgNPs on the

extent of interparticle isotopic exchange. A schematic showing
AgNPs@DMBT of increasing size is presented in Figure 1A.
We found that the extent of isotopic exchange (%) increased
with an increase in the concentration of AgNPs (NC/NP
concentration from 1:1 to 1:5) in the solution for each size of
the NPs (Figure S7). Corresponding UV−vis spectra of the
NC−NP mixtures, equilibrated after ∼1 h of reaction, are
presented in Figure S8. For the reaction with ∼2 and ∼4 nm
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AgNPs at lower concentrations, that is, a NC/NP ratio of 1:1
or 1:2, the UV−vis spectra of the mixture resembled those of
the NC with slight changes in the peak position, suggesting
interaction between the particles. At higher NP concentrations,
that is, a NC/NP ratio of 1:3 or 1:5, the plasmonic peaks of the
NPs became prominent, which also showed minor shifts in
peak positions and width, indicating slight changes in the size
distribution of the plasmonic particles due to isotopic
exchanges. In the reaction of the NC with ∼11 nm AgNPs,
the spectra resembled a mixture of NC and NP with dominant
NC features at all NC/NP concentrations due to the lesser
extent of isotopic exchange.
For comparison with the isotopic exchange in sub-nano-

meter-sized NCs under identical conditions, we also carried
out reactions of 107Ag25(DMBT)18

−/109Ag25(DMBT)18
− with

Ag25(DMBT)18
− synthesized from naturally abundant Ag

(NC−NC reaction). The isotopic exchange in this case was
rapid and stoichiometric in nature, and the system equilibrated
instantaneously (Figure S9), as observed earlier.40 Though the
size of the NC (1.9 ± 0.5 nm) (Figure S10) was comparable to
the size of the ∼2 nm plasmonic NPs and both were protected
by the same monolayer of ligands, the drastic difference in
their reactivity highlighted how the precision in the structure of
the particles controlled the reaction. Isotopic exchange in the
case of the NC−NC reaction was highly facile, in comparison
to the reaction of the NC with plasmonic NPs of similar size.
This suggests that the exchange between identical metal−
ligand fragments that constitutes the aspicule structure47 of the
NCs is a major reason behind the fast reaction in the case of
the NC−NC reaction. The final exchanged states (after ∼1 h
of reaction) for 1:5 molar ratio in the case of all the NC−NP
(∼2, ∼4, and ∼11 nm) and NC−NC reactions are presented
in Figure 1B,C. This revealed that the isotopic exchange in the
NCs increased with a decrease in the size of the reacting
particles and the extent of exchange was maximum in the case
of the NC−NC reaction. This was true for all molar ratios of
mixing, as evident from Figure 1D, which showed isotopic
exchange (%) in the final product NC as a function of the NP/
NC concentrations (w/v) for all the reactions. However, it is
to be noted that the number of particles per milliliter (details
are presented in the Supporting Information) will be
significantly different in identical w/v concentrations of NCs
and NPs. The number of particles per milliliter is higher for
NCs compared to the larger NPs with equivalent amounts of
Ag in them. Therefore, the higher probability of interaction in
the case of the NC−NC reaction also contributes to the higher

extent of exchange. Here, the isotopic exchange (%) was
calculated from the m/z values and isotopic distribution of the
peaks of the NCs after completion of the reaction. Further
details of this calculation are presented in the Supporting
Information. It is to be noted that the AgNPs were made from
naturally abundant Ag, where both 107Ag and 109Ag atoms were
present. Although only exchanges of the type 107−109 were
detectable in ESI MS, it is obvious that there were also
exchanges between similar isotopes (107−107) and (109−
109) as well. Also, as the ratio of 107Ag/109Ag in the parent
AgNPs was nearly 1, both the isotopic atoms had an equal
probability of exchange at least in the initial stages of the
reaction. However, using only one of the reactants as
isotopically pure [Ag25(DMBT)18

− in this case] was sufficient
to understand the kinetics of the reaction. Moreover, by
analyzing the final reaction products using TEM, we confirmed
that both NCs and NPs were present in the mixture after
attaining the thermodynamic equilibrium (Figure S11).
To obtain further insights into the kinetics of this isotopic

exchange, that is, the timescales and rates of isotopic atom
transfer during NC−NP reactions, we monitored the decrease
in the abundance (%) of the parent isotope in the NCs as a
function of time of reaction. Here, the abundance (%) of the
parent isotope in the NCs refers to the abundance of 107Ag or
1 0 9Ag when the reac t ion was per fo rmed wi th
107Ag25(DMBT)18

− or 109Ag25(DMBT)18
−, respectively. As

both cases gave similar results, we considered an average of
these two cases in calculating the abundances in Figure 2. The
abundance of the parent isotope in the NCs (%) versus the
time (min) of reaction is shown in Figure 2A−C, for ∼2, ∼4,
and ∼11 nm AgNPs, respectively. In each of these cases, the
kinetics was monitored for four different NC/NP mixing
ratios, that is, 1:1, 1:2, 1:3, and 1:5, respectively. The
abundance of the parent isotope was assumed to be 100% at
zero reaction time, and this theoretical data point was included
in all cases. In each case, the abundance of the parent isotope
(%) [Y(t)] was fitted to a biexponential function of the form,
Y(t) = A0 + A1e

−t/τ1 + A2e
−t/τ2. Here, τ1 and τ2 are the two

timescales of the reaction and A1 and A2 are proportionality
factors to the contribution of each timescale. A0 denotes the
value of Y(t) when the reaction attains equilibrium. The
average reaction time, τ, was determined by integrating Y(t)
over time. Further details of the fitting are presented in the
Supporting Information. The values of τ1 and τ2 and the
calculation of τ are presented in Table S1. The two timescales
differed by approximately 1 order of magnitude. The faster

Figure 2. Abundance of the parent isotope (%) in NC as a function of reaction time (min) during the reaction with (A) ∼2, (B) ∼4, and (C) ∼11
nm AgNPs at different NC/NP concentrations. The curves are fitted with a biexponential function. The average of three kinetic measurements is
plotted, and the uncertainty is indicated by error bars at each point.
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reaction component, that is, the shorter timescale of the
reaction, possibly corresponds to the exchange of the surface
atoms, whereas the slower reaction component, that is, of the
longer timescale, corresponds to the diffusion of exchanged
atoms into the core to attain an equilibrium state, as observed
earlier in the case of intercluster isotopic exchanges.38 The
variation in τ with different NC/NP mixing ratios for the three
different sizes of AgNPs@DMBT is presented in Figure 3. For
a particular size of AgNP, τ decreased, that is, the rate
increased with the increase in the concentration of the AgNPs
in the solution, that is, from the NC/NP mixing ratio of 1:1 to
1:5. Thus, a higher concentration of AgNPs favored higher
exchange rates and transferred more atoms to the NCs,
resulting in a greater isotopic exchange (%), as observed in
Figure 1D. Also, the reaction timescale or rate showed a
dependence on the size of the AgNPs, as presented in Figure 3.
Generally, τ increased or rate decreased as we increased the
particle size. However, this correlation decreased with an
increase in the concentration of the NPs (NP/NC ratio) in the
solution. This might be attributed to the fact that at a higher
NP concentration, a higher number of collisions occurred
between the NCs and the NPs, which dominated over other
factors such as size or surface area of the NPs in controlling the
timescales of the reactions.

3.2. Reaction of Isotopic NCs with Bulk Silver Foils.
From the above experiments, it was clear how the isotopic
exchange of NCs with NPs differed compared to an
intercluster isotopic exchange. We further attempted to
understand how bulk metal also transfers atoms to the NCs.
We investigated the isotopic exchange in the NCs upon
reaction with bare and monolayer-protected Ag foils. Here
a l s o , t h e NC u s e d w a s i s o t o p i c a l l y p u r e
[107Ag25(DMBT)18

−/109Ag25(DMBT)18
−] and the Ag foils

were composed of naturally abundant Ag. The methods used
for cleaning the metal surface and preparation of the
monolayers on the foils were discussed in the Experimental
Methods. The NC concentration was kept the same as that
used in the case of reactions with AgNPs. An Ag foil (1 cm × 1
cm) was immersed in the NC solution, and the reaction was
monitored for about 48 h. ESI MS was performed by taking
out small fractions of the solution at different time intervals.
No external stirring was applied to avoid the effect of any
mechanical perturbations on the isotopic exchange process.
Time-dependent ESI MS revealed that exchange in the NCs
was drastically less when reacted with bare Ag foil (Figure
S12). The peaks for the parent NC ions were almost unshifted
and exhibited only slight broadening in the isotopic
distribution with time. In contrast, when the Ag foil was
protected by a monolayer of 2,4-DMBT ligands (Ag foil@

Figure 3. Average timescales (τ) of the isotopic exchange reaction of the NC with AgNPs of different sizes and at different NC/NP mixing ratios.

Figure 4. (A) Abundance of the parent isotope (%) in the NC as a function of reaction time (h) during the reaction with bare and monolayer-
protected Ag foils. A schematic showing the reaction of the NCs with a foil is presented as an inset. (B) ESI MS of (a) 107Ag25(DMBT)18

− and
product taken after 48 h of the reaction of 107Ag25(DMBT)18

− with (b) bare and (c) DMBT-protected Ag foils.
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DMBT), significant exchange was observed (Figure S13).
Similar behavior was observed using both 107Ag25(DMBT)18

−

and 109Ag25(DMBT)18
− as the isotopically labeled NCs. The

abundance of parent isotope (%) is presented as a function of
reaction time in Figure 4A. This revealed that there was
negligible change in the abundance of the parent NCs upon
reaction with the bare Ag foil. However, upon reaction with Ag
foil@DMBT, the abundance of the parent isotope of the NCs
decreased significantly with the reaction time. The exchange
was initially fast, and hence, the abundance decreased sharply
in the initial 3 h of the reaction. The reaction then slowed
down, and the abundance of the parent NCs decreased
gradually to about 75% after 48 h. The isotopic exchange
kinetics in the case of the reaction with Ag foil@DMBT also
followed a biexponential fitting with two timescales of 1.78 and
18.17 h for the shorter and longer reaction component,
respectively. ESI MS showing product NCs after 48 h when
107Ag25(DMBT)18

− was used for the reaction with bare and
monolayer-protected foils is presented in Figure 4B. A similar
exchange was also observed during the reaction with
109Ag25(DMBT)18

− (Figures S12 and S13). From our study,
it is clear that the preadsorbed thiols on the Ag foils
accelerated the reaction. A similar observation was also
reported by Bürgi and co-workers where doping of Au NCs
was observed by the reaction with Ag foils.33

3.3. Reaction of Isotopic NCs with Bulk Ag Powder.
We further investigated the reaction of the NCs with bulk Ag
powder. From the previous experiments, we know that the bare
Ag foil exhibited negligible reactivity. However, we know that
the reactivity increases with an increase in the surface area. To
explore the role of the surface area of the bulk metal on the
isotopic exchange process, we performed a reaction of the NCs
[107Ag25(DMBT)18

−/109Ag25(DMBT)18
−] with bare Ag pow-

der. First, we performed a reaction with about 80 mg of Ag
powder, which was almost equivalent to the mass of 1 cm × 1
cm bare Ag foil of ∼0.1 mm thickness. Time-dependent ESI
MS (Figure S14A) revealed that the reaction of the NCs with
Ag powder was somewhat favored. While in the case of the
bare Ag foil, the exchange was negligible even after 48 h,
whereas a significant extent of exchange was observed within 2
h of the reaction with the Ag powder. Upon reducing the
quantity of the Ag powder to 40 and 20 mg, the isotopic
exchange decreased (Figure S14B,C). The decrease in the
abundance of the parent isotope in the NCs (%) was studied
similarly as a function of reaction time to obtain greater
insights into the kinetics of the reaction. This is presented in
Figure 5. The reaction was not monitored beyond 2 h as the
intensity of the NCs in ESI MS started to decrease, which
might be attributed to a certain extent of degradation of the
NCs in the presence of Ag powder. It can be seen from Figure
5 that for the first 5 min, there was no change in the abundance
of the isotope, suggesting a very slow initial reaction rate, and
then, the reaction progressed gradually. Thus, it is clear that
initially, a certain period of time was required for the activation
of the bare surface of the Ag powder, and this activation might
have occurred due to the adsorption of NCs on the surface or
the deposition of Ag-thiolates, resulting from the decom-
position of the NCs. We also monitored the reaction using
UV−vis studies (Figure S15), which also showed that there
was a certain extent of degradation of the NCs in the presence
of the Ag powder and this degradation also increased with an
increase in the amount of Ag powder. However, the kinetics of
reactions could not be fitted with mono-, bi-, or triexponential

functions, suggesting even complex steps involved in the case
of the isotopic exchange reaction of NC with bulk Ag powder,
which might arise due to the degradation of the NCs or the
possibility of oxygen adsorption on the surface of the Ag
powder.
It is evident that in the case of the above reactions with

AgNPs, bulk foil, or powder, there will be changes in their
isotopic composition as well, as atoms from the NCs will also
be transferred to them. These changes may occur through the
deposition of isotopically enriched metal or metal thiolates
coming from the NCs. Although isotopic exchanges are mainly
driven by the entropy of mixing, in these reactions, there could
also be some enthalpy effects depending on the exchanges
occurring on the AgNPs or bulk Ag counterparts. The enthalpy
effects could arise from possible ligand exchanges, slight
changes in the size and morphology of the AgNPs, or possible
changes in the surface of the Ag foil or Ag powder upon
reaction with the NCs. However, this aspect could not be
investigated in the current study as AgNPs are beyond the
mass range of the present instrument. MS in the megadalton
range with adequate resolution should be able to detect
this.48−50 Moreover, using isotopically enriched DMBT ligands
will also help to resolve the extent of ligand exchanges in these
reactions, which are areas for future study. Future inves-
tigations will also involve studying the effect of shape of the
materials on such exchange reactions. The state of the surface
of the reacted foil and Ag powder might also be of potential
interest for further studies. The isotopic composition of the
surface of the bulk Ag foil or Ag powder might also get altered
upon reaction with the NCs.

4. CONCLUSIONS
By using isotopic exchange reactions, we presented a complete
study on how the dynamics of the spontaneous atom transfer
process in atomically precise NCs vary upon reaction with
materials of different sizes. Isotopically pure NCs,
107Ag25(DMBT)18

− and 109Ag25(DMBT)18
−, were used in our

study. Upon increasing the size of the reacting partner from the
NC to the NP regime, protected with the same ligand, the
exchange process was found to slow down. The exchange rates
further decreased upon reacting with materials in the bulk such
as a metal foil and micron-scale metal powder. By monitoring
the time-dependent changes of the isotopic abundance of the
reacting NCs, we analyzed the kinetics of the process and

Figure 5. Abundance of parent isotope (%) of the isotopic NC as a
function of time (min) during the reaction with various quantities of
Ag powder, with a fixed quantity of the NC. A scheme of this reaction
is presented as an inset. The average of three kinetic measurements is
plotted, and the uncertainty is indicated by error bars at each point.
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determined the different timescales involved in such reactions.
The isotopic exchanges are mainly brought about by the
entropy of mixing. Our studies demonstrate the spontaneity of
atom transfer when NCs are brought in contact with NPs and
bulk metals. This method may emerge as a simple procedure to
alter the isotopic composition of metal surfaces.
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Experimental methods 

Instrumentation. UV-vis studies were performed using a PerkinElmer Lambda 25 UV-vis 

spectrometer. ESI MS measurements were performed using a Waters Synapt G2Si high 

resolution mass spectrometer. Capillary voltage of 3 KV, cone voltage 20, source offset 20, 

source temperature 100 °C, desolvation temperature 150 °C and desolvation gas flow of 400 

L/h was used for ESI MS studies. Transmission electron microscopy experiments were 

performed in a JEOL 3010 instrument. Raman measurements were carried out using a WITec 

GmbH alpha300S confocal Raman equipped with a 532 nm laser as the excitation source. 

Synthesis of 107Ag25(DMBT)18- and 109Ag25(DMBT)18-. First, 107AgNO3 and 109AgNO3 salts 

were synthesized starting from isotopically pure 107Ag and 109Ag foils. Next, isotopically pure 

107Ag25(DMBT)18
- and 109Ag25(DMBT)18

- clusters were synthesized using the reported protocol 

for synthesis of Ag25(DMBT)18
- clusters.1-2 About 38 mg of AgNO3 was dissolved in 2 mL 

methanol and 90 µL of 2,4 -DMBT thiol was added to it. Further, about 17 mL of DCM was 

added to it and the reaction mixture was kept for stirring at 0 °C. After about 15 mins, 6 mg of 

PPh4Br in 1 mL methanol was added to it. About 5 mins later, 15 mg of NaBH4 in 0.5 mL 

water was added. The reaction was continued for 8 h and then stored in the refrigerator for 
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about 2 days. The sample was then centrifuged and insoluble materials were removed. The 

solvents were then evaporated using a rotary evaporator and the as-obtained crude cluster was 

repeatedly washed with methanol. The purified clusters were then extracted in DCM.  

Calculation of theoretical isotope patterns with varying composition of 107Ag/109Ag: We 

calculated the isotopic patterns of [Ag25(DMBT)18]- with varying 107Ag/109Ag ratio by 

following our previous report.2 The abundance of each isotope (107Ag and 109Ag) in 

[Ag25(DMBT)18]- cluster was varied such that the isotopic composition is (x,y) i.e., {(100,0), 

(99,1), (98,2).......(0,100)} where x and y are the abundance of 107Ag and 109Ag, respectively. 

The experimental spectra were compared with the calculated spectra to find the best match and 

hence confirm the abundances of each isotope in the clusters.  

Biexponential fitting of the reaction kinetics.  

Equation used for fitting the kinetic plots of NC-NP reactions is: 

𝑌(𝑡) = 𝐴0 + 𝐴1𝑒−𝑡
𝜏1

⁄ + 𝐴2𝑒−𝑡
𝜏2

⁄ ……….……………………………...…………………. (1) 

where 𝑌(𝑡) is the time-dependent property, i.e. abundance of the parent isotope (%) in this 

case, τ1 and τ2 are the timescales and 𝐴0, 𝐴1 and 𝐴2 are the fitting parameters. A0 corresponds 

to the value of Y(t) when reaction reaches an equilibrium state.  

The contribution, 𝑎1 and 𝑎2, of the timescales τ1 and τ2, respectively, to the overall process 

was evaluated using the following formula:  

𝑎1 =  
𝐴1

𝐴1 +𝐴2 
 ,  𝑎2 =  

𝐴2

𝐴1 +𝐴2 
, …………………...……………………………………………(2) 

The average timescale of the reaction, 〈𝜏〉, was calculated as follows:  

〈𝜏〉 =  𝑎1τ1 +  𝑎2τ2……………………………………………………………………….…(3) 
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Calculation of no of particles/mL for:  

a) Ag25(DMBT)18 cluster  
 
Molecular weight = 5167  
 

Mass of 1 Ag NC (m) = 
5167 ×103

6.023 × 1023
 mg = 8.58 × 10-18 mg 

Mass of Ag25 NCs in 1 mL of the stock solution considered in the experiments (W) = 1 mg 

No. of particles per mL of the stock solution = 
𝑊

𝑚
 = 1.17 × 1017 

 

Size of the metal core of the NC (2R, from single crystal XRD) ~ 1 nm; this diameter is 

smaller than the core size from TEM (1.9 nm), which is slightly overestimated.    

Surface area = 4𝜋𝑅2 = 3.14 nm2 

The surface of the NC is covered by 18 DMBT ligands.  

So, 1 DMBT ligand is assumed to occupy a surface area of ~0.17 nm2.  

The ligand coverage for the ~2 nm, ~4 nm and ~11 nm plasmonic NPs are not known exactly. 

So, the approximation that 1 DMBT ligand covers 0.17 nm2 of the surface area of the 

particles is used to calculate the ligand coverage even for the other NPs, although the ligand 

packing is likely to be different. 

 

Mass of 1 DMBT ligand (C8H9S) = 
137×103

6.023×1023
 mg = 22.75 × 10-20 mg 

 

b) ~ 2 nm AgNP 

Average size of metal core of the Ag NP (HRTEM), 2R = 1.8 nm  

Volume of 1 Ag NP metal core (sphere), V = 
4

3
πR3 = 3.05 nm3  

Density of Ag NPs, ρ = 10.5 
g

cm3
 = 1.05 x 10-17  

mg

nm3
  

Mass of metal core of 1 Ag NP = Vρ = 3.2 x 10-17 mg 

 

Surface area of 1 AgNP = 4𝜋𝑅2 = 10.17 nm2 

No. of DMBT ligands covering the surface ~ 60 

As mentioned before, this number is based on the TEM core size, which is likely to slightly 

overestimate the metal core dimension. 

Mass of the ligands = 60 × 22.75 × 10-20 mg = 1.36 × 10-17 mg 
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Total mass of 1 Ag NP (m) = mass of metal core + mass of ligands = 4.56 × 10-17 mg 

Mass of AgNPs in 1 mL of the stock solution considered in the experiments (W) = 1 mg 

No. of particles per mL of the stock solution = 
𝑊

𝑚
 = 2.19 × 1016 

 

c) ~ 4 nm AgNP 

Average size of metal core of the Ag NP (HRTEM), 2R = 3.9 nm  

Volume of 1 Ag NP metal core (sphere), V = 
4

3
πR3 = 31.04 nm3  

Density of Ag NPs, ρ = 10.5 
g

cm3
 = 1.05 x 10-17  

mg

nm3
  

Mass of metal core of 1 Ag NP = Vρ = 3.2 x 10-16 mg 

 

Surface area of 1 AgNP = 4𝜋𝑅2 = 47.76 nm2 

No. of DMBT ligands covering the surface ~ 281 

Mass of the ligands = 281 × 22.75 × 10-20 mg = 0.64 × 10-16 mg 

Total mass of 1 Ag NP (m) = mass of core + mass of ligands  = m = 3.84 x 10-16 mg 

Mass of AgNPs in 1 mL of the stock solution considered in the experiments (W) = 1 mg 

No. of particles per mL of the stock solution = 
𝑊

𝑚
 = 2.60 x 1015 

 

d) ~ 11 nm AgNP 

Average size of metal core of Ag NP (HRTEM), 2R = 11.2 nm  

Volume of 1 Ag NP metal core (sphere), V = 
4

3
πR3 = 735.2 nm3  

Density of Ag NPs, ρ = 10.5 
g

cm3
 = 1.05 x 10-17  

mg

nm3
  

Mass of metal core of 1 Ag NPs, m = Vρ = 7.72 x 10-15 mg 

 

Surface area of 1 AgNP = 4𝜋𝑅2 = 393.88 nm2 

No. of DMBT ligands covering the surface ~ 2317 

Mass of the ligands = 2317 × 22.75 × 10-20 mg = 0.53 x 10-15 mg 

Total mass of 1 Ag NP (m) = mass of core + mass of ligands  = m = 8.25 x 10-15 mg 

Mass of AgNPs in 1 mL of the stock solution considered in the experiments (W) = 1 mg 

No. of particles per mL of the stock solution = 
𝑊

𝑚
 = 1.21 x 1014 
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Figure S1. ESI MS of A) 107Ag25(DMBT)18
- and B) 109Ag25(DMBT)18

-. Insets show the 

comparison of the experimental and theoretical isotopic patterns. The slight mismatches in the 

patterns may be attributed to some impurity present in the sample from the other isotope as the 

isotopic enrichment was 98%. However, this small discrepancy in the patterns may be 

neglected for further interpretation of the results.  
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Figure S2. Characterization of AgNPs@DMBT of size A) ˜2 nm, B) ˜4 nm and C) ˜11 nm, 

respectively. TEM images are shown in (a) and particle size distribution of the NPs are shown 

in (b). UV-vis spectra of the respective NPs are presented in the insets of (a) for each set. 
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Figure S3. Raman spectra of 11 nm AgNP, 4 nm AgNP, 2 nm AgNP protected with DMBT 
and pure DMBT ligand.  
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Figure S4. Time-dependent ESI MS showing the isotopic exchange in the cluster when reacted 

with ˜ 2 nm AgNP@DMBT at NC:NP mixing ratios of A) 1:1, B) 1:2, C) 1:3 and D) 1:5, 

respectively. In each of A), B), C) and D), (a) denotes the case where 107Ag25(DMBT)18
- was 

used and (b) denotes the case where 109Ag25(DMBT)18
- was used as the isotopically labelled 

cluster for reaction with AgNP@DMBT, respectively.   
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Figure S5. Time-dependent ESI MS showing the isotopic exchange in the cluster when reacted 

with ˜ 4 nm AgNP@DMBT at NC:NP mixing ratios of A) 1:1, B) 1:2, C) 1:3 and D) 1:5, 

respectively. In each of A), B), C) and D), (a) denotes the case where 107Ag25(DMBT)18
- was 

used and (b) denotes the case where 109Ag25(DMBT)18
- was used as the isotopically labelled 

cluster for reaction with AgNP@DMBT, respectively.  
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Figure S6. Time-dependent ESI MS showing the isotopic exchange in the cluster when reacted 

with ˜ 11 nm AgNP@DMBT at NC:NP mixing ratios of A) 1:1, B) 1:2, C) 1:3 and D) 1:5, 

respectively. In each of A), B), C) and D), (a) denotes the case where 107Ag25(DMBT)18
- was 

used and (b) denotes the case where 109Ag25(DMBT)18
- was used as the isotopically labelled 

cluster for reaction with AgNP@DMBT, respectively. 
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Figure S7. ESI MS showing the final equilibrated state of the clusters, after completion of the 

exchange reaction with A) ˜ 2 nm, B) ˜ 4 nm and C) ˜ 11 nm AgNP@DMBT, respectively, at 

various NC : NP mixing ratios. Panel (a) refers to the reaction with 107Ag25(DMBT)18
- and panel 

(b) refers to the reaction with 109Ag25(DMBT)18
-. The NC:NP mixing ratio is indicated beside 

each spectrum. The mass spectrum of the final equilibrated state shown here are actually the 

data at 60 min of reaction of the respective cases, presented in Figures S4-S6. Those data are 

recombined in this figure to increase the clarity in understanding the extent of exchange with 

NC:NP mixing ratios, for a given size of AgNP.  
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Figure S8. UV-vis spectra for the products of reaction of NC with AgNPs of sizes A) ˜ 2 nm, 

B) ˜ 4 nm and C) ˜ 11 nm, at different NC:NP mixing ratios.  
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- and B) 
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reaction was rapid, so the ESI MS was measured within 1 min of mixing the reactants. The NC 
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-) mixing ratio is indicated for each of the 

spectra.  
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Figure S10. A) TEM image of Ag25(DMBT)18
- cluster and B) particle size distribution of the 

clusters.  

 

 

 

Figure S11. TEM image  of the final product of reaction of Ag25(DMBT)18
- with A) ˜ 2 nm, B) 

˜ 4 nm and C) ˜ 11 nm AgNPs@DMBT, respectively. The areas containing the larger sized NPs 

are marked and the smaller particles represent the NCs.  
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Figure S12. Time dependent ESI MS showing reaction of A) 107Ag25(DMBT)18
- and B) 

109Ag25(DMBT)18
- with bare Ag foil.  

 

Figure S13. Time dependent ESI MS showing reaction of A) 107Ag25(DMBT)18
- and B) 

109Ag25(DMBT)18
- with 2,4- DMBT protected Ag foil.  

5140 5160 5180 5200

 m/z

0 h

6 h

12 h

24 h

48 h

5140 5160 5180 5200

 

0 h

6 h

12 h

24 h

48 h

m/z

A) B)

5140 5160 5180 5200

 

5140 5160 5180 5200

 m/z m/z

0 h

0.5 h

1 h

3 h

8 h

24 h

48 h

0 h

0.5 h

1 h

3 h

8 h

24 h

48 h

A) B)



S17 
 

 

Figure S14. Time dependent ESI MS showing reaction of the cluster with A) ˜80 mg, B) ˜40 

mg and C) ˜20 mg bulk Ag powder. In each of A), B) and C), (a) denotes the case where 

107Ag25(DMBT)18
- was used and (b) denotes the case where 109Ag25(DMBT)18

- was used as the 

isotopically labelled cluster for reaction with Ag powder, respectively. 

 

 

Figure S15. Time dependent UV-vis study of the reaction of Ag25(DMBT)18
- NCs with A) 20 

mg, B) 40 mg and C) 80 mg of bulk Ag powder.  
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Table S1. Timescales of reaction of NCs with NPs of different sizes and at different mixing 

ratios 

Size of 

AgNPs 

NC:NP 

mixing ratio 

a1 τ1 (min) 

 

a2 τ2 (min) 

 

<τ>  (min) 

 

˜2 nm 1:1 

1:2 

1:3 

1:5 

 

0.34 

0.09 

0.24 

0.12 

 

2.20 

1.22 

0.75 

0.56 

 

0.66 

0.91 

0.76 

0.88 

 

12.20 

8.10 

8.06 

4.55 

 

8.80 

7.48 

6.30 

4.07 

 

˜4 nm 1:1 

1:2 

1:3 

1:5 

 

0.63 

0.15 

0.30 

0.05 

 

4.64 

3.19 

0.73 

0.59 

 

0.37 

0.85 

0.70 

0.95 

 

19.72 

9.28 

9.09 

5.78 

 

10.22 

8.37 

6.58 

5.52 

 

˜11 nm 1:1 

1:2 

1:3 

1:5 

0.48 

0.34 

0.46 

0.42 

4.82 

3.28 

1.67 

1.20 

0.52 

0.66 

0.54 

0.58 

 

37.71 

11.58 

10.70 

9.07 

 

21.92 

8.76 

6.54 

5.76 
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ABSTRACT: In this letter, we demonstrate a sustainable, fast, and
facile room temperature synthesis of plasmonic nanoparticles and
luminescent nanoclusters of gold. The synthesis was performed
using an affordable, easy to build, and robust triboelectric
generator (TG). The electricity generated by the TG was
transferred to the solution continuously to synthesize gold
nanoclusters (AuNCs). The obtained AuNCs had extremely
narrow size distributions with mean particle sizes of ∼2 nm and
showed bright pink luminescence under UV light. The approach
was also extended to synthesize plasmonic gold nanoparticles
(AuNPs). With this method, the synthesis time could be reduced
from hours to several minutes without requiring any reducing
agents. Tunability in size by simple variation of synthetic
conditions and the consequent change in properties make this
method usable for diverse applications.

KEYWORDS: Triboelectric generator, Gold nanoparticles, Gold nanoclusters

■ INTRODUCTION

Electrostatic charging or tribocharging plays an important role
in a wide variety of fields.1−3 It has applications in areas such as
photocopying,4 energy harvesting and power generation,5

synthesis of materials,6 sensors,7 air filtration,8,9 X-ray
generation (triboluminescence) and imaging,10 and so
forth.11,12 The history of triboelectricity dates backs 300 BC
to ancient Greek philosophers like Plato.13 The word
“triboelectricity” was coined from two Greek words “tribo”
meaning to rub and “elektron” (latter electricity) meaning
amber.14,15 Tribocharging occurs when two materials are
rubbed against each other and separated. A triboelectric series
puts these materials based on the polarity and magnitude of
charge generated. The farther materials are in the triboelectric
series, the greater the amount of charge they acquire upon
contact. The one high up in the series gets positively charged,
while the other gets negatively charged. A triboelectric
generator (TG)5 or paper generator16 uses triboelectric
charging between materials and combines it with electrostatic
induction to generate electricity. An increase in current from
∼0.6 μA5 to ∼1.22 mA17 was recorded for TG, in less than a
decade, which is an increase of more than 3 orders of
magnitude. However, with these advancements, the complexity
has also increased which could limit its broader applicability.
As bulk material reduces to the nanometer scale, its physical

and chemical properties change drastically. These changes are

primarily a result of higher surface-to-volume ratios and
changes in the electronic structure. One of the characteristic
features of metal NPs is surface plasmon resonance (SPR),
which is the collective oscillation of their conduction band
electrons by the impinging light. This oscillation is responsible
for the intense color of noble metal nanoparticles (NPs). NPs
of this kind have sizes typically above 3 nm.18 Their physical
and chemical properties make them ideal for labeling and
detection of biomolecules,19 photodynamic therapy,20 colori-
metric sensing,21 surface-enhanced Raman spectroscopy
(SERS),22,23 carriers for drug delivery,24 catalysis,25 and
many more.26

Upon further scaling down the size to the subnanometer
regime, the particle size approaches the Fermi wavelength of
electrons, and the quantum size effect becomes predominant.
The quasi-continuous band transitions into molecule-like
discrete energy states exhibiting drastically different optical
and electronic properties compared to NPs and corresponding
bulk materials.27,28 At this scale, the electronic properties are
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susceptible to the size and shape of the metal, and every atom
counts in deciding the properties of such materials. This
regime of the matter is called nanoclusters (NCs).29 Properties
vary significantly in the NPs and NCs regimes. For example, in
the case of gold and silver, many NCs are visibly luminescent,
while NPs have no observable luminescence. The fluorescence
lifetimes and two-photon cross sections differ vastly for NCs
and NPs. Moreover, the fluorescent emission of metal NCs can
be tuned from infrared to UV regions by varying the core
sizes.27 These and several other unique properties have made
metal NCs useful in areas such as bioimaging,30 catalysis,31,32

chemical sensing,33 and so forth.28,34,35 With time, several
techniques to synthesize NPs and NCs have been devel-
oped.26,28,36 However, for NCs, the diversity possible makes it
challenging to synthesize specific NCs.
In this letter, we demonstrated a simple and affordable

means to synthesize AuNPs and AuNCs at room temperature
using TG. Some early reports on the reduction of metal ions to
NPs and bulk metal using triboelectric charging37−39 are
available. Besides, one study demonstrated the synthesis of
platinum NCs (PtNCs) using a triboelectric nanogenerator
(TENG).40 However, we did not find any reports concerning
the synthesis of AuNCs using TG. Further, in a previous
study,40 the synthesis of PtNCs was performed on a catalytic
surface which was also acting as an electrode. Moreover, the
work exploits40 the high surface activity of nanostructures like
nanosheets. On the other hand, in our work, neither did we use
any catalytic surface as an electrode nor exploit the high surface
activity of nanostructures like nanosheets. The current TG
requires a fewer number of components making it cost
effective to assemble. The design is simple and easy to use.

With several simple modifications to the existing design,16,41

we significantly improved the robustness and longevity,
enabling continuous synthesis of materials. The synthesis of
NPs and NCs does not require any reducing agent, and
capping agents were used to confine the size in the nanoscale
regime. Typically, in wet chemical synthesis of NCs, sodium
borohydride (NaBH4) is used as a reducing agent, which is
toxic and a health hazard. Since our synthesis procedure does
not require any reducing agent, the synthesis process is green
and sustainable. Moreover, the capping agent, 11-mercaptoun-
decanoic acid, used is nontoxic.
We discuss the synthesis of AuNPs, first followed by that of

AuNCs. Initial results showed reduction, which was further
established by spectroscopy and other techniques.

■ MATERIALS AND METHODS
Materials. Tetrachloroauric acid trihydrate (HAuCl4·3H2O) was

prepared starting from pure gold. The ligand, 11-mercaptoundecanoic
acid (11-MUA), was purchased from Sigma-Aldrich. Glutathione
reduced (GSH) was purchased from SRL. Mercaptosuccinic acid
(MSA) was purchased from Aldrich. Sodium hydroxide (NaOH)
pellets were purchased from Rankem. All the chemicals were used as
received without further purification.

Instrumentation. UV−vis spectra were recorded using a
PerkinElmer Lambda 25 instrument. High-resolution transmission
electron microscopy (HRTEM) images were collected using a JEOL
JEM 3010 (JEOL Japan) microscope. X-ray photoelectron spectros-
copy (XPS) was carried out using an Omicron ESCA probe
spectrometer with polychromatic Mg Kα X-rays (hν = 1253.6 eV).
Photoluminescence spectra were collected using a Jobin Yvon
NanoLog instrument. The current and voltage measurements were
performed using a Keithley 6514 system electrometer.

Figure 1. (A) Schematic of triboelectric generator setup for synthesis of NPs and NCs. (B) Short circuit current for the TG as a function of cycle of
operations. (C) Output peak voltage and peak current. (D) Dependence of peak power with increasing resistance.
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Design of TG. We chose the freestanding triboelectric layer
mode42 to operate the TG in view of its ease of operation. Two
aluminum (Al) tapes (thickness, t = ∼0.05 mm; area, A = 13 cm × 7
cm) acting as electrodes were pasted on office paper (t = ∼0.08 mm)
separated by 6 cm. In initial experiments, a PTFE (t = 0.5 mm; A = 11
cm × 6 cm) sheet was driven over these electrodes gently with the
help of a motor. The continuous rubbing of the PTFE on to the paper
keeps it negatively charged. The charged PTFE, when moved over the
electrodes, generates an electric current that could be transferred to a
load. However, the continuous rubbing by the PTFE also causes
scuffing of the Al, which significantly limits its long-term usability. To
address this issue, we attached a paper on top of the electrodes and
checked for the output current, as shown in Figure 1A. We did not
observe any loss in current, and with this addition, we were able to
increase the robustness and longevity of the system. The voltage and
current of the TG were measured at various resistances, as shown in
Figure 1C. The peak current stays almost the same up to 1 MΩ and

then began to drop as resistance increases. The peak voltage first rises
and then started to saturate at ∼1.6 V beyond 1 MΩ. The peak power
for the TG was calculated from the peak voltage and peak current.
The power rises with an increase in resistance, reaching a maximum at
∼1 MΩ and then starts to fall off. We found that the TG works best
when the distance between electrodes is of the order of the width of
the electret (PTFE) (Figure S1) used for rubbing.42 To transfer the
current into the solution, gold-coated silicon wafers were connected
to the TG and dipped into the solution as shown in Figure 1A. Table
S1 provides a brief comparison of the reported TENGs with our TG.

■ RESULTS AND DISCUSSION

Synthesis of AuNPs. For the synthesis of AuNPs, we used
11-MUA as a capping agent with HAuCl4 as a precursor. The
reaction volume was kept fixed to 2000 μL for all the
experiments. For this experiment, 750 μL of 1 mM 11-MUA in

Figure 2. (A) UV−vis spectrum of triboelectrically synthesized MUA-AuNPs. Inset shows an expanded view showing the plasmonic peak at ∼540
nm. (B) Photograph of the MUA-AuNPs (scale bar 50 nm). Inset shows lattice fringes.

Figure 3. Two types of particles were observed in HRTEM: (A) bigger (scale bar 20 nm) and (B) smaller (scale bar 5 nm). (C, D) Size
distributions for bigger and smaller MUA-AuNPs, respectively.
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ethanol and 1250 μL of 10 mM of HAuCl4 in distilled water
were mixed. The solution was connected to the TG at room
temperature with mild stirring, and electricity was applied for
30 min. During the synthesis, the current drawn by the
solution does not show a significant decrease from the short
circuit current, and the peak voltage of ∼5.5 mV was recorded
as shown in Figure S2. The solution was then centrifuged at
9000 rpm, and the precipitate was collected. The precipitate
was washed five times in ethanol to remove any excess Au(I)−
thiolate complexes and reactants present.43 Finally, the
precipitate was resuspended in water by adding a small
amount of NaOH.44−46 NaOH was added because the basic
pH allows the carboxyl groups to deprotonate and stabilize the
NP dispersion through electrostatic repulsion.44

A wine-red colored solution was obtained which showed an
absorption peak at ∼540 nm, indicating the presence of
AuNPs. The spectrum also showed a broad shoulder peak
centered near ∼350 nm, as shown in Figure 2A. There is a
slight shoulder in the red region, likely due to variations in
particle morphologies. Nearly spherical particles of ∼50 nm are
seen in the TEM. The inset of Figure 2B shows a d spacing of
∼0.24 nm, corresponding to the (111) plane of face-centered
cubic Au. From the HRTEM, we observed particles with two
kinds of distributions. The larger particles have average particle
sizes of ∼50 nm (Figure 3A,C), and smaller particles have
average sizes of ∼2 nm (Figure 3B,D).
Synthesis of AuNCs. The synthesis of AuNCs was carried

out similarly to that of the AuNPs, except for the change in the
reaction medium. The ligand, 11-MUA, is sparingly soluble in
water but highly soluble in ethanol. So, to reduce turbidity, we
chose ethanol as the reaction medium. We prepared 10 mM of
HAuCl4 in ethanol starting from a 330 mM aqueous solution

of HAuCl4. About 1 mM 11-MUA was prepared in ethanol.
The solution was prepared by mixing reactants in the same
volume as for the synthesis of AuNPs. After applying a current
for 30 min, the solution was centrifuged at 9000 rpm. The
obtained precipitate was washed several times in ethanol to
remove any excess of Au(I)−thiolate complexes and reactants
present. Finally, the precipitate was dispersed in water with
NaOH or NH4OH, to enhance solubility.43 The solution
showed bright luminescence under UV light. The HRTEM
images (Figure 4A, B) showed uniform MUA-AuNCs of ∼2
nm diameters. Figure 4D shows the UV−vis spectrum and
fluorescence spectrum of the synthesized particles. The UV−
vis spectrum showed an absorption at ∼560 nm and a shoulder
band at ∼360 nm. A bright pink luminescence was obtained
upon exposure to UV light. The fluorescence spectrum showed
a strong emission peak at 623 nm upon excitation at 355 nm,
which complies with the UV−vis spectrum. The characteristic
feature of thiolate-protected gold clusters appears around 610
nm.47 From the HRTEM images, we obtained a mean particle
size of ∼2 nm with a standard deviation, σ, of ∼0.19 nm
(Figure 4C). The XPS spectrum (Figure S4) showed a binding
energy of 84.3 eV, corresponding to Au 4f7/2, taking the C 1s
line of adventitious hydrocarbon at 284.8 eV as the reference.
The binding energy is between 84.0 eV for Au(0) and 85.0 eV
for Au(I), which indicates the presence of both Au(0) and
Au(I) species in NC. AuNCs with thiolate protection is known
to show the Au 4f7/2 feature around 84.45 eV.33 The S 2p3/2
feature appears at 163.3 eV, as expected in the case of thiolate-
protected clusters (Figure S5).
To further explore this process, we conducted experiments

with water-soluble ligands, GSH and MSA. They were chosen
as NPs made can form stable dispersions in water without the

Figure 4. (A) HRTEM image of MUA-AuNCs (scale bar 20 nm). (B) Magnified TEM images (scale bar 5 nm). (C) MUA-AuNPs size
distribution. (D) UV−vis absorption (green), fluorescence excitation (black, λem = 623 nm), and emission (red, λex = 355 nm) spectra of MUA-
AuNCs. The inset shows a photograph of MUA-AuNCs solution with UV light off (right) and on (left).

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Letter

https://doi.org/10.1021/acssuschemeng.1c01586
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c01586/suppl_file/sc1c01586_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c01586/suppl_file/sc1c01586_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c01586/suppl_file/sc1c01586_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01586?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01586?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01586?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01586?fig=fig4&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c01586?rel=cite-as&ref=PDF&jav=VoR


use of a base. The gold solution with both GSH and MSA gave
NPs upon applying triboelectricity. The formations of GSH-
AuNPs and MSA-AuNPs were confirmed with UV−vis
spectroscopy with plasmonic peaks at ∼550 and ∼560 nm,
respectively (Figure S6).

■ CONCLUSION
We demonstrated a facile and fast technique for the synthesis
of NPs and NCs using TG. The approach we devised is easy to
perform and does not require any conventional reducing agent.
Further, the TG used to carry out the synthesis requires a
fewer number of components which makes it affordable and
easy to build. With this technique, differently sized nanoma-
terials can be synthesized at room temperature. Several factors
could affect the size of the synthesized particles. These include
varying the voltage and current. One way to increase both the
current and voltage is by using materials with high surface
areas like electrospun fibers, which could significantly enhance
the triboelectric charging. Other parameters of equal
importance include the effect of the synthesis medium (its
dielectric constant and dipole moment) and frequency of
rubbing. Further, increasing the frequency of rubbing and/or
enhancing surface area with micro- or nanostructuring results
in an enhanced rate of charge transfer, thus increasing the yield
of NPs and NCs. Using nanostructured surfaces for tribo-
electric charging typically increases the voltage by several folds
(Table S1), which may affect particle synthesis, and it needs to
be taken into account. Extending the method for the
preparation of nanoparticles of other metals and alloys may
be possible. The methodology developed is sustainable and
simple.
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Figure S1. Peak current at different separation between Al electrodes.
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Typically, in TENG, nanostructured materials are used to increase the effective contact area, which 

significantly amplifies the electrostatic charging compared to normal surface. The effect of this 

increased charging is reflected mainly as a high-voltage output, but the increase in current in not 

as substantial. Since power (P = I×V), the power values are much higher in such systems. But high 

voltage (> 100 V) in such systems might have a negative effect on the synthesis of NPs and NCs.

Table S1. A brief comparison of performance of published TENGs with our TG.

Voltage Current Power Mode Materials

This work 1.4 V 1.2 µA 1.45 µW ( ~ 1 

MΩ)

sliding 1. Teflon sheet

2. paper

Nano Energy 

2013, 2 (4), 491–

4971

265 V 0.9 µA 0.23 mW (~ 300 

MΩ)s

tapping 1. PVA electrospun 

nanofibers on PET film

2. Teflon film

Nanoscale 

Research Letters 

2018, 13 (1), 3652

8.5 V 0.6 µA 4.8 µW (~16 

MΩ)

tapping 1. starch film

2. hand 

Nanoscale 2014, 

6 (14), 7842–

78463

138 V 65 µA 38 mW (~ 9 MΩ) tapping 1. electrospun pvdf 

fibers

2. electrospun nylon 

fibers

*The values of voltage and current represent the value at peak power.
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Figure S2. (A) Short circuit current for TG (red), and the current (black) drawn and (B) voltage 

for the aqueous gold solution during synthesis of MUA-AuNPs.



S6

Figure S3. (A) Short circuit current for TG (red) and the current (black) drawn, and (B) voltage 

for the gold solution in ethanol, during synthesis of MUA-AuNCs.
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Figure S4. XPS spectrum of MUA-AuNCs in the Au 4f region.
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Figure S5. XPS spectrum of MUA-AuNCs (fitted using the survey spectra) in the S 2p region.
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Figure S6. UV-Vis spectra for (A) GSH-AuNPs, and (B) MSA-AuNPs and inset showing the 

plasmonic peak at 550 nm and 560 nm, respectively.
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Gold cluster-loaded dendritic nanosilica: single
particle luminescence and catalytic properties in
the bulk†

Jyoti Sarita Mohanty,a Ayan Maity,b Tripti Ahuja,a Kamalesh Chaudhari,a

Pillalamarri Srikrishnarka, a Vivek Polshettiwar b and Thalappil Pradeep *a

We report a hybrid material in which surface anchoring-induced enhanced luminescence of AuQC@BSA

clusters on high surface area dendritic fibrous nanosilica of 800 nm diameter enabled their luminescence

imaging at a single particle level. The photophysical and structural properties of the hybrid material were

characterized by various spectroscopic and microscopic techniques. Concomitant imaging using scatter-

ing and luminescence of such mesostructures and their response to analytes have been used to develop

a chemical sensor. The hybrid material was found to be catalytically active in silane to silanol conversion,

and 100% conversion was observed in 4 h when the reaction was carried out at 30 °C in the presence of

light. Such materials at submicron dimensions with enhanced surface area, emission in the solid state

along with a high quantum yield of 12% in water along with enhanced scattering, and surface functional-

ities present numerous benefits for the creation of multifunctional materials.

Introduction

Atomically precise noble metal nanoclusters owing to their fas-
cinating physical and chemical properties have been studied
extensively.1–5 Different ligands such as thiols,6 DNA,7,8 den-
drimers,9 and proteins3 have been used for synthesizing such
sub-nanometer-sized clusters. Among them, use of proteins as
ligands is emerging as a result of the simple synthetic pro-
cedure employed in cluster synthesis and due to their biocom-
patible nature and promising applications. Bovine serum
albumin (BSA),10,11 Lactoferrin (Lf),12 Lysozyme (Lyz),13,14 etc.,
are the commonly used proteins for synthesizing noble metal
nanoclusters. Intense photoluminescence, high quantum
yield, and stability over a wide range of pH make them suitable
candidates in the field of sensors.15

Protein protected clusters (PPCs) are sensitive to specific
metal ions. Xie et al. reported the sensing of Hg2+ using BSA-

protected gold clusters (AuQC@BSA) for the first time.16 The
subscript, QC is used to indicate a quantum cluster, to ensure
that these are distinctly different from BSA protected plasmo-
nic nanoparticles. Subsequently, several other groups have
demonstrated sensing of heavy metal ions like Cu2+, Hg2+, and
Pb2+ using PPCs.3,5,17,18 Mercury is one of the most hazardous
environmental contaminants among other heavy metal ions. It
is toxic both in the inorganic and organic forms.19 Different
methods have been developed to determine trace levels of
Hg2+. Luminescent PPCs are suitable candidates for approach-
ing such problems.

Anchoring such cluster systems on suitable substrates can
extend their applications in the field. A few attempts have also
been made in this direction using a variety of hybrid materials.
Binding of AuQC@BSA to nanofibers was demonstrated by
Ghosh et al. and they have used it for the detection of Hg2+.20

A CdTe@SiO2 hybrid sphere was synthesized by Wang et al.,
where AuQC@BSA was covalently linked to the hybrid sphere
through EDC chemistry and used it as a ratiometric fluo-
rescent probe for the determination of Cu2+.21 Mohammed
et al. have shown simultaneous sensing and scavenging of
heavy metal ions using an AuQC@BSA-cellulose nanocrystal
(CNC) composite.22 Adsorption of heavy metal ions by the
composite showed a visible change in the color. Recently,
Upadhyay et al. synthesized porous, pH responsive AuQC@BSA
hydrogel beads which were used for the removal of heavy
metal cations from contaminated water.23

Silane to silanol chemistry has been used in organic syn-
thesis for industrial applications to prepare silicon based pre-
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cursors.24 The traditional way for synthesizing these silanol
molecules is via hydrolysis of halosilanes, by reacting siloxanes
with alkali substrates or by controlled oxidation of organosi-
lanes.25 Among them, the stoichiometric oxidation of silane
with water is environmentally friendly. The reaction not only
produces silanols with improved selectivity but also releases
hydrogen which is also a useful by-product, although conduct-
ing this reaction at lower temperature is always a synthetic
challenge.26 Dendritic fibrous nanosilica (DFNS)27 is a meso-
sphere with thin sheet-like fibers of 3.5 to 5.2 nm thickness. It
possesses radially oriented fibrous channels with variable pore
sizes ranging from 3 nm to 25 nm. Such dendritic fibrous mor-
phology with a high surface area and better chemical and
thermal stability made them distinctive from the conventional
mesoporous silica materials. Until now, there have been no
reports on DFNS-based luminescent materials using protein
protected clusters. Herein, for the first time, we have syn-
thesized a hybrid material, DFNS@ AuQCBSA by anchoring
luminescent AuQC@BSA on the DFNS substrate. It has been
shown before that adhesion on substrates increases lumine-
scence of protein protected clusters.20,22 The hybrid material
was capable of sensing Hg2+ and was found to be catalytically
active for silane to silanol conversion.

Experimental
Materials

Bovine serum albumin (BSA) at pH 6–7 was purchased from
SRL Chemical Co. Ltd, India. Tetrachloroauric acid trihydrate
(HAuCl4·3H2O) was purchased from CDH, India. Tetraethyl
orthosilicate, 3-aminopropyl triethoxysilane and sinapic acid
were purchased from Sigma Aldrich, India. Urea, p-xylene, and
sodium hydroxide (NaOH) were purchased from Rankem,
India. Sodium borohydride (NaBH4) was purchased from
Spectrochem, India. Cetyl trimethyl ammonium bromide
(CTAB) was purchased from Fluka, India. All the chemicals
were used without further purification.

Instrumentation

UV-Vis spectra were collected using a PerkinElmer Lambda 25
instrument in the range of 200–1100 nm. Luminescence
measurements were carried out on a Jobin Yvon NanoLog
instrument. The band pass for excitation and emission was set
as 3 nm. X-ray photoelectron spectroscopy (XPS) studies were
conducted with an Omicron ESCA probe spectrometer with
polychromatic Mg Kα X-rays (hν = 1253.6 eV). The samples
were spotted as drop-cast films on a sample stub. A constant
analyser energy of 20 eV was used for the measurements. High
resolution transmission electron microscopy (HRTEM) was
performed with a JEOL 3010 instrument working at 300 kV,
equipped with an ultra high resolution (UHR) pole piece.
Energy dispersive X-ray analysis (EDS) was carried out with an
Oxford EDAX housed in the TEM. A sample for HRTEM was
prepared by dropping the dispersion on a carbon coated
copper grid and drying under ambient conditions. High

resolution scanning electron microscopy (HRSEM) images
were collected using a Quanta 200 FEG SEM. Depending upon
the compatibility of the sample, the instrument can work on
three different operating modes namely, the high vacuum
mode, low vacuum mode and environmental scanning elec-
tron microscope mode. For imaging purpose, samples were
spotted on an indium tin oxide (ITO) conducting glass sub-
strate and dried under ambient conditions. Atomic force
microscopy (AFM) images were obtained using the asylum
research Cypher ES AFM. Tapping mode (AC mode) was used
for the measurement. X-ray diffraction (XRD) data were col-
lected with a Bruker AXS, D8 discover diffractometer using Cu-
Kα (λ = 1.54 Å) radiation. The diffractogram was collected from
5–100 degree 2θ range. Dark-field imaging of the hybrid
material was performed using an Olympus BX-51 microscope
and a 100 W quartz halogen light source on a Cyto Viva micro-
scope setup. A broadband white light was used for the
imaging purpose via a dark field condenser and a 100× oil
immersion objective was used for collecting the scattered/
emitted light from the particle. Imaging was performed using
a true-color charge-coupled device (CCD). Hyperspectral image
analysis software was used for spectral analysis and a mercury
lamp was used for fluorescence images. GC-MS study was
carried out using an Agilent 7890B instrument. For the light
induced catalysis reaction, a Xe lamp of range 385–740 nm
(Power 250 mW cm−2) wavelength was used.

Synthesis

Synthesis of DFNS. Dendritic fibrous nanosilica (DFNS) was
synthesized following a previously reported method.28 The
reaction was carried out using a 2 L four-neck round-bottom
(RB) flask under refluxing conditions with a water condenser.
In a typical synthesis, CTAB (10 g, 0.027 mol) and urea (12 g,
0.2 mol) were dissolved in 500 mL of water and mixed at 700
rpm using a magnetic stirrer for 30 minutes at room tempera-
ture. To the above solution, TEOS (50 mL, 0.24 mol) in 500 mL
of p-xylene was added dropwise over 30 minutes under stirring.
This reaction mixture was further stirred for 30 minutes. Then,
1-pentanol (30 mL) was added slowly into the reaction mixture
and stirred for 30 minutes. The reaction mixture was heated to
130 °C (oil bath temperature) during 30 minutes ramp up and
refluxed for 6 h under stirring at 700 rpm. After cooling, the
solid product was isolated via centrifugation and washed
several times with water and ethanol. After drying for 12 h at
80 °C, CTAB was removed by calcination at 550 °C for 6 h in
air.

Synthesis of APTS functionalized DFNS. Functionalization of
DFNS was performed following the reported method.29 In
brief, grafting of APTS was carried out by refluxing 2 g of cal-
cined DFNS with 3-aminopropyl triethoxysilane (2 mL,
8.5 mM) in 250 mL of toluene at 80 °C for 24 h. The resulting
material was washed repeatedly with toluene and ethanol fol-
lowed by drying under vacuum at 60 °C for 12 h. The obtained
material was APTS functionalized DFNS.

Synthesis of the hybrid material, DFNS@ AuQCBSA. In a
typical synthesis, 20 mg of BSA in 0.5 mL DI H2O was added
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into 8 mg of APTS functionalized DFNS in 0.5 mL DI H2O
under vigorous stirring. After 5 minutes, 6 mM HAuCl4 was
added to the above mixture followed by the addition of 150 µL
1 M NaOH. The reaction mixture was stirred vigorously until
the solution turned golden brown in color. The change in
color indicated the formation of clusters. The reaction was
carried out for 10 h at room temperature. The sample was cen-
trifuged, and the residue was washed with DI H2O and this
process was followed repeatedly to ensure the removal of
unbound clusters from the solution. Then the final residue
was used for various characterization studies.

Oxidation of silanes by DFNS@AuQCBSA

About 5 mg DFNS@AuQCBSA was placed in a 10 mL round
bottom test-tube. To the reaction tube, a mixture of tetrahydro-
furan (1 mL), water (30 µL) and silane [dimethylphenylsilane
(230 µL, 1.5 mM), triisopropylsilane (307 µL, 1.5 mM), tributyl-
silane (385 µL, 1.5 mM) and triphenylsilane (391 mg, 1.5 mM)]
was added and the reaction mixture was vigorously stirred at
required temperature. The reaction was monitored by taking
aliquots at different intervals of time and the products were
determined by GC-MS analysis.

Results and discussion
Synthesis and characterization of the hybrid material,
DFNS@AuQCBSA

The hybrid material, DFNS@AuQCBSA, made of AuQCBSA and
DFNS was synthesized by a two-step procedure. In the first
step, BSA was covalently linked to the amine functionalized

DFNS in an aqueous medium to form a DFNS-BSA complex
and in the next step, HAuCl4 was added to the above complex
at alkaline pH (Fig. 1A). BSA acted as both reducing and stabi-
lizing agents during the synthesis of AuQC@BSA.10 Basically,
when HAuCl4 is added to BSA, it forms a complex through its
various functional groups and reduces Au3+ to Au+ and further
reduction of Au+ to its metallic state is achieved at alkaline pH.
The DFNS-BSA-HAuCl4 complex at pH ∼ 12 was allowed to stir
at room temperature. After 4 h, the turbid reaction mixture
started changing its color from yellowish to light brown and
finally turned to golden brown after 10 h of reaction. Change
in color indicated the formation of the cluster on DFNS. The
nanosized pores and fibrous morphology of DFNS provided an
efficient template for the encapsulation of sub-nanometer
sized AuQC@BSA. To observe the structural changes, FESEM
and HRTEM studies were performed for both parent DFNS
and the hybrid material. Fig. 1(B, C) and (F, G) represent the
FESEM and HRTEM images of the parent DFNS, respectively.
DFNS is dendritic mesospheres of diameter ∼800 nm with
increasing fibrous morphology towards the outer surface and
is of uniform size. After 10 h of reaction, FESEM and HRTEM
studies of the hybrid material were carried out and are shown
in Fig. 1(D, E) and (H, I), respectively.

Incorporation of clusters on DFNS gave rise to a well-
defined structure, where the clusters were uniformly dispersed
towards the outer surface of the DFNS and appeared as a ring-
like pattern. Distinct morphological changes were observed in
DFNS@AuQCBSA compared to the parent DFNS but no signifi-
cant change in their size could be observed from both FESEM
and HRTEM studies. It suggested that incorporation of the
clusters on the DFNS did not bring any change in the overall

Fig. 1 (A) Schematic illustration showing the synthetic process leading to the hybrid material, DFNS@AuQCBSA. (B and C) and (D and E) are the
FESEM images of DFNS and DFNS@AuQCBSA, respectively. (F and G) and (H and I) are the HRTEM images of DFNS and DFNS@AuQCBSA, respectively.
A well-defined morphological change was observed in DFNS@AuQCBSA.
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size or shape of the material. As the sizes of the clusters were
less than 2 nm, they were difficult to be observed from the
HRTEM images of the hybrid material. Isolated AuQCBSA clus-
ters were not prepared in solution, but they were investigated
before.3,10 The core size of such clusters was found to be less
than 2 nm.30,31

UV-Vis and zeta potential study of DFNS@AuQCBSA

Surface modification of DFNS helped to conjugate BSA onto it
effectively and this was achieved through APTS functionali-
zation, by replacing the hydroxyl groups (–OH) of DFNS with
the amine (–NH2) groups. This was monitored by measuring
zeta potential of DFNS which was changed from −16.9 mV to
+19.3 mV after functionalization. The binding of BSA to the
amine functionalized DFNS was confirmed from the surface
charge of −26.1 mV and it reached −34.7 mV after 10 h, which
confirmed the binding and encapsulation of the cluster on
DFNS (Fig. S1A†). To evaluate the changes in the optical pro-
perties during the formation of the hybrid material, UV-Vis
spectra were collected (Fig. S1B†). BSA has a sharp absorption
feature at 280 nm due to the presence of aromatic amino acid
residues while DFNS did not show any absorption feature in
the 300–800 nm range. A slight decrease in the absorption
peak along with a gradual increase in absorbance from
800 nm was found in the DFNS-BSA complex, which suggested
the conjugation of the protein onto DFNS. After 10 h of the
reaction, the absorption feature at 280 nm decreased signifi-
cantly along with a slope around 375 nm which confirmed the
formation of clusters inside the protein template and proved
successful incorporation of the cluster on DFNS.

Evolution of DFNS@AuQCBSA

To understand the evolution of the hybrid material, time
dependent HRTEM studies were conducted. Control experi-
ments were also performed to know the effect of NaOH on
DFNS during the synthesis (Fig. S2†). Addition of NaOH into
the solution of DFNS induced a drastic morphological change
due to etching of the surface (Fig. S2B†). But when NaOH was
added into the DFNS-BSA complex, similar morphological
changes were not observed; it was due to the conjugation of
BSA on the fibrous channels of DFNS which prevented the
etching of the DFNS surface (Fig. S2C†). During in situ syn-
thesis of the cluster, HAuCl4 was added to the DFNS-BSA
complex followed by the addition of NaOH into the mixture.
Although formation of the cluster started after 4 h of the reac-
tion (started to show luminescence under UV light), visible
morphological changes were not observed compared to the
parent DFNS (Fig. S2D†). But after 6 h, the structure of the
hybrid material started to emerge (Fig. S2E†) and a well-
defined pattern with uniform arrangement of clusters towards
the periphery of DFNS was observed post 10 h of the reaction
(Fig. S2F†). During the reaction, a slight etching from the
surface of the material was seen. We have already mentioned
that the formation of clusters occurs only at alkaline pH.
Therefore, here NaOH played a major role in reducing the gold
ions in the cluster synthesis rather than only interacting with

the surface of DFNS and this could be the reason for minimal
surface etching seen in the hybrid material as compared to the
parent DFNS. According to our earlier report, sizes of BSA and
the cluster (including the protein shell) were found to be
around 7.3 and 9 nm, respectively.32 As the pore sizes of the
DFNS decrease from the outer surface towards the center, BSA
could easily enter into the compatible pore of the DFNS. A
probable mechanism for the formation of DFNS@AuQCBSA
could be explained on the basis of dendritic fibrous mor-
phology with varying pore sizes of DFNS which made it acces-
sible for the conjugation of BSA (through its various functional
groups) on DFNS from all the directions followed by the for-
mation of the cluster with the addition of HAuCl4 into alkaline
medium. The reduced pore sizes towards the center of the
DFNS restricted the entry of BSA as well as the growth of the
cluster around the center which resulted in the formation of
ring patterns near the edges of DFNS.

HRTEM EDS analysis of DFNS@AuQCBSA

The incorporation of clusters on DFNS was confirmed further
using HRTEM EDS elemental mapping (Fig. 2). The EDS map
of Au L clearly showed a uniform dispersion of the cluster only
at the edge while Si was nearly absent on that specific region
as shown in the Si K map. The presence of silica was observed
at the center of the hybrid material, where Au was nearly
absent. Distribution of oxygen in O K was found similar to
that of the Si K map and dispersion of S in the S K map
matched well with the Au L map as the source of sulphur was
from the protein. These data confirmed the presence of clus-
ters as well as their uniform distribution at the edges of the
hybrid material as speculated in the earlier section. Fig. 2F
provides the quantification data of the hybrid material.

The powder X-ray diffraction (PXRD) pattern of DFNS
showed a diffraction peak at 2θ = 22.5° and BSA showed two
diffraction peaks at 2θ = 9° and 2θ = 20.5° related to its crystal-
line nature (Cu Kα). The obtained values matched with the
values reported.29,33 For the hybrid material, very weak and
broad peaks around 2θ = 38° and 64° along with the one at 2θ
= 22.5° were observed, due to Au (111), Au (220) and amor-
phous SiO2, respectively (Fig. S3†).

Photoluminescence properties of DFNS@AuQCBSA

DFNS@AuQCBSA showed strong red emission both in the solu-
tion and solid state indicating effective incorporation of clus-
ters on DFNS, which were responsible for the strong lumine-
scence exhibited by the hybrid material. DFNS@AuQCBSA
showed an emission maximum of ∼640 nm with two excitation
maxima around 365 and 500 nm (Fig. 3A). The photographs of
the hybrid material in the aqueous solution under visible and
UV light are shown in the inset of Fig. 3A. The material was
freeze dried into a powder form and the powders also showed
bright luminescence under UV light (Fig. 3B). A similar exci-
tation maximum was observed for both solid and solution
states. But a red shift from 640 to 645 nm was observed in the
emission maximum of the solid material. This shift was attrib-
uted to the confinement of the cluster in the solid form.
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Fig. 2 EDS analysis to confirm the presence of clusters in the DFNS@AuQCBSA. (A) TEM image of the hybrid material and the corresponding Si Kα,
Au Lα, O Kα, and S Kα maps are shown in B, C, D and E, respectively. Au Lα mapping shows the presence of gold only at the edges of the sphere
while the absence of silica from those regions is clearly seen from the Si Kα map. Quantification data and EDS spectrum showing the presence of
expected elements in DFNS@AuQCBSA are presented in F and G, respectively.

Fig. 3 Luminescence profile of DFNS@AuQCBSA in the (A) solution and (B) solid states. Photographs of DFNS@AuQCBSA in the solution and powder
form under UV and visible light are shown in the respective insets. Both the samples were excited at 365 nm. The emission was found around
640 nm for the solution and around 645 nm for the solid state.
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Resemblance of the luminescence spectrum with that of
AuQCBSA in solution suggested that the clusters formed on the
DFNS surface were essentially similar to that in the free state.10

The evolution of luminescence during the formation of the
hybrid material was studied by measuring the time dependent
PL spectra (Fig. S4†). After 4 h of synthesis, the mixture started
to show faint luminescence and the color of the mixture also
changed from slightly yellowish to light brown. This was an
indication of the formation of the cluster. With time, a gradual
increase in the luminescence intensity was observed along with
a change in the color of the mixture. Maximum emission inten-
sity was observed after 10 h of the reaction and the color of the
reaction mixture turned golden brown. All the samples were
excited at 365 nm and emission maxima were found to be
around 640 nm. Luminescence of the hybrid material was stable
and PL spectra up to 5 days are shown in Fig. S4.† The lumine-
scence profile of the DFNS@AuQCBSA at various stages of the
reaction did not show any shift in its emission wavelength
which suggested the formation of a stable species on DFNS.

Investigation of structural morphology of DFNS@AuQCBSA
using AFM

The formation of a hybrid material was further studied using
atomic force microscopy (AFM). The 3D topographical images
of DFNS and the hybrid material are presented in Fig. 4A and
C, respectively. It clearly showed the significant changes in the
morphology of the hybrid material as compared to their
parent analogues. The height profile of a single DFNS particle
was found to be 650 nm (Fig. 4B) while in the case of a single
particle of the hybrid material, the height decreased to 320 nm
(Fig. 4D).

We have mentioned in section 3.1 that during the growth of
clusters on DFNS, the fibrous morphology of the latter was
decreased due to etching of the surface. Although the exact
reason is not apparent in this study, the reduced fibrous mor-
phology could be the probable reason for the significant
change in the height of the hybrid material.

Phase imaging provides complementary information on the
topography and reveals the variations in the surface properties
including the composition of the material. A large area phase
image of the parent DFNS is shown in Fig. S5A† and the high
resolution image of the edge of a DFNS is presented in
Fig. S5B.† A thin sheet-like surface was observed in the parent
DFNS which could be compared to the fibrous morphology as
seen in the HRTEM image. But the hybrid material appeared to
be completely different from the parent structure (Fig. S5C†).
The thickness of the edge was increased, and it exhibited a
brighter contrast which was absent in the case of parent DFNS
(Fig. S5D†). The enhanced contrast was due to the presence of
clusters at the edge of the hybrid material which was supported
by the observation made by TEM EDS mapping.

XPS studies of DFNS@AuQCBSA

X-ray photoelectron spectroscopy (XPS) helps to determine the
oxidation state and binding properties of the protein stabilized
gold clusters. XPS analysis of DFNS@AuQCBSA confirmed the
existence of the metallic state of gold. Au 4f7/2 appeared at 84.5
eV close to its Au0 binding energy. The observed slightly
higher binding energy (BE) could be contributed to its
bonding environment. The S 2p3/2 and 2p1/2 BEs of 164.0 and
165.5 eV, respectively, are characteristic of thiolate.12,34 This
suggested that the cluster core is stabilized by the thiol groups

Fig. 4 The 3D topographical images of DFNS and the hybrid material are presented in (A) and (C), respectively. (B) and (D) Height profiles of DFNS
and the hybrid material based on the line scans (labelled in red) in the AFM images, respectively.
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of the protein (mostly through the cysteine residues and are
highly reactive, BSA has 35 cysteines). Slightly higher binding
energy could be attributed to the oxidized state of sulphur,
which is observed in the case of thiolate protected clusters
upon X-ray exposure, thus leading to sulphite, sulphonate and
sulphate species.35,36 The cluster remained intact on DFNS as
no Au+ was observed. This is in agreement with the lumine-
scence data also (Fig. 5).

Darkfield microscopy and metal ion sensing using
DFNS@AuQCBSA

The hybrid material, DFNS@AuQCBSA, with distinct structural
properties was observable under an optical microscope. For

this analysis, a diluted solution of the sample was dropcast
and dried on a glass slide. Dark field optical microscopy
images of the parent DFNS appeared as spherical particles and
a large area optical image of them is shown in Fig. 6A. The par-
ticles were subjected to hyperspectral imaging (HSI) analysis
and the scattering spectrum of a single DFNS was collected
(Fig. 6B). The corresponding single DFNS is provided in the
inset of B in which the specific positions from where the
spectra were collected are marked as 1 and 2. The scattering
intensity was higher at the center than the edges and was due
to the fibrous morphology, with decreasing density from the
center towards the edge of the DFNS. Interestingly, the dark
field image of the hybrid material was entirely different from

Fig. 5 XPS analysis of DFNS@AuQCBSA showing metallic (A) Au 4f and thiolate (B) S 2p regions.

Fig. 6 Large area optical images of (A) DFNS and (C) DFNS@AuQCBSA. The corresponding scattering spectra collected from the surface of DFNS
and DFNS@AuQCBSA are presented in (B) and (D), respectively. The positions in the single particle from where the spectra are collected are marked
in the insets. (E) The white light and the corresponding (F) fluorescence image of DFNS@AuQCBSA. (G–I) Fluorescence images of DFNS@AuQCBSA,
(G) before and after exposure to Hg2+ at concentrations of (H) 100 ppb and (I) 1 ppm, respectively. The corresponding optical images are shown in
the insets.
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that of the parent DFNS and appeared like hollow spheres or
donuts (Fig. 6C).

Scattering spectra of the hybrid material were collected
from similar positions as in the parent DFNS (Fig. 6D) and the
corresponding single hybrid material particle is given in the
inset. The results obtained were opposite to that of parent
DFNS, where a higher scattering intensity was observed from
the edge of the hybrid material compared to the center. The
presence of clusters at the edges of the hybrid material results
in such unique structure under an optical microscope which
was strengthened by EDS mapping as well as AFM phase
imaging. The increased electron density at the edges due to
the clusters contributed to this enhanced scattering intensity.
Fig. 6E shows a large area optical light image of the hybrid
material and the corresponding fluorescence image is depicted
in Fig. 6F. The fluorescence image exhibits red emission due
to the clusters anchored on the surface of DFNS and similar
hollow sphere structures were also observed in fluorescence
images. Hg2+ is known to quench the luminescence of
AuQC@BSA and the interaction of Hg2+ with the core of the
cluster has been suggested as the plausible reason for this
quenching effect. In order to study the effect of Hg2+ on the
luminescence of the hybrid material, different concentrations
of Hg2+ were introduced to the former. Gradual disappearance
of the luminescence intensity from the hybrid material upon
addition of varying concentrations (100 ppb, 1 ppm) is shown
in Fig. 6G–I. Though a significant decrease in the lumine-
scence of the hybrid material was observable at 100 ppb of
Hg2+, a complete quenching of the luminescence occurred
upon exposure to 1 ppm concentration of the Hg2+. In both
the cases, the optical images of the hybrid material remained
unaffected as shown in the inset of Fig. 6H and I as scattering
intensity was nearly the same. It suggested that even at higher
concentration of Hg2+, the structure of the material was not
affected. Parent DFNS was not luminescent and a large area

optical image and the corresponding fluorescence image of
DFNS are shown in Fig. S6A and S6B,† respectively. Different
concentrations of Hg2+ were introduced to the parent DFNS
and optical images were captured. No structural changes were
observed. Thus, it can be confirmed that the quenching effect
was due to the clusters alone. This approach is advantageous
over the solution phase method as single particle level investi-
gations are possible.

Conversion of silane to silanol by DFNS@AuQCBSA

DFNS acts as an excellent material to support metal nano-
particles and organometallic complexes to design nanocata-
lysts.27 This prompted us to use the hybrid material
(DFNS@AuQCBSA) for the oxidation of organosilanes to sila-
nols. The silane to silanol reaction was performed in a tetra-
hydrofuran THF–water mixture at 45 °C using 5 mg of the
hybrid material as the catalyst as shown in scheme Fig. 7A.
The result showed that these clusters were catalytically active
(Fig. 7B). The catalyst showed higher kinetics for dimethyl-
phenylsilane as compared to other silanes with 77% of silane
to silanol conversion in 10 h. For other silanes, kinetics as well
as conversion dropped as a function of neighbouring func-
tional group of the silane molecule. For both triisopropylsilane
and tributylsilane, 42% silane was converted to silanol while
for triphenylsilane, only 19% conversion was observed and
such reduced conversion rate could be attributed to the steric
hindrance caused due to the presence of the bulky phenyl
group. To study the catalytic effect of the hybrid material, the
conversion of dimethylphenylsilane to dimethylphenylsilanol
reaction was performed at 45 °C in the presence and absence
of light (>385 to 740 nm) but no significant improvement was
observed as compared to the conventional reaction without
light (Fig. S7†). To maximize the effect of light on the catalysis
reaction, temperature was reduced to 30 °C and in this case, it
was possible to differentiate the effect of light on the catalysis

Fig. 7 (A) The reaction scheme showing the conversion of silane to silanol. (B) The conversion of various silanes to silanol at 45 °C during different
time intervals. (C) The effect of light for the dimethylphenylsilane to dimethylphenylsilanol conversion reaction, at 30 °C (error in the catalytic
measurements is ±5%).
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as compared to the reaction conducted in the dark at 30 °C
(Fig. 7C). In the presence of light, the reaction occurred much
faster (100% conversion in 4 h) while only 56% conversion was
observed without light at 4 h. There was no role of the enzyme
in the silane hydrolysis reaction which was confirmed by con-
trolled catalytic experiments using DFNS and BSA complex, in
which no catalytic activity was found under similar experi-
mental conditions. Thus, the enhancement could be directly
attributed to the presence of clusters.

UV-Vis absorption spectra of DFNS@AuQCBSA were
measured in the presence and absence of light, after the cata-
lytic reaction (Fig. S8†). In both the cases, a plasmonic peak
around 532 nm was found which was absent before the cata-
lytic activity (Fig. S1B†). This clearly suggested the change in
the size of the cluster after catalysis. It showed that the cata-
lytic conditions made gold clusters to aggregate.

Conclusions

In conclusion, we have developed a luminescent hybrid
material (DFNS@AuQCBSA) using AuQC@BSA loaded on DFNS
which can act both as a chemical sensor and a catalyst.
Utilizing the scattering and luminescence properties, imaging
of such mesostructures was performed and they were used for
sensing Hg2+. This approach enabled a single particle lumine-
scence imaging with a unique donut like mesostructure. The
hybrid material was demonstrated as the catalyst in the oxi-
dation of organosilanes to silanols, with higher kinetics of
77% conversion for dimethylphenylsilane to dimethyl-
phenylsilanol. The efficiency of the catalyst was found to
increase in the presence of light when the reaction was per-
formed at 30 °C and 100% conversion was achieved only in
4 h. The hybrid material has great potential in numerous
applications in various fields using combined properties of the
luminescent clusters and DFNS. Additional experiments are
required to understand the system in more detail and to
improve the sensitivity of detection as well as the catalytic
efficiency of the material.
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Fig. S1 (A) Comparative Zeta potential values of DFNS@AuQCBSA and its related systems. 

(B) UV-Vis absorption spectra of DFNS@AuQCBSA showing the synthesis of cluster on 

DFNS surface.  The spectra were collected using water as the solvent. Inset shows the 

photograph of DFNS@AuQCBSA under visible light.

Fig. S2 HRTEM images showing the evolution of DFNS@AuQCBSA structure. A) DFNS, 

(B) DFNS, and (C) DFNS+BSA at alkaline pH. HRTEM images of DFNS+BSA+HAuCl4 at 
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Fig. S3 Powder X-ray diffraction patterns of DFNS, BSA and DFNS@AuQCBSA. 
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Fig. S4 Time dependent PL spectra during the synthesis of DFNS@AuQCBSA. Luminescence 

started to appear after 4 h of the reaction and PL spectrum has taken up to 5 days. The 

emission maximum was found ~640 nm when excited at 365 nm. 

Fig. S5 AFM large area phase imaging of (A) DFNS and (C) DFNS@AuQCBSA. The regions 

marked in the A and C are shown in image B and D, respectively. The high resolution image 

D (DFNS@AuQCBSA), showing the clear contrast and morphological difference than the 

DFNS. 
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Fig. S6 A large area optical (A) and the corresponding fluorescence images of the parent 

DFNS (B). Scale bars in A and B are 5 μm.

Fig. S7 The effect of light on the conversion of dimethylphenylsilane to 

dimethylphenylsilanol at 45 °C. (Error in the catalytic measurements is ± 5%).
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Fig. S8 UV-Vis absorption spectra of DFNS@AuQCBSA in presence (red trace) and absence 

(black trace) of light, after catalytic reaction showing the presence of plasmonic peak around 

532 nm. 



Transformation of Nanodiamonds to Onion-like Carbons by
Ambient Electrospray Deposition
Deeksha Satyabola,† Tripti Ahuja,† Sandeep Bose, Biswajit Mondal, Pillalamarri Srikrishnarka,
M. P. Kannan, B. K. Spoorthi, and Thalappil Pradeep*

Cite This: J. Phys. Chem. C 2021, 125, 10998−11006 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Onion-like carbons (OLCs) are a class of fullerene-like circular nano-
allotropes of carbon, typically synthesized from nanodiamond (ND) via thermal annealing,
plasma spraying, and laser ablation. These methods require high temperature, high
vacuum, or inert gas. Here, we report an ambient electrospray deposition (AESD) process
to transform NDs (11 ± 1 nm in size) into OLCs (50 ± 13 nm in size) in water.
Transmission electron microscopy (TEM), field emission scanning electron microscopy
(FESEM), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS) were used
for the characterization of NDs and OLCs. High-resolution TEM images showed an
increased interplanar spacing from ND (0.23 nm) to OLC (0.39 nm). Raman spectra
showed a shift in the ND peak from 1336 cm−1 to D-band at 1349 cm−1, and XPS quantitatively estimated an increase in the
graphitization ratio (sp2/sp3) from 0.95 to 3.16 after AESD. Comparison of electrospray with sonic spray confirmed that such a
transformation required an external voltage as well. AESD was also performed for NDs dispersed in ethanol and acetonitrile, which
showed a solvent-dependent transformation.

1. INTRODUCTION

Carbon has always amazed scientists with its unique ability to
form bonds of various kinds, and this property is distinctly
different from other elements in the periodic table.1,2 Due to
this, several nanoallotropes of carbon have been identified
since the discovery of fullerenes.3−6 These nanoallotropes can
be converted to each other accompanied by a change in their
hybridization.1,2 One such allotrope of carbon is nanodiamond
(ND), also known as ultradispersed diamond (UDD). It has a
core−shell-like architecture2 with an sp3 (diamond) core and
sp2 (graphitic) shells, surrounded by dangling bonds on the
surface. NDs are transformed into sp2-hybridized carbon called
onion-like carbons (OLCs) by the process of graphitization.
OLCs are multilayered fullerene-like carbon shells, also called
carbon nano-onions (CNOs), or carbon onions (COs).7,8

They have demonstrated their applicability in electrical double-
layer capacitors9 and high-performance supercapacitor electro-
des10 for energy storage due to high charge−discharge rates9

and possess capacitance similar to carbon nanotubes. High
conductivity and compatibility to form composites with other
inorganic materials have made them ideal candidates for solar
cell applications.11 They have also been studied for biomedical
imaging,12 biochemical sensing,13 and therapeutic nano-
carriers14 due to nontoxicity, suitability, and covalent
functionalization with most naturally occurring biomolecules.
Nitrogen-doped CNOs with gold15 and copper16 nanoparticles
have enabled the formation of nanocomposite electrochemical
sensors and efficient oxygen reduction electrocatalysts,

respectively. COs have also been utilized for water treatment17

because of their ability to absorb heavy metal ions.
Besides the applications of OLCs in capacitors, sensors,

water treatment, and so forth, there have also been efforts to
discover new methods for the synthesis of OLCs. The OLCs
were synthesized initially using carbonaceous materials or
amorphous carbon soot via heat treatment above 2500 K18 and
high-energy electron beam irradiation.19 Both the precursors
and methods used for the synthesis of OLCs have been
modified over time.20−28 ND, methane, propane, and aromatic
compounds have been utilized to obtain various structures of
OLCs ranging from spherical and polyhedral to hollow or
those containing metal cores, through annealing,20,21 chemical
vapor deposition (CVD),22 carbon ion implantation,23 arc-
discharge,24 pyrolysis,25,26 and so forth. Among all these
methods and precursors, large quantities of OLCs have been
synthesized from ND due to the ease of synthesis and
availability.7 The annealing of ND to OLCs introduced by
Kuznetsov et al. requires a high temperature of 1273−1773 K
and high vacuum.20 Later, Gubarevich et al. introduced a
plasma-spray method for the synthesis of OLCs from NDs,
which required a current of 100 kA and arc discharge at ∼10
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kPa of argon.27 The conversion of ND to a new diamond,
through CO as the intermediate, accompanied by a high-
temperature laser-induced transformation has also been
reported.28

In this paper, we have introduced a simple technique called
ambient electrospray deposition (AESD) for the trans-
formation of ND to OLC at room temperature and
atmospheric pressure. AESD is a subset of electrospray
ionization (ESI) that has immense applications in mass
spectrometry (MS).29 AESD has been proved to be a
promising technique for the synthesis of functional nanoma-
terials as well.30−32 Li et al. have used ESI for the synthesis of
silver and gold nanoparticles30 and showed an improved
catalytic activity by their use in the reduction of p-nitrophenol.
Our group has also reported the formation of metallic
nanobrushes of silver31 and distinct phases of Cu2S

32 using
AESD.
Our method of transformation of ND to OLC involves two

steps: (1) ES of ND suspension and (2) soft-landing/
deposition of the product on a conducting surface. ND before
ES and the transformed product (OLC) after ES were
thoroughly characterized by transmission electron microscopy
(TEM), field emission scanning electron microscopy
(FESEM), Raman spectroscopy, and X-ray photoelectron
spectroscopy (XPS). To understand the mechanism of
transformation of NDs to OLCs, a comparative study of ES
and sonic spray (SS) was performed. While SS leads to
graphitization of ND as in ES, the final nanoallotrope obtained
using SS differed from OLCs. This proved that an external
voltage is necessary and is essential to produce OLCs at
ambient temperature and atmospheric pressure. Additional
parameters that distinguish ES from SS such as the presence of
charge and electric field at the spray tip and Laplace pressure
on the droplet were also evaluated. Furthermore, we changed
the solvent from water to acetonitrile (MeCN) and ethanol
(EtOH) to understand the effect of the solvent on
graphitization. Transformation of ND to OLCs was facile in
water as compared to MeCN and EtOH. Factors such as
dielectric constant and surface tension vary in different
solvents, which affect ES and play a significant role in the
transformation.33−36 Additionally, understanding the interac-
tions between ND and solvent molecules is also required. Such
an interaction has been studied in detail by Holt et al.37

between ND and EtOH vapors. They have mentioned a
possibility of hydrogen bonding between the polar function-
alities on ND and EtOH molecules, which may stabilize the
surface of ND. Other attempts to understand the interaction
and solubility of ND are also known by dissolving it in various
polar and nonpolar solvents.38 All of them are known to
stabilize the ND particles and form dispersions, ascertaining
that the interactions between adjacent ND particles39 and with
the solvent38 molecules are pertinent to understand the
transformation.

2. MATERIALS AND EXPERIMENTAL METHODS
2.1. Materials. ND powder, ≥97% purity, was purchased

from Sigma-Aldrich. Borosilicate glass capillaries (outer and
inner diameters of 1.5 and 0.86 mm, respectively) were
prepared with a tip diameter of 30−45 μm (determined using
an optical microscope) to form a nanospray emitter using a
micropipette puller (P-97), Sutter instrument, USA. Indium tin
oxide (ITO) glass slides were purchased from Zhuhai Kaivo
Electronic Optoelectronics Technology Co., Ltd. Other

reagents such as MeCN and EtOH were of analytical grade
and used without further purification. Deionized (DI) water
(∼18.2 MΩ) obtained from Milli-Q was used throughout the
experiments.

2.2. Preparation of ND Suspension and Substrates
for Characterization. ND (1.5 mg) was dissolved in DI
water (1 mL) to obtain a 125 mM stock suspension.
Concentration was evaluated in terms of the C content
present. It was mixed thoroughly on a SPINIX vortex shaker
for 3 min and successively diluted to prepare a 1.25 mM ND
suspension. The diluted suspension (1.25 mM) of ND was
used for ES and SS because low concentrations are most
suitable in nanoESI.36 Similarly, ND suspension (1.25 mM)
was prepared in MeCN and EtOH to examine the effect of
solvents on the transformation of ND. The suspension was
electrosprayed on the carbon-coated copper grid by placing it
on top of an ITO glass slide (22 mm × 22 mm × 1.1 mm) for
HRTEM analysis. The same copper grid was fixed on a
conducting carbon tape and used for FESEM analysis. The
electrosprayed ITO glass slide was used directly for Raman and
XPS characterization.

2.3. Instrumentation. TEM and HRTEM measurements
of ND, before and after ES, were performed using a JEOL3010
at an accelerating voltage of 200 kV. FESEM measurements
were performed using a Thermo scientific Verios G4 UC
having a retractable detector. Confocal Raman imaging of ND,
before and after ES, was performed on a WITec alpha300 S
with a frequency-doubled Nd:YAG laser at 532 nm with 10
mW laser power, 2 s acquisition time, and 20 accumulations.
To identify the chemical oxidation states and for quantitative
estimation of ND and OLC, XPS was performed with an
electron spectroscopy for chemical analysis (ESCA) probe
temperature-programmed desorption (TPD) spectrometer of
Omicron Nanotechnology with a polychromatic Al Kα (hυ =
1486.6 eV) source having a step size of 0.08 eV. The binding
energies (BEs) of all the elements were calibrated with respect
to C 1s at 284.8 eV. The percentage of peak area was
calculated by taking the relative sensitivity factor (RSF) of
carbon as unity.

2.4. Ambient Electrospray Deposition (AESD) Setup.
The AESD setup (Figure 1) used for ES was composed of an

Figure 1. (a) Schematic representation of the AESD setup. (b)
Magnified optical image of the rectangular area in (a) shows the spray
plume soft-landing on the ITO glass slide. The spray plume in (b) was
visualized with a laser.
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external voltage source supplied by a variable DC power supply
and a nanospray assembly. The nanospray assembly was made
of a nanoESI capillary, platinum (Pt) wire (0.2 mm in
diameter), and ITO glass slide. The Pt wire was inserted in a
borosilicate capillary already filled with the ND suspension
using a microinjector pipette tip. The distance between the
capillary tip to the ITO glass slide was 8 mm. The assembly
was supported by a clamp and stand to keep it stable and firm.
The positive terminal of the voltage source was connected to
the Pt wire, and the negative terminal was connected to the
ITO glass slide, which was grounded. It was found that ES was
possible only in the positive mode. Therefore, the same was
followed throughout all the experiments. The applied voltage
and time required to collect 20 μL of the sample in the spray
plume were 2.6 kV and 1 h, respectively. The potential and tip
to capillary distance were optimized as described by Jana et
al.32

2.5. Sonic Spray (SS) Setup. The SS setup (Figure S5)
was composed of a N2 gas cylinder connected sideways to a T-
connector, a fused silica capillary (inner and outer diameters
were 150 and 300 μm, respectively) connected from the top of
the T-connector, and a vial (1.5 mL) that collects the SS. ND
suspension (1.25 mM) was loaded in a 500 μL Hamilton
syringe connected with the silica capillary using a union
connector and placed on the syringe pump. The syringe pump
continuously infused the ND suspension at a constant flow rate
of 5 μL min−1, which generated uncharged microdroplets on
contact with high-pressure N2. These microdroplets were
collected for 3 h in the vial and later diluted with 50 μL of DI
water for TEM and Raman. Subsequently, the SS was
performed at different pressures (5, 10, and 15 psi) to
optimize the pressure-induced graphitization.

3. RESULTS AND DISCUSSION

3.1. Transformation of NDs to OLCs Using AESD. In
AESD, a nanoESI capillary containing ND suspension (1.25
mM) was connected to the positive terminal of an external

voltage source (2.6 kV) (Figure 1a). As a result, a positive
charge was accumulated on the ES plume of ND, which was
soft-landed on a negatively charged counterelectrode, an ITO
glass slide. This region is marked by a rectangle in Figure 1a.
This is shown as an optical image in Figure 1b.

3.2. Characterization of ND before and after ES. TEM
images of NDs before and after ES are shown in Figure 2a−d.
The ND particles are spherical and highly aggregated (Figure
2a). The aggregation of NDs was attributed to the Coulombic
interaction among the surface functionalities of adjacent
particles.39 NDs showed the characteristic diamond lattice
(Figure 2b) with a lattice spacing of 0.23 nm due to the (111)
plane, comparable to that of diamond (0.21 nm). The product
of ES shown in Figure 2c,d was characterized as unique onion-
like concentric circular structures called OLCs. Unlike ND, the
OLCs are large and composed of concentric circular rings. The
increase in the size of OLCs is evident by the respective
particle size distribution of ND and OLCs shown in Figure
2e,f. The average particle size of ND was 11.26 ± 1.84 nm,
which increased to 50.71 ± 13.30 nm in OLCs (Figure 2e,f).
The HRTEM image of OLCs (Figure 2d) showed a lattice
spacing of 0.39 nm. This lattice spacing of OLCs varied from
0.33 to 0.35 nm.20,27,28 Such a variation is attributed to the
different synthetic protocols followed for this work compared
to the other conventional routes. The majority of OLCs
obtained by ES are overlapped with others or are deformed
slightly along the periphery on account of their soft-landing
process on the ITO surface (Figure 2c). It was difficult to
discern individual rings inside the OLCs most of the time;
however, the concentric circular nature was noticeable in the
HRTEM image (Figure 2d). The FFT images of NDs and
OLCs are shown as insets in Figure 2b,d, indicating the
prominent planes in each. The FFT of ND shows three pairs of
bright spots indicating its crystalline nature, and OLCs show a
concentric ring pattern that represents the multilayered
fullerene-like carbon shells as described by Isabel et al.40

Moreover, some of the FFT images of OLCs had two intense

Figure 2. TEM and HRTEM images of NDs (a,b) depicting a lattice spacing of 0.23 nm, and OLCs (c,d) obtained after ES with a lattice spacing of
0.39 nm. Insets of (b,d) show the corresponding FFT images. Particle size distribution gives a mean size of (e) 11.26 ± 1.84 nm for ND and (f)
50.71 ± 13.30 nm for OLC. The scale bars in (a,c) are 20 nm and (b,d) are 5 nm.
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spots (not shown here), which correspond to parallel layers
characteristic of graphitic structures. Such a discrepancy was
attributed to the presence of sp2-graphitic cover over ND. This
was because the spray conditions were not adequate to convert
all NDs into OLCs.
The transformation of ND to OLC took place over a

considerable region. It is evident by the large-area TEM images
of ND and OLC shown in Figure S1a,b.
We chose FESEM to see the morphological variations in ND

before and after ES. The distinct morphology and surface
structure of ND and OLCs were difficult to perceive;
nonetheless, the transformation from highly agglomerated
ND particles (Figure S2a) to overlapping OLCs (Figure S2b)
was seemingly evident. OLCs were observed distinctly due to
their large size in contrast to ND particles; the average size of
OLCs was 33−46 nm (Figure S2b).
The applicability of AESD to form OLCs at higher

concentrations (5 mM of ND suspension) was also tested.
Figure S3a−d shows the TEM and FESEM images of the
product obtained upon ES of 5 mM aqueous suspension of
ND, which also resembled OLCs. Close inspection of the
TEM images revealed the concentric nature of the OLCs,
similar to other concentrations (Figure S3a,b). The size of
OLCs varied in a wide range from 31 to 50 nm as evident by
the FESEM images (Figure S3c,d).
Besides monitoring the effect of concentration on the

transformation, it is equally important to know the formation
of the same product on different substrates after ES. To show
that ES on the ITO glass slide and carbon-coated copper grid
resulted in the same product, the deposited product on the
ITO glass slide was removed by scratching; then, the resulting
product was dissolved in 50 μL of DI water and drop-casted on
a TEM grid. Respective TEM and HRTEM images of the
product obtained upon direct ES on an ITO glass slide are
shown in Figure S4a,b, respectively. These images also showed

the formation of concentric circular rings, but they were
slightly distorted which may be due to the scratching of the
thin-layered product from the ITO surface. Thus, the
transformation was substrate-independent, to a significant
extent.
XRD measurements of ND and OLC are important for easy

visualization of the change in the lattice structure of ND upon
transformation to OLC. The OLCs were deposited as a thin
film after ES on the ITO glass slide, and the signals obtained
were weak with intense background due to ITO. Therefore, we
moved to alternative techniques such as Raman spectroscopy
and XPS.
ND is a suitable Raman analyte that possesses distinct

vibrational features. However, its photoluminescence nature
creates a huge rise in the background of the Raman spectrum.
The background associated with the vibrational features of ND
can be reduced by decreasing the wavelength of the excitation
laser employed because the lower wavelength such as 230 nm
matches with the band gap (5.4 eV) of ND.41 As the excitation
laser (532 nm) has a wavelength higher than 230 nm, the
background in the Raman spectrum was corrected using
suitable baseline correction. The spectra were normalized, and
peaks were fitted thereafter. Figure 3a shows the stacked
Raman spectra of ND before and after ES. In Raman spectra,
peak position and full width at half-maximum (fwhm) (Figure
3a) provide useful information pertaining to the change in the
hybridization of ND (sp3) to OLCs (sp2). Before ES, ND
shows an intense and sharp peak at 1336 cm−1 with 43 cm−1

fwhm value due to the presence of a cubic lattice of sp3-
diamond in the ND core. It also showed a broad peak in the
region of 1580−1650 cm−1, which was fitted with a
combination of two peaks (103 and 54 cm−1 fwhm) and
corresponds to the G-band of the graphitic shell surrounding
the ND core, specifically the in-plane stretching vibration of
the sp2 C−C bonds. The broadness of the G-band is also

Figure 3. Stacked Raman spectra (a) showcasing shift in the ND peak at 1336 cm−1 (before ES) to a broad D-band (green) at 1349 cm−1 (after
ES), graphitic sp2-C peak at 1632 cm−1 also got shifted to the G-band (pink) at 1624 cm−1. Stacked C 1s core-level XPS spectra (b) of drop-casted
ND (before ES) and OLCs (after ES) provide the percentages of sp2-C (green), sp3-C (blue), and C−O bound C (pink). The as-obtained and
fitted spectra are represented by gray and black curves, respectively.
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attributed to the presence of several other functionalities42 on
the surface, such as ν(CC), δ(O−H), mixed sp2−sp3
carbon, and some defects appearing on its surface. After ES,
the sharp ND peak at 1336 cm−1 (43 cm−1 fwhm) is blue-
shifted to a broader peak at 1349 cm−1 (105 cm−1 fwhm). The
latter was assigned to the D-band of disordered sp2-C over ND.
Another sp2-C peak appears at 1632 cm−1 (before ES), which
was fitted with two peaks at 1586 cm−1 (103 cm−1 fwhm) and
1636 cm−1 (54 cm−1 fwhm), showed a red shift to a relatively
sharp and single G-band around 1624 cm−1 (75 cm−1 fwhm)
after ES, corroborated with the literature.42−44 In conventional
annealing methods, fwhm values of the diamond feature and
that of the G-band increase up to 600 °C and decrease
subsequently with a further increase in temperature.43 In ES,
the fwhm of the diamond peak increased and that of the G-
band decreased after ES. Compared to detonated (∼40 cm−1)
or annealed ND, electrosprayed ND (105 cm−1) showed a
large increase in fwhm. The physical reason behind the
variation of fwhm values in detonation and annealed ND is due
to the phonon confinement effect as explained by Mermoux et
al.42 The detailed reason behind the large increase in fwhm
after ES is yet to be understood. A table showing a comparison
of observed Raman peaks with the authentic OLCs from the
literature7 is mentioned in Supporting Information, Table S1.
It was difficult to convert all the ND suspension into OLCs

because the spray conditions governed the overall trans-
formation. Therefore, a better approach to estimate the
amount of ND transformed to OLC was using XPS. It can
evaluate the amount of OLCs formed based on the percentage
of C transformed from sp3 to sp2. Quantification of sp2-C was
achieved by performing high-resolution XPS of ND before and
after ES. High-resolution spectra were fitted using Shirley
background with an equal fwhm for all peaks. Figure 3b shows
the C 1s core-level XPS spectra of the NDs (before ES) and
OLCs (after ES). The sp2- and sp3-hybridized C appear at
binding energies of 284 and 285.5 eV, respectively. The surface
of ND also contains oxygen-bound functionalities that are
represented by the C−O peak at 287.5 eV. The fwhm of the C
1s peak was 2.33 eV in ND and 1.59 eV in OLC. The peaks
were in good agreement with the existing literature and

showed a decrease in the fwhm values from ND to OLC, and
such a difference is attributed to intrinsic charge discrepancy.45

The area under each deconvoluted C1s peaks yields the
percentage of sp2-C, sp3-C, and C−O. In the transformation of
NDs to OLCs, the proportion of sp2-C has increased by 20%
with a simultaneous decrease in sp3-C. The sp2/sp3 ratio has
increased from 0.95 in ND to 3.16 in OLCs (calculation S1,
sp2/sp3 ratio), confirming the formation of OLCs.

3.3. Comparison between ES and SS of ND. To
understand the mechanism and the parameters essential for the
transformation, we performed an SS experiment, which was
devoid of an external voltage. The schematic of the sonic spray
setup is shown in Figure S5. A Hamilton syringe containing
ND suspension (1.25 mM) was discharged via a silica capillary
at a flow rate of 5 μL min−1 using a syringe pump. N2 gas was
maintained at 20 psi, which generated microdroplets of ND
suspension, a phenomenon similar46 to that of ES.
Figure 4a−d shows the TEM images of the product of SS

obtained at varied pressures from 5 to 20 psi. Fine aerosol
droplets were obtained in the spray in this range. Most of the
ND particles remain unmodified at 5 and 10 psi (Figure 4a,b),
but with an increase in pressure to 15 and 20 psi (Figure 4c,d),
transformation resulted in mild graphitization in ND. The
nanostructures obtained using SS were different in morphology
from the OLCs obtained by ES. The structure, shape, and size
of the product of SS were highly distorted and imperfect,
compared to the symmetrical and circular OLCs obtained
through ES.
To confirm the graphitization in SS, Raman spectral analysis

was performed. Figure 4e shows stacked Raman spectra of ND,
before spray, after ES, and after SS. The ND peak before spray
at 1336 cm−1 was broadened and shifted to 1365 cm−1 upon
SS by 29 cm−1, compared to a shift of 16 cm−1 on ES. This
shift was attributed to the D-band of graphite in both ES and
SS. Similarly, the peak at 1632 cm−1 was blue-shifted to 1598
cm−1, which corresponds to the G-band of C after SS. The
fwhm of the diamond peak in SS also increased to 184.94
cm−1, compared to 105.05 cm−1 in ES. These shifts confirmed
the pressure-induced graphitization of ND in the SS. This
comparison revealed that high pressure facilitates the process

Figure 4. TEM images (a−d) of the product obtained after SS at 5, 10, 15, and 20 psi. The inset of (d) shows its HRTEM image. Comparative
Raman spectra (e) showing shifts in the peak positions before spray (green), after ES at 2.6 kV (blue), and after SS at 20 psi (orange). The scale bar
in (a−d) is 20 nm each [inset of (d) is 5 nm].

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c00166
J. Phys. Chem. C 2021, 125, 10998−11006

11002

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c00166/suppl_file/jp1c00166_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c00166/suppl_file/jp1c00166_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00166?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00166?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00166?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00166?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c00166?rel=cite-as&ref=PDF&jav=VoR


of graphitization. However, SS could not produce the OLCs of
defined shape and morphology as obtained via AESD.
AESD and SS also differ in terms of the radius of the

capillary tip used, which is crucial to consider as it decides the
size of the droplet. The droplet size is smaller in AESD that
employs the nano-ESI mechanism than SS that is based on ES,
which may favor the transformation to OLCs in the former. To
check that we electrosprayed the ND suspension with a fused-
silica capillary (tip radius: 75 μm, three times larger than the
borosilicate capillary used in nano-ESI). It was observed that
concentric OLCs were formed, but most of them had irregular
shapes which were fused to each other along the edges
compared to separate OLCs produced using AESD (Figure
S6). Thus, the transformation was weakly dependent on the
droplet size. Therefore, we concluded that an SS experiment
with voltage can also form OLCs.
It is difficult to study the mechanism of the transformation

of the sp3-hybridized diamond core in ND to sp2-hybridised
OLC, due to the inherently small size and high speed of the
microdroplets formed during ES, which demands sophisticated
high-speed cameras coupled with microscopy to capture the
ultrafast plume in ES.47 A comparison of ES with SS aided in
accounting for the external factors responsible for the
transformation of NDs to OLCs via AESD. The optimized
parameters used in ES and SS are listed in Table 1.

Considering the importance of these parameters at 2.6 kV,
the electric field33 at the tip of the capillary was calculated as
1.45 × 107 V m−1 (calculation S2a, electric field at the capillary
tip). Such a high electric field at the capillary tip is responsible
for the generation of droplets by ES, with a charge29 of ∼10−14
C. Furthermore, the droplet present on the curved surface of
the capillary tip possesses an interfacial tension, which can be
related to the pressure inside the droplets and radius of
curvature of the capillary used. This pressure is termed as
Laplace pressure and can be calculated at the capillary tip
interface for ES and SS, using the relation mentioned by Lee et
al.48 (calculation S2b, Laplace pressure at the capillary tip).
The Laplace pressure in the capillary was higher in ES
compared to SS by 3.8 kPa, attributed to the smaller radius of
curvature of the capillary used in ES. An increase of 3.8 kPa in
ES was insignificant for rupturing the ND lattice. Thus,
additional parameters such as the electric field also should play
an important role. ES uses external voltage, which generates a
high electric field, and charge on the droplet, unlike SS. This
reaffirmed that the transformation to OLCs is highly
dependent on the presence of charge and high electric field
on the droplet at the capillary tip.
Besides the role of the Laplace pressure and electric field,

several rearrangements in the bond can happen as the droplet
is discharged from the capillary tip. The process of spray takes
microseconds. Various other phase transformations are
known49−51 to happen at ultrafast and femtosecond time
scales such as the nonthermal melting in Ge semiconductors,49

superheating, and melting of bulk ice.51 Since these phase
transformations involve rearrangements in bonds; we suggest
that the transformation of ND to OLC is facile on a short-time
scale. However, the actual mechanism of such a transformation
is still elusive. We may conclude that high Laplace pressure
combined with the electric field and charge on the droplets
facilitates the conversion in ES.

3.4. Effect of Solvents on the Formation of OLCs via
AESD. ES is highly dependent on the physical and chemical
properties of the solvent such as polarity, dielectric constant
(ε), and surface tension (γ).29,36 To understand the effect of
these properties of the solvent on the conversion of ND to
OLCs, we performed the ES in MeCN and EtOH in addition
to DI water. The parameters of ES, namely, capillary-tip to
ITO distance, the concentration of ND suspension, and
duration of spray, were kept constant throughout the ES
performed with various solvents. MeCN and EtOH showed a
liquid jet spray at 2.6 kV due to which the external voltage was
reduced to 1.4 kV to get a proper spray plume. This is because
MeCN and EtOH have low surface tension, which allowed the
formation of a Taylor cone at a lower voltage compared to DI
water.34 The properties which affect the ES in solvents are
presented in Table 2.

The transformation was found to be most favorable with DI
water in the regime of parameters used. The high dielectric
constant and polarity of water are known to stabilize the high
charge states and multiply charged species more efficiently.29

On the other hand, high surface tension of water makes it
difficult to release the spray in the form of a stable, gentle spray
plume at a lower voltage.34 Since external voltage is an
important criterion for the formation of OLCs as inferred by
the comparison of ES and SS, a high voltage must have
facilitated the conversion to OLCs better in water compared to
MeCN and EtOH. Thus, the overall effect led to the
transformation of ND particles in DI water more efficiently
than in the other two solvents.
Figure 5a,b shows the TEM images of ND before and after

ES, respectively, in MeCN. Similar to DI water, the extremely
aggregated nature of ND particles was retained in MeCN. The
average size of ND particles in MeCN also stayed the same,
which is apparent from Figure 5a. After ES, mild graphitization
was seen, but no OLCs were observed (Figure 5b) and large
amounts of ND particles stayed unmodified. Corresponding
Raman spectra corroborated the TEM results (Figure 5e). The
sharp peak at 1335 cm−1 before ES in MeCN was shifted
slightly to a higher wavenumber at 1339 cm−1 after ES. As the
change was within the instrumental resolution (4 cm−1), it was
concluded that the ND was affected negligibly after ES in
MeCN. The G-band of ND in MeCN at 1642 cm−1 on the
other hand was slightly red-shifted at 1639 cm−1 after ES, but it
lies in the same 1580−1650 cm−1 region.
Figure 5c,d shows the TEM images of ND dissolved in

EtOH before and after ES. In this case also, graphitization was
observed after ES (Figure 5d), but most of the ND particles

Table 1. Parameters Used in ES and SS

parameter ES SS

voltage applied (kV) 2.6 N/A
charge on the droplet29 (C) ∼10−14 N/A
electric field (V m−1) 1.45 × 107 N/A
radius of the capillary tip (μm) 25 75
Laplace pressure (kPa) 5.8 2

Table 2. Factors Affecting ES in DI Water, MeCN, and
EtOH

solvent polarity ε (F/m) γ (dyne/cm) V (kV) conversion

DI water 1 78.54 72.00 2.6 high
MeCN 0.46 36.64 28.40 1.4 low
EtOH 0.65 24.60 22.10 1.4 low
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remain untransformed. Raman spectra of ND in EtOH before
and after ES are shown in Figure 5f. The ND sp3-C peak at
1332 cm−1 before ES got shifted to 1337 cm−1, whereas the
broad G-band at 1625 cm−1 stayed at the same position after
ES. As mentioned earlier, the G-band is a contribution of
several functionalities present on the ND surface. A major
contribution to the G-band can arise due to hydrogen bonding
of the polar surface functionalities on the ND surface with
solvent molecules, due to which the Raman spectra of ND in
MeCN and EtOH are significantly different.
The transformation of ND to OLCs in ES involves a

complex mechanism as evident by the large increase in the size
of OLCs in comparison to NDs. Such a complex mechanism
may include transport reactions, which are stated as reactions
in which a substance goes to a vapor state and comes back to
the parent state in a pure form.52 ND suspension can undergo
a similar process by application of external voltage during
AESD, which evaporates some of its particles to a gaseous state
that can settle on the surface as OLCs. Although an in-depth
computational study may reveal the exact mechanism behind
the transformation, so far, a complete understanding of the
mechanism is elusive.
We propose that the reaction mechanism for graphitization

from sp3-hybridized C can be triggered on the surface and
proceed inward, resulting in OLCs. Understanding the
interaction of ND with charged solvent species at the
nanoscale can be a vital step in determining the pathway of
transformation in ES. For instance, in the case of water as a
solvent, it is possible that the positively charged suspension in
the nanoESI capillary can provide an impetus for protonation
of the surface functionalities, followed by their elimination.53

This leads to the formation of a positive charge on the surface
of ND. To compensate for the positive charge on the surface of
ND, either a rearrangement or CC bond formation from the
neighboring carbon atoms may take place. A similar process
happens at other locations on the surface of ND, which triggers
graphitization on the surface, and this may proceed inward. A
series of such events could lead to OLC formation.

4. CONCLUSIONS

In conclusion, we devised a methodology for the trans-
formation of NDs to OLCs using AESD. TEM, FESEM,
Raman, and XPS were used to characterize NDs and the ES-
produced material. An increase in size and lattice spacing was
observed in the TEM and HRTEM micrographs. Raman and
XPS spectra showed the conversion of sp3- to sp2-hybridized
carbon. The characteristic vibrational peak of the sp3 core in
ND was shifted from 1336 to the D-band at 1349 cm−1 with a
decrease in intensity in the Raman spectra which showed that
the transformation to OLCs occurred after ES. Although a
complete mechanism behind the transformation of NDs to
OLCs during AESD is difficult to comprehend at this stage, a
comparison between ES and SS confirmed that high voltage is
an essential condition for the generation of charged micro-
droplets to form OLCs. The application of high-pressure gas
on SS led to graphitization; however, OLCs were not obtained.
In addition, due to the dependency of ES on the type of
solvent used, AESD was performed in three solvents, namely,
DI water, MeCN, and EtOH. The high polarity and dielectric
constant of DI water tend to easily stabilize various charged
species formed during ES, but its high surface tension
compared to the other two made the formation of the Taylor
cone difficult. Consequently, the transformation of ND in DI
water occurred more efficiently than MeCN and EtOH. In this
way, AESD in its simple form has served as an efficient
technique for the transformation of NDs to OLCs under
ambient conditions, compared to the conventional methods
that require high temperature and pressure. The current sp2/
sp3 conversion ratio of NDs to OLCs (0.95−3.16) can be
scaled up using a multispray technique. AESD also avoids the
use of subsidiary gas spray such as ESI and can be used for the
direct synthesis of electrode materials. This approach of
transformation at ambient temperature and pressure will open
new areas for creating novel functional nanomaterials.

Figure 5. TEM images of ND dissolved in MeCN (a,b) and EtOH (c,d) before and after ES, respectively. Stacked Raman spectra of ND dissolved
in MeCN (e) and EtOH (f) before (green) and after (blue) ES. The scale bars in (a−d) are 50 nm.
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Figure S1. Large area TEM images of ND (1.25 mM aqueous suspension) (a) and OLCs (b) 

showing an increment in the size of ND upon transformation to OLCs after AESD at 2.6 kV. The 

scale bars in (a, b) are 100 nm. 

 

 

Figure S2. FESEM images of ND (1.25 mM aqueous suspension) (a) and OLCs (b). Size of OLCs 

varied from 33–46 nm. The scale bars in (a, b) are 100 nm. 
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Figure S3. TEM images (a) HRTEM image (b), and FESEM images (c, d) of OLCs obtained after 

ES of 5 mM ND suspension in water. The scale bars in a, b, c, and d are 50, 5, 100, and 200 nm. 
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Figure S4. TEM images (a, b) of the product obtained after direct ES on ITO glass slide. The 

product was scratched from ITO, dissolved in DI water, and drop-casted on a TEM grid. The scale 

bars in (a) and (b) are 20 and 5 nm, respectively. 

 

 

Figure S5. Schematic of the SS set-up.  
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Figure S6. TEM images of OLCs obtained after ES using fused silica capillary. The scale bars in 

(a) and (b) are 100 and 10 nm. 

 

Table S1. Comparison of the observed Raman peaks with literature1 

Characteristic 

feature 

Before ES (ND) After ES (OLC) 

Observed/ cm-1 Literature/ cm-1 Observed/ cm-1 Literature/ cm-1 

D-band 1336 ~1326 1349 ~1343 

G-band 1632 ~1647 1624 ~1585 

 

Calculation S1. Calculation of increase in sp2/sp3 ratio in XPS after AESD 

Description 
Percentage of sp2 and sp3 content 

Before ES (ND) After ES (OLC) 

sp2 43.38 63.46 

sp3 45.57 20.05 

sp2/sp3 0.95 3.16 

 

 

a b
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Calculation S2.  

S2a. Evaluation of electric field at the capillary-tip 

The electric field at the tip of the capillary with inner radius, 𝑟𝑐 (25 𝜇𝑚) placed at a distance,  𝑑 (8 

𝑚𝑚) from the ITO glass slide can be calculated using the relation described below, provided the 

applied voltage, 𝑉𝑐 (2.6 𝑘𝑉) is known.2 

𝐸𝑐 =
𝑉𝑐

𝑟𝑐 ln(4𝑑 𝑟𝑐⁄ )
 

𝐸𝑐 =
2.6 × 103 𝑉

25 × 10−6 𝑚 𝑙𝑛 (
4 × 8 × 10−3 𝑚

25 × 10−6 𝑚
)
 

𝐸𝑐 =
2.6 × 103 𝑉

25 × 10−6 𝑚 × 7.15
= 1.45 × 107 𝑉𝑚−1 

 

S2b. Evaluation of Laplace pressure on the microdroplet in ES and SS 

Laplace pressure, ∆𝑃 is related to the interfacial tension,  across the capillary tip with a radius of 

curvature, 𝑟𝑐 using this relation3 

∆𝑃 =
2𝛾

𝑟𝑐
 

The inner radius of curvature is 25 and 75 µm for borosilicate and silica capillary used in ES and 

SS, respectively. The interfacial tension or surface tension of water is 75 mN/m, which gave 

approximate Laplace pressure as 5.8 kPa and 2 kPa. 

For ES,  
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∆𝑃 =
2 × (72 × 10−3 𝑁𝑚−1)

25 × 10−6 𝑚
; ∆𝑃 ≈  5.8 𝑘𝑃𝑎 

For SS, 

∆𝑃 =
2 × (72 × 10−3 𝑁𝑚−1)

75 × 10−6 𝑚
; ∆𝑃 ≈ 2 𝑘𝑃𝑎 
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Ambient microdroplet annealing of nanoparticles†

Angshuman Ray Chowdhuri,‡ B. K. Spoorthi,‡ Biswajit Mondal, Paulami Bose,
Sandeep Bose and Thalappil Pradeep *

Conversion of polydisperse nanoparticles to their monodisperse analogues and formation of organized

superstructures using them involve post synthetic modifications, and the process is generally slow. We

show that ambient electrospray of preformed polydisperse nanoparticles makes them monodisperse and

the product nanoparticles self-assemble spontaneously to form organized films, all within seconds. This

phenomenon has been demonstrated with thiol-protected polydisperse silver nanoparticles of 15 �
10 nm diameter. Uniform silver nanoparticles of 4.0 � 0.5 nm diameter were formed after microdroplet

spray, and this occurred without added chemicals, templates, and temperature, and within the time

needed for electrospray, which was of the order of seconds. Well organized nanoparticle assemblies

were obtained from such uniform particles. A home-made and simple nanoelectrospray set-up

produced charged microdroplets for the generation of such nanostructures, forming cm2 areas of

uniform nanoparticles. A free-standing thin film of monodisperse silver nanoparticles was also made on

a liquid surface by controlling the electrospray conditions. This unique method may be extended for the

creation of advanced materials of many kinds.

Introduction

Chemical processes in microdroplets are a rapidly evolving
subject. Examples include synthesis of molecules1,2 and phar-
maceutical products3 as well as conformational changes in
proteins.4,5 Such synthesis can also produce nanoparticles (NPs)
without reducing agents starting from metal ions in solu-
tions.6–8 This synthetic method can be tuned with the applica-
tion of an electrical potential and can lead to assemblies of
nanomaterials, and a viable method for forming 1D structures
with potential applications was demonstrated.7 Materials
science with charged microdroplets can produce nanoholes on
2D materials9 and metallic thin lms on liquid surfaces.10

The science of nanomaterials, especially noble metal nano-
materials, has expanded into almost every area of materials
science.11–14 The properties of these materials are heavily depen-
dent on their size, shape, and distribution. These aspects are
especially important for their electronic structure and conse-
quently applications involving chemistry, physics, and biology.14

As a result, several methods have been developed to control the
size dispersity of such materials. Digestive ripening is one of the

most commonly used methods in this regard for noble metal
NPs.15–17 The method typically involves high-temperature anneal-
ing involving reuxing of NP suspensions for extended periods to
achieve monodispersity.15,18,19 However, extremely precise condi-
tions for a long time, of the order of days, are required to obtain
uniform particles. Therefore, it is important to develop a facile
and fast method for making monodisperse nanostructures.

Ultrafast acceleration of chemical reactions and synthesis of
NPs starting from metal precursors in droplets suggest that new
chemical bonds of diverse kinds can be formed and broken under
such synthetic conditions.1,2,6–8 This prompted us to explore the
possibility of spontaneous dissociation and reassembly of pre-
formed NPs in microdroplets. To our surprise, such droplet-
induced dissociation and reassembly of polydisperse silver NPs
protected with thiols resulted in highly monodisperse NPs in the
microsecond time scale. The deposition of such monodisperse
particles produced a lm of uniform NPs, and this process is
millions of times faster than digestive ripening. Exploring the
science through a series of control experiments showed thatmetal
thiolates are transient precursor species formed in this process.
We have also optimized conditions under which such a process is
feasible to make cm2 area lms of uniform particles. As this
method is similar to high-temperature annealing, leading to
monodispersity, we term it microdroplet annealing.

Results and discussion
Observation of microdroplet annealing

In the present experiment, we have utilized a home-built
nanoelectrospray source to deliver charged microdroplets
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containing polydisperse 2-phenylethanethiol (PET)-protected
silver NPs (Ag@PET NPs) in dichloromethane (DCM) onto
a transmission electron microscopy (TEM) grid placed on an
indium tin oxide (ITO)-coated collector plate. The collector was
grounded through a picoammeter to monitor the deposition
current, and a potential in the range of 4.5–5.0 kV was applied to
the solution held within a glass spray tip through a platinum
(Pt) wire electrode. The spray plume was ejected from the
nanoelectrospray tip, which can be visualized with a laser torch.
Further details are available in the experimental section and
ESI.† Various other substrates could be used in place of the TEM
grid (see below).

In the present work, an organized assembly of uniform NPs
was formed on the TEM grid, starting from the corresponding
polydisperse NPs. The as-synthesized Ag@PET NPs have a broad
size distribution, as shown schematically in Fig. 1a. The particle
size distribution covers a broad range, from 2–25 nm, as
determined by TEM (Fig. 1b(i)). This distribution is typical of
such NPs. Further details of the characterization of the starting
material are presented in the ESI (Fig. S1†). A d-spacing of
0.23 nm is due to Ag(111) and it suggested the growth of pure
metallic NPs.20 The characteristic Fourier-transform infrared
spectroscopy (FTIR) features of the as-synthesized Ag@PET NPs
conrm the attachment of PET on the AgNPs (Fig. S1c, ESI†).
The as-synthesized Ag@PET NPs exhibit prominent surface
plasmon resonance at 451 nm (Fig. S1d, ESI†). Details of
synthesis and characterization are also presented in the exper-
imental section and ESI.†

Ag@PET NPs in DCM were transferred to a home-built
borosilicate spray capillary of 50 mm inner diameter (ID) for
microdroplet-induced reaction. A schematic representation of
the home-built electrospray set-up is shown in Fig. 1. In the
course of electrospray deposition of Ag@PET NPs, a dark
circular spot of 0.5 cm diameter due to the impinging plume
appeared on the substrate kept at a distance d from the spray
tip, shown in the bottom panel of Fig. 1. The drastic change
observed in the course of the reaction is shown in Fig. 1b.
Positively charged microdroplets convert polydisperse Ag@PET
NPs to an ordered 2D superlattice structure of uniform NPs.21–28

A superlattice in the current context refers to a localized peri-
odic assembly of uniform NPs which possess inherent period-
icity of the element. Such structures are possible only with
uniform particles, and the Ag@PET NPs formed have a particle
size distribution of 4.00 � 0.50 nm, which is evident from the
expanded portion of the TEM image (inset of Fig. 1b(ii)). From
separate experiments it is known that droplet formation and
deposition occurs in hundreds of microseconds to millisec-
onds.3,29–31 Surprisingly, microdroplet chemistry via ambient
electrospray converts irregular particles into a superstructure of
uniform particles within a fraction of a second.6–10

Optimizing microdroplet annealing

In the process of optimization, a series of trials were made to
achieve ordered NP assemblies. Finally, ordered structures of
Ag@PET NPs were obtained at an applied voltage of 5 kV, d of
1.5 cm and ow rate of 1.0 mL h�1, and the data are shown in

Fig. 1 Schematic representation of (a) the synthetic route of polydisperse Ag@PET NPs and the experimental process leading to the conversion
of polydisperse NPs to monodisperse analogues by ambient microdroplet annealing. The experimental set-up for ambient microdroplet
annealing is presented schematically in the bottom panel. (b) TEM images of Ag@PET NPs before and after electrospray, respectively (inset of b(ii)
shows a corresponding expanded view of the TEM image). Electrospray tip-to-collector distance (d) was kept at 1.5 cm.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 6370–6377 | 6371
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Fig. 2. A large-area view of monodisperse Ag@PET NPs is shown
in Fig. 2a, which form a nearly continuous uniform 2D struc-
ture. The corresponding magnied images are shown in
Fig. 2b–f, which portray the orientation of the superlattice
domains. The inter-particle gap in the superlattice structure was
�1.2 nm (Fig. 2e), slightly less than the length of two PET
ligands (the distance between S and Ph–C4 in the PET ligand is
�0.7 nm (ref. 32)), suggesting ligand interactions driving the
assembly. Ligands usually form interdigitated structures in
these types of assemblies.33 The Ag(111) lattice spacing of
0.23 nm (Fig. 2f) and the TEM-energy dispersive spectroscopy
(TEM-EDS) data (Fig. S2†) conrm the formation of crystalline
AgNPs. The FTIR spectrum (Fig. S2b†) shows that PET protec-
tion remains intact aer such ambient solution-state conver-
sion. The reduced width of the optical absorption spectrum
conrms the narrowness of particle sizes aer electrospray
(Fig. S2a†). This abrupt change in particle distribution post-
electrospray suggests a digestive ripening-type of phenom-
enon through microdroplet chemistry. Inside the micro-
droplets, polydisperse Ag@PET NPs of size between 2 and
25 nm get reorganized and become uniform particles of 4.00 �
0.50 nm size (inset of Fig. 2a). Images at different magnica-
tions (Fig. 2b–d) suggest that there is scope for the formation of
a 3D superlattice assembly due to overlayer deposition. Nega-
tively charged microdroplets did not produce such superlattice
assemblies.

Events within microdroplets can be modied by altering d,
under a particular electric eld. Monodispersity was achieved at
d ¼ 1–2.5 cm at a spray voltage of 5 kV (Fig. S3b–d, ESI†). At
shorter and longer d, polydispersity was seen, as shown in
Fig. S3a and e–h, ESI†. This observation suggests that at d <
1 cm there was not enough time for the reorganization of the
NPs in the microdroplets. At d > 2.5 cm, droplets were not
producing NP assembly owing to the destabilization of micro-
droplets, due to evaporation of solvents. It could be demon-
strated that when d was 1.5 cm, Ag@PET NPs achieved the
perfect condition for self-assembly leading to superlattices. An
optimum structure was obtained at 1.5 cm, and hence this dwas
maintained for other experiments. Aer xing d, the electro-
spray voltage was optimized between 0.5 and 7.0 kV. In this
process, the electric eld and deposition current of micro-
droplets were adjusted accordingly. The monodisperse
assembly of Ag@PET NPs was obtained at 5.0 kV (Fig. S4e, ESI†).
The rate of ow of Ag@PET NPs from the spray emitter was also
an essential parameter. The size of microdroplets depended on
the ow rate. For the given condition, microdroplets produced
ordered structures at a ow rate of 1.0 mL h�1, as shown in
Fig. S5b, ESI.†

Solvent plays a vital role in the generation of a suitable
environment within the microdroplets. The generation of the
spray-plume and materials formed in microdroplets are highly
dependent on the polarity of the solvent. The dielectric constant

Fig. 2 HRTEM images (at different magnifications) of Ag@PET NPs after electrospray under optimized conditions. (a) Large-area TEM image,
showing a 2D sheet-like morphology, the particle size distribution obtained is shown in the inset. Expanded images: (b and c) assembly leading to
superlattices, (d and e) TEM images showing uniform inter-particle distance, and (f) the (111) lattice plane of Ag@PET NPs; the HRTEM image of
a particle is expanded in the inset.

6372 | Chem. Sci., 2021, 12, 6370–6377 © 2021 The Author(s). Published by the Royal Society of Chemistry
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(3), pH, and pressure of the droplet environment are important
electrospray parameters.31,34 In this regard, solvents with
different 3 were studied under the above-optimized conditions
to check the effect of solvents on the formation of such struc-
tures within microdroplets. Monodispersity was achieved for
a few solvents having a particular range of 3 under optimized
conditions in the case of PET-protected silver NPs, as shown in
Fig. S6c–g.† Organized assembly was observed when such
a process was continued with DCM having an 3 of 8.93. Other
solutions, with solvents such as carbon tetrachloride, 3 ¼ 2.24,
diethyl ether, 3 ¼ 4.33, chloroform, 3 ¼ 4.81, tetrahydrofuran, 3
¼ 7.82, pyridine, 3 ¼ 12.40, acetone, 3 ¼ 20.70, dime-
thylformamide, 3 ¼ 37.50, and acetonitrile, 3 ¼ 38.25 were
unable to produce such monodisperse assembly. This study was
continued with four different capillaries with IDs in the range
30–60 mm under the optimized conditions. An ID of 50 mm was
most appropriate under these conditions.

Extension to other ligands

It is clear that an unusual phenomenon in microdroplets was
observed with PET protected AgNPs under a particular condi-
tion. In order to check the possibility of such transformations
with other protecting ligands, trials were made with different
ligands, especially thiols with different denticities and chain
lengths under the optimized conditions achieved for Ag@PET
NPs. Different polydisperse AgNPs were synthesized with 2,4-
dimethylbenzenethiol (DMBT) and water-soluble sodium citrate
(Cit), and their TEM images are shown in Fig. S7a and c, ESI.†
Previously optimized conditions did not produce mono-
dispersity in these cases (Fig. S7b and d, ESI†). Polydisperse
dithiol-protected AgNPs were synthesized with 1,4-benzenedi-
thiol (BDT) and 1,6-hexanedithiol (HDT), and spray experiments
were performed subsequently. In the case of Ag@BDT NPs,
monodispersity without such assembly was seen (Fig. S8a and
b, ESI†). However, spray of Ag@HDT NPs was inefficient even to
produce a signicant change in the particle size, as presented in
Fig. S8c and d.† These experiments were extended to compar-
atively long-chain thiols like octadecanethiol (ODT)- and
dodecanethiol (DDT)-protected AgNPs. A broad size distribu-
tion was observed aer the spray of ODT and DDT-protected
AgNPs (Ag@ODT NPs & Ag@DDT NPs), which may be due to
the difficulty in reorganization of long carbon chain thiols
within microdroplets (Fig. S9, ESI†). Optimization of spray
conditions is necessary to get monodisperse assemblies for
these NP systems. However, ambient microdroplet annealing
produced monodisperse assembly of Ag@DMBT NPs at 8.5 kV
and d ¼ 1.5 cm, as shown in Fig. S10.† The method was also
successful in creating uniform NPs of ethanethiol (ET)-
protected Ag NPs from polydisperse NPs at an applied voltage
of 4.0 kV and d ¼ 1.0 cm (Fig. S11†). Therefore, it is clear that
this process is general and is applicable for different NP systems
under specic electrospray conditions. Optimization of spray
conditions is essential for a particular NP system. The concen-
tration of polydisperse Ag@PET NPs taken for the spray exper-
iments is also important. Fig. S12 of the ESI† shows the TEM
images of Ag@PET NPs aer spraying at different

concentrations. These experiments demonstrate that unifor-
mity is dependent on the starting concentration of the poly-
disperse Ag NPs. In summary, monodispersity needs
optimization of a range of parameters.

Nebulization spray

The aerosol spray can also be produced by nebulization.31,34 This
process does not require an applied electric potential. Ag@PET
NPs (Fig. 3a) were sprayed using dry N2 gas with four different
pressures, using a microcapillary of 50 mm diameter. A sche-
matic of this spray set-up is presented in Fig. 3b. Microdroplets
produced in the spray can create uniform particles with an
average particle size of 4 nm, as shown in Fig. 3c. Thus, mon-
odispersity can be achieved by voltage-free spray as well.
However, the spray does not produce uniform ordered super-
structures, which may be due to the high-pressure of N2 gas
from the emitter. This may require additional optimization of
the pressure needed. Fig. S13† shows the TEM images of
Ag@PET NPs aer spray at different N2 nebulization pressures.
For all these cases, a nearly similar particle size distribution was
observed.

Fig. 3 Generation of monodisperse Ag@PET NPs from polydisperse
Ag@PET NPs using microdroplets. (a) TEM of the as-synthesized
Ag@PET NPs, (b) schematic representation of the spray of polydisperse
Ag@PET NPs using dry N2 gas without an electric field; the ID of the
silica microcapillary was 50 mm, the same as the spray tip used in the
electrospray. (c) TEM image of monodisperse Ag@PET NPs after spray
(size distribution is in the inset), (d) schematic of the formation of
soluble Ag–PET thiolates and their electrospray at three different
d values, (e–g) TEM images of Ag@PET NPs obtained at a d of 0.50 cm,
0.75 cm, and 1.00 cm, respectively. Nearly ordered assemblies are
formed from thiolates at d ¼ 0.75. An expanded view of the same
image is shown in the inset of f, showing the Ag(111) lattice.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 6370–6377 | 6373
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Thiolate intermediates

A probable mechanism for the formation of such organized
structures was hypothesized with inputs from control experi-
ments. We know that Ag+ and thiols in solution form thiolates
during the formation of NPs35,36 and clusters.37,38 Silver thiolates
are formed when clusters decompose.39,40 Therefore, we propose
that silver thiolates are formed in droplets as intermediates
during the formation of uniform NPs. To prove this, we con-
ducted a spray experiment by taking Ag–PET thiolates as
precursors (see the experimental section for their synthesis),
instead of polydisperse NPs. Thiolates were sprayed at three
different d values (Fig. 3e–g). All the experiments produced
silver NPs, but the organized structures with silver lattice planes
were seen at d ¼ 0.75 cm (Fig. 3f). This suggests that micro-
droplet spray of solvated polydisperse particles resulted in
highly ordered assemblies, most likely through a transient thi-
olate species, as presented in Fig. S14.†

Large-area lms

This ambient ion-based methodology has been introduced for
the creation of free-standing metallic monodisperse nano-
particles–nanosheets (NPs–NSs). In an earlier study, we elec-
trodeposited metal salts on a liquid surface and got self-
organized lms of the particles under the inuence of electro-
hydrodynamic ow.10 A similar approach was used here. The
set-up, schematically represented in Fig. 4a is the same as that
shown in Fig. 1, except that multiple nozzles and a liquid
substrate were used. The multi-nozzle electrospray enlarges the
magnitude of the NPs–NSs on the liquid substrate. In this
objective, a series of trials were performed using different
solvents. It was observed that among the solvents studied, the
ordered NP structure was formed on the water surface. These
uniform NPs-NSs, composed of superlattice structures of silver
NPs, can be used for diverse applications. The large-area TEM
image in Fig. 4b conrms the compactness of the assembly. The
particle size distribution was in the range of 4.5 � 0.5 nm. The
formation of a brown colored thin lm of NPs–NSs was
observed and is shown in the inset of Fig. 4b. Fig. 4c shows the

corresponding magnied image. The lattice spacing of these
NPs–NSs matches with the (111) plane of AgNPs, proving the
metallic nature of AgNPs. Similarly, polydisperse NPs were
deposited on an ITO surface under optimized spray conditions
and were redispersed in DCM. A uniform lm of monodisperse
NPs was observed using a TEM, as shown in Fig. S16 (ESI†).

Polydisperse silver NPs can also form 3D assemblies on
a metal substrate as shown in Fig. 5a. If we look closely at the
structures, a layer-upon-layer assembly of nanoparticles is
observed, which is indicated by arrows in Fig. 5b. During spray for
an extended period, the incoming microdroplets with the tran-
sient metal-thiolates are continuously reduced to NPs and get
deposited on preexisting nanoparticle layers.7 The 3D crystal
structures formed this way could generate exceptional proper-
ties.41,42 Fig. S17 in the ESI† shows the growth of a multilayer
assembly with respect to time. The developed superlattice struc-
tures can be used as an ink for electrospray-based printing of
a range of crystalline materials. This ambient approach can also
print bulk composites and porous architectures. The simplicity of

Fig. 4 (a) Schematic illustration of the electrospray deposition of Ag@PETNPs on a water surface. The formation of a thin film of Ag@PET NPs on
a liquid surface is also shown, (b) a large-area TEM image of monolayer Ag@PET NPs from the deposited film (inset: photograph of the free
standing film deposited on water after spray and its particle size distribution), (c) HRTEM image of NPs which confirms the ordered structure and
formation of metallic Ag particles. The well-defined Ag(111) lattice is shown in the inset of c.

Fig. 5 Formation of 3D ordered monodisperse assemblies of AgNPs
by electrospray for an extended period. (a) TEM image of Ag@PET NPs
after 10 min of electrospray, which shows the deposition of layers of
NPs (an expanded view of the TEM image is shown in the inset).
Genesis of a second layer of superlattices is shown by the arrows. (b)
TEM image of Ag@PET NPs after 15 min of electrospray (inset: particle
size distribution). More layers are seen. Arrows indicate the formation
of multiple layers to create 3D superlattices.
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this ambient process is expected to create interest for the devel-
opment of such 3D structures directly from polydisperse NPs.

A series of control experiments were performed to optimize
the ordered structure by varying different parameters, espe-
cially, spray distance (d), voltage and ow rate. The experiment
was repeated under the optimized conditions. It was conrmed
that an electric eld and a deposition current of �35 nA were
also vital for the creation of such nanostructures. This meth-
odology may provide an opportunity to produce large scale
monodisperse silver NP assemblies via such ambient micro-
droplet annealing. Moreover, this ambient technique could
certainly be used as a facile synthetic approach for the devel-
opment of unique nanomaterials of other materials with
emerging properties for a broad range of applications. The
possibility of assembly over large areas along with uniform
synthesis offers new possibilities.

Conclusions

In summary, we developed a fast method of making mono-
disperse silver NPs by electrospraying highly polydisperse NPs
synthesized in solution, under ambient conditions. Micro-
droplets from the spray formed a uniform assembly of nano-
structures composed of ordered AgNPs upon deposition on
a substrate. Control experiments proved that the electric eld,
the tip-to-collector distance, and the ow rate are the key factors
for the oriented growth of such superlattices. This process does
not require any sophisticated instrumentation, and it trans-
forms polydisperse NPs to superlattices composed of mono-
disperse NPs within seconds. This process may be considered
green as no solvents or additional processing is involved, unlike
solution state post-processing methods. Microdroplet spray on
a water surface makes a thin lm of monodisperse metallic
sheets of uniform NPs assisted by electrohydrodynamic ow.
The method described in this work may be utilized for the
development of multimetallic superlattice structures or high
entropy alloys by efficient control of the composition of metals,
leading to new properties.

Experimental
Materials and chemicals used

Silver nitrate (AgNO3) was purchased from RANKEM. Sodium
borohydride (NaBH4), 2-phenylethanethiol (PET), 1,4-benzene-
dithiol (BDT), 2,4-dimethylbenzenethiol (DMBT), sodium
citrate (Cit), ethanethiol (ET), 1-octadecanethiol (ODT), and
dodecanethiol (DDT) were purchased from Sigma Aldrich
Chemicals. Pure ethanol, methanol, dichloromethane, pyri-
dine, carbon tetrachloride, acetone, diethyl ether, chloroform,
acetonitrile, and N,N-dimethylformamide were sourced from
Merck India and used as solvents for the electrospray deposi-
tion experiments.

Synthesis of PET protected silver NPs (Ag@PET NPs)

Polydisperse Ag@PET NPs were synthesized by our previously
described method with slight modications.33 Briey, PET (0.58

mL) was added to pure methanol (30 mL) at 25 �C. Subsequently,
AgNO3 (50 mg) in Millipore water (0.5 mL) was added to the
above solution. The mixture was gently stirred for 15 min to
form silver thiolates. Aer that, NaBH4 (25 mg) was dissolved in
8 mL ice-cold water and was subsequently added slowly into the
ask and stirred for another 12 h to allow the complete growth
of Ag@PET NPs. The as-synthesized Ag@PET NPs were washed
with methanol and extracted in different solvents for further
experiments.

Synthesis of other ligand protected silver NPs

Different ligand protected AgNPs were synthesized for
comparative experiments. BDT, DMBT, ET, HDT, Cit, ODT, and
DDT were used separately during the synthesis of AgNPs in
individual trials. For every case, the experimental procedure was
similar, except for the addition of a particular thiol in methanol
at the beginning of the synthesis. Aer synthesis, the products
were washed with methanol and extracted in DCM for electro-
spray experiments.

Electrospray deposition experiments

A home-made electrospray set-up was used for the generation of
microdroplets (Fig. 1a).7 A micropipette puller (P-97, Sutter
Instruments, U.S.A.) was used for pulling a borosilicate glass
capillary of 1.5 mm outer diameter (OD) and 0.86 mm ID. It was
cut into two pieces having tips of 50 mm ID and 150 mm OD.
Each tip of the capillary was checked using an optical micro-
scope to ensure the size and quality of the cut. Polydisperse
Ag@PET NPs (100 mg mL�1) in DCM were lled in the nano-
electrospray tips using a microinjector pipette tip, and Pt wire
(0.5 mm diameter) was inserted into the solution, making an
electrode for high voltage connection. A multi-nozzle spray set-
up was used for scaling up the method. A syringe pump
controlled the ow rate of the microdroplets to achieve the best
structures. The syringe needle was connected to a high voltage
power source through a copper clip. The experiments were
carried out in different solvents and solvent mixtures having
different 3 and at varying potentials. Among the solvents used,
spray with DCM showed the best result. More control experi-
ments were carried out with silver thiolates in DCM. ITO-coated
glass slides were procured from Aldrich. Millipore water was
used in all the experiments.

Microdroplet generation through nebulizer gas

For nebulization spray, a home-built set-up was used as pre-
sented in the schematic (Fig. 3b). A Hamilton syringe was
connected to a silica capillary (50 mm ID) through a union
connector. Microdroplets were generated by spraying solvents
through a fused silica capillary of 50 mm ID with 10, 20, 30, and
40 pounds per square inch (psi) N2 gas for nebulization.

Characterization of the nanostructures

TEM and HRTEM were performed at an accelerating voltage of
200 kV on a JEOL 3010, 300 kV instrument equipped with a UHR
polepiece. A Gatan 794 multiscan CCD camera was used for
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image acquisition. Energy-dispersive X-ray spectroscopy (EDS)
spectra were collected on an Oxford Semistem system housed
on the TEM. The formation of NPs during microdroplet depo-
sition was examined directly using 300-mesh carbon-coated
copper grids (spi Supplies, 3530C-MB) under different experi-
mental conditions. Silver NPs were deposited directly on the
TEM grids under different experimental conditions. Particle
size distributions were obtained from TEM images using
ImageJ.
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S-2

Fig. S1 Characterization of as-synthesized polydispersed Ag@PET NPs. (a) TEM image of the 

as synthesized polydispersed Ag@PET NPs (insets: HRTEM of a particle showing Ag(111), 

scale bar is 2 nm, and the observed particle size distribution), (b) TEM-EDS spectrum, (c) FTIR 

spectrum exhibits the attachment of PET with the AgNPs. The absence of S-H stretch at 2560 

cm-1 is due to the binding of the thiol on the silver surface. Result indicated the loss of thiolate 

proton and RS-Ag bond formation in the NPs. (d) UV-Vis spectrum of Ag@PET NPs shows 

the plasmonic feature at 451 nm.

  



S-3

Fig. S2 (a) UV-Vis, (b) FTIR spectra of Ag@PET NPs before and after electrospray. After 

spray, the NPs were collected from ITO and dissolved in DCM for UV-Vis study. The FITR 

spectrum after electrospray suggests that PET remains intact on the silver assemblies after the 

spray. The characteristic peaks in the EDS of Ag@PET NPs (c) before and (d) after 

electrospray. 



S-4

Fig. S3 Optimization of d for the formation of monodispersed assemblies of Ag@PET NPs. 

TEM images of the NPs while d was kept at (a) 0.5, (b) 1.0, (c) 1.5, (d) 2.0, (e) 2.5, (f) 3.0, (g) 

3.5, and (h) 4.0 cm, during electrospray. 



S-5

 

Fig. S4 Optimization of the applied voltage for the process. TEM images of NPs at applied 

voltages of (a) 0.5, (b) 1.0, (c) 2.0, (d) 3.0, (e) 5.0, and (f) 7.0 kV. 



S-6

 

Fig. S5 TEM images of Ag@PET NPs after electrospray with the flow rates of (a) 0.50, (b) 

1.00 (optimized conditions, presented in Figure 1b), (c) 1.25, and (d) 1.50 mL/h.



S-7

Fig. S6 Electrospray of Ag@PET NPs in different solvents having lower to higher dielectric 

constant (ɛ) is studied. The environment (pH, pressure, charge)  inside the microdroplet is 

changing with the physical and chemical properties (polarity, surface tension, viscosity) of the 

solvents used for electrospray. TEM images of Ag@PET NPs after electrospray in (a) carbon 

tetrachloride, (b) diethyl ether, (c) chloroform, (d) tetrahydrofuran, (e) DCM, (f) pyridine, (g) 

acetone, (h) dimethylformamide, and (i) acetonitrile. The values of solvents are presented in 

the table. Monodispersed NPs were achieved between as shown in Figure c-

g
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Fig. S7 TEM images of as-synthesized (a) Ag@DMBT NPs and (c) Ag@Cit NPs. Images of 

the corresponding product NPs after electrospray are in (b) and (d), respectively, at optimized 

condition used for Ag@PET NPs. The particle size distribution after spray is presented in the 

inset. Monodispersity was not achieved. 
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Fig. S8 TEM images of as-synthesized (a) Ag@BDT NPs and (c) Ag@HDT NPs. Images of 

the corresponding product NPs after electrospray are in (b) and (d), respectively, at optimized 

condition used for Ag@PET NPs. Particle size distribution in inset b suggests the particles tend 

to achieve monodispersity without forming superlattices. 
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Fig. S9 TEM images of as-synthesized (a) Ag@ODT NPs and (c) Ag@DDT NPs. Images of 

the corresponding product NPs after electrospray are in (b) and (d), respectively, at optimized 

condition used for Ag@PET NPs. 
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Fig. S10 TEM images of as-synthesized (a) Ag@DMBT NPs. (b) Corresponding 

monodispersed NPs after electrospray at applied voltage of 8.5 kV,  d = 1.5 cm. Expanded 

view of the TEM image and particle size distribution are presentated in the inset. Uniform 

assembly of NPs of 4.25 ± 0.50 nm was observed after the spray. The ambient microdroplet 

annealing process was capable of producing such ordered assembly of uniform Ag@DMBT 

NPs at optimized spray conditions.
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Fig. S11 TEM images of as-synthesized (a) Ag@ET NPs. (b) Corresponding monodispersed 

NPs after electrospray at applied voltage of 4 kV,  d = 1.0 cm. Expanded view of the TEM 

images and particle size distribution are presentated in the inset. Monodispersed NPs of 3.0 ± 

1.0 nm were obtained after the spray. Uniform assembly of NPs was achieved by the ambient 

microdroplet annealing. 
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Fig. S12 Variation of concentration of as-synthesized Ag@PET NPs for the creation of 

organized assemblies. TEM images of the species obtained from (a) 25, (b) 50, (c) 75, and (d) 

125 µg/mL concentration of polydispersed Ag@PET NPs. About 100 µg/mL of NPs produced 

best result as presented in Figure 2. Result revealed that this process is dependent on the 

concentration of Ag@PET NPs.
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Fig. S13 Spray of polydispersed Ag@PET NPs by 

using dry N2 gas. TEM images of monodispersed Ag@PET 

NPs after spray at different pressures of N2 gas: (a) 10, (b) 20, (c) 30, and (d) 40 

psi. 
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Fig. S14 Schematic representation of a probable mechanism for the formation of 

monodispersed Ag@PET NPs and their well-defined assemblies via droplets. Our nebulization 

experiments show that charge on the droplet was not essential.  
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Fig. S15 Measurement of charge of microdroplets loaded with Ag@PET NPs during 

electrospray deposition with respect to time at d of (a) 1.0 cm and (b) 1.5 cm. During the course 

of electrospray, the charge of the ITO plate (substrate) was measured continuously with respect 

to time using an electrometer. The charge was increasing upon deposition of positively charged 

microdroplets on the ITO plate. This experiment was carried out to test the charge of the 

droplet. It was important to mention that there was no charge accumulation on the substrate 

during spray. Similar experiments were carried out for d of (a) 1.0 cm and (b) 1.5 cm. When 

the charge was constant, there was no spray, as spray happened in short intervals. 
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Fig. S16 (a) Optical microscope image of deposited film on ITO surface. Deposited NPs on 

ITO surface is redispersed in DCM and placed on carbon-coated copper grids. (b) TEM image 

of NPs film deposited on ITO surface and (c) corresponding high magnification image.
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Fig. S17 Formation of 3D assemblies during different times of spray; (a) 4, (b) 6, (c) 8, and (d) 

15 min. More layers were generated with respect to time. White arrows indicate the formation 

of overlayer structures. 
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ABSTRACT: Atomically precise noble metal nanoclusters pro-
tected with proteins have emerged as a new research frontier in
nanoscience due to their unique optical and chemical properties as
well as promising applications. In the present work, we have
employed an ambient electrospray technique to synthesize protein-
protected luminescent clusters of gold and silver within the time
scale of a few microseconds, which typically takes hours. In the
absence of an electric field, the spray results in nanoparticles and no
cluster formation was noticed. Synthesis of these clusters in
microdroplets leads to severalfold enhancement in the rate of
cluster formation. Spectroscopic investigations such as optical
absorption, transmission electron microscopy, and matrix-assisted
laser desorption ionization mass spectrometry confirm the
molecular nature of the particles formed. Luminescence of
electrospray-synthesized clusters shows multifold enhancement as compared to the clusters synthesized in the solution phase.
Luminescence of the clusters synthesized in microdroplets increases with the distance traveled by the spray. The formation of
clusters via electrospray affects the secondary structure of the protein, and its conformation is different from that of the parent
protein. The Au@BSA cluster is utilized for in vitro imaging of retinoblastoma NCC-RbC-51 cells demonstrating a biological
application of the resultant material. The absence of solvents and additional reagents enhances the sustainability of the method.

KEYWORDS: nanoclusters, electrospray, microdroplets, conformation, retinoblastoma

1. INTRODUCTION

Atomically precise luminescent clusters of noble metals are
fascinating materials of immense promise.1−8 Protein-pro-
tected clusters (PPCs) belong to a subclass of atomically
precise noble metal clusters.9−11 They possess many
interesting properties, one of which is photoluminescence.
Because of their unusual stability at ambient conditions, high
quantum yield, and biocompatibility, these clusters are used in
diverse areas,12,13 such as sensing,14−16 targeted drug
delivery,17,18 biolabeling,19,20 multimodal imaging,21−23 ther-
apeutic applications,24 and so forth. Bovine serum albumin
(BSA), lysozyme (Lyz), human serum albumin, lactoferrin, and
so forth are a few commonly used proteins to synthesize silver-
and gold-based molecular clusters.25−34

Electrospray ionization (ESI) is a well-known technique for
molecular ionization in mass spectrometry. In the recent past,
the electrospray (ES) method has been used for chemical
synthesis, which refers to the synthesis of molecules and
materials in microdroplets formed in ES. This synthetic tool
has been used previously for the generation of nanoparticles
and nanostructures.35−40 Synthesis of such materials in

microdroplets leading to new properties such as luminescence
in the visible region is yet to be explored. Luminescent
materials, especially of biological importance such as PPCs
prepared by this technique, will result in new and effective
ways of processing such materials, for example, in the
development of luminescent thin films. Reports of PPCs in
solution suggest that reaction between noble metal ions and
macromolecules is a multistep process.32,41 These involve
several complicated processes,32 such as conformational
changes in the protein, formation of metal ion−protein
complex, reduction of metal ions, for example, Au3+ ions to
Auo via Au+, the gradual evolution of clusters by sequential and
slow addition of Au atoms to the core, and the formation of
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Au−S bonds with cysteine as well as methionine residues of
the protein, for protecting the metal core in the solution phase.
All of these processes finally result in molecular clusters with
intense luminescence. Such synthesis in the solution phase is a
slow process and takes several hours to complete.
The fascinating thing about microdroplet reactions is that

such processes occur in the timescale of microseconds42,43

during which the droplets are produced and products are
deposited on a collecting surface. Conformational changes of
macromolecules and the formation of nanoparticles also occur
in microdroplets under similar time scales.35,39,44,45

One of the interesting applications of these clusters is their
use in bioimaging, especially for cancer cells. Retinoblastoma is
a rare form of cancer that rapidly develops from the immature
cells of the retina. It is the most common primary malignant
intraocular cancer in children and almost exclusively found in
young children. Retinoblastoma (Rb) arises due to mutation in
the Rb gene leading to inactivated retinoblastoma protein.46 It
is a tumor suppressor protein, and its mutation leads to
pediatric intraocular cancer. Rb could be caused either by
germline mutation of the Rb1 gene or sporadic external factors
and mutagens47 and viruses like HP.48 The Rb1 gene was the
first tumor suppressor gene to be cloned.49 Additionally,
MYCN amplification could lead to Rb in 3% of tumors.50,51 Rb
tumors could originate from neuronal cells, glial cells, or stem
cells of the retina. Besides, a Rb tumor is known to originate
from the neuroectodermal cells.52 The diagnosis of retino-
blastoma is usually performed by fundoscopy. Imaging Rb
tumors plays an important role in determining the therapeutic
interventions as well as in detecting associated brain
abnormalities, that is, intracranial tumor extension,53,54

possible midline intracranial primitive neuroectodermal
tumor,55,56 and brain malformations in patients with 13q
deletion syndrome.57,58 Imaging Rb presents several challenges
in front of clinicians due to its superficial position and the
presence of fluids in the eye. Second, calcification of the
vitreous bodies makes the tumor highly reflective, making
imaging challenging.59 Therefore, new molecules need to be
synthesized, which can reach the posterior section of the eye
and can image the Rb cells.
All of these together propose the possibility of making

luminescent PPCs through microdroplets. In the present work,
we have prepared ES-synthesized luminescent Au@BSA
clusters, referred to as ES Au@BSA. Similar clusters, ES
Au@Lyz and ES Ag@BSA, have also been prepared. We have
utilized ES Au@BSA for in vitro imaging of Rb cells. The
properties were compared with standard solution-processed
samples, referred to as SP Au@BSA, SP Au@Lyz, and SP Ag@
BSA. We have also observed that clusters formed by the spray
show enhancement of luminescence when compared to those
made through conventional SP methods.28,29,31

2. EXPERIMENTAL SECTION
2.1. Materials Required. Tetrachloroauric acid trihydrate

(HAuCl4·3H2O) was prepared in-house, starting from elemental
gold. Silver nitrate (AgNO3) and sodium hydroxide (NaOH) were
purchased from Rankem, India. BSA was purchased from Sisco
Research Laboratory. Lysozyme (Lyz) and Sodium borohydride
(NaBH4, 98%) were purchased from Sigma-Aldrich. Milli-Q water
with 18.2 MΩ cm resistivity was used for all these experiments.
Sinapic acid (99% purity) was used as the matrix for matrix-assisted
laser desorption ionization mass spectrometry (MALDI MS) was
purchased from Sigma-Aldrich. All chemicals for the experiment were
used without further purification.

2.2. Solution Phase Synthesis of Au@BSA and Au@Lyz
Cluster. Au@BSA was synthesized by mixing solutions of BSA and
HAuCl4 to get the final concentrations of 169 μM and 1.69 mM,
respectively. At the optimized condition, the molar ratio of protein to
Au3+ was 1:10. The total volume of the solution was 1 mL. To this,
100 μL of 1 M NaOH was added. The resulting mixture was stirred
vigorously for 24 h until the solution became golden brown. Similarly,
for Au@Lyz, similar concentration ratios of Au3+ and Lyz were used
and the solution was stirred for 12 h. Both the solutions were freeze-
dried and stored at 4 °C for later use. Microdroplets-based synthesis
of PPCs will be presented in a later section.

2.3. Solution Phase Synthesis of Ag@BSA Cluster. For Ag@
BSA synthesis, an aqueous solution of AgNO3 and BSA having
concentrations of 169 μM and 1.69 mM, respectively, were mixed. To
this, 100 μL of 1 M NaOH was added. About 1 μL of 0.05 M NaBH4
was added to the resulting mixture and stirred for 30 min until the
solution turned golden brown. The sample was freeze-dried and
stored at 4 °C for later use.

2.4. MALDI MS of the ES Au@BSA Cluster. MALDI MS of the
ES Au@BSA cluster was carried out using a Voyager-DE PRO
Biospectrometry Workstation from Applied Biosystems. A pulsed N2
laser of 337 nm wavelength was used for ionizing the sample. Sinapic
acid was chosen as the matrix. Matrix solution was prepared by using a
mixture of acetonitrile and 0.1% trifluoroacetic acid in the ratio 1:3 in
milli-Q water. About 5 μL of the analyte was mixed thoroughly with
50 μL of the matrix solution in a microcentrifuge tube. About 10 μL
of the resulting mixture was spotted on the sample plate and air-dried
before the measurement.

2.5. Quantum Yield Measurement of the Solution-
Processed (SP) and ES Sample. For the red luminescent Au@
BSA, Ag@BSA, and Au@Lyz, the PL quantum yield (QY) was
calculated using Rhodamine 6G as a standard (QY = 95%, λexc = 488
nm). A freshly prepared solution was used to avoid errors. At this
excitation wavelength, the absorbance values of both the dye and the
clusters were adjusted to be the same. Photoluminescence (PL)
spectra were recorded for the solutions with the same absorbance, and
areas of the PL curves were calculated. Integrated PL intensities
versus the corresponding absorbance values were plotted and fitted
with a straight line to obtain two slopes which were utilized for
determining the QY, using the established equation

K K( / ) (R. I. ) /(R. I. )cluster dye cluster dye cluster
2

dye
2ϕ ϕ= ×

where Kcluster and Kdye are the straight-line slopes and (R.I.)cluster,
(R.I.)dye, and Φcluster, Φdye are the refractive indices of the solvents and
quantum yields of the clusters and the dye, respectively.

2.6. Effect of pH Change and Time-dependent Stability of
Clusters. The pH of the cluster was adjusted by the addition of aq.
NaOH or HCl dropwise. The change in the pH of the solution was
measured by a digital pH meter. PL intensities of the samples were
measured using a fluorimeter. Time-dependent luminescence
intensity measurements were performed for 6 months at an interval
of 30 days to check the stability of the clusters.

2.7. Cellular Uptake Studies by Fluorescence Microscopy.
NCC-RbC-51 cell lines were procured from Riken cell bank, Japan.
The cells were maintained in RPMI 1640 medium with 10% fetal
bovine serum at 37 °C in a 5% CO2 humidified incubator. These cells
were incubated with ES Au@BSA clusters, and the uptake studies
were performed for a period of 1 and 24 h. After incubation, the cell
lines in the medium were centrifuged and the suspension cells were
taken for analysis. The cells were mounted on a mounting medium
containing Hoechst 33342 to stain the nuclei. These cells were
covered with a coverslip and kept for further imaging. An optimized
concentration of 1 mg/mL ES Au@BSA was used for uptake studies.

3. RESULTS AND DISCUSSION
3.1. Microdroplets-Based Synthesis. A schematic of the

experimental setup is shown in Figure 1. In the present
experiment, an aqueous solution of 169 μM HAuCl4 was
mixed with 1.69 mM proteins (BSA/Lyz) at 1:1 (v/v) ratio.
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About 100 μL of 1 M NaOH was added to the resulting
mixture, and the solution was electrosprayed. A home-built
nano-electrospray ionization source was used to direct the
charged microdroplets of the resulting mixture. The spray was
performed using a Hamilton syringe (1 mL) connected to a
capillary delivering liquid at a constant flow rate of 5 μL/min.
The potential applied to the tip of the needle was in the range
of 4.5−5.0 kV. About 1% methanol was used for better
ionization of the charged droplets. During electrospray, the
reaction between the precursors takes place in the micro-
droplets resulting in the formation of luminescent PPCs. This
is because during electrospray, solvent evaporation occurs and
the electrospray product get deposited on the substrate as a
solid. Once it is converted to the solid phase from the aerosol,
it is not likely to react with the ligands. Thus, the reaction can
only occur during its travel from the tip to the substrate. The
reaction product was collected on a conducting glass slide,
washed with water, and used for further experiments. The
spectroscopic characterizations were performed immediately
after synthesis within a time span of 5−10 min. We have varied
the applied electric field to observe the change in the
luminescence properties of the cluster. Beyond the threshold
potential (4.5−5 kV) necessary for electrospray under the
present conditions, further increase did not lead to a change in
luminescence (Figure S1). Two clusters, namely, ES Au@BSA
and ES Au@Lyz, were prepared by this method.
We have selected the proteins BSA and Lyz for electrospray

synthesis because these are widely used as model proteins for
cluster synthesis. These clusters are biocompatible which
enables them to be used in applications such as sensing,
biolabeling, multimodal imaging, targeted drug delivery, and so
forth unlike thiol-protected noble metal clusters which are
toxic to cells, limiting their use in biological mediums for
sensing, imaging, and therapeutic purposes. These are also
stable in solution as well as in the solid state. These materials
can also be used in different physiological conditions. This is
why we have selected PPC over other thiol-protected noble
metal clusters.
We have selected ES Au@BSA, ES Ag@BSA, and ES Au@

Lyz for comparison in our experiments because all of these

materials are equally useful for applications in biological
mediums. We also want to show that the method is not
selective to a particular protein or a particular metal and can be
applied universally for the synthesis of different PPCs.
Moreover, we want to show that different molecular weights
of the proteins (BSA and Lyz) do not affect the cluster
formation in charged microdroplets.
For the synthesis of ES Ag@BSA, AgNO3 was used as the

starting material. The silver cluster was prepared by keeping Ag
and protein concentrations the same as those used for the gold
cluster. For the silver cluster, NaBH4 was used as an external
reducing agent.29 For comparison of the ES product with the
SP sample, similar concentrations of the gold/silver and
proteins were used. To clarify that the reaction occurred in
droplets and not in bulk, a mixture of HAuCl4 and BSA
(protein in aq. NaOH) was kept without spraying and the
product was compared with the ES sample. For comparison of
luminescence, the mixture was kept without spraying for 1 h
which was similar to the total time duration to complete the
electrospray process and process the reaction product to get it
into solution. An equal volume of the mixture was taken for
electrospray as well as for bulk reaction. While the ES sample
shows luminescence, the bulk mixture did not show it (Figure
S2). Both the samples had equal time for interaction.
Therefore, we concluded that the reaction occurred in the
charged droplets, and there was no formation of Au@BSA
cluster before the mixture was sprayed. In all of our
experiments, we have used the single nozzle spray where the
reactants were mixed and sprayed immediately after mixing. A
control experiment was performed to check the effect of
electrospray on the formation of clusters. In the absence of an
applied field, when high-pressure nebulizing gas (N2) was
employed for the reaction, no cluster formation was noticed.
The reaction leads to the formation of nanoparticles (Figure
S3) that show characteristic plasmonic features for Au and Ag
(Figure S4). Figure 2A shows the optical absorption feature of
ES Au@BSA along with its luminescence feature. UV−Vis
spectra show characteristic absorption of a PPC. Usually, in
PPCs, the plasmonic feature of Au/Ag disappears, and there
are no distinct absorption features. However, a slight hump
appears at 280 nm, which corresponds to the features of
aromatic amino acids in the protein. The UV−vis spectra of
PPCs are dominated by protein features and features of the
cluster core on the other hand are not clearly visible in these
spectra as reported in the literature.27 For this reason, UV−vis
spectra of PPCs have not been correlated to the atomicity of
the cluster, unlike that of monolayer protected clusters, where
these features are more pronounced. A comparison of the
UV−Vis spectra of Au30@BSA synthesized by both the SP and
ES methods shows similarities in them (Figure S5).
PL features of these ES clusters show emission in the range

of 670−685 nm. ES Ag@BSA and ES Au@Lyz show emission
maxima at 678 and 684 nm, respectively (Figure S6), whereas
ES Au@BSA shows a maximum at 678 nm (Figure 2A).
Multiple peak maxima are attributed to the different cluster
size distributions or the presence of different chemical
environments of the metal core. The excitation wavelength
for all these clusters is 365 nm. The inset in Figure 2A displays
the photographic image of intense red luminescent ES Au@
BSA. The presence of a cluster was further strengthened by
XPS analysis, which indicates the presence of a metallic core
and proves the absence of metal complexes. In XPS, features at
84.2 and 87.9 eV correspond to 4f7/2 and 4f5/2 of a Au (0) core

Figure 1. Schematic of the experimental setup utilized to synthesize
the clusters by electrospray deposition.
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(Figure 2B). There is a slight shift in the binding energy
toward a higher value possibly due to the reduced size of the
core. Similarly, the Ag (0) core of the cluster was confirmed by
peaks at 368.2 and 373.5 eV due to 3d5/2 and 3d3/2 of Ag (0),
respectively (Figure S7). The spectrum for Ag (0) has a higher
binding energy component, which may be assigned to the
positively charged silver atoms chemically bonded to the sulfur
atoms of the thiol groups present in the protein.60

The spectrum for Ag (0) has a higher binding energy
component, which may be assigned to the smaller clusters or
surface atoms of a cluster. The XPS feature around 163 eV is
attributed to 2p3/2 of sulfur, which is characteristic of thiolate
binding to the Au/Ag core (Figure S8). Therefore, it is clear
that the core of the cluster is stabilized by the thiol groups of
proteins. The TEM image has shown (Figure 2C) the presence
of nanometer-sized clusters. Protein-protected Au or Ag
nanoclusters with a small core size are ultrasmall nanoparticles

and are typically below 2 nm in diameter. However, the size
distribution of the cluster from the TEM image presents an
average size of 1.5 nm. This is because these clusters are
sensitive toward the high-energy electron beam, and nano-
particles were formed due to the aggregation of clusters caused
by continuous irradiation of the beam. This has been studied in
detail in the past.61 TEM images of ES Ag@BSA and ES Au@
Lyz are shown in Figure S9. Molecular nature of the ES Au@
BSA cluster was confirmed by the MALDI mass spectrum.
Figure 2D displays the mass spectrum of the protein, BSA,
along with that of the gold cluster. The spectra were collected
in the positive mode. The mass spectrum of BSA shows a
distinct peak at m/z of 66,463 Da due to a mono-cation. We
have observed another distinct feature for our ES Au@BSA
cluster at m/z of 72,375 Da. The difference between the cluster
peak and parent protein peak is equivalent to the mass of 30
Au atoms, and hence, we have assigned this peak to a Au30 core
encapsulated with BSA. There are 35 cysteine and 5
methionine residues in 1 BSA. This favors the formation of a
Au30 core inside a BSA molecule. This cluster was previously
reported and studied with different techniques.27,62,63 We
followed the same ratio of metal ion/protein concentration
during electrospray synthesis. As a result, the Au30 core was
formed. No other cluster core was seen, and no parent protein
was observed. Optical absorption features and TEM images of
SP clusters were used as a reference to confirm the molecular
nature of ES Ag@BSA and ES Au@Lyz (Figure S10).
Stability of the ES clusters was measured over a period of

about 6 months. No significant change was noticed in stability
when measured at an interval of 30 days. After 6 months,
almost 90% of the luminescence intensity was intact in these
clusters (Figure S11A). The retention of PL properties for such
a long time enables its utility for bioimaging and sensing.
Biocompatibility of the clusters made them useful to work
effectively in the biological medium for which understanding
the stability of these clusters over varying pH ranges is
essential. As these clusters are encapsulated in proteins, the
effect of pH on the capping is more prominent than the cluster
core. Figure S11B shows the change in luminescence intensity
at varying pH. When the solution was changed from acidic to
alkaline medium, there was an increase in the luminescence
intensity of the clusters. This is because tyrosine (Tyr) residues
in the protein can reduce Au (III) ions through their phenolic
groups, and their reduction capability can be greatly improved
by adjusting the pH of the reaction above the pKa of Tyr
(∼10).9 We observed an increase in luminescence intensity

Figure 2. (A) UV−Vis spectrum (left) and PL spectrum (right) of ES
Au@BSA. (B) X-ray photoelectron spectrum of ES Au@BSA in the
Au 4f region, showing Au (0) oxidation state in the clusters. (C) TEM
image of ES Au@BSA cluster with the inset showing the size
distribution of these clusters. An average size of 1.5 nm is shown.
Clusters show beam-induced damage, and the core size shown is not a
true reflection of the cluster size. (D) MALDI MS of BSA and ES
Au30BSA. BSA shows a peak at 66,463 Da, and the cluster exhibits a
feature at 72,375 Da. The difference between protein and cluster peak
is equivalent to 30 Au atoms.

Figure 3. (A) Distance-dependent luminescence measurement to show the formation and origin of luminescence of ES Au@BSA clusters in
microdroplets. (B) Comparison of the total time required for the synthesis of clusters (in terms of log scale) in the solution phase as well as by
electrospray.
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while changing the pH from acidic to alkaline as evident from
Figure S11B.
3.2. Origin of Luminescence and Enhanced Rate of

the Reaction. To prove the origin of luminescence in
droplets, distance-dependent luminescence measurements
were performed. Solutions of the same concentrations were
electrosprayed for the same time at different distances (d), and
luminescence was measured. With an increase in distance, d,
enhancement in luminescence was noticed (Figure 3A). The
reason for such an enhancement could be the enhanced
reactivity in the droplets as the reactants get more time to react
when the distance goes on increasing. We have further
increased the tip to substrate distance (up to 32 mm) to check
its effect on luminescence (Figure S12). From the experiment,
we have observed that up to a certain distance, luminescence is
increasing but the increase is not linear. This may be due to the
fact that during the electrospray process, solvent evaporation
occurs and the droplet concentrates with an increase in
distance. This may lead to self-quenching of the luminescent
material in the droplets or it may be quenched due to the
presence of water (solvent), which is a well-known quencher.
Increasing the distance beyond a certain point shows that
luminescence is almost constant. This may be due to the fact
that after a certain distance, the reaction comes to an end as a
result of the complete evaporation of the droplet.
We have compared the time required for the solution-phase

synthesis of clusters with that of ES clusters. The reaction time
for the formation of ES clusters is the same as the time of travel
of the droplets from the nozzle tip to the solid substrate. The
reaction time for the traveling droplets was adjusted by varying
the distance between the tip to the substrate. The movements
of the droplets were recorded using a high-speed camera at
400,000 frames per second (fps) (Figure S13). The time gap
between two images is 2.5 μs. The velocity distribution of the
microdroplets was determined by tracking 20 individual
droplets. The velocity distribution of the microdroplets was
fitted with a straight line which shows a constant velocity of the
droplets during the reaction (Figure S14). The detail of the
velocity calculation is discussed in the Supporting Information.
The estimated reaction time was calculated by integrating the
speed of the microdroplets over the travelling distance. The
travelling time, that is, the time of product formation for ES
Au@Lyz, ES Ag@BSA, and ES Au@BSA, were calculated as
260.9, 267.5, and 282.0 μs, respectively, whereas in the
solution phase, the time required for the formation of these
clusters was 12 h, 30 min, 12 h, respectively. These SP clusters
are termed as SP Au@Lyz, SP Ag@BSA, and SP Au@BSA,
respectively. Figure 3B shows the plot of the comparison of
time required for the synthesis of clusters in the solution phase
as well as by electrospray, plotted on a logarithmic scale. For
SP clusters, the time required was several hours and hence
shows a value in the positive axis. However, the ES clusters
require very little time, of the order of microseconds and show
a value in the negative axis, which is evident from the graph.
The rate of enhancement of reactions can be calculated by
taking an antilog of the difference between the values for both
processes. The values of the rate of enhancement of the
reaction in droplets for ES Ag@BSA, ES Au@Lyz, and ES
Au@BSA, respectively, were 6.72 × 106, 1.65 × 108, and 1.53 ×
108 times faster than that of SP synthesis. Synthesis of protein-
protected clusters at such a fast rate is an exciting phenomenon
because during this small time scale, several processes, such as
reduction of Au3+ to Au, conformational changes in proteins,

the formation of metal−protein complex, aggregation of the
gold atoms to form clusters, and any other event involved in
forming a stable cluster, occurs. As the process is extremely
fast, it is difficult to perform spectroscopy on the droplets and
understand the phenomena happening in single droplets.
Hence, the complete mechanism of the reaction is uncertain.

3.3. Enhancement of Luminescence Using Droplets.
For a given concentration of the reactants, when luminescence
of clusters prepared by both the methods were compared, we
observed an enhancement in luminescence for the ES cluster.
ES Au@BSA shows 2-fold enhancement in luminescence,
whereas ES Ag@BSA and ES Au@Lyz show 1.2- and 1.6-fold
enhancement, respectively (Figure 4). In order to make this

comparison, the amount of clusters used and all other
parameters such as volume, temperature, pH, excitation
wavelength, age of the samples, and spectrometer parameters
were held the same.
In the solution phase, the reactant gets enough time to react

and form luminescent clusters, but in droplets, the interaction
time between the reactants is less. Such a small interaction
time leading to luminescence enhancement is intriguing.
Luminescence from these clusters is strongly dependent on
their physicochemical environment. There are several factors
that could possibly affect luminescence; one is the unfolding of
proteins in microdroplets. Some of the important factors that
affect the molecular environment of the protein around the
cluster core are solvents, external salts, buffers, pH, ionic
strength, oxygen content, and temperature. Lee et al. have
shown that cytochrome c in a slightly acidic environment can
lead to conformational changes in the protein.45 However,
reports also exist on the base-induced unfolding of proteins
where an increase in pH leads to the breaking of disulfide
bonds.32 During electrospray, the use of a base such as NaOH
can result in the unfolding of proteins. The presence of an
electric field could also break the hydrogen bonds and
electrostatic interactions that result in additional unfolding.
This leads to an enhancement in the metal (Au/Ag)−ligand
(S) interaction responsible for charge transfer. With all these,
there is an enhancement in luminescence. From the MALDI
MS, we obtain a Au30 cluster core with the number of gold
atoms higher than the previously reported Au25 cluster core.

9

This could also result in the enhancement of metal−ligand
interaction. Another factor that possibly contributes to the
enhanced luminescence is the evaporation of the solvent
during the process. As the solvent evaporates, the droplets

Figure 4. Comparison of luminescence of ES clusters with the SP
clusters for a given concentration. ES clusters show 2-fold, 1.6-fold,
and 1.2-fold enhancement in luminescence for ES Au@BSA, ES Au@
Lyz, and ES Ag@BSA, respectively, compared to SP clusters.
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concentrate, and the reactants are in close vicinity of each
other and are forced to react under the field. This results in the
enhancement of luminescence in comparison to the SP
method, where the reactants are in random motion and get
distributed over a large volume.
Generally, noncovalent interactions make the clusters more

rigid and energetically stable. Such interactions restrict the
intramolecular vibrational/rotational motions, which help in
increasing the radiative processes and reduce the nonradiative
processes. During electrospray, protein unfolding happens that
enhances the internal motions of the protein and increases the
nonradiative processes leading to a reduction in luminescence
of the clusters. There are two factors that enhance
luminescence, whereas the other quenches luminescence.
Thus, the overall enhancement is less pronounced as
luminescence is a result of all these factors. Spectroscopic
investigations on these fast-moving charged droplets may shed
light on the possible mechanism of luminescence enhancement
in these ES clusters. Figure S15 shows the comparison of QY
between the ES clusters and SP clusters. It is to be noted that
the measured QYs of ES Au@BSA, ES Au@Lyz, and ES Ag@
BSA are 9.8, 7.2, and 4.9%, respectively, which is higher than
that of SP clusters (5.2, 4.8, and 3.9%, respectively). QY values
are a reflection of the enhanced luminescence in ES clusters.
3.4. Understanding the Conformational Changes of

the Protein in ES Au@BSA. For understanding the
secondary structure of protein during electrospray, a double
derivative of FTIR was studied. We have employed the
technique to understand conformational changes in the protein
before and after the formation of the cluster. We have utilized
only BSA, SP Au@BSA, and ES Au@BSA for the study. In
FTIR studies, change in the secondary structure of the protein
is reflected in the characteristic stretching and bending
vibrations arising in the amide region, namely amide I
(1600−1690 cm−1), amide II (1480−1575 cm−1), amide III
(1229−1301 cm−1), and amide A (3300 cm−1). The band
close to 1650 cm−1 is due to the CO stretching vibration
and out of plane C−N stretching, a signature of amide I region.
Amide II region is attributed to the N−H bending vibration. A
broad feature around 3000−3300 cm−1 corresponds to the
amide A region and is attributed to the N−H or O−H
stretching vibration. Figure S16 shows the FTIR spectra of
BSA and ES Au@BSA. As the amide I region is more sensitive
to the secondary structure of the protein, we have performed
the second derivative of IR (1600−1690 cm−1). The bands in
the regions of 1648−1660, 1612−1642, 1662−1688, and 1648
± 2 are assigned to α-helix, β-sheets, β-turns, and random coils,
respectively. Therefore, in the second derivative IR of BSA, the
peak at 1651 cm−1 was assigned to α-helix and bands from
1615−1639 cm−1 were assigned to β-sheets. A new band
appearing in the 1648 cm−1 range of ES Au@BSA is assigned
to the random coil or unordered structure (Figure 5). On the
other hand, the band at 1651 cm−1 is becoming featureless as
we move from BSA to ES Au@BSA as the protein structure
became relaxed due to the perturbation in the α-helical region.
This indicates a large change in the protein structure. When
compared with the FTIR of BSA, there is a change in the
protein structure for the SP Au@BSA also. But no noticeable
change is there in the FTIR spectra of SP Au@BSA and ES
Au@BSA.
3.5. Bioimaging of Retinoblastoma Cells. Rb is an

intraocular tumor that is curable if diagnosed early. The mode
of treatment for Rb has changed from systemic chemotherapy

to direct ophthalmic artery chemotherapy and intravitreous
injection.64,65 Success has been achieved in ocular survival, but
treating the tumors that grow from the retina to the vitreous
humor, namely vitreous seeds, has been more difficult to cure
and may relapse. On the basis of the appearance in
fundoscopy, these vitreous seeds were classified as dusts,
spheres, and clouds.66 Dusts are loose tumor cells in the
vitreous, clouds are dense tumor fragments formed by
translocation of the primary tumor content to the vitreous,
and spheres are translucent solid tumors formed by further
clonal growth of the dust or the cloud or by sprouting of the
primary retinal tumor.67 Each class of seeds required a different
dose and number of intravitreal injections. Thus, imaging the
Rb tumor to identify the type of seeds so that the right
concentration and dose of chemotherapy can be selected is an
unmet need for the treatment of Rb.
Previous studies have used topotecan, a fluorescent drug for

the visualization of tumors and seeds.68 Corson et al. have used
bioluminescence imaging of luciferase-expressing human
retinoblastoma cells injected into the vitreous of newborn rat
eyes, but spatial and temporal development of tumors in this
model has not been studied.69 In the present study, we have
used a red luminescent ES Au@BSA cluster for imaging Rb
cells. Several previous studies have demonstrated the perform-
ance of SP clusters for bioimaging purposes.70,71 Research is
still evolving for improving the quantum efficiency of
nanoclusters and several methods such as aggregation of
nanoclusters are employed for increasing the quantum yield.72

We made ES clusters that exhibited enhanced quantum yields
compared to SP clusters. Therefore, we tested these clusters for
bioimaging purposes. We have used commercial retinoblasto-
ma cell lines NCC-RbC-51 (metastatic cell lines), which grow
as loose aggregates, resembling vitreous seeds, classified as
dust.73 Before the experiment, the stability of ES Au@BSA
cluster in the RPMI 1640 medium was measured. The cluster
shows good stability for 40 h and no degradation was noticed
(Figure S17A). Excitation at 480 nm was used for the
fluorescence imaging of Rb cells (Figure S17B). Our results
showed that with as low a concentration as 1 mg/ml and
within 1 h of treatment, there was uptake of the nanocluster
(Figure S18). This suggests that the cluster shows good
penetration into the Rb cells and could be used for rapid
fluorescence imaging of the cells. Rapid imaging techniques are
needed in RB tumor imaging as usually patients are children
below 5 years of age and longer time interval modalities are
difficult to administer. This could be used as an alternative to

Figure 5. Second derivative FTIR spectra of BSA and ES Au@BSA.
Decrease in the intensity of α-helix and the evolution of random coil
nature in ES Au@BSA confirm the conformational changes in the
protein after cluster formation.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.0c09145
ACS Sustainable Chem. Eng. 2021, 9, 4554−4563

4559

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c09145/suppl_file/sc0c09145_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c09145/suppl_file/sc0c09145_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c09145/suppl_file/sc0c09145_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c09145/suppl_file/sc0c09145_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c09145/suppl_file/sc0c09145_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c09145?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c09145?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c09145?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c09145?fig=fig5&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.0c09145?rel=cite-as&ref=PDF&jav=VoR


other luminescent materials which take more time for uptake
and cause cell toxicity. Cellular uptake of the particles was
increased up to 24 h (Figure 6). These particles are expected
to be nontoxic to Rb cells as the BSA-protected noble metal
clusters are known to be nontoxic to cancer cells.41 Ag18@BSA
clusters synthesized previously by our group exhibited no
toxicity to HeLa cells for a period of 24 h at varying
concentrations from 2 to 10 μM.41 The newly synthesized
cluster diffused gradually into the cytosol and localized in it, in
agreement with an earlier study which showed that atomically
precise metal clusters localize in cytosol after 24 h.41 The
nucleus was stained with DAPI in these experiments. The
results indicate that the molecular cluster can be used as an
excellent probe for in vitro imaging of NCC-RbC-51 cell lines.
Thus, in a clinical scenario, the synthesized clusters could be
used to image the dust of vitreous seeds in Rb patients. It could
also be used to identify the type of vitreous seeds present in Rb
patients.
The fluorescence intensity from these clusters is generally

lower than that from organic dyes. Although the luminescence
intensity is less compared to that of organic dyes, these clusters
show stable luminescence in cells, unlike organic dyes that
undergo photobleaching. We have performed a photobleaching
experiment under UV irradiation for both the cluster and a dye
(rhodamine 6G) using UV irradiation (300 W, for 5 min). We
have observed a slight change in the luminescence of the
cluster, whereas the luminescence of the dye was significantly
reduced. When the UV light was turned off, reversible
photobleaching leads to a complete recovery of luminescence
after 30 min for the cluster, which was not observed in the case
of the dye (Figure S19). Similar reversible photobleaching for
clusters was observed by Hemmateenejad et al.74 Hence, these
clusters can be used effectively for diagnosis and imaging
purposes. The tumor-specific targeting of gold clusters was
achieved in earlier studies by targeting specific molecules on
cancer cells such as integrins and folate receptors using RGD
peptides and folate-conjugated gold clusters, respectively.75,76

Cancer cells specifically overexpress Nucleolin proteins on the
cell surface. An aptamer targeting this protein, AS1411, was
conjugated to the gold clusters to achieve tumor-specific
targeting.77 In future studies, we will conjugate ES clusters to
EpCAM aptamer that would specifically target cancer cells.78

3.6. Sustainability of the Electrospray Method.
Electrospray is a simple, direct, and one-step method for the
synthesis of these luminescent clusters in charged micro-
droplets. The synthetic method is one-pot and does not
require harsh experimental conditions such as high temper-
ature or pressure. We have employed water as a solvent and
avoided the use of organic solvents. The method also uses a

reduced quantity of solvents for the production of materials as
compared to the solution phase. Major advantage of this
method is that it minimizes the amount of reagents needed for
the synthesis and hazardous reducing agents such as N2H4,
formaldehyde, ethylene glycol, and so forth are not used. The
single-step process ensures no wastage of materials during the
synthesis as compared to a multistep process where processing
involves loss of solvents and other chemicals. Ambient
processing, use of water as the solvent, absence of hazardous
reducing agents, reduced time, reduced waste of materials, and
direct deposition on substrates of choice make this method a
more sustainable and greener alternative to traditional
methods.
The other advantage of using electrospray is that it requires

only a few microseconds for the actual process of synthesis.
Hence, we can synthesize larger quantities of materials in less
time using the spray method as compared to the solution
phase. A multinozzle spray can be used for scaling up the
production of materials if required. Moreover, the synthesis of
these materials can also be performed using an electrospinning
machine where a larger volume of solution can be used just like
the solution-phase synthesis. Hence, in terms of yield, quality
of the product, and total time needed for materials production,
we believe that the electrospray method is better.

4. CONCLUSIONS

In summary, we have successfully synthesized red luminescent
protein-protected clusters using charged microdroplets. The
molecular nature of the cluster was confirmed by MALDI MS,
which revealed that ES Au@BSA has an Au30 core. Synthesis of
the clusters in microdroplets leads to severalfold enhancement
in the rate of the reaction. ES clusters show severalfold
enhancement in luminescence when compared to the same
clusters prepared by the conventional solution-phase method.
The origin of luminescence in microdroplets was proven by
measuring distance-dependent luminescence. The ES Au@
BSA cluster was utilized for in vitro imaging of retinoblastoma
NCC-RbC-51 cells, which will be useful for diagnosis and for
detecting associated brain abnormalities.
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Figure 6. Fluorescence microscopic image of ES Au@BSA cluster in retinoblastoma NCC-RbC-51 cells after 24 h incubation. 1 mg/mL of cluster
concentration was used for imaging. (A) Cell nucleus stained with DAPI. (B) Fluorescent image of ES Au@BSA cluster showing red luminescence
inside the cells. (C) Overlay of the images, A and B showing the selective diffusion of ES Au@BSA cluster into the cytosol of the cells.
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Instrumentation

Droplet synthesized clusters were characterized high-resolution transmission electron microscopy 

(HRTEM), X-ray photoelectron spectroscopy (XPS), photoluminescence (PL) spectroscopy, UV-

Vis spectroscopy, fluorescence microscopy, circular dichroism (CD), Fourier-transform infrared 

spectroscopy (FTIR) and matrix-assisted laser desorption ionization mass spectrometry (MALDI 

MS). UV-Vis absorption spectra were recorded using a Perkin Elmer Lambda 25 

spectrophotometer. Optical absorption spectra were typically measured in the range of 200-1100 
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nm with a band-pass filter of 1 nm. MALDI MS of the cluster was measured using Voyager-DE 

Pro Biospectrometry Workstation from Applied Biosystems. TEM measurements were performed 

using JEOL3010 (JEOL Japan) operating at 200 kV. Photoluminescence measurements were 

carried out in a HORIBA, Jobin Yvon Nanolog fluorescence spectrometer. Band-pass of 3 nm was 

used for all the excitation and emission spectra. XPS measurements were conducted with an 

Omicron ESCA probe spectrometer with polychromatic Mg Kα X-rays (hv = 1253.6 eV). A high-

speed camera (Phantom v1212) coupled with Keyence VH-Z100R, zoom lens was used for the 

measurement of the travel time of droplets. To visualize the electrospray 700 x magnification was 

set. FTIR was carried out with PerkinElmer spectrum 2 with universal attenuated total reflectance 

(UATR) with a diamond crystal. Photographic images were taken with a Nikon D5100 DSLR 

camera. The cells were imaged using a fluorescence microscope (Carl Zeiss, Germany) and image 

acquisition was performed using a high-NA oil immersion objective of 100X magnification. The 

sample was excited at 405 and 488 nm. For 405 nm excitation, emission was collected from 410 

to 550 nm, and for 488 nm excitation, emission was collected from 520 to 690 nm. For 

electrospray, the aqueous solution was pushed through a NE-300 infusion syringe pump.

Calculation of the time of travel of the Si QDs at different distances

For calculating the time required to travel from tip of the nozzle to the substrate, the average 

velocity of about 20 microdroplets coming out of nozzle at different distances were calculated. 

For the calculation of time of travel between the tip to substrate the following formula was used:

Time (t) = Total number of frames/frame rate

Once the distance and time were known, the speed of each droplet was calculated by plotting it as 

a function of the individual droplets. This was fitted with a straight line. After the velocity was 
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calculated, other parameters were fixed and the distance between the tip to substrate was fixed at 

5 mm for each of the cluster. The time required to travel was calculated by the formula, t = s/v, 

where,

 t = Average time required by the droplets to reach the substrate.

S = Distance between the tip and substrate

v = Average velocity of the droplet
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Figure S1. A comparison of the luminescence of clusters synthesized at two different electrospray 

potentials.
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Figure S2. Comparison of PL spectra of the ES and SP sample after 1 h of reaction. After 1 h of 

electrospray, PL spectrum shows luminescence which suggests that Au@BSA cluster was formed. 

In order to prove that there was no reaction within 1 h in the solution phase, a mixture of precursors 

was kept for 1 h and the PL spectrum was measured. No luminescence was observed in the solution 

phase during this time scale.
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A) B)

Figure S3. A) TEM image of the Au nanoparticles obtained when the spray was performed using 

nebulizing gas in the absence of an electric field. B) TEM image of the Ag nanoparticles obtained 

under similar conditions. See also Figure S3.  It produced non-luminescent nanoparticles. 
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Figure S4. UV-Vis spectra of Ag and Au nanoparticles obtained after spray in the absence of 

electric field.
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Figure S5. A comparison of UV-Vis spectra of Au30@BSA synthesized by the SP and ES 

methods. Au30@BSA synthesized by both these methods show similarities in the UV-Vis spectra. 

Figure S6. Absorbance (Abs) and photoluminescence (PL) spectra of ES Au@Lyz and ES 

Ag@BSA obtained as a result electrospray. Inset shows the photographs of ES Au@Lyz and ES 
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Ag@BSA under UV and visible light. Under UV light, both of these clusters show red 

luminescence. 

Figure S7. A) and B) are the X-ray photoelectron spectra of ES Ag@BSA and ES Au@Lyz, in 

the Ag 3d and Au 4f regions, respectively, showing Ag (0) and Au (0) oxidation states in the 

clusters. The spectrum for Ag (0) shows a higher binding energy component, which is assigned to 

the positively charged silver atoms bonded to the sulphur atoms of the thiol groups of the protein.
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Figure S8. XPS spectra of A) ES Au@BSA, B) ES Ag@BSA and C) ES Au@Lyz, in the S 2p 

region, showing the oxidized state of sulfur in the clusters. The S 2p3/2 feature around 163 eV 

supports the thiolate binding on the Au/Ag core. Oxidation, contributing to the higher energy 

features is a characteristic feature in such materials upon X-ray irradiation. 
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Figure S9. TEM images of ES Ag@BSA and ES Au@Lyz. Electron beam-induced aggregation 

of clusters is visible.
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Figure S10. A) UV-Vis feature of all the solution-processed clusters, i.e. SP Au@BSA, SP 

Ag@BSA and SP Au@Lyz. B), C) and D) are the TEM image of the SP Au@BSA, SP Ag@BSA 

and SP Au@Lyz, respectively. 

Figure S11. A) Time-dependent stability of the electrosprayed clusters measured over a period of 

six months at an interval of 30 days. Almost no change in the stability was noticed. B) Effect of 

pH on the luminescence of the electrosprayed clusters measured in the range of 4-10. An increase 

in pH results in the increase in the luminescence. This suggests that unfolding occurs in the alkaline 

medium due to breakage of disulfide bonds that favors the formation of these luminescent clusters.
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Figure S12. A) Distance-dependent changes in the luminescence intensity of ES Au@BSA 

measured up to a distance of 32 mm between the tip to the substrate. B) Distance-dependent 

luminescence of the ES Au@BSA cluster, which show a non-linear increase and indicates the self-

quenching of the luminescence in droplets upon increasing the distance.

Figure S13. High speed camera images of the individual charged microdroplets (recorded at 

400,000 fps) formed as a result of electrospray during the synthesis of Au@BSA, Ag@BSA and 

Au@Lyz. Movement of these droplets were monitored to calculate the velocity of the droplets.
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Figure S14. Speed of 20 individual droplets is plotted against droplet number. The velocity 

distribution is fitted with a straight line and the fitting shows a constant velocity. The calculated 

speed for A) Au@BSA, B) Ag@BSA and C) Au@Lyz is 17.73±0.41, 18.69±0.45 and 19.26±0.59 

m/s, respectively. 
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Figure S15. Comparison of the quantum yields of the solution-processed clusters and 

electrosprayed clusters that are prepared under similar concentrations of precursors. 

Electrosprayed clusters have higher QYs than solution-processed clusters which supports 

luminescence enhancement upon electrospray.

Figure S16. Comparison of the infrared spectra of BSA and ES Au@BSA cluster.
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Figure S17. A) Stability of ES Au@BSA in the biological medium, RPMI 1640, was measured. 

It shows good stability over a period of 40 h and no degradation of the cluster in the medium was 

noticed. B) Excitation and emission spectra of ES Au@BSA cluster. Excitation spectrum features 

two peaks at 360 nm and 480 nm. Both the excitations give red luminescence. Excitation at 480 

nm was used for the fluorescence imaging of Rb cells. 

Figure S18. Cellular uptake studies performed on the Rb cells using ES Au@BSA cluster for 1 h. 

The fluorescence image of the Rb cells show good penetration depth of the clusters into the cell. 

This suggests that ES Au@BSA could be used for rapid fluorescence imaging of the Rb cells. This 
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could be used as an alternative to the other luminescent materials which take more time for uptake 

and causes cell toxicity. 

Figure S19. Photo-bleaching experiment performed A) on the ES Au@BSA cluster and B) on the 

dye (Rhodamine-6G). The dye shows significant degradation as compared to the cluster. Also 

reversible photo-bleaching was noticed for the cluster which was absent in case of dye (after 30 

min in absence of UV light).
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ABSTRACT: Although hexagonal ice (ice Ih) is the most common and highly studied
crystalline form of ice, its nucleation from clathrate hydrates is poorly understood. Here,
we report the formation of ice Ih through the dissociation of formaldehyde hydrate,
prepared under ultrahigh vacuum (UHV) in the temperature window of 130−135 K.
This unique route for crystallization is highly facile, and it occurs below the usual
crystallization temperature of ice Ih of 155 K in UHV; the associated activation energy is
also lower. Time-dependent reflection absorption infrared spectroscopy was used to
detect the formaldehyde hydrate and to determine the crystallization kinetics of ice Ih.
The dissociation of formaldehyde hydrate is found to be a diffusion-controlled process,
which reduces the activation barrier of crystallization. This study provides evidence that
formaldehyde hydrate can exist in extremely low (P, T) conditions without forming the
geminal diol or its polymer in the presence of water. This new and facile route of
crystallization in the context of interstellar environments may have implications for
cometary and prebiotic science.

■ INTRODUCTION
Ice is one of the most abundant solids found in comets,1

interstellar medium (ISM),2,3 and the universe.4 The structure
of ice is crucial to an understanding of its physical and
chemical properties, which have significant importance in
planetary science, astrochemistry, and physical chemistry.
There are several amorphous and crystalline forms of ice at
different conditions of pressure and temperature, leading to the
rich polymorphism of water.5,6 Among these various forms,
hexagonal ice (ice Ih) is the most abundant, and it occurs
naturally on the surface of Earth. In the astrophysical or
interstellar environment, in vacuum, ice is commonly found in
an amorphous form as a result of the extremely low-
temperature conditions present there.7 This amorphous ice,
upon annealing, first crystallizes into metastable cubic ice (ice
Ic) and further converts into more stable ice Ih at ∼155 K.7

Several studies8−15 have been carried out to determine the
kinetics and mechanisms associated with ice crystallization. In
addition, the effect of guest molecules on ice crystallization has
also been studied. Strong acids like HNO3

16 and HCl17 are
known to promote crystallization of amorphous solid water
(ASW) to ice Ih. Here, excess protons (H

+) provided by the
acids facilitated crystallization. However, NaCl17 shows the
opposite effect and hinders crystallization. In another study,18

the effect of methanol and butane on the crystallization of
ASW was investigated. Methanol reduces the ASW crystal-
lization temperature to 152 K by enhancing the crystallization,
whereas butane18 and propane19 do not show such an effect.
The presence of guest molecules has various effects on ice,

and the formation of clathrate hydrates (CHs) is one such

example.20−22 CHs are solid, crystalline host−guest complexes,
where different gases (guests) are trapped inside the hydrate
network made of water molecules (host).23,24 Previous
reports25−28 suggest that CHs act as precursors for the
formation of ice Ic. Neon hydrate is known to transform into a
crystalline ice XVI when it is kept under a prolonged vacuum.6

Moreover, we have shown recently that ice Ic can be formed by
the dissociation of acetone hydrate in ultrahigh vacuum
(UHV) at 130−135 K.29 In our previous study, the existence
of CHs in the interstellar environment was also confirmed
experimentally.22 Therefore, CHs can be an ideal precursor,
which can transform into ice Ih under extremely low pressures
and temperatures, conditions relevant to the interstellar
medium (ISM).
Herein, we have formed formaldehyde hydrate, which acts as

the precursor for ice Ih under UHV at 130−135 K.
Formaldehyde is prone to undergo polymerization when it
comes in contact with water, and this polymerization can be
prevented only when it forms formaldehyde hydrate.30 In
addition, formaldehyde also likes to form geminal diol in the
presence of water at ambient conditions.30 Therefore, the
normal terrestrial condition is not suitable for the formation of
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formaldehyde hydrate. It was suggested that it could only be
formed at low-temperature conditions present in space or
ISM.30 This study provides direct evidence of the earlier claim
that it is indeed possible to create formaldehyde hydrate in
astrophysical environments without undergoing polymer-
ization or formation of geminal diol in the presence of water.
Moreover, formaldehyde is known to exist in ISM,31−34

cometary ice,32,35,36 and extraterrestrial environment,37 and its
linear polymer was the first polymeric compound found in
space.38 The high abundance of formaldehyde and the inherent
temperature of comets (120−140 K) suggest that the
presented transformation route may occur in comets in regular
intervals. Moreover, this unique process of ice crystallization is
facile with respect to the conventional process as it occurs at a
lower temperature. Here, the high mobility of water molecules
during the dissociation of hydrate acts as the driving force.
Hama et al.39 have reported the formation of crystalline ice by
subliming a water/neon matrix (1/1000 ratio) at 11−12 K
under UHV, where matrix sublimation makes water molecules
highly mobile.39 It helps to overcome the kinetic barrier for
rearrangement of the H-bonding network, which makes
crystallization possible even at a lower temperature. In a
nutshell, we have found a unique and facile mechanistic route

for ice crystallization, which links the existence of ice Ih and
CH in comets. This study does give some directions to the ice
composition and structure possible in many astrophysical
bodies like comets, which may have further implications from
the cometary and prebiotic science perspective.

■ EXPERIMENTAL METHODS

All the experiments were performed in a custom-built ultrahigh
vacuum (UHV) instrument (base pressure of ∼5 × 10−10

mbar). The instrument was discussed in detail elsewhere.40

Briefly, it has three UHV chambers (namely ionization
chamber, octupole chamber, and scattering chamber) made
of stainless steel, equipped with reflection absorption infrared
(RAIR) spectroscopy and temperature-programmed desorp-
tion (TPD) mass spectrometry. Each vacuum chamber was
pumped by turbomolecular pumps (TMPs), which were
backed by oil-free diaphragm pumps (Pfeiffer Vacuum). The
pressure of the experimental chamber was measured by a
Bayard−Alpert (B−A) gauge (Pfeiffer Vacuum) controlled by
the “MaxiGauge” vacuum gauge controller (Pfeiffer, Model
TPG 256 A).
Here, a ruthenium single crystal, Ru(0001), with 1.5 cm

diameter and 1 mm thickness was used as the substrate. A thin

Figure 1. Time-dependent RAIR spectra of 300 MLs of formaldehyde:H2O (1:1) at 135 K in the (a) CO and (b) O−H stretching regions. The
mixture was codeposited on Ru(0001) substrate at 10 K and annealed at a rate of 2 K·min−1 to 135 K. The O−H band changed due to the
dissociation of formaldehyde hydrate which resulted in ice crystallization. The schematic illustration in (c) shows the formation of formaldehyde
hydrate and its dissociation, stepwise. Dissociation of formaldehyde hydrate leads to the formation of hexagonal ice (ice Ih).
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film of ice was grown layer by layer on this substrate at a low
temperature (10 K). The substrate was mounted on a copper
holder, which in turn was connected at the tip of a closed-cycle
helium cryostat (Coldedge Technologies). The temperature of
the substrate was monitored with the help of a K-type
thermocouple sensor and a platinum sensor attached to the
copper holder near the substrate. The substrate temperature
could be varied in a wide temperature window of 8−1000 K.
Before the sample deposition, the substrate was heated to 400
K multiple times to ensure surface cleanliness. Temperature
ramping was controlled and monitored by a temperature
controller (Lakeshore 336).
For the current study, formaldehyde vapor was obtained by

thermolysis of solid paraformaldehyde (95% pure) purchased
from Sigma-Aldrich. Here, paraformaldehyde was used as a
precursor for the formation of formaldehyde vapor.41 The solid
paraformaldehyde was taken in a vacuum-sealed test tube, and
it was connected to the sample line of the instrument through a
glass-to-metal seal. The test tube was heated at ∼120 °C in a
silicone oil bath to generate the formaldehyde vapor upon
thermolysis.41 The generated vapor of formaldehyde was then
introduced into the UHV chamber through a high-precision
all-metal leak valve. Millipore water (H2O of 18.2 M Ω
resistivity) was taken in a separate test tube connected to the
sample line through a glass-to-metal seal. The water was
further purified through several freeze−pump−thaw cycles
before introduction into the UHV chamber. Here, it must be
noted that out of the two sample inlet lines, one was
exclusively used for formaldehyde while the other line was used
for water deposition. During the exposure of these samples to
the substrate, mass spectra were recorded to check the purity
as well as to measure the ratio of the mixtures with the help of
a residual gas analyzer, attached near the sample inlet line. The
substrate was kept at a perpendicular position near the sample
inlet tubes for consistent growth of ice. The deposition of
molecular solids was controlled through leak valves and
represented in terms of monolayers (MLs), assuming that 1.33
× 10−6 mbar·s = 1 ML, which was estimated to contain ∼1.1 ×
1015 molecules·cm−2. The inlet pressures for sample deposition
were decided based on the coverage required at the time of the
experiment. Importantly, the substrate does not play any
significant role during the experiment as these experiments
were carried out under multilayer conditions.
Here, 300 MLs of formaldehyde:H2O (1:1) were prepared

by backfilling the UHV chamber at a total pressure of ∼5 ×
10−7 mbar (where formaldehyde inlet pressure = 2.5 × 10−7

mbar and water inlet pressure = 2.5 × 10−7 mbar), and the
mixture was exposed to the surface for 10 min. After
deposition, the mixed ice was heated at a rate of 2 K·min−1

to the experimental temperatures. The ice sample was
monitored by RAIR spectroscopy at different temperatures.
The experimental conditions were kept the same such as the
position of the substrate and external IR detector during the
time-dependent study.
RAIR spectra were recorded using a Bruker FT-IR

spectrometer, Vertex 70. The external IR beam was focused
onto the substrate using gold-plated mirrors through ZnSe
windows (transparent to the IR beam) attached to the vacuum
chamber. The reflected IR beam from the substrate was
refocused using another gold-plated mirror to a liquid N2
cooled external IR detector (mercury cadmium telluride;
MCT). The spectra were collected in the 4000−550 cm−1

range with a 2 cm−1 resolution. Each spectrum was an average

of 512 scans to get a better signal-to-noise ratio. The IR beam
path outside the UHV chamber was purged with dry N2.

■ RESULTS AND DISCUSSION
Here, we report a unique and facile transformation route for
the formation of hexagonal ice (ice Ih) via formaldehyde
hydrate, relevant to astrophysical environments. The inter-
stellar-like environment was mimicked in an UHV chamber,
and more details of this chamber are discussed in the
Experimental Methods section. Three hundred monolayers of
formaldehyde:H2O (1:1) were codeposited on Ru(0001)
substrate at 10 K and heated at a rate of 2 K·min−1 to 135
K. The mixture was kept at 135 K for 5 h under UHV. Figure
1a and 1b show the RAIR spectra obtained immediately after
the codeposited film was annealed at 135 K (0 h trace) and
after 5 h (5 h trace) in the CO and O−H stretching regions,
respectively. In Figure 1a, the CO stretching peak at 1733
cm−1 is due to the formaldehyde hydrate, which was obtained
by heating the formaldehyde:H2O mixture. To understand the
origin of this peak, which is assigned to formaldehyde hydrate,
temperature-dependent RAIRS measurement of the form-
aldehyde:H2O mixture was carried out separately, as shown in
Figure S1. The CO stretching region in Figure S1a suggests
that formaldehyde hydrate starts to form at 110 K during
continuous heating. Here, the other features (1731, 1722, and
1716 cm−1) come from the irregular crystallite formation of
formaldehyde in the amorphous ice pores. These IR features of
the formaldehyde crystallites are assigned based on the
temperature-dependent RAIR study of pure formaldehyde,
which undergoes crystallization at ∼90 K (Figure S2). It is
clear that the IR feature of formaldehyde hydrate (1733 cm−1)
is entirely new as compared to the other features of
formaldehyde. Moreover, previous reports20−22 suggest that
the vibrational signature of the guest molecules trapped in
hydrate cages usually falls in between their vapor (1746
cm−1)41 and condensed (1723 cm−1)41 phase frequencies. This
clearly suggests that the 1733 cm−1 peak is due to hydrate since
it also falls between the IR peak positions of vapor and
condensed phases of formaldehyde. Moreover, a full-range IR
spectrum of the formaldehyde:water mixture is shown in
Figure S3 along with the assignments.
On the other hand, the O−H stretching region in Figure S1a

shows a profound change due to heating. At low temperature
(<90 K), the O−H stretching band has three broad shoulders,
positioned at 3510, 3422, and 3275 cm−1. These features are
due to the formation of H-bonding interaction between water
and formaldehyde. These shoulders gradually disappeared as
the ice mixture was heated beyond 90 K, eventually becoming
a broad peak, which is the characteristic feature of ASW.
Similar H-bonded features and their disappearance with
heating were also observed with the acetonitrile and water
mixture.42 Here, the breaking of H-bonds occurs due to
heating, and they are completely broken at 90 K, the
crystallization temperature of formaldehyde. At this point,
most of the formaldehyde gets phase-separated and desorbed
as the system is heated further. However, a small amount of
formaldehyde, which was buried into the ASW pores, could
not escape, leading to the formation of formaldehyde hydrate.
It must be noted that although clathrate hydrates are crystalline
in nature, the unit cells of hydrates are complex, and the water
molecules reside in several inequivalent sites; therefore, the
O−H stretching band of the host ice network is broad-
ened.20,43,44 Moreover, we have confirmed the structure of the
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resultant ice system left after the dissociation of formaldehyde
hydrate. In this regard, we have compared the characteristic
O−H stretching bands of pure crystalline ice Ih film and the
resultant ice system left after the dissociation of formaldehyde
hydrate at 135 K, as shown in Figure S4. Both of these
experiments were carried out separately, and they produced
similar O−H stretching bands, which again proved that the
dissociation of formaldehyde produces nothing but ice Ih.
Moreover, time-dependent studies of pure 150 MLs of H2O
were carried out at 120 and 130 K (Figure S5), and self-
crystallization of ice was not observed. In addition, the time-
dependent RAIR spectra of pure water at 135 K (Figure S6)
clearly suggest that the crystallization is only due to the
dissociation of formaldehyde hydrate at this condition. It is
clear that the dissociation of formaldehyde hydrate alone
produced ice Ih, even at a lower temperature.
To present more clear evidence for the 1733 cm−1 peak,

being the characteristic feature of formaldehyde hydrate, we
have done an isothermal time-dependent RAIR study of 150
MLs of pure formaldehyde at 95 K, as shown in Figure 2. This

particular temperature (95 K) is chosen as formaldehyde
undergoes crystallization above this temperature. Figure 2
shows multiple CO stretching features, which are attributed
to the crystalline phase of formaldehyde. The intensity of these
IR features gradually reduced with time, which accounts for the
desorption of formaldehyde. Moreover, the temperature
desorption-mass spectrum (TPD-MS) of pure formaldehyde
also shows a desorption peak at ∼97 K, as shown in Figure S7.
It must be noted that these multiple features do not match
with the 1733 cm−1 peak. It is entirely a new feature, which
further supports our earlier claim that it arises only because of
formaldehyde hydrate and not because of bulk formaldehyde
or its aggregates. Moreover, it was observed that ice Ih
crystallization via formaldehyde hydrate was associated with
time-dependent kinetics. This was confirmed by conducting
isothermal time-dependent RAIRS measurements at 130, 132,
135, and 137 K, where gradual changes of both CO and O−
H stretching bands are displayed (Figure S8−S11).

■ CRYSTALLIZATION KINETICS

The crystallization kinetics and associated thermodynamic
properties of ice are of paramount importance not only in basic
science but also in planetary science, astrochemistry, and
physical chemistry. In this regard, RAIRS was found to be a
useful tool to determine the crystallization kinetics of ice by
monitoring the change in O−H stretching13,14,17 and
decoupled O−D stretching bands15,45 of H2O during
crystallization. In this study, both these spectral bands were
used to evaluate the kinetics of ice Ih crystallization.
Time-dependent RAIRS studies of formaldehyde:HDO (5%

D2O in H2O) were conducted for the evaluation of the
crystallization kinetics and its parameters (rate constants,
Avrami exponent values) at 130, 132, 135, and 137 K (Figures
S12−S15). In Figure S14a at 135 K, the 0 and 5 h spectra show
pure ASW behavior and complete crystallization, respectively.
The fraction crystallized with time t was calculated by
subtracting the spectrum obtained at time zero from the
spectrum at time t at a fixed wavenumber (3302 cm−1 in Figure
S14b indicated by the vertical dashed line) for each
temperature. Similarly, in Figure S14a, the crystallization
fraction (x(t)) was calculated at a fixed wavenumber, 2427
cm−1 (indicated by the vertical dashed line), where a broad,
amorphous spectrum (t = 0) changed into a relatively sharp
crystalline spectrum (t = 5 h). Here, differences in the
integrated peak area between the completely ASW and (partly)
crystalline films at each time interval were considered.
However, changes in the absorbance (ΔA) at a fixed
wavenumber (∼2427 cm−1 in Figure S14b, indicated by a
vertical line) produced almost the same result for x(t) as that
obtained from the integrated peak area. A similar approach was
adopted in several previous reports.13,14,17,29 The crystalliza-
tion fraction, x(t), was calculated by eq 1

x t
A
A

( )
(1)
(2)

= Δ
Δ (1)

where ΔA(1) is the difference in the absorbance at a particular
time t and that at time zero, and ΔA(2) is the difference in the
absorbance of a completely crystallized film and that at time
zero.
Figure 3a and 3b demonstrate the change in crystallization

fraction at different temperatures with time as obtained from
the O−H and decoupled O−D stretching bands at a fixed
wavenumber. The change of the shape of the curve from
sigmoidal to exponential with temperature shows that the rate
of crystallization increases with increasing temperature. Now,
the nucleation and growth mechanism of ASW crystallization
was predicted by fitting the crystallization fraction x(t) to the
Avrami equation at different temperatures.

x t k T t( ) 1 exp ( ) n= − [− · ] (2)

Here k(T) is the rate constant, t is time, and n is the Avrami
exponent. For all temperatures, n held an integer value
between 1 and 4, which reflected the nature of the
transformation, whether it is diffusion or interface-controlled,
and dictated the geometry of the growing particles.7,46 Thus,
the Avrami exponent, n, can be used to predict the nature of
the transformation process. After rearrangement and simplifi-
cation, eq 2 becomes

x t n t n k Tln( ln 1 ( ) ) ln( ) ln ( )− [ − ] = + (3)

Figure 2. Isothermal time-dependent RAIR spectra of 150 MLs of
pure formaldehyde film at 95 K in the CO stretching region.
Formaldehyde vapor was deposited on Ru(0001) substrate at 10 K,
and then it was heated from 10 to 95 K at a rate of 2 K·min−1.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c10367
J. Phys. Chem. C 2021, 125, 4532−4539

4535

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10367/suppl_file/jp0c10367_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10367/suppl_file/jp0c10367_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10367/suppl_file/jp0c10367_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10367/suppl_file/jp0c10367_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10367/suppl_file/jp0c10367_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10367/suppl_file/jp0c10367_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10367/suppl_file/jp0c10367_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10367/suppl_file/jp0c10367_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10367/suppl_file/jp0c10367_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10367/suppl_file/jp0c10367_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10367/suppl_file/jp0c10367_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10367/suppl_file/jp0c10367_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10367?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10367?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10367?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10367?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c10367?ref=pdf


Figure 4a and 4b demonstrate a plot between ln (− ln[1 −
x(t)]) vs ln(t) using eq 3. The slope and intercept of the
linearly fitted lines were used to determine the values of n and
k(T) for different temperatures. Values of n and k(T) obtained

from the analysis of O−H and decoupled O−D stretching
bands for different temperatures are listed in Table S1.
The evaluated value of n (1.65−1.34, in Table S1) reflects

that crystallization kinetics is diffusion-controlled with particles
growing into a predominantly spherical geometry46−48 as the
theory of phase transformation by nucleation and growth also
suggests that the crystallization kinetics is diffusion-controlled
with particles growing into a predominantly spherical geometry
for n having fractional values.13,14,29 Here we propose that the
dissociation of formaldehyde hydrate can enhance the diffusion
or mobility of H2O molecules which in turn prompt the
crystallization of ice.29 Moreover, for the ASW films thicker
than 20 MLs, n is about 4, and the crystallization proceeds via
homogeneous nucleation followed by three-dimensional
growth as reported in previous studies.9,10,13 All these reports
involve pure solid water film, and the only driving force for
crystallization is annealing to higher temperatures. However,
our study involves mixed film of formaldehyde and H2O in a
1:1 ratio, where formaldehyde is desorbing from bulk as well as
from the interface simultaneously. So, there is random
generation of crystalline domains throughout the ice mixture
which grow and soon reach the surface/interface of the films
and would inhibit the three-dimensional growth, and therefore
the decrease in the value of n is reasonable.49−52 Figure 5a and
5b demonstrate that all of the crystallization rates at different
temperatures were fitted in an Arrhenius plot obtained from
the O−H and decoupled O−D stretching regions, respectively.
The activation energy (Ea) was evaluated from the slope of the
linearly fitted lines. Activation energy obtained in this study
was ∼53.65 and ∼56.70 kJ mol−1, and it is comparable with the
previously reported values for the crystallization of pure ASW
evaluated by different experimental techniques.10,11,13,15,17

Here, crystallization occurred at a lower temperature than
the usual crystallization temperature, which can be attributed
to the high mobility of water molecules after hydrate
dissociation.

■ CONCLUSIONS

In this study, we have observed experimentally the formation
of hexagonal ice (ice Ih) at 130−135 K, which is lower than its
usual crystallization temperature in UHV. This facile

Figure 3. Crystallization fraction of 300 MLs of formaldehyde:HDO
(5% D2O in H2O) obtained from isothermal RAIRS measurements at
130, 132, 135, and 137 K. The crystallization fraction was estimated
from (a) the 3302 cm−1 peak in the O−H stretching region and (b)
the 2427 cm−1 peak in the decoupled O−D stretching region.

Figure 4. Plot of ln(− ln[1−x(t)]) vs ln(t) at different temperatures of 130, 132, 135, and 137 K. These data points are obtained from the analysis
of (a) the O−H and (b) the O−D stretching regions and fitted using the Avrami equation.
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crystallization happens due to the dissociation of formaldehyde
hydrate, which acts as a precursor. The experiments were
carried out in UHV and cryogenic temperatures and have
direct relevance to the astrophysical environments or ISM.
Formaldehyde is known to form geminal diol or undergo
polymerization by reacting with water under ambient
conditions. However, formaldehyde in its clathrate hydrate
form does not show such an effect. This study shows that
formaldehyde hydrate can exist in the extremely low-pressure
conditions present in astrophysical environments or ISM
without undergoing polymerization or reaction leading to
geminal diol. Moreover, formaldehyde hydrate dissociated to
form ice Ih after keeping for extended periods under UHV.
Since formaldehyde and water are present in space, it is likely
that a hydrate of it is formed. We believe that we have found a
mechanistic route for the formation of ice Ih, which links the
existence of ice Ih and formaldehyde hydrate in astrophysical
environments/ISM.
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Figure S1. Temperature-dependent RAIR spectra of 300 MLs of formaldehyde:H2O (1:1) in 

the (a) C=O and (b) O-H stretching regions. The mixture was co-deposited on Ru(0001) 

substrate at 10 K, and annealed at a rate of 2 K.min-1. 
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Figure S2. Temperature-dependent RAIR spectra of 150 MLs of pure formaldehyde in the 

C=O stretching region. The formaldehyde vapor was deposited on Ru(0001) substrate at 10 K, 

and annealed at a rate of 2 K.min-1. 



 S5  
 

Supporting Information 3: 

 

  

4000 3500 3000 2500 2000 1500 1000

0.00

0.01

0.02

0.03

0.04

0.05

A
b

so
rb

an
ce

Wavenumber (cm-1)

 100 K

O-H 
stretching

Sym. and 
Asym. C-H
stretching

C=O
stretching

Sym. CH2
deformation

O-H 
libration

band

CH2
wagging

Out of plane CH2
deformation

Figure S3. Full scale RAIR spectrum of 300 MLs of formaldehyde:H2O (1:1) at 100 K. 
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Figure S4. Comparison of O-H stretching bands of 150 MLs of solid crystalline H2O film, 

which was heated to 155 K to produce ice Ih (blue trace) and the resultant ice system left after 

the dissociation of formaldehyde hydrate at 135 K (red trace). Both of these experiments were 

carried out separately. Here, the similarity of the O-H stretching bands of these two systems 

suggest that dissociation of formaldehyde produces nothing but ice Ih. 
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Figure S5. Time-dependent RAIR spectra of 150 MLs of solid H2O film at (a) 120 K, and (b) 

at 130 K in the O-H stretching region. The water vapor was deposited at 10 K on Ru(0001) 

substrate. The ice films were annealed at 2 K.min-1 rate to the respective temperatures. 



 S8  
 

Supporting Information 6: 

 

  

3800 3600 3400 3200 3000

0.00

0.02

0.04

0.06

 

 
A

b
so

rb
an

ce

Wavenumber (cm-1)

 0 h
 5 h
 6 h

T = 135 K

Figure S6. Time-dependent RAIR spectra of 150 MLs of solid H2O film at 135 K in the O-H 

stretching region. The water vapor was deposited at 10 K on Ru(0001) substrate. The ice films 

were annealed at 2 K.min-1 rate to the respective temperatures. 
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Figure S7. TPD-MS spectra of 150 MLs of pure formaldehyde. Ramping rate = 30 K.min-1. 

Here, the intensities of HCO+ (m/z = 29) under these conditions are plotted. 
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Figure S8. Time-dependent RAIR spectra of 300 MLs of formaldehyde:H2O (1:1) at 130 K in 

the (a) C=O stretching region, and (b) O-H stretching region. The mixture was co-deposited 

on Ru(0001) substrate at 10 K, and annealed at a rate of 2 K.min-1 to 130 K. 
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Figure S9. Time-dependent RAIR spectra of 300 MLs of formaldehyde:H2O (1:1) at 132 K in 

the (a) C=O stretching region, and (b) O-H stretching region. The mixture was co-deposited 

on Ru(0001) substrate at 10 K, and annealed at a rate of 2 K.min-1 to 132 K. 
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Figure S10. Time-dependent RAIR spectra of 300 MLs of formaldehyde:H2O (1:1) at 135 K 

in the (a) C=O stretching region, and (b) O-H stretching region. The mixture was co-deposited 

on Ru(0001) substrate at 10 K, and annealed at a rate of 2 K.min-1 to 135 K. 
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Figure S11. Time-dependent RAIR spectra of 300 MLs of formaldehyde:H2O (1:1) at 137 K in the 

(a) C=O stretching region, and (b) O-H stretching region. The mixture was co-deposited on 

Ru(0001) substrate at 10 K, and annealed at a rate of 2 K.min-1 to 137 K. 
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Figure S12. Time-dependent RAIR spectra of 300 MLs of formaldehyde:HDO (5% D2O in 

H2O) at 130 K in the (a) decoupled O-D stretching region, and (b) O-H stretching region. The 

mixture was co-deposited on Ru(0001) substrate at 10 K, and annealed at a rate of 2 K.min-1 

to 130 K. The vertical lines at a fixed wavenumber are used to measure the absorbance changes 

with time, which was further utilized for calculation of crystallization fraction. 
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Figure S13. Time-dependent RAIR spectra of 300 MLs of formaldehyde:HDO (5% D2O in 

H2O) at 132 K in the (a) decoupled O-D stretching region, and (b) O-H stretching region. 
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Figure S14. Time-dependent RAIR spectra of 300 MLs of formaldehyde:HDO (5% D2O in 

H2O) at 135 K in the (a) decoupled O-D stretching region, and (b) O-H stretching region. 
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Figure S15. Time-dependent RAIR spectra of 300 MLs of formaldehyde:HDO (5% D2O in 

H2O) at 137 K in the (a) decoupled O-D stretching region, and (b) O-H stretching region. 
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Table S1: The parameters for crystallization of ice Ih during the dissociation of formaldehyde 

hydrate at different temperatures. 

 Temperature (K) n Rate constant; k (s-1) 

O-H stretching 

130 1.65 3.07×10-5 

132 1.60 3.47×10-5 

135 1.59 1.52×10-4 

137 1.39 3.58×10-4 

O-D stretching 

130 1.64 3.38×10-5 

132 1.52 3.94×10-5 

135 1.50 1.65×10-4 

137 1.34 4.01×10-4 
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ABSTRACT: Generation of current or potential at nanostructures using appropriate
stimuli is one of the futuristic methods of energy generation. We developed an ambient
soft ionization method for mass spectrometry using 2D-MoS2, termed streaming
ionization, which eliminates the use of traditional energy sources needed for ion
formation. The ionic dissociation-induced electrokinetic effect at the liquid−solid
interface is the reason for energy generation. We report the highest figure of merit of
current generation of 1.3 A/m2 by flowing protic solvents at 22 μL/min over a 1 × 1
mm2 surface coated with 2D-MoS2, which is adequate to produce continuous ionization
of an array of analytes, making mass spectrometry possible. Weakly bound ion clusters
and uric acid in urine have been detected. Further, the methodology was used as a self-
energized breath alcohol sensor capable of detecting 3% alcohol in the breath.

KEYWORDS: ambient soft ionization, mass spectrometry, 2D-MoS2, dissociation-induced electrokinetic effect, ion clustering,
self-energized breath alcohol sensor

Mass spectrometry has been used for a century as an
analytical technique to study materials. Ionization is
the primary step in mass spectrometric analysis.

Several path-breaking discoveries of ionization such as
electrospray ionization (ESI) and matrix-assisted laser
desorption ionization (MALDI) have revolutionized mass
spectrometry in the past two decades. Yet, demand for ambient
ion sources is increasingly high. Although the impact of mass
spectrometry in materials has been increasing,1 use of
advanced materials for mass spectrometry is recent. Several
attempts have been made to use advanced materials for easy
sampling and ionization. For example, carbon nanotubes and
other 1D nanostructures have made ionization possible for
common analytes at an applied potential of a few volts.2

Thermospray, a voltage-free ion source, was developed in the
1980s, whereby spray-based ionization was assisted by thermal
energy.3 A sonic spray ionization source was developed later
whereby high-speed gas flow broke up the bulk liquid to
droplets, which underwent dehydration to release ionic species
into the gas phase.4 Zero-volt paper spray was developed in
2015 whereby chromatographic paper surfaces were used to
generate droplets with the help of the pneumatic force of the
vacuum of the mass spectrometer.5 Triboelectric nano-
generators (TNGs) were also used as an alternative energy
source for ionization.6 However, nanotechnology-enabled

molecular ionization without the application of external energy
is unknown in mass spectrometry.
Deriving alternate energy on a material platform can be

revolutionary.7−9 Sliding an aqueous electrolyte over electri-
cally charged surfaces resulting in electrical power is such an
example of energy harvesting. A considerable number of
investigations on this subject have established the underlying
mechanisms of current generation. For instance, generation of
an electrical potential over carbon nanomaterials was discussed
in a variety of pathways;10−18 among them, the electrokinetic
effect is a celebrated mechanism.19,20 A macroscopic under-
standing of this phenomenon suggests selective ion adsorption
at the liquid/solid interface resulting in the formation of an
electrical double layer (EDL), composed of a diffusive layer of
counterions that is separated by an electroneutral liquid layer
called a Stern layer.21 The thickness of the diffusive layer is
considered as the Debye length (λD). A pressure difference
(ΔP) at the two ends of the stream, which is responsible for
the electrokinetic effect, results in a charge separation in the
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diffused layer, leading to a rise of the streaming potential (Us).
Pressure-induced relative motion of charged species with
respect to its counterionic part in a stream is termed as
streaming current (Is). Several of the critical parameters that
manipulate the magnitude and the polarity of current such as
flow direction,22 surface roughness,23 slip velocity,24 charge
holding, and separation capacity25 have been controlled using
micro- and nanostructured functional materials.
For example, hydrophobic surfaces were used to increase ion

velocity. But these surfaces have large air gaps on them.
Trapped air cannot hold the charge. Reduced charge-holding
capacity leads to poor potential generation.26,27 An engineered
micropatterned surface filled with oil showed enhanced voltage
production.28 More recently, polymer-coated carbon-based
low-dimensional materials such as graphene, graphene oxide,
and graphene foam drew attention for enhanced energy
harvesting due to their higher ion adsorption capacity, and they
generated a potential in the range of 0.4 to 30 mV.14,29,30

However, generated current can be shunted through such low-
resistance carbon-based 2D materials due to their semimetallic
characteristics.31 Semiconducting transition metal chalcoge-
nides could be a better choice in this regard. Ohno et al.
showed an output potential of over 5 V by flowing highly
concentrated NaCl (1 M) droplets over single-layer MoS2
created over a polymer substrate.31 Generation of current has
also been observed under a potential bias; for example, 3D
graphene foam over a porous nickel surface produced a 25 μA
current at a bias voltage of 80 μV, having an 80 cm/s fluid
velocity.32 In the past, Subramanian et al. reported a transverse
electrokinetic effect by flowing polar liquids across an assembly
of gold nanoparticles.33,34 However, lack of suitable materials
restricts us from utilizing an electrokinetic effect for
applications of societal relevance. Therefore, it is indeed
necessary to study advanced materials to generate stable,
repeatable, and larger currents, which can result in a cost-
effective technology.

In this article, we report the flow of organic liquids over 2D-
MoS2 coated on a filter paper, and the flow of dissociated ions
was utilized to generate a DC current or potential. We
fabricated a small device to control the magnitude and polarity
of the current. Using this technology, we report an electro-
kinetic current/potential-driven ambient ion source for mass
spectrometry, termed “streaming ionization mass spectrometry
(SI-MS)”. which is capable of imparting soft ionization of
analytes without an external power supply. We demonstrated
molecular ionization of fullerenes, benzoquinone, iodine,
glucose, etc., and mass spectra of some of their loosely
bound ionic clusters were detected. To demonstrate a socially
relevant application using this method, we detected uric acid
by flowing raw urine over the nanostructured surface. We have
also presented the experimental results, and a mechanism was
proposed for power generation and confirmed by control
experiments. We observed that the flow of pure methanol
generated a record-high current of 1.3 μA for the prepared
device in comparison to other organic solvents such as ethanol,
propanol, acetonitrile, and acetone. Detailed insights on the
generation of current and its dependence on the physicochem-
ical properties of different solvents have also been obtained.
Additionally, we utilized the magnitude of streaming current as
a probe to detect ethanol in the breath, for which we have
fabricated a paper-based disposable sensor. This cost-effective
device allowed us to detect down to 3% of alcohol in the
breath.

RESULTS AND DISCUSSION

Design and Characterization of the Device. The
construction of our flow device is schematically illustrated in
Figure 1a. A detailed description of the device with the optical
images and the measurement procedure are discussed in the
Methods section and Figure S1. Briefly, a Whatman 42 filter
paper (pore size of 2.5 μm) was used as a support material, and
2D-MoS2 was coated on it. On top of this coated paper, two
silver contacts were made at a distance of 1 mm between them,

Figure 1. Liquid flow over MoS2-coated paper in the device. (a) Schematic representation of the device fabricated for the flow-induced
current or potential generation. The dark green sheet attached to the glass slide and connected to the picoammeter (A) is the 2D-MoS2-
coated paper. The device was kept inclined with an angle θ. The liquid was pushed through a syringe connected to a syringe pump (flow rate
of 22 μL/min). (b) Side view of the electrode area. “d” is the contact distance. Positive and negative ions are shown as spheres. (c) Time-
dependent current profile (5 repetitive on/off cycles) with methanol flow on a MoS2 surface. Insets: (i) Zoomed-in view of one such cycle of
generated current over MoS2 and (ii) data of current generation over normal filter paper.
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which were finally connected to a picoammeter (Keithley,
model 6485). The synthesis procedure and characterization
using various spectroscopic and microscopic techniques of a
few-layer MoS2 are presented in the Methods section and in
Figure S2, respectively. Similarly, a schematic illustration of the
detailed fabrication procedure of the MoS2-coated paper and
its characterization are also discussed in the Methods section
and in Figure S3, respectively. One important point to be
noted is that deposition of the MoS2 dispersion over the paper
results in a few-layer stacking of sheets, which was
characterized by Raman spectroscopy (Figure S3e).
We allowed the flow of different alcohols (methanol,

ethanol, propanol, etc.) across the two silver contacts over
the fabricated surface, at a given flow rate (UL) of 22 μL/min,
and the current (If) was measured as a function of flow time.
The data are shown in Figure 1c. The flow on and off periods
were within 2−3 min. Figure 1c quantifies the magnitude and
the polarity of the current produced after switching on and off
methanol flow for multiple cycles. A zoomed-in view of one
such cycle is shown in the inset (Figure 1ci), in which
methanol was allowed to flow for 144 s (1169 to 1313 s). We
have repeated the same measurement multiple times up to 126
min, as shown in Figure S4a. To prove that the current
generation is solely due to methanol flow over 2D-MoS2, one
control experiment with normal filter paper was performed,
and it showed negligible current (Figure 1cii). The fibrous
nature of the paper generates an additional capillary pressure
(Pc) along with pump pressure (ΔP), which controls the
magnitude of the streaming current. Upon careful inspection of
Figure S4b, we note that the response time of the device in
which the current increases to a maximum value (Ifmax) is 1.4 s.
In this time interval, the liquid velocity (VL) over the surface
reached a maximum due to the resultant pressure (ΔPr) of
both Pc and ΔP. Thus, there is a proportional relation between
ΔPr and If across the electrode. It is likely that the response
time of such a flow-based device would primarily depend upon
the flow rate and the properties of the liquid such as viscosity
and surface tension. After reaching the maximum current
(Ifmax), the current falls to 60% of the maximum value and
subsequently gets stabilized until the flow was switched off
(Figure S4c). This is due to the fact that the capillarity force at
the wet surface comes to an equilibrium condition, and as a
consequence, the current becomes stable. It is also noticed that
the time taken for the current to fall to the background level is
much longer than the rise time (Figure S4d). The liquid−
paper interface makes a microfluidic system, in which the initial
fast rise in current is due to the additional effect of capillarity
force along with ΔPr. To validate this conjecture, we have
conducted an experiment where we have reduced the “flow-
off” period in which the paper is left to dry from 2 min to 10 s,
and as a consequence, the capillary-driven surge current (Ifmax)
in each on/off cycle was restricted. Figure S5a shows that If
goes to Ifmax in the first cycle, and in the remaining two cycles,
the current does not jump to Ifmax again; instead a steady
behavior was seen. In the first cycle, there is an unrestricted
motion of liquid due to the capillary action in the fibrous
paper, but after the first cycle, the fibrous structure is filled with
liquid, and thus there is no role of capillary action in the
second and third cycle (Figure S5a). In Figure S5b, the
capillary action was retained by shortening the liquid “flow off”
time, and therefore, the substrate got dried completely in
between cycles and a stable current was observed. We have
also flowed methanol over MoS2-coated glass and a plastic film,

as shown in Figure S6, where we have not observed such a
surge current. Capillarity-driven surge current can therefore be
expressed in the form

P P Pr cΔ = Δ + (1)

and

I Pf rαΔ (2)

Also, in a control experiment we observed that addition of a
suction pump in front of the device generates a steady current
with higher magnitude (Figure S7b) in comparison to a device
with no pump (Figure S7a). The inset of Figure S7b
schematically presents the experimental arrangement. We
have also noticed that there is no current in the absence of
net flow of liquid. This was checked by dipping the device in
bulk methanol. In this case, rapid rise and fall of the current
was observed due to immediate wetting of the surface (Figure
S8). The inset of the figure shows the experimental procedure
schematically.
As the liquid flow is responsible for current generation, it is

important to understand whether the direction of the current is
toward the flow direction (Uf) or not. This was understood by
changing the flow direction, which results in the generation of
current with opposite polarity. Figure S9 represents the
correlation of the flow direction and the polarity of the
current. The inset of each figure illustrates the flow direction
responsible for the current. We find a parallel relation between
If and Uf. This indicates that the anion is flowing along the flow
direction, and current flows opposite to it.
In addition to If, potential differences across the two

contacts (Vf) were also recorded in an open-circuit potential
(OCP) measurement, performed with a CH600A electro-
chemical workstation. A detailed OCP circuit diagram is
illustrated schematically in Figure S10a,b. Potential generation
follows the same trend, as shown in the If−t trace. From the
Vf−t trace, we observed a capillarity-driven voltage surge
(Vfmax) in the first few seconds, which gets stabilized
subsequently to a lower value after a certain time interval, as
shown in Figure S10c. Potential generation decreases with
decreasing polarity (Figure S10d). It should be noted that
experiments were performed repeatedly on the same paper,
over a period of months, which suggests long-term durability of
our device.

Understanding Current Generation. For a theoretical
understanding of the underlying mechanism of flow-induced
current generation, we considered three essential thermody-
namic factors of the liquids such as (a) dissociation constant
(Ka), (b) dielectric constant (ε), and (c) viscosity (η). The
magnitudes of these factors for different solvents were plotted
against the magnitude of current generated by them under
similar conditions. To do so, an experiment was performed
where methanol, ethanol, and propanol were passed one after
another under identical conditions and corresponding If values
were measured. The data presented in Figure S11 show that
the values are 250, 100, and 20 nA for methanol, ethanol, and
propanol, respectively. Figure S12 represents the variation of
the current with all the aforementioned factors. The If−pKa
trace shows that the current falls linearly with the pKa value of
the liquids. We find that the higher the dissociation of
molecules, the higher the If. If we consider the first step of the
mechanism to be dissociation of the molecule, we may suggest
that polar protic molecules got dissociated by experiencing a
dipolar interaction over the MoS2 surface. This dipole−dipole
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interaction energy (Edd), in addition to the kinetic energy (Ek)
of the molecule, drives the acid dissociation reaction. Thus, the
Gibbs free energy of dissociation (ΔG0) can be correlated with
both Edd and Ek of the molecules,

G E Eo
k ddΔ = + (3)

At equilibrium, ΔG0 equals −RT ln Ka for the liquid. Due to
less terminal velocity of the liquid (2.45 mm/s, the
experimental procedure is discussed in the Methods section)
over the substrate, the kinetic energy term becomes negligible
in comparison to the dipole−dipole interaction energy, and
hence, the above equation can be represented as G Eo

ddΔ ∼ .
Here, Edd is assumed to be static and can be expressed over a
distance, r, as35

E l P P r r z r/ ( d /( ) )dd 0 MeOH MoS
0

1

1 1
2

1
2 3/2∫ε= ρ × × × +

(4)

Here, ε0, ρ, PMeOH, and PMoS are the permittivity through free
space, approximated number density of MoS2 over the surface,
and dipole moment of methanol and MoS2, respectively. The
parameters l and z are the distance between two silver contacts
and the sum of the dipolar radii of methanol and MoS2,
respectively. Appendix 1 gives a detailed calculation of ρ. In
Appendix 2, we calculated the ΔG0 and Edd quantitatively. We

found that the left-hand side and the right-hand side of eq 3
are both on the order of 10−20 J/molecule. This validates that
the dipole−dipole interaction is the driving force for the
dissociation of the liquid molecules in the initial step of current
generation. The other factor that governs the current
generation upon the liquid flow over the MoS2 surface is the
dielectric constant of the liquid, with which we observed a
linear relation with If. The If−ε trace (Figure S12a) shows that
methanol produces higher current than propanol, linear to ε.
On the other hand, the viscosity of the liquid shows a
reciprocal relationship with If, as presented in Figure S12b. In
Figure S13a we have also shown that the current falls linearly
with increasing pKa of the liquid.
Considering all the above observations, here, we propose a

possible mechanism, which has been represented schematically
in Figure S14. It consists of two essential steps: first, dipole−
dipole interaction leading to the dissociation of liquid
molecules and, second, flow of anions leading to an
electrokinetic current. The dissociation-induced electrokinetic
effect, which resulted in a large current, can be better viewed
by the Helmholtz−Smoluchowski model,36

lI A P /f 0 c rεε ζ η= − Δ (5)

,and the potential gradient can be expressed as

V P K/f 0 rεε ζ η= Δ (6)

Figure 2. Streaming ionization mass spectrometry (SI-MS). (a) Schematic representation of the ion source. A MoS2-coated triangular paper
attached to a glass slide is held in front of the mass spectrometer inlet. The ion source was kept inclined with an angle of θ. The liquids are
pushed through two syringes connected to separate pumps. The optimized flow rates of the solvent and the analyte pumps were 22 and 11
μL/min, respectively. The average dimensions of the triangular-shaped paper are 10 mm in width at the base and 10 mm in length. (b)
Comparative SI-MS of C60 using uncoated and coated MoS2 paper. Inset shows the molecular structure of C60 and the zoomed-in peak of m/
z 720. (c) Current−time profile of the generated spray due to the formation of charged microdroplets. Insets: (i) Zoomed-in view of the first
spray cycle and (ii) schematic view of the experimental setup. (d) Mass spectrum of the C60 dimer in the selected mass range. Inset of d
shows the fragmentation pattern of the peak at m/z 1457. The isotopic distribution of the peak (Exp.) at m/z 1457 is compared with the
theoretical pattern (Theo.).
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where ζ is the zeta potential of MoS2, which is on the order of
−41.2 mV (Figure S15) and Ac is the approximate area of the
MoS2 sheets. We observed a reciprocal relation between the
contact distance (l) and If, as presented in Figure S12d. There
is also a linear relationship between the flow rate and the
current produced (Figure S12e). The flow rate is related to the
syringe pump pressure (ΔP), as shown in Appendix 4.
We have demonstrated flow-induced current using reduced

graphene oxide (rGO), which produced an order of magnitude
reduced current, as shown in Figure S16a. The Raman
spectrum of the sample is presented in the insets of Figure
S16a. Figure S16b shows the UV−vis spectrum, and the inset
shows the transmission electron microscopic (TEM) image of
rGO used for the experiment. The device was also tested with
other liquids such as water, acetic acid, dimethylformamide,
acetone, acetonitrile, dichloromethane, chloroform, toluene,
and hexane (Figure S17). We observed significant current for
the first three liquids.
Besides the production of current, we have found that the

current is depleting in the presence of foreign molecules having
very high electron affinity such as C60. We have drop casted 10
μL of C60 (in toluene) during the If−t measurement, and we
observed a sudden decrease of If, which again gets back to its
stable value after C60 gets washed off (Figure S18). This
provides an indication that C60 may be disturbing the EDL and
gets ionized at the same time, as it has high electron affinity.
To prove the fact that the current depletion is not due to the
effect of solvent or mechanical iteration, we performed a
control experiment in which only toluene was passed along
with methanol. We observed that addition of toluene does not
affect the current generation, as presented in Figure S19.
Design and Characterization of the Ion Source.

Having established that flow induces a current (If) and the
fact that addition of analyte affects If, we developed an ambient
ion source for mass spectrometry in which in-flow molecular
ionization was observed in the negative ion mode. Ambient
ionization such as electrospray ionization (ESI),37 paper spray
ionization (PSI),38,39 low-temperature plasma ionization
(LTP),40 and atmospheric pressure photoionization (APPI)41

are techniques that require either a large electrical potential or
a laser field to ionize molecules in solution. Although soft, they
do provide some residual energy to the ion, leading to
fragmentation. This limits their use in characterizing weakly
bound molecular or ionic aggregates due to possible
dissociation. Figure 2a schematically represents our ion source,
which is a modified paper. The only difference made here
compared to Figure 1 is in the shape of the paper. We changed
the geometry of the paper from rectangular (in Figure 1) to an
equilateral triangle to use the tip of the triangle for the
generation of changed microdroplets.
Analytes of interest such as C70, C60, iodine, and

benzoquinone were examined initially to characterize the
system due to their high electron affinity in the range of 2.7 to
1.85 eV, which enables us to analyze them easily in negative
ion mode.42−45 However, ionization of a few other analytes
including amino acids, aliphatic amines, and biomolecules are
also shown later in this article to demonstrate the applicability
of our ion source in diverse situations. Examining the mass
spectra presented in Figure 2b, it is seen that the “streaming
ion source” provides soft ionization in which weak noncovalent
interactions such as ion clustering through electrostatic or van
der Waals interaction can also be observed. Flow of C60 results
in three major ion products, [C60]

−, [C60OH]−, and

[C60MeO]−, where the latter two ions are due to the clustering
of C60 with OH− and MeO−. These are absent in the standard
mass spectrum of C60 by conventional soft ionization
techniques such as ESI or PSI (Figure S20). Flow of C60 (as
a toluene/methanol solution) on a bare filter paper shows
negligible current, and therefore, we did not observe its ions
(Figure 2b). To prove that the generated droplets contain high
charges due to the presence of ions in it, we measured the
current carried by the droplets in Figure 2c, using a setup
presented in its inset.
Clustering of other species was also achieved with flow of

other alcohols such as ethanol and propanol (Figure S21). All
the mass assignments are based on the fragmentation pattern
in the MS/MS spectra, as shown in Figures S22 and S23. We
performed similar experiments with other solvents as well.
Solvents such as acetone, acetonitrile, and other nonpolar
solvents, which do not produce current as discussed earlier, did
not cause ionization as expected (Figure S24a−e). Interest-
ingly, DMF also shows a current and results in ionization of
C60. Figure S24f displays the mass spectrum of C60 in DMF,
where we observed a peak at m/z 764 along with m/z 720 due
to the formation of [C60N(CH3)2]

−. We have also added
glucose during the ionization of C60 in methanol and we
observed a glucose-bound C60 peak in the mass spectrum
(Figure S25). This was done to see whether the −OH group of
glucose shows similar behavior to that shown by other
alcohols. Looking at the ion chronogram of C60 in Figure
S26a, we can conclude that the shape of the chronogram
follows a similar trend to that of the If−t profile (Figure 1c).
We have also performed an in situ measurement, in which

both current due to the solvent flow over MoS2-coated paper
and the ion current of the mass spectrometer were measured
simultaneously. In Figure S27a (top), we have demonstrated a
flow-induced current of 0.5 μA upon methanol flow on the
MoS2-coated paper. After a while, as the C60 flow was switched
on, the flow current comes to the background level; however,
at the same time, ion current (Figure S27a (bottom)) in the
chronogram increases to the maximum. This is due to the fact
that C60 gets ionized immediately when it comes in contact
with the methanol stream on the MoS2 paper. This leads to a
decrease in flow current on the paper and simultaneously
increases the ion current intensity in the mass spectrum. There
is a time delay between decrease of flow current and
corresponding increase of ion current as shown in Figure
S27a (i and ii), and this is probably due to the travel time of
ionized species on the electrode in solution and subsequently
into the mass spectrometer. The mass spectra corresponding to
C60 flow, off and on, are given in Figure S27b (i and ii). Inset
of the mass spectrum in Figure S27b is a schematic illustration
of the experimental setup.
In addition to ion clustering of C60 with different alcohols

(methanol, ethanol, propanol, and glucose (methanol)), we
have also observed two peaks at m/z 1457 and 1473 in the
mass spectrum. Fragmentation patterns (Figure 2b) of the ions
reveal that the peaks correspond to [(C60)2OH]− and
[O(C60)2OH]

−, respectively. C70 also ionizes similar to C60
(Figure S28). The mass spectrum of benzoquinone in Figure
S29a shows a molecular ion peak at m/z 108. Flowing iodine
solution in methanol gives two major peaks at m/z 127 and
381, corresponding to I− and I3

−, respectively (Figure S29b).
Ion clustering data of a few other analytes such as tryptophan,
histidine, and methylamine chloride are shown in Figure S30.
Uric acid levels in body fluids are tested to diagnose gout. We
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performed SI-MS of a raw urine sample (5 μL) of a healthy
individual in which we detected deprotonated uric acid at m/z
167 (Figure S31). The assignment was supported by the
fragmentation data. In Figure S32, we observed mass spectra
corresponding to the deprotonated peaks of propanol, benzyl
alcohol, and glucose, respectively. However, by the same
process we did not observe peaks in the positive ion mode
(Figure S33). Generation of such deprotonated negative ions
further validates our proposed mechanism, termed dissociation-
induced electrokinetic ef fect. This gives strong support to the fact
that the anions of the dissociated alcohol molecules move with
the flow, resulting in charge separation. Movement of these
negatively charged ions generates current.
We have observed that the vapors of alcohols also affect the

ionization process. This phenomenon was observed in an
experiment where we saw ethoxide added a C60 peak at m/z
765 along with the peaks at m/z 720, 737, and 751 during SI-
MS of C60 upon exposure to ethanol vapors (Figure S34b).
Here we flow C60 (in toluene) along with methanol prior to
the exposure of ethanol vapor. The experimental setup is
presented schematically in Figure S34a. The chronograms
shown in Figure S34c and d prove that the interaction time of
ethanol vapor is less than a few seconds. This clearly
demonstrates that ethanol molecules in the vapor phase
dissolve in the solution phase and undergo dissociation.
Fabrication of a Breath Alcohol Sensor. To demon-

strate a potential sensing application of the device, we have
used the MoS2-coated paper as a disposable sensor for breath
alcohol detection. The device was modified in such a way that
the breath of a drunken person can interact directly with the
flowing liquid on the MoS2-coated surface. We used acetone as
a flowing liquid because it does not produce current by itself
(Figure S17). In Figure 3a, a simulated alcoholic breath
containing 40% aqueous ethanol was blown over the device.
The inset of Figure 3b shows a schematic diagram of the
breath alcohol sensing device, in which simulated alcoholic
breath was passed by blowing air through a liquid trap
containing aqueous ethanol. A detailed description of the

device is discussed in the Methods section. We observed that
the magnitude of the current varies upon the concentration of
alcohol present in the vapor. For this, we changed the ethanol
concentration in the vapor during the air blowing, by changing
the concentration of ethanol in the liquid trap. A plot of
current with concentration of ethanol is shown in Figure 3b.
Table S1 shows the current measured in each repeatable
experiment with different concentrations of alcohol in the
mixture. Finally, the actual breath of a volunteer after 10 min of
consuming 650 mL of beer containing 9% (v/v) alcohol was
blown on the same paper, and the corresponding current was
measured. The breath alcohol concentration was found to be
less than 3% from the extrapolation of the calibration graph.

CONCLUSION
In conclusion, we have introduced a 2D-MoS2-coated paper-
based device that generates current on the order of
microamperes by flowing polar organic liquids over it. We
demonstrated that the phenomenon of current generation is by
a dissociation-induced electrokinetic effect in which the
dissociation is driven by dipolar interactions over the MoS2
surface. Applying the same strategy, we developed an ambient
ionization source termed SI-MS, which in contrast to the
conventional ion sources is power supply free, allowing soft
ionization of analytes in flow. We demonstrated that SI-MS is
capable of detecting loosely bound ion clusters such as
[(C60)2OH]

−, [O(C60)2OH]
−, [C60MeO]−, [C60OH]

−, I3
−,

di-, tri- and tetramers of tryptophan, dimer of histidine, and
mono-, di-, and trimers of methylamine ions. The ion source is
not limited by the type of liquid that is flowing. Mixed solvents
such as methanol and toluene, as demonstrated for the
detection of C60 in toluene, show the ionization of an analyte
soluble in a nonpolar solvent. To demonstrate the use of the
ion source in real analytical situations, we detected uric acid in
raw urine during flow. It can also be utilized to characterize
noncovalent interactions, such as van der Waals, electrostatic,
and hydrogen bonding interactions in molecular systems of
relevance to chemistry and biology. Fabrication of such an ion

Figure 3. Flow device for the detection of alcohol in breath. (a) Current−time trace during alcohol vapor (40% aq.) exposure. Inset shows
(i) zoomed-in data of one such current cycle and (ii) current generated in the absence of ethanol vapor. (b) Fitted calibration curve (gray
line). The data point shown as a pink star is taken from the breath of a volunteer who had consumed alcohol. Inset of the figure
schematically illustrates the device detecting simulated breath. Each experiment was repeated three times independently. Data are presented
as mean, and error bar shows ± SD. The gray line is a linear fit of the generated current vs % of alcohol vapor exposed to the device. Data
points were taken using standard water−ethanol solution in a glass trap and evaporating it with a nitrogen stream, and the red star
corresponds to the measured alcohol concentration.
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source, sampling procedure, and ionization are simple, cost-
effective, and eliminate safety issues during work. A potent
sensing application is demonstrated for alcohol detection in
the breath. The science introduced presents a method for
harnessing the power of advanced materials. Our work may be
utilized in the fields of sensors and microfluidics, for example,
flow-based detection of specific molecules in biofluids. On the
other hand, the device presented as a breath alcohol sensor can
alternatively be used as a gas sensor for the detection of volatile
organic compounds in ambient air.

METHODS
Synthesis of MoS2. The 2D-MoS2 nanostructures were

synthesized from bulk MoS2 using a chemical exfoliation method.
Required chemicals for the synthesis and other experiments and a
brief synthetic procedure are discussed in Supporting Information S1a
and b.
Fabrication of the Current Generation Device. The current

generation device was built by sticking a rectangular-shaped MoS2-
coated paper on a glass slide using cellophane tape. Two silver
contacts, using commercially available silver conducting paint made of
polymer-coated micron-scale silver particles, were made on the paper
and connected to a picoammeter (Keithley 6485). These micron-
thick silver contacts were stable upon the flow of liquids and
generated current for several hours. The silver paint is nonoxidizable
under the conditions used due to the polymeric medium. The entire
device was mounted on an xyz moving stage. A syringe pump was
used to push the liquids through a silica capillary to the modified
paper surface with a preferred flow rate. Fabrication of MoS2-coated
paper and design of the flow current device are presented in
Supporting Information S 1d and S2a.
Characterization. The optical properties of as-synthesized MoS2

were characterized by a PerkinElmer Lambda 25 UV−vis
spectrometer and a CRM-Alpha300 S (WITec GmnH) Raman
spectrometer. Structural features of 2D-MoS2 were studied using high-
resolution transmission electron microscopy (JEOL 3010).
The MoS2-coated paper was characterized using Raman spectros-

copy. The morphology of the bare filter paper and MoS2-coated filter
paper was observed by scanning electron microscopy (FEI Quanta
200 scanning electron microscope). Detailed characterization is
briefly discussed in Supporting Information S1c and e.
Fabrication of the Ion Source. The ion source is similar to the

current generation device. A triangularly cut MoS2-coated paper was
fixed on a glass slide, and the tip was held facing the mass
spectrometer inlet. The solutions were pushed through a capillary
using a syringe pump.
Mass Spectrometric Measurements. All the mass spectro-

metric measurements were performed using a linear ion trap Thermo
LTQ-XL mass spectrometer. Sheath gas flow rate, tube lens, and
capillary voltages were set to zero. Supporting Information S3c
discusses mass spectrometric details in brief.
Fabrication of the Breath Analyzer. An opened end of a

silicone tube was held right above our device, while the other end of
the tube was connected to a liquid trap. The aqueous ethanol solution
kept inside the liquid trap was then vaporized with air flow. The
generated current was measured using a picoammeter.
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S1. Materials, synthesis, and characterization 

a. Chemicals: 
All the chemicals were purchased commercially and used directly without further 

purification. Bulk MoS2 powder and 1.6 M n-butyllithium (hexane), C60, C70, and glucose were 
purchased from Sigma Aldrich. Benzoquinone, iodine (I2), benzoic acid, and acetic acid were 
purchased from Rankem. All the HPLC grade solvents were purchased either from Sigma Aldrich 
or Rankem. Water used was Milli-Q water, having conductivity of 0.05 µScm -1 and total organic 
carbon content was below 2 ppb. 

 
b. Synthesis of MoS2: 

MoS2 NSs were synthesized using chemical exfoliation method from bulk MoS2 powder.1 In 
a round bottom flask, 300 mg of bulk MoS2 powder was taken in argon atmosphere as a precursor 
material to which 3 mL of 1.6 M n-butyllithium was added. It was then stirred for two days under 
the same condition at room temperature (23 oC). The product was then washed with hexane, 
followed by 100 mL of distilled water. This was done to remove excess reactant form the solution 
mixture. The final solution was agitated in a bath sonicator for 1 h. Thereafter, the aqueous 
dispersion was centrifuged at 18000 rpm to remove un-exfoliated MoS2 from the mixture. As-
prepared 2D-MoS2 was further characterized with UV- Vis, Raman spectroscopy, and transmission 
electron microscopy.  

 
c. Characterization of the as-synthesized 2D-MoS2: 

As-synthesized 2D-MoS2 was first characterized using UV-vis spectroscopy. The UV-vis 
spectra presented at Figure S2c show one major peak at 415 nm and two small humps at 618 and 
671 nm. TEM image confirms that the exfoliated MoS2 are of few layers (Figure S2a). The lattice 
spacing (d100 = 0.27 nm) of (100) plane of MoS2 is shown in Figure S2b and the inset of the Figure 
shows the FFT pattern of the same. Major characterization was done using Raman spectroscopy. 
Figure S2d shows two different Raman spectra. Bottom spectrum is for bulk MoS2 powder, while 
the Raman spectrum of as-prepared MoS2 is presented at the top. We see a large gap of 27 cm-1 
between E1

2g and A1g in the bulk spectrum, which got shrunk in exfoliated MoS2. The gap in the 
top spectrum is almost 18 cm-1 and this is matched with he reported literature.2  

 
d. Fabrication of 2D-MoS2-Coated paper: 

Figure S3a schematically illustrates the overall fabrication procedure of MoS2-coated paper. 
Typically, the dispersed MoS2 solution of 10 ml was drop casted on a Whatman 42 filter paper 
kept on a glass petri-dish. The filter paper was folded in such a way that during drop casting, the 
solution should not spill out from the paper. Subsequently, the paper was dried at 35-40 0C in a 
hot air oven overnight. This dried paper was used directly for further experiments. Finally, the 
dried paper was characterized through Raman spectroscopy and Scanning electron microscopy 
(SEM).  

 
e. Characterization of the fabricated paper: 

The MoS2-coated paper was first characterized using SEM. Figure S3b and c show the 
difference between uncoated and coated paper. In coated paper, we observed that MoS2 layers got 
stacked during deposition and drying. This was further confirmed by the Raman spectrum of the 
coated paper. The Raman spectrum presented at Figure S3e shows that the E1

2g-A1g gap got further 
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increased from 18 cm-1 to 22-23 cm-1.3 In Figure S3d, we have shown a Raman map of the MoS2-
coated paper. This confirms uniform coating of MoS2 over the paper. 

This paper was used for multidimensional applications such as fabrication of  flow-induced 
energy harvesting, ion generation and alcohol sensing. 

S2. Experimental setup 

a. Design of the flow current device: 
A custom-built setup was used for measuring flow-induced current. To build the setup, a 

rectangular shaped paper of 1×2 cm2 area was stuck on a glass slide at its edge using a cellophane 
tape. Two silver contacts were made with silver paste to connect the copper wires with a 
picoammeter (Keithley 6485). Figure S1d shows the optical image of the device and inset of the 
Figure shows a zoomed in image of the same. Optimum contact distance was maintained by 
measuring the flow-induced current by varying the distance between two silver contacts (1-7 mm). 
We held the glass slide by a clamp which was mounted on a xyz micro positioning stage. Then we 
placed a fused silica capillary over the rectangular paper. The capillary was used to flow the fluids 
with a preferred flow rate. Flow direction and velocity were also controlled by placing an inlet of 
a vacuum pump in front of the paper. The pressure was controlled by a regulator and set to ~10-2 
bar. Flow rate of the solvents was maintained through a syringe pump (NE-300). The background 
current of the picoammeter was recorded without flowing any liquid over the surface. We show 
the background current of the picoammeter with (Figure S1b) and without (Figure S1a) 
connecting to the device but before flowing any liquid. In Figure S1e we show a photograph of 
the entire setup, in which the picoammeter shows a reading of 0.24 µA. 

We have also measured the resistance across the electrode during methanol flow. The resistance 
comes in the range of 50 to 100 kΩ (~0.1 MΩ). This is similar to the resistance of bulk methanol. 
This large resistance hints that the current generation must be due to the charged species generated 
in the flow. 
 
S3. Experimental details 

a. Measurement of the terminal velocity of the liquid flowing over MoS2-coated paper:  
We captured a video clip during the liquid flow over MoS2-coated paper. Parameters of the 

device were fixed at a constant value, such as UL = 22 µl/min, ϴ = 450, and methanol was used as 
a solvent. Here ϴ corresponds to the angle of inclination of the MoS2-coated paper with respect to 
the horizontal plane. We measured the travel time of liquid flow through the filter paper and it was 
measured within 1 cm, starting from a point at one end (where the opening outlet of the fused silica 
capillary was placed on the paper) to the other end of the paper. Average of three consecutive 
measurements yields the terminal velocity of the fluid moving over MoS2-coated paper surface 
and it was 2.45 mm/s. 

 
b. Open circuit potential measurements:   

The open circuit potential was measured through an electrochemical analyzer and the data are 
shown in Figure S10b. The flow rate of methanol was set at 22µl/min. Figure S10d shows the 
change in the potential with the viscosity of the flowing solvent. 
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c. Mass spectrometric measurements: 
All the mass spectrometric experiments were performed in a LTQ XL mass spectrometer 

from Thermo Scientific. In the streaming ion source, we used methanol with a flow rate of 22 
µl/min. and flow rate for the analyte was 11 µl/min. The ion source was held on a xyz micro 
positioning stage and the glass slide was fixed at an angle of 45o with horizontal plane using a 
clamp. The angle was measured through a protractor. We also held a USB digital camera to adjust 
the distance between the paper tip and the inlet of the mass spectrometer. The average size of the 
paper used was 50 mm2. The tube lens and the capillary voltages of the mass spectrometer were 
set to zero to avoid ionization within the inlet region. Sheath gas flow was kept at zero psi. Data 
acquisition was done in a continuous mode. All the data were recorded in negative ion mode, as 
during the flow we always ended up with the anions flowing with the liquid. The positive mode 
spectra had no signal. We have compared both positive and negative mode mass spectra of C60 as 
shown in Figure S33; however, we could not observe any such background signal as shown in the 
negative ion mode mass spectrum. 
 
S4. Control experiments for current generation 
a. Drying time-dependent experiment: 

An experiment was conducted to monitor the effect of capillarity in the filter paper on current 
generation. We have initially run the experiment by flowing methanol with a flow rate of 22 µl/min 
and waited for 40 s to stabilize the current. After that, we have switched off the syringe pump and 
waited for 10 sec. This was repeated two more times. We observed that if we allow a continuous 
flow of liquid on a wet paper, an instantaneous increment of current can be avoided. We infer that 
the capillary force of the paper results in generating Ifmax. 

 
b. Current measurement on MoS2-coated glass and plastic slides: 

We prepared MoS2-coated glass and polystyrene slides in a similar way. We made two silver 
contacts over these two surfaces. Flowing of methanol over these MoS2-coated substrates also 
generates the current as shown in the If-t trace in Figure S6. 

 
c. Effect of vacuum pump on the stability of current: 

We observed that placing the inlet of a vacuum pump at the end of the MoS2-coated paper 
makes the flow-induced current stable. This pump increases the force, experienced by the liquid 
resulting in a unidirectional flow with sufficient kinetic energy to overcome the zigzag flow of 
liquid. Figure S7a shows that the current fluctuation caused by the non-uniform capillary flow of 
liquid inside the paper in the absence of pumping. A stable current reading was monitored with 
pumping (Figure S7b). The inset of this Figure shows the schematic diagram of the setup with a 
pump. Pump pressure was controlled using a regulator and an optimum distance was maintained 
between the edge of the paper and the inlet of the pump to avoid surface drying caused by rapid 
suction.  
 
d. Paper dipped experiment: 

We have conducted an experiment to show that the liquid flow over the MoS2-coated surface 
is an essential factor to generate the current. To verify this conjecture, MoS2-coated paper was 
directly dipped into a plastic vial containing methanol and simultaneous current was measured. 
We observed an initial rise of the current caused by methanol filling into the fiber network of the 
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paper through capillary action and current reached zero as the paper became fully wetted with 
methanol (Figure S8). 

 
e. Flow direction dependency: 

To check the relation between the polarity of the current and flow direction, we have 
conducted an experiment where we allowed to flow methanol in a direction shown in the inset of 
Figure S9a. Current was recorded through a picoammeter as shown in Figure S9a. To check the 
current flow direction, polarity of the picoammeter was reversed as schematically illustrated in the 
inset of Figure S9b and we observed that the polarity of the current also got reversed. 

 
f. Simultaneous flow of alcohols: 

We conducted an experiment in which methanol, ethanol, and propanol were flown on a 
single paper and flow-induced current corresponding to each alcohol was recorded simultaneously. 
This experiment was done using three separate syringe pumps. We used three separate capillaries 
for each pump. During the measurement of flow-induced current, we first switched on/ off the 
methanol pump and consecutively other pumps were switched on/off. We observed the highest 
and lowest current due to the flow of methanol and propanol, respectively. 

 
g. Flow of water-methanol mixture:  

Water-methanol mixture shows different physical properties in terms of viscosity, surface 
tension, etc. than the individual liquids. From a plot of viscosity vs. percentage of methanol, we 
can understand that 50 % methanol-water mixture has the highest viscosity. We have also checked 
the influence of viscosity of the liquid on the current generation. For that, we have flown a mixture 
of methanol and water with different volume ratios ranging from 0 to 100 %. We see exactly 
opposite curvature for both the viscosity vs. current profile (Figure S13b). We observed that at 
50% methanol-water, the current is lowest. This also proves the linear relation between viscosity 
and current.  

 
h. Zeta potential measurement of MoS2: 

Zeta potential of MoS2 was measured in solution phase with a Malvern Zetasizer Nano ZSP. 
As-synthesized MoS2 in water shows a zeta potential of -41.2 mV, as shown in Figure S15. 

 
i. Current generation over reduced graphene oxide (rGO)-coated paper: 

To demonstrate that the dissociation-induced electrokinetic effect on other 2D surfaces, we 
used rGO-coated paper and allowed to flow methanol over it. We observed that rGO generates a 
much lower current than MoS2. This is because the polar Mo-S bond helps in methanol dissociation 
and at the same time the sulfur groups help to hold the positive charge over the surface. But such 
dissociation and charge holding capacity are very less in case of rGO which leads to less current 
production. Hence, we observed approximately 250 nA on MoS2 whereas rGO generates only 50-
60 nA (Figure S16a). 

 
j. C60 drop-cast experiment: 

We have also studied how C60 ionization was affected by the methanol flow-induced current. 
For this experiment, we drop-casted 10 µl of C60 in toluene on the paper when the methanol flow 
current reached a stable value. We observed a sudden fall of the current (Figure S18). Figure 
S18a shows a schematic diagram of the setup. 
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k. Mixed solvent flow experiment: 

To demonstrate that current depletion during drop-cast of C60 solution is not due to the use of 
nonpolar toluene, we made toluene flow along with methanol and recorded the current 
simultaneously. Flow of these two solvents was controlled in two different paths. In the first case, 
the flow of methanol was followed by flowing toluene along with methanol. In the second case, 
we did the flow in the reverse order, where the flow of toluene was followed by that of the toluene-
methanol mixture. In both the cases, the current generation due to the flow of methanol was 
unrelated to the flow of toluene.  

 
S5: Mass spectrometric experiments 

a. Paper spray and electrospray ionization of C60: 
For paper spray ionization, a triangular shaped filter paper was connected with a high voltage 

power supply. During mass spectrometry measurements, we have drop-casted C60 in toluene-
methanol mixture and applied -4 kV to the paper to generate electrospray plume from the tip of 
the paper. We observed a peak corresponding to the molecular ion peak of C60. The paper spray 
ionization setup is schematically illustrated in Figure S20c. In electrospray ionization, we have 
observed very little intensity of the molecular ion peak of C60. 

 
b. In-situ current and mass spectrometric measurement: 

For this experiment, we fabricated the electrodes on the triangularly cut MoS2-coated paper 
and a picoammeter was connected through a copper wire. Finally, we held the paper in front of the 
mass spectrometer inlet. Upon methanol flow, we observed a current reading in the picoammeter, 
whereas, upon drop-casting of C60, the picoammeter reading comes back to the background level. 
However, at the same time, ion current in the chronogram of the mass spectrometer appeared and 
the corresponding mass spectrum for C60 ionization was observed simultaneously.  

 
c. Tip to inlet distance dependency and the inlet temperature dependency on ionization: 

We had attached the ion source over an xyz micropositioning stage. This was to see the effect 
of increasing distance on the peak intensity of C60. In an experiment, we observed that the 
maximum operating distance to detect the peak at m/z 720 was up to 5 mm, from the mass spec 
inlet (Figure S35a). We had also checked the effect of the inlet temperature. We observed 
exponential growth of ion intensity with increasing temperature (Figure S35b). We kept it at 275 
0C for all our mass spectrometric measurements. 
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Figure S1. Background current and optical image of the overall setup. a) Background current 
before connecting the picoammeter to the MoS2-coated paper. b) After making contacts and 
connecting the picoammeter to the MoS2-coated paper. These data were recorded before flowing 
any liquid over the surface. c) Optical image in which the two electrodes of the picoammeter were 
connected to a multimeter to show that there was no external potential applied. d) Optical image 
of the device. Inset shows the zoomed in area of the silver contacts. e) Optical image of the entire 
setup during current generation. Picoammeter displayed a reading of 0.24466 µA in one of our 
experiments.  
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Figure S2. Characterization of exfoliated MoS2 NSs. a) Representative TEM image of as-
synthesized MoS2 nanosheets. b) HRTEM image of the MoS2 nanosheets showing a lattice spacing 
of 0.27 nm. Inset shows the corresponding FFT pattern. c) UV-vis absorption spectrum of the 
solution. Inset shows an optical image of the solution. d) Comparative Raman spectra of bulk and 
nano MoS2. Peaks are labeled. Shift in the modes indicate the extent of exfoliation.  
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Figure S3. Fabrication and characterization of the MoS2-coated paper. a) The process of 
fabricating MoS2-coated paper, schematically. i-v are different stages during the process. b) SEM 
image of the Whatman 42 filter paper. c) SEM image of the MoS2-coated Whatman 42 filter paper. 
Inset shows a zoomed in image of the stacked MoS2 nanosheets. d) Raman mapping of the coated 
paper. Total Raman intensity was used for imaging. e) Raman spectrum of the coated paper.  
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Figure S4. If-t traces. a) Multiple cycles of flow on/off for 126 min. b) Zoomed in view of initial 
rise of current to Ifmax, c) stabilization at a value of 60% of Ifmax, and d) fall of current to the 
background level. 
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Figure S5. Difference in the If-t profile in different drying time scales. a) drying time of 10 sec 
and b) 30-35 sec. 
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Figure S6. Effect of support material on current generation. Current-time trace on a) a MoS2-
coated glass surface, and b) MoS2-coated plastic surface. Insets of both the Figures schematically 
show the device arrangements. Standard biological glass slides were cut into proper dimension 
and coated with MoS2 films. The plastic used was polystyrene slides and the MoS2 film was 
prepared in the same way (as illustrated in Figure S3a).  
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Figure S7. Effect of vacuum during current generation. a) Current generation without applying 
vacuum. b) Current-time profile after applying vacuum in front of the device, as shown 
schematically in the inset. 
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Figure S8. MoS2-coated paper dipping experiment. We dipped the MoS2-coated paper inside a 
vial containing methanol and current was recorded with time. We observed a sudden increase and 
subsequent fall in current. The inset schematically represents the experimental setup. 
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Figure S9. Flow direction and the polarity of the current. a) Current-time trace while direction of 
the flow is from the positive electrode to the negative electrode. Inset represents a schematic 
diagram of the corresponding flow direction. b) Current-time trace while the flow direction was 
changed in the same setup. Inset shows the schematic diagram of the corresponding flow direction; 
the flow direction of the liquid and the charge carrier are indicated. 
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Figure S10. Open circuit potential (OCP) measurement over MoS2-coated paper. a) schematic 
diagram of the device. b) The circuit diagram of the OCP measurements. c) The potential-time 
trace of the OCP using methanol as a flowing liquid. d) Potential-viscosity trace representing 
comparative potential generation using methanol, ethanol, and propanol. Each experiment was 
repeated thrice independently. Data are presented as mean, and error bar shows ±SD.  
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Figure S11. Comparative current generation profile using methanol, ethanol and propanol. The 
unsteady fall and rise of current in the first and third cycles are due to omnidirectional flow of 
liquid in the absence of a vacuum pump (as shown earlier in Figure S7). 
 
  

0 70 140 210 280 350
0.0

0.1

0.2

0.3

 

 

 

C
u

rr
en

t (
µ

A
)

Time (s)
M

et
h

an
o

l

E
th

an
o

l

P
ro

p
an

o
l



 
 

20 
 

 
Figure S12. Experimental validation of the electrokinetic effect. a) Current vs. dielectric constant 
of the liquid. b) Current vs. viscosity of the liquid. c) Current vs. the ratio of dielectric constant 
and viscosity of the liquid. d) current vs. contact distance. e) Current vs. flow rate. f) Current vs. 
inclination angle. Appropriate fits are used. Each experiment was repeated thrice independently. 
Data are presented as mean, and error bar shows ±SD. 
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Figure S13. Magnitude of current with dissociation constant and viscosity. a) Current-pKa trace 
of all the alcohols. Each experiment was repeated thrice independently.  Data are presented as 
mean, and error bar shows ±SD. b) Viscosity4 and current profile in different concentration of 
methanol in water flow. 
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Figure S14. Mechanistic understanding of the current generation. a) Schematic representation of 
the speculated phenomenon, dissociation-induced electrokinetic effect. b) Different stages of the 
current-time trace leading to correlation of the mechanism. 
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Figure S15. Zeta potential (Ϛ) analysis of MoS2 in solution. Zeta potential distribution shows that 
the maximum zeta potential of MoS2 solution is -41.2 mV. 
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Figure S16. Current generation on rGO. a) Current generation on reduced graphene oxide. Inset 
shows the characteristic Raman features of the rGO-coated paper. b) UV-vis spectrum of rGO used 
for current generation. Inset presents a TEM image of the same.  
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Figure S17. Current-time trace of other solvents. Current generation using a) water, b) acetic acid, 
c) dimethyl formamide, d) acetone, e) acetonitrile, f) dichloromethane, g) chloroform, h) toluene 
and i) hexane. The unsteady fall and rise of current in b and c are due to omnidirectional flow of 
liquid in the absence of a vacuum pump (as shown earlier in Figure S7). 
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Figure S18. Effect of electron scavenging molecule during current generation. a) Schematic 
diagram of the experimental setup. b) The current-time trace during drop-casting of 10 µl of C60 
while the flow is on. The flowing liquid is methanol here with 22 µl/min flow rate.  
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Figure S19. Current time trace in mixed solvent flow. a) Flow of methanol first then mixture of 
toluene and methanol. b) Flow of toluene first then mixture of methanol and toluene. 
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Figure S20. Comparison of our method of ionization with standard paper spray ionization and 
electrospray ionization methods. a) PSI mass spectrum of C60. b) ESI mass spectrum of C60. We 
observed a very low intense peak for C60. However, peaks corresponding to C60 dimer, methoxide, 
and hydroxide added C60 were not observed. Both the PSI and ESI MS were done in toluene-
methanol mixture. c) Schematic representation of paper spray ionization in which potentials of the 
order of kilovolts are applied for ionization. Similar is the case for electrospray ionization. d) 
Comparative study between these conventional methods with our method to obtain C60 peak at m/z 
720.  
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Figure S21. Comparative mass spectra of C60 flowing with three different alcohols. a) Methanol, 
b) ethanol, and c) propanol. Actual intensities of individual spectra are presented in the Y axis. d) 
Actual intensities of the peak m/z 720 are plotted against the viscosity of alcohols. 
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Figure S22. Fragmentation pattern of hydroxide and methoxide added peak of C60. a) MS1 
spectrum recorded during the flow of C60 along with methanol. b) MS2 spectrum of m/z 751. It 
shows the loss of m/z 31 corresponding to methoxide ion. c) MS2 spectrum of m/z 737. It shows 
the loss of m/z 17 corresponding to the hydroxide ion. 
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Figure S23. Fragmentation pattern of ethoxide and propoxide added peak of C60. a) MS2 spectrum 
of m/z 779. It shows the loss of m/z 59 corresponding to propoxide ion. b) MS2 spectrum of m/z 
765. It shows the loss of m/z 65 corresponding to ethoxide ion. 
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Figure S24. Mass spectra of C60 in different solvents with varying polarity. a) Acetone, b) 
acetonitrile, c) dichloromethane, d) chloroform, e) toluene, and f) Dimethylformamide. A peak at 
m/z 764 is observed in DMF along with m/z 720 ([C60]-) which could be due to the species 
[C60N(CH3)2]-. 
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Figure S25. Glucose addition of C60. a) MS1 spectrum recorded during the flow of methanolic 
solution of C60 and glucose. We observed a peak at m/z 899 at m/z 179 higher than the molecular 
ion peak of C60. Inset shows the isotopic distribution of the peak. b) MS2 spectrum of the peak at 
m/z 899 leads to the loss of m/z 179 corresponding to deprotonated glucose. 
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Figure S26. Extent of ionization of C60. a) Total ion chronogram (TIC). b) Mass spectrum at 
maximum ion intensity and mass spectrum after reaching equilibrium. 
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Figure S27. In-situ current measurement and mass spectrometry. a) (i) Current-time trace 
measured using picoammeter and (ii) simultaneous ion current-time trace in the total ion 
chronogram. The yellow traces in both the spectra indicate flow of methanol over the paper and 
the green traces indicate the flow of methanol and C60 (in toluene) together. The label, ∆t represents 

the time delay between the start of the C60 pump and observing peak in the mass spectrum. The 
delay is travel time of C60 over the surface. b) (i) Mass spectrum in the absence of C60 and (ii) mass 
spectrum during the flow of C60 along with methanol flow. The reduced current generation in the 
first cycle is due to the mechanical instability of the flow in front of the mass spectrometer inlet 
due to high vacuum. Once the paper gets sufficiently wet and the tip to inlet distance is optimized, 
it produces continuous and stable flow to give proper signal in picoammeter (second cycle) as well 
as in the mass spectrometer. We choose optimal tip to inlet distance after achieving a background 
signal as shown in b(i).  
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Figure S28. Mass spectra of C70. a) MS1 mass spectrum of C70 during the flow of methanol. b) 
and c) MS2 spectra of peaks at m/z 857 and m/z 871. We observed similar loss of m/z 17 and 31 
corresponding to hydroxide and methoxide species. 
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Figure S29. Molecular ionization of benzoquinone and iodine. a) MS1 spectrum of benzoquinone. 
The peak at m/z 108 corresponds to the molecular ion peak of benzoquinone. b) MS1 spectrum of 
iodine. Any of these peaks was not present during the experiment with normal paper. 
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Figure S30. Detection of ion clusters. SI-MS spectra of a) tryptophan, b) hystidine and c) 
methylamine chloride. Deprotonated mono-, di-, tri-, and tetramer of tryptophan, mono- and dimer 
of histidine and di- and trimer of methylamine were observed in the mass spectrum. The 
experiments were done by dissolving each component in methanol at a concentration of 3 mM.  
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Figure S31. SI-MS of urine samples. a) MS1 mass spectrum of uric acid during the flow of 5 µL 
raw urine with methanol. b) and c) MS2 MS3 spectra of peaks at m/z 167 and 124. We observed a 
characteristic loss of m/z 43 and 28 corresponding to loss of HCNO and CO. The inset of the Figure 
32C is the MS4 spectrum of the peak at m/z 96 which shows characteristic loss of 27 corresponding 
to neutral loss of HCN. 
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Figure S32. SI-MS of other small molecules during methanol flow. Mass spectra of a) Propanol, 
b) benzoic acid in acetone and c) glucose in water during the flow. Insets shows the isotopic 
distributions of the corresponding peaks. We have observed simultaneous current generation for 
propanol.  
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Figure S33. Mass spectra in the positive and negative ion modes. a) Positive ion mode mass 
spectrum of C60 which shows no peak. Zoomed in peaks with an absolute intensity of 0.02 are due 
to electronic or chemical noise in the mass spectrometer. b) Negative ion mode mass spectrum of 
C60. 
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Figure S34. Interaction of ethanol vapor with the liquid flow during the course of ionization. a) 
Schematic representation of the setup shows the flow of C60 solution (in toluene) along with 
methanol, and the vapors of ethanol exposed to the system through a tube. b) mass spectra of C60 
in the absence (top) and presence (bottom) of ethanol vapor. Peak indicated as m/z 765 
corresponding to ethoxide added C60 was observed immediately upon exposure of ethanol vapor. 
Extracted ion chronograms of the mass selected peak at m/z 765 are plotted while the device is 
exposed to c) 16%, and d) 8% aqueous ethanol vapor. The rise of the chronogram indicates the 
presence of the ethoxide added C60 signal in the time window. 
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Figure S35. Effect of vacuum and temperature at the inlet on ionization. a) Plot of ion intensity 
vs. tip to inlet distance plot which shows that the increasing the distance leads to decreasing 
suction. b) Plot of ion intensity vs. inlet temperature. Each experiment was repeated thrice 
independently. Data are presented as mean, and error bar shows ±SD. 
 
  

1 2 3 4 5 6 7

0

5

10

15

20

25

30

 

 

240 250 260 270 280

0

8

16

24

32

40

 

 

Io
n

 in
te

n
si

ty
 (a

.u
.)

Inlet temperature (0C)Tip to inlet distance (mm)

Io
n

 in
te

n
si

ty
 (a

.u
.)

A Ba b

240 250 260 270 280

0

8

16

24

32

40

 

 

1 2 3 4 5 6 7

0

5

10

15

20

25

30

 

 



 
 

44 
 

Table S1. 
A summary of various experiments using simulated breath 
 
Exp. No. Exp details Used sample Flowing 

solvent 
Magnitude of current 
(nA) 

1 Only air Only air Acetone 0 
2 Blow air through 0% ethanol 

in water 
Water Acetone 2-5 

3 Blow air through 10% 
ethanol in water 

Ethanol (aq) Acetone 12-25 

4 Blow air through 20% 
ethanol in water 

Ethanol (aq) Acetone 20-40 

5 Blow air through 30% 
ethanol in water 

Ethanol (aq) Acetone 50-75 

6 Normal breath Direct breath Acetone 0-2 
7 Breath after drinking beer Direct breath Acetone 6-12 
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Appendix i 
 
Calculation of number density (ρ): 

We calculated an approximate number density of MoS2 over the paper surface. To simplify 

our calculations, following things are assumed, 

i) MoS2 was taken as an individual molecule instead of an extended 2D layer. 

ii) Only MoS2 exist in solution 

iii) During drop-casting the MoS2 molecules distributed homogeneously all over the surface. 

iv) The drop-casted MoS2 forms a monolayer of molecules. 

v) There is no loss during the drop-casting process. 

 Weight calculation was done by measuring the mass of MoS2 taken before drop-casting over 

the paper. To measure the amount of MoS2 drop-casted over the surface in grams, we took a similar 

volume of water and MoS2 solution and then measured the weight of both. Subtracting the weight 

of water gives the weight of MoS2 in the solution. For instance, we may say that the weight of 

MoS2 will be in the range of µg or 10 -6 g in 20 ml solution. This would be (10-6/160)× 6.023×1023 

molecules = 0.037×1017 molecules 

N = 0.037×1017 

This many number of molecules are distributed all over the surface. 

The surface area (A) of the Whatman 42 filter having a radius of 21 mm is ∏R2         (1.1) 

A= 3.14× (21×10-3)2 = 1323×10-6 m2 = 1.3×10-3 m2 

Hence, Number density ρ = N/A                                                                                   (1.2) 

    = (0.037×1017)/(1.3×10-3) m-2  

    = 0.028×1020 m-2 = 2.8×1018 m-2 
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Appendix ii 
 

Dipole-dipole interaction energy and the dissociation of molecules: 

For our calculation flow of methanol was taken as a model system 

 

∆𝐺𝑜 = 𝐸𝑘 + 𝐸𝑑𝑑          (2.1) 

𝐸𝑑𝑑 = 1/Ɛ𝑜 (𝜌 × 𝑃MeOH × 𝑃MoS × ∫ 𝑟1𝑑𝑟1/(𝑧2 + 𝑟1
2)3/2)

𝑙

0
    (2.2) 

For this, following are the assumptions to simplify the problem: 

i) The alcohol molecules undergo dissociation at equilibrium condition 

ii) PMethanol and PMoS are approximated to 1D 

iii) The dipolar radius of MoS2 is approximated to the bond distance of Mo-S bond, which is 

~5.896 Ao.5 

iv) The dipolar radius of R-OH molecule is approximated to the bond distance of OH bond 

which is ~0.956 Ao.6 

v) We used free space permittivity for the calculation which is 8.8×10-12 N-1C2m-2.  

So, from the left-hand side of the equation, 

∆G0 = -RTlnKa          (2.3) 

     = 8.314 JK-1Mol-1×298.15 K×( pKa) = 8.314×298.15×15.5 JMol-1 

              = 38.42×103 JMol-1 

Now ∆G0/molecule = 38.42×103 J/(6.023×1023) 

         = 6.4×10-20 J/molecule 

Now, from the right-hand side of the equation, 

Ek = 1/2 mv2          (2.4) 

  = 1/2 32×10-3× (2.45×10-3)2 J/mol = 96.04×10-9 J/mol  

                 = 96.04×10-9/(6.023 X 1023) J/molecule 

                 = 15.94×10-32 J/molecule 

 

Edd = 1/Ɛ𝑜 (𝜌 × 𝑃MeOH × 𝑃MoS × ∫ 𝑟1𝑑𝑟1/(𝑧2 + 𝑟1
2)3/2)

𝑙

0
        (2.2) 

= −1/Ɛ𝑜 (𝜌 × 𝑃MeOH × 𝑃MoS × |1/(𝑧2 + 𝑙2)
1

2 − 1/𝑧| 

   = {1/(8.8×10-12 N-1C2m-2)}{2.8×1018m-2×(1×3.3×10-30 Cm)2×1010m-1} 
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   = 3.4×10-20 Nm = 3.4×10-20 J 

This is the dipole-dipole interaction energy experienced by one methanol molecule 

So overall right-hand side, 

= (15.94×10-32 + 3.4×10-20 ) J/molecule (As the kinetic energy term is very less) 

Hence, by neglecting the kinetic energy we can write, 

The right-hand side of the equation 1.1 results in the value of 3.4×10-20 J/molecule 

 

It is thus concluded that the energy required for heterolytic bond dissociation of alcohol is 

comparable with the dipole-dipole interaction energy between methanol and the MoS2 dipole. 
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Appendix iii 
 
Calculation of number of ions passing across the electrode area: 

For the calculation purpose we use methanol as a liquid to flow 

For this calculation we assume that,  

i) The number of molecules get ejected are passing through the electrodes. 

ii) 100% dissociation of methanol occurs 

We measured the velocity of the liquid as 2.45×10-3 m/s 

The electrodes are separated at 1×10-3 m distance 

Time taken for the molecules to pass the electrodes is 0.408 s. 

At 0.408 s, volume of liquid ejected from the fused silica capillary is (22×10-6/60)×0.408 l = 

0.15×10-3 ml. 

The density of methanol is 0.791 g/ml 

So, the mass of the corresponding volume = 0.791×0.15×10-3 g = 0.12×10-3 g = 0.12×10-3/32 

mol 

            = 3.6×10-6 mol = 3.6×10-6×6.023×1023 molecules 

            = 22.26×1017 molecule 

            = 22.26×1017 ions (as per the assumption) 
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Appendix iv 
 
Flow rate to pump pressure conversion. 

We used NE-300 syringe pump from New Era Pump Systems, Inc. 

The esteemed linear force (lbf-s) can be calculated from the following equation,7 8 

F=Fm(R/Rm)           (4.1) 

Here, Fm, R, and Rm are maximum linear force (lbf-s), rate, and maximum rate, respectively. 

Now, for NE-300 model, Fm= 35 lbs. at minimum speed, 18 lbs. at maximum speed 

        R= 22 µl/min 

        Rm=  38 lbf-s 

The pump pressure (∆P) in psi can be calculated as below,8 

∆P = F×E/{πD2/400)/2.452}         (4.2) 

Here, E and D are the pump efficiency and the diameter of the syringe (in mm) 

For a Hamilton 500 µl gas tight syringe, D=3.11 mm. 

Hence, at 90% efficiency, the pump pressure would be 2910.92 psi. 
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Appendix v 
  
Mathematical validation of Helmholtz–Smoluchowski model in our system: 

 

In Helmholtz-Smoluchowski model, 

𝐼𝑓 = −ƐƐ0ζ𝐴𝑐∆𝑃𝑟/𝜂𝑙          (5.1) 

 

This equation is used for the streaming current across two point separated by l distance in a Ac 

diameter capillary.  

   Ɛ = Dielectric const of methanol = 32 unit less  

   Ɛ0 = Free space permittivity = 8.8×10-12 N-1C2m-2 

   ζ = zeta potential of MoS2 = -41.2×10-3 V 

   η= Viscosity = 0.5×10-3 Nsm-2 

   ∆P= 2911 psi at 22 µl/min flow rate.  

        = 2911X6894 Nm-2 

Here we took that methanol flowing over 10 nM length MoS2 sheets So Ac = 10×10-9 m 

 

Now, 

RHS, 

ƐƐ0ζ𝐴𝑐∆𝑃𝑟/𝜂𝑙 = 32X8.8X10-12×(-41.2X10-3)×10×10-9×2911×6894/(0.5X10-3×1×10-3) 

   = 4656 nA. 

   = 4.656 µA 

 

The maximum amount of current we achieved is 1.3 µA, which is quite matching with the amount 

of current calculated from Helmholtz-Smoluchowski model within a factor of 0.25. This loss is 

possibly due to the contact resistance or loss of charges by other factors. 
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ABSTRACT: Active cooling-based atmospheric water generators,
despite their growing demand, continue to be energy intensive and
offer poor collection efficiencies (energy consumption per liter of
water production). Despite progress in micro-/ nanofabrication
techniques and functional coatings, advanced surfaces have not been
successfully scaled onto such harvesters to accelerate condensation
and improve their efficiencies. Here, we present a scalable dual-
nanostructured hierarchical surface that comprises sporadically
distributed bundles of randomly oriented faceted microcones having
facets composed of nanostructures, which are either bumps or
ridges. Condensate removal on this surface occurs via drop-to-film
coalescence, followed by film shedding in the form of macrodrops. Compared to a conventional plain metal surface used for
condensation, the improvement in latent heat transfer coefficient using a hierarchically textured surface ranged from 19.9% at a
subcooling of ∼8 °C to 1048.4% at a subcooling of ∼1 °C in laboratory scale experiments, subcooling being defined with respect to
the dew point. To demonstrate utility at industrial scale and to ensure scalability of the modified surfaces, we create a prototype
assembly comprising a tube-fin heat exchanger with hierarchically textured fins, cooled using a standard refrigeration cycle,
producing ∼25 L of water per day. The prototype containing hierarchically textured fins provides ∼10.8% enhanced water collection
at ∼10.4% improved average collection efficiency compared to the traditional water generator when tested in outdoor conditions.
KEYWORDS: condensation, heat transfer, hierarchical nanostructures, water harvesting, drinking water

■ INTRODUCTION

Atmospheric water generators (AWGs) have gained significant
scientific and commercial attention in the past decade because
of their ability to provide clean water in regions of extreme
water scarcity.1 Most of the commercial AWGs are based on a
refrigeration cycle, where a coolant undergoes a reverse Carnot
cycle to exchange heat with the surrounding air and enable its
condensation.
The collection efficiency of such an AWG system can be

defined as energy consumption per unit volume of product
water. It depends on ambient temperature and humidity.
Although efficiencies of current AWGs are improved by
implementing varied configurations of heat exchangers to
extend the air−surface contact time,2 hydrophobizing the
copper tubes to promote jumping-droplet condensation,3 or
preconcentrating moisture in the input air to increase the dew
point temperature,4 the fin surfaces of heat exchangers have
rarely been modified to enhance the overall performance.5 In
this work, we present rationally designed hierarchical structures
created on aluminum fins of heat exchangers, prepared using a
one-step, top-down process, in which condensed droplets drain
by combining with the liquid film present on the surface.
Subsequently, the film sheds itself under gravity, in the form of
macrodrops. Such a mechanism of shedding is then compared

with the already existing mechanisms of dropwise (DwC),6−10

filmwise (FwC),11−13 and state-of-the-art hierarchical con-
densation, by choosing the appropriate test surfaces that are
known to demonstrate these mechanisms.14,15 We perform lab-
scale water collection experiments across the entire possible
range of subcooling (∼0−8 °C, below the dewpoint), on
chosen test surfaces to compare their water harvesting abilities.
As a final step, we build a prototype atmospheric water
generator (AWG) comprising of hierarchically textured surface
for condensation and compare it against an identical
counterpart (representative of a conventional AWG) having
plain metal surface for condensation. The results show an
∼10.4% improvement in the collection efficiency, and an
∼10.8% improvement in the overall water collection.
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■ RESULTS AND DISCUSSION
Dual-Nanostructured Hierarchical Surface. A lower

radius of curvature of a nucleation site results in a faster rate of
vapor diffusion.16 Thus, quicker droplet growth occurs
selectively on “pointed” sites. Therefore, we propose a surface
design comprising sharp micrometer-sized structures and
additional nanostructures on top of these microstructures to
promote nucleation more effectively.
Sophisticated techniques like photolithography10,17 and

deep reactive-ion etching18 are multistep and expensive. In

addition, prospects for scalability are a concern. In contrast, we
use a simple, one-step chemical etching approach to create the
hierarchical surface.
In Figure 1, we present the hierarchical structures created on

an aluminum sheet via the etching process. A photograph of
the sheet postetching is shown in Figure 1a. The top level of
hierarchy (tier-1) was observed through optical microscopy
(setup shown in Figure 1b) and comprises bundles in the
range of 100 μm, as shown in Figure 1d. Other than the
regions covered with bundles, the surface also has white

Figure 1. Hierarchical surface. (a) Photograph of the hierarchical surface. (b) Setup for optical microscopy (not to scale). (c) AFM topography
image of the surface showing height variation, and dashed white line indicating chosen linear path for measuring average nanoscale (tier-3)
roughness. (d) Optical image of the surface showing bundles. (e) FESEM image of a few faceted microcones of a bundle in random orientation. (f)
FESEM image showing facet of a cone with presence of irregularly shaped nanobumps, and nanochannels dividing the bumps. (g) FESEM image of
another conical facet possessing parallel ridges divided by nanochannels. (h−k) Respective schematics of the surface showing bundles as tier-1 of
the hierarchy, faceted microcones as tier-2, and the dual nanostructures as tier-3.

Scheme 1. Plain Aluminum Surface (p) Functionalized with 1H, 1H, 2H, 2H-Perfluorodecyltriethoxysilane (PDES) to Achieve
a Plain Hydrophobic Surface (p-hp) and Plain Surface Etched to Create a Hierarchical Surface (h), Which was Silanized by
PDES to Result in a Hierarchical Hydrophobic Surface (h-hp)a

aThe respective static contact angle measurements are shown in the insets and contact angle data are shown in Table 1.
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regions at the base, as visible in Figure 1d. As observed in
FESEM, all bundles as well as white regions at the base
comprise randomly oriented faceted microcones (tier-2), as
shown in Figure 1e. The facets of these cones comprise two
types of morphologies, nanobumps and parallel nanoridges, all
of which vary in size and shape, as shown in Figure 1g and h,
respectively. These together constitute tier-3 of the hierarchy.
Pictorial representations of the surface are shown in Figures
1h−-k. Average surface roughness constituted by the entire
hierarchy was measured as 212.9 nm, obtained using atomic
force microscopy (Figure 1c). Average nanoscale roughness
comprising the tier-3 nanostructures present on the surface of
microcones was linearly measured on one of the conical
surfaces and was obtained as 19.3 nm (dashed white line in
Figure 1c). More details are discussed in the Methods section.
Choice of Test Surfaces and Contact Angle Measure-

ments. Four test surfaces were prepared using aluminum
substrates. They were composed of: First, a plain surface
(abbreviated as p), commonly used in fins, as part of fin-tube
heat exchangers; second, a plain hydrophobic surface (p-hp),
prepared by functionalization of the r surface with 1H, 1H, 2H,
2H-perfluorodecyltriethoxysilane (PDES); third, a super-
hydrophilic aluminum surface (h), comprising the hierarchy
discussed in the previous section and fourth, a hydrophobic
aluminum surface comprising the hierarchical structures (h-
hp), prepared by functionalization of the h surface with PDES
(Scheme 1). Table 1 presents the static, advancing and
receding contact angles, and contact angle hysteresis (CAH) of
the test surfaces.

Table 1 shows that p is moderately hydrophilic (θ = 71.1°).
Silane functionalization of p renders the surface slightly
hydrophobic, which is presented as p-hp (θ = 97.2°). The
hierarchically structured surface, h, shows a superhydrophilic
nature (θ < 5°), whereas upon functionalization, h-hp shows
hydrophobic character (θ = 143.7°). The h surface was
superhydrophilic and absorbed droplets through capillary
action as soon as they came into contact with the surface.
Therefore, receding angle and CAH could not be measured for
this surface. The CAH values of the surfaces and their relation
to the latent heat transfer coefficient and water harvesting
behavior will be discussed in the later sections.
Shedding Mechanisms vs Subcooling. To observe and

compare the shedding mechanisms of droplets on the test
surfaces as a function of subcooling, we recorded droplet
dynamics during condensation using the same configuration as
shown in Figure 1e.
Representing a conventional heat exchanger fin surface, p

exhibited irregularly shaped droplets of the order of 1 mm on
its surface, across the entire range of subcooling (Figure 2a).

These millimeter-sized droplets continue to coalesce with the
freshly nucleating smaller droplets in their vicinity and grow
bigger in size (Figure S5). However, they only shed from the
surface after reaching a size on the order of 1 mm. Surface
coverage by such droplets reduces the available area for fresh
condensate to appear, thereby inhibiting heat exchange with
the surroundings.
Droplets on the p-hp surface remain spherical to a greater

extent than p surface, because of the lower surface energy
(Figures S5 and S6). However, the droplets on the p-hp
surface only shed at higher subcooling via rolling, that too
upon reaching a size on the order of 1 mm. Surface h shows
the presence of droplets of sizes ranging from tens to hundreds
of micrometers across the entire range of subcooling. The
white regions are indicative of reflectance occurring from wet
spots. Figure 2c-i shows encircled wet bundles and a droplet on
the order of 100 μm resting on one such bundle. The wet
bundles are also shown in Video S3. Figure 2c-ii shows
multiple droplets of the order of 10 μm on a single bundle,
indicated by arrows. An identical droplet behavior is observed
at high subcooling, with representative droplets on the order of
100 μm, shown in Figure 2c-iii. The growth and nature of
shedding for droplets on the h surface are discussed in the next
section.

Shedding on Hierarchical Structures. To observe the
mechanism for droplets on the order of 100 μm, we recorded a
video with multiple such droplets in a frame, at 30 frames per
second, under full-ring illumination (Video S1). The droplets
reside on top of the bundles, whereas the base of the bundles is
covered with water film (Figure 3a). The droplets can
therefore only reside in a Cassie−Bexter or Wenzel state,
with air gaps between themselves and the basal film. They
grow intermittently and undergo slight movement (for
example, at t = 02:41.70 min), until the base area of the
droplet grows beyond that of the bundle, resulting in toppling
of the droplet down the bundle to merge with the basal film
(Figure 3a and Figure S10, t = 05:17.67). The merged droplet
extends itself across the base of the bundle and the
surrounding film, as suggested by the distorted reflection of
the illuminated ring within the droplet (Figure 3a, t =
05:17.67). This toppling-assisted coalescence, or Mode 1, is
shown schematically in Figure 4a.
Another mechanism of drop-to-film coalescence for ∼100

μm droplets is observed when a drop receded into the
surrounding bundle upon coming into its contact, via capillary
action (Figure 3a, Mode 2, t = 3:39.75 min). This is
represented as Mode 2 in the schematic shown in Figure 4a.
Time-lapsed images are shown in Figure 3b.
To observe the dynamics of droplets on the order of 10 μm,

we focus on a single bundle and record the dynamics at 30
frames per second (Video S2). The large droplet observed
initially was pinned to the bundle and kept growing in a partial
wetting (PW) state (Figure 3b, t ≤ 5:50.34 min), until it came
in contact with the basal film at the bundle. After coalescence
with the basal film, fresh droplets were seen growing and
coalescing on the bundle (t = 5:50.37−06:29.12 min), which
eventually combined to form a large droplet of size comparable
to that of the bundle (t = 13:39.91 min). The large droplet
continues to grow in the PW state until coalescence with the
basal film occurs again (t = 13:39.94 min). This cycle repeats
itself. Schematic representation of this cycle is shown in Figure
4b, divided into six stages.

Table 1. Contact Angle Data of the Test Surfaces

surface
static contact
angle θ (deg)

advancing
contact angle
θA (deg)

receding
contact angle
θR (deg)

CAH =
θA − θR
(deg)

plain (p) 71.1 ± 1.7 98.9 ± 1.5 67.7 ± 1.6 31.2
plain-
hydrophobic
(p-hp)

97.2 ± 1 0.0 113.2 ± 1.0 95.2 ± 0.9 18

hierarchical
(h)

<5 <5

hierarchical-
hydrophobic
(h-hp)

148.8 ± 2.2 157.8 ± 0.8 134.5 ± 6.5 6.6
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Given the presence of basal film across the entire surface,
parts of the surface has completely submerged bundles (Figure
4c), which become visible only upon drying using a hot air
blower (Video S3). Therefore, observed droplets could
nucleate only on bundles with heights more than the thickness
of the basal film.
Because the lowering of surface energy promotes DwC on a

surface and improves droplet mobility and rate of surface
renewal, it becomes crucial to perform low-surface-energy
functionalization of the h surface to promote DwC and
understand the difference in shedding mechanisms between
the h and h-hp surfaces. Moreover, although the h-hp surface
has microstructures to retain Cassie−Baxter (CB) state of
droplets, it also possesses nanostructures on top of these
microstructures, to allow smaller droplets to nucleate beneath
the CB droplet and eventually merge with it, leading to
hierarchical condensation. To verify this claim, we performed
dynamic optical imaging during condensation on the surface
(Figure 5). Droplets on a single bundle are monitored (bundle

lying within the dashed square box in Figure 4a). Initially (t =
0 min), several droplets on the order of 100 μm are found on
the bundle that coalesce with time and become larger in size (t
= 8 s), also moving slightly over the bundle by releasing free
energy after coalescence. This renews the surface for fresh
droplets to nucleate (t = 8 min 18 s), whereas the bigger
droplet continues to grow through condensation as well as
coalescence. Upon reaching a certain size, greater than 500 μm
(t = 9 min 24 s), the bigger droplet rolls off the bundle.
Thereafter, fresh droplets nucleate and grow (t = 14 min 26 s),
repeating the cycle. Coalescence of droplets happening on the
tip of the bundle is also assisted by the coalescence of shaded
droplets, present beneath the bigger droplet (Figure 5b-i). This
is proved by performing focal plane shift imaging (FPSI) on
another substantially big droplet (>500 μm) on the surface
(Figure 5b). Upon shifting the focal plane at an intermediate
position, between the droplet base and the base of the surface,
numerous smaller droplets of the order of 10 μm are seen
undergoing movement and coalescence on the conical surfaces.

Figure 2. Optical images showing shedding mechanisms on test surfaces at varying degrees of subcooling. The observations were begun only after
30 min of condensation had already happened and condensation dynamics had stabilized. (a) Pain aluminum surface, p. Scale bar: 1 mm. (b) Plain-
hydrophobic surface, p-hp. Scale bar: 1 mm. (c) Hierarchically structured surface, h. Dashed circles in i indicate reminiscent wet bundles, after the
respective droplets have undergone coalescence with the film (Figure S7). The white arrows in i and ii indicate droplets on different bundles and on
the same bundle, respectively. Scale bar: 500 μm. (d) Hierarchically structured hydrophobic surface, h-hp. The dashed yellow circles in i and ii
represent regions where droplets were present a few milliseconds (ms) ago and are removed now, after coalescence and subsequent rolling (Figure
S8). The dashed pink circles in iii represent regions where previously present droplets combined and jumped-off the surface, resulting in the present
image. Scale bar: 500 μm.
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As an illustration, Figure 4b-ii, iii shows shaded droplets 1 and
2 undergoing coalescence and resulting in 1′, whereas droplet
3 lost its sphericity and hung between the cones as 3′. The
presence of shaded droplets like 1, 2, 3, 1′, and 3′ beneath the
larger droplet shown in Figure 5b-i confirms hierarchical
condensation, also reported previously by Yan et al.14 In
combination with hierarchical condensation, cross-sectional
imaging of the surface at high subcooling (∼8 °C) also reveals
the jumping-droplet mode of shedding (see Figure S9).
However, the jumping mode is not observed at lower
subcooling.
Heat Transfer Performance. After developing an under-

standing of the shedding phenomena for the test surfaces, we
further test the surfaces for their water harvesting performances
and the corresponding latent (or condensation) heat transfer
coefficients, by exposing them to a constant ambient air flux at
varying amounts of subcooling (see Methods). Figure 6a
represents a schematic of the setup wherein a test surface is
placed on a Peltier-heat sink assembly and cooled down to the
required temperature by supplying DC power to the Peltier. A
constant ambient air flux is maintained over the surface using a
DC fan (see Methods). Each collection experiment is

performed for 3 h. It is noteworthy that unlike a majority of
the previous studies,19−22 in which condensation is performed
by exposing the surface to saturated humidity in a closed
chamber, we perform all lab-scale experiments in the presence
of noncondensable gases. The water collection flux, as plotted
in Figure 6b, shows substantially better performance of the h
surface, compared to the other surfaces, particularly in the
subcooling regime of ∼1−6 °C. Regardless of the degree of
subcooling, the h surface begins to collect water 30−50 min
after the beginning of the experiment, whereas others followed
a sharp increase in the collection onset with a decrease in
subcooling (Figure 6c). We further evaluate the latent heat
transfer coefficient, HTC, using the following equation:

mh

T
HTC

fg=
̇

Δ (1)

where ṁ is the mass transfer flux, or the rate of water
collection.23 The HTCs for different subcooling were plotted
separately, to highlight the differences at each subcooling.
Postnucleation, when a droplet reaches a critical size during

its growth after multiple coalescence events, the gravitational
force exerted by the droplet balances the retention force,

Figure 3. Drop-to-film condensation. (a) Mode 1 and Mode 2 are shown using select droplets of the order of 100 μm, undergoing drop-to-film
condensation. Mode 1 shows toppling-induced coalescence occurring at t = 2:41.73 min, where a droplet topples from the bundle upon reaching a
critical size. Mode 2 shows capillary-induced coalescence where droplet d2 recedes into the film via a neighboring bundle that acts as a capillary.
Scale bar: 100 μm. (b) Dynamics of droplets on the order of 10 μm on a single bundle. A droplet grows on the bundle and coalesces at t = 5:50.37
min, followed by nucleation of new droplets that combine to form a larger droplet on the bundle, which grows until it encounters the film
underneath and coalesces with the film. Scale bar: 50 μm.
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causing it to roll down the surface. The critical size can be
obtained from the following equation:

mgsin (cos cos )Wwater a rα γ θ θ= − (2)

where expression on the left side of the equation represents the
gravitational force exerted by the droplet of mass m, parallel to
the surface with tilt angle α, γwater is the surface tension of
water, θa and θr are the advancing and receding angles,
respectively, and W is the width of the droplet.24 Therefore,
lower CAH (θa − θr) implies lower droplet critical size, which
should contribute to a faster rate of surface renewal and
therefore lead to better water collection or mass transfer.
Figure 6c shows that droplets begin to roll earlier on a surface
with lower CAH as the collection on r-hp begins earlier
compared to p, at all degrees of subcooling. When cumulative
water collection for 3 h is plotted against subcooling, it is
observed that at low and intermediate subcooling (<3 °C), r-
hp is a better collector compared to r. Lower CAH in the case
of p-hp leads to higher mobility of the droplets, allowing them
to roll down easily. At high subcooling (>6 °C), p provides

better collection flux than p-hp, indicating that affinity for
water vapor, or rate of nucleation, dominates over CAH in this
regime. Surface functionalization for planar surfaces, therefore,
limits the collection flux and HTC at high subcooling but
improves both at low subcooling.
The h surface showed the highest HTC across the entire

subcooling range. When compared to the p surface, the h
surface demonstrated as high as a 10-fold improvement
(∼1048.4%) in HTC at ΔT ≈ 1 °C. The superior performance
of h is attributed to the presence of a large number of
nucleation sites, the dual nature of nanochannels that allows
effective drop-to-film coalescence, and the presence of faceted
microcones all across the base, which greatly reduces the basal
area occupied by the film, thus preventing domination of the
film mode of condensation. Given the complex morphology of
h and h-hp, wetting states of the droplets, and their
coalescence mechanisms, functionalization does not provide
a clear overall advantage in terms of collection flux (or HTC).
Although h always shows better overall performance compared
to h-hp, the difference is more significant at low subcooling.
The poor performance of h-hp at low subcooling can be
attributed to its lower affinity toward water vapor, resulting in a
lower rate of nucleation. This factor becomes insignificant at
high subcooling and the difference between h and h-hp is
reduced with an increase in subcooling, mainly due to
hierarchical condensation occurring on the h-hp surface,
which eliminates the possibility of flooding at high subcooling.
Also, hierarchical condensation is supported by the jumping-
droplet mode on h-hp, which occurs only at high subcooling.
Therefore, nanochannel-assisted drop-to-film coalescence
proves to be the most efficient mode of condensation,
among other existing modes, such as jumping-droplet
condensation,3,25−27 FwC, DwC,6,28,29 hierarchical condensa-
tion,14 and a combination of jumping-droplet and hierarchical
condensation mechanisms. However, the observed enhance-
ment in HTC obtained in the case of the h surface, at lab-scale,
should be retained while performing large-scale condensation
as well, such as on tube-fin heat exchangers, where practical
challenges like local water logging between the fins or complex
surface−air interaction due to compact arrangement of fins
may reduce the heat transfer and, rather, bring down the
collection efficiency. Therefore, two refrigeration-based AWG
prototypes are assembled in which the evaporators comprise p
and h surfaces to verify whether improved HTC at lab-scale, in
the case of h surface, translates to enhanced collection
efficiency of its corresponding prototype at an industry scale.
The following section discusses the details about assembled
prototypes, their testing, and results.

Feasibility of h-Surface after Scale-up. A home-build
AWG prototype of 25 L/day capacity (Figure 7a and Figure
S11) is assembled, which comprises a standard refrigeration
cycle to cool the h surface below the dew point. Two identical
prototypes are created, where the evaporator in one comprises
fins made of the conventional p surface (the p prototype), and
the other comprises fins made of the h surface (the h
prototype). Therefore, the only difference between the two
prototypes is the surface morphology of the evaporator fins.
The collected water is filtered and mineralized to render it
drinkable. However, the aspect of quality of the collected water
is deliberately not discussed, to avoid deviation from the focus
of this article.
The prototypes were kept in the open and run for ∼4 h in

the evening (3:24−7:24 p.m.) on March 6, 2020, in Chennai,

Figure 4. Configurations of water present on the h surface. (a)
Droplet on the order of 100 μm rolls down the bundle upon crossing
the bundle size at its base (Mode 1). Another droplet (Mode 2) on
the same order recedes into the basal film through a neighboring
bundle upon coming into its contact, via capillary action. (b) Large
droplet, a few tens of micrometers in size, undergoes coalescence with
the film beneath it (Stage I). This is followed by the growth of fresh
droplets on multiple cones (Stage II), which coalesce with each other,
and the bigger droplet continues to grow in a partial wetting state
(Stage III) until it comes into contact with the basal film to
subsequently get drained. This allows fresh nucleation (Stage IV) and
subsequent coalescence (Stage V and VI), and the process continues
in a cycle (Video S2). (c) Bundles completely covered with water
(Video S3).
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India. Five trial runs are performed (Figure 7 and Figures
S12−S16). The temperature during the test run dropped from
38.7 to 30 °C, whereas RH increased from 44 to 67% (Figure
7b). As a result, the dew point dropped from 27.5 to 23.4 °C

(Figure S8b). During the course of the test run, the h surface
showed an ∼10.8% enhancement in the overall water
collection, and an ∼10.4% improvement in the average
collection efficiency, compared to the p surface (Figure S8a

Figure 5. Dynamic optical imaging of h-hp surface during condensation. (a) Top view of the surface, showing droplet dynamics on a single bundle
confined within the dashed white box. Scale bar: 200 μm. (b) (i) Larger sink droplet. Scale bar: 500 μm. (ii) Upon shifting the focal plane beneath
the droplet, in the dashed black box region, shaded droplets are observed that undergo coalescence (1 + 2 = 1′) and distortion in shape (from 3 to
3′) during movement across microcones, as shown in (iii). Scale bar: 500 μm.

Figure 6. (a) Schematic of the setup for testing water collection performance of the test surfaces. (b) Plot of onset of water collection against
subcooling. (c) Cumulative water collected plotted as water collection flux against subcooling. (d−i) Latent heat transfer coefficients for all test
surfaces corresponding to water collection experiments performed on the test surfaces across the subcooling range of ∼0−8 °C.
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and Figure 7d). The percentage enhancement in the collection
performance of the h prototype, compared to the r prototype,
ranged from 0 to 17.6% across the duration of the experiment
(Figure 7c). The collection efficiency of the prototypes is
compared by plotting the amount of energy consumed per liter
of water produced. Considering all the energy-consuming parts
(except postcollection processes) of the prototypes, the h
prototype was consistently more energy efficient than the p
prototype during the course of testing (Figure 7d). Such
behavior is observed across almost all trial runs (Figures S12−
S16). The advantage of energy savings due to a drop-to-film-
wise shedding mechanism could be further leveraged by
periodically turning the power off briefly before the replenish-
ment is about to occur and turning it on immediately after the
it is complete. This will lead to energy-efficient shedding and
eliminate the local maxima in the h-curve (Figure 7d).

Adopting such a strategy for the r surface will not offer a
significant advantage because of absence of any “sharp-
curvature” nucleation sites for quick nucleation of fresh
droplets, postshedding, when the power is turned on again.
Faster drop-to-filmwise shedding may be another way forward
by mechanical agitation once the droplets have been nucleated.
Several commercial water generators based on refrigeration

cycle-based active cooling are available. The performance of
these systems depends on the ambient temperature, relative
humidity, absolute humidity, air flux across the condensing
surface, amount of refrigerant, and system design. Given these
dependencies, an exact comparison is not possible. Never-
theless, we list out nine water generators across the globe
alongside our prototype to provide a fair idea of the value of
this work (Table 2).

Figure 7. Prototype testing corresponding to h and p surfaces. (a) Schematic of the AWG prototype of 25 L/day capacity, where evaporator fins
were the only difference between the two prototypes. (b) Ambient conditions (temperature and RH) during the course of testing. (c) Percentage
enhancement in water collection of the h prototype compared to the p prototype as a function of time. (d) Collection efficiency of the prototypes
as a function of time.

Table 2. Commercial Refrigeration Cycle-Based Water Generators Worldwide

Ambient conditions

organization
power consumption

(W)
rRate of water production (L

day−1)
T

(°C)
relative humidity

(%)
collection efficiency (kWh/

L)

H2O machine (USA)30 1700 68 0.60
GENAQ Technologies (Spain)31 700 50 0.34
Atlantis Solar and Wind (USA)31 1200 100 0.29
Atmos H2O (USA)32 500 23 0.52
Airowater (India)33 500 25 70 0.48
Nu Image Solutions (USA)34 830 30 30 80 0.66
Ray Agua (Spain)35 2450 200 30 80 0.35
WAE (India)36 400 50 0.91
Hendrx Water (China)37 900 15 30 80 1.44
this work (h prototype) 656 25 33 56 0.63
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■ CONCLUSIONS
For efficient and scalable heterogeneous condensation, we
propose a hierarchically textured surface, fabricated by a one-
step process, exhibiting drop-to-film condensation. The surface
exhibits a higher heat transfer coefficient compared to its
functionalized counterpart, and the conventional plain metal
surfaces used as references, which show dropwise, film-wise,
jumping-droplet, or hierarchical condensation. The drop-to-
film coalescence on the hierarchical surface occurs via
nanochannels. Following are the primary reasons for the
enhanced heat transfer obtained in case of hierarchical surface:
(1) the large number of nucleation sites offered by the faceted
microcones and the nanostructures present on their surfaces;
(2) high affinity for water vapor; and (3) capillary-action
assisted, or toppling-induced coalescence of droplets on the
order of 100 μm with the basal film. These advantages have led
us to a significant 10.8% improvement in the overall water
collection of the prototype composed of hierarchical
condensing surface, compared to a prototype containing a
plain metal condensing surface, whereas the instantaneous
improvement (over a 10 min period) in collection ranged from
0 to 17.6%, depending on the atmospheric conditions during
field testing. The above-mentioned reasons together with the
strategy of further enhancing energy efficiency by ways such as
periodic supply of power, better heat exchanger design,
induction of mechanical vibrations for faster shedding, etc.,
will further render the surface fit for scalable use in applications
ranging from water generation to heat management.

■ METHODS
Fabrication of the Test Surfaces. The dual-nanostructured

hierarchical surface (h) was fabricated by dipping the plain surface in
NaOH solution (30 mM) prepared in deionized (di) water for a
period of 15 h at a temperature of 60 °C. The surface was
subsequently rinsed in di water and dried with a hot air gun.
The functionalized surfaces, r-hp and h-hp, were prepared by

dipping the p and h surfaces in 1% ethanol solution of PDES for a
period of 2 h. The surfaces were subsequently taken out, rinsed in
deionized water, and dried using an air gun.
Contact Angle Measurements. Contact angle measurements

were performed using drops of volume ∼3 μL using a Holmarc
contact angle meter.
Surface Characterization. Morphology of the hierarchical

surface was observed using scanning electron microscope (Verios
G4 UC, FEI) and optical microscope (VH-Z100R, Keyence).
For powder X-ray Diffraction (XRD), the h surface was scraped

and powder was collected. The measurement was performed on
Bruker D8 Advance X-ray powder diffractometer. The plot of
diffraction intensity vs 2θ revealed presence of Al2O3·3H2O and
Al(OH)3 phases, belonging to hexagonal and monoclinic crystal
systems, respectively (Figure S1).
Topography and roughness were obtained by performing atomic

force microscopy on the as-prepared surface using a Witec GmbH
confocal Raman microscope (CRM-Alpha300 S) in a region of 10 μm
× 10 μm.
The uniform functionalization of the h-hp and p-hp surfaces is

evident from the EDS mapping performed on both surfaces and
distribution of fluorine in them (Figure S2, S3).
Observation of Shedding Mechanisms. We chose low (∼0

°C), intermediate (∼4 °C), and high (∼8 °C) subcooling conditions
for this study. All laboratory experiments were performed at ambient
conditions at a temperature of 23.6 ± 0.5 °C and relative humidity of
50 ± 1% in still air. The test surface (4 cm × 4 cm) was adhered to
the cold side of a Peltier using silver paste. The Peltier was then
anchored on a heat sink DC fan assembly using the same silver paste.
The Peltier was then connected to a DC power supply to calibrate

input power as a function of surface temperature. The video recording
was begun only after ∼30 min of condensation had already taken
place and the dynamics had reached an equilibrium. Videos were
recorded for each surface and each selected subcooling value, and key
frames represented in Figure 2 were selected from the videos. During
each recording, the magnification was varied from 100× to 1000×,
and droplets across the entire surface were observed to identify their
variety. We have made a reasonable assumption that wetting states of
droplets, the nature of coalescence events, and shedding modes are
independent of air flux across the surface. Therefore, all imaging
experiments were performed in still air to avoid noise because of air
flow and concerned regions were kept under focus.

Shedding on Hierarchical Structures. The droplet dynamics
were investigated under an optical microscope in the same
configuration as shown in Figure 1b. The hierarchical surface
temperature was kept at the dew point (12.6 °C; under ambient
conditions of 23.6 °C, 50% RH).

FPSI on h-hp Surface. To verify the hierarchical mode of
condensation and capture droplet dynamics on a single bundle, we
kept a single bundle under focus and recorded a video. Imaging was
begun only after 30 min of condensation had occurred (at ΔT ≈ 0
°C) and the droplet dynamics had stabilized. For FPSI, a bigger
droplet was focused and the focal plane was gradually shifted from the
top surface of the droplet to beneath it. This brought the smaller
droplets into focus, that existed beneath this large droplet.

Heat Transfer Experiments. A square duct with the duct size of
4 cm × 4 cm was created and the Peltier-heat sink assembly was fitted
inside the duct in a way that only the surface protruded on the inside
wall of the duct, parallel to it (Figure S4). A DC fan flowing ambient
air at a constant speed on 2.5 m/s (or a flux of 8.65 cubic feet per
minute) across the duct was put at one end, leaving the other end
open for dehumidified air to exit. Along with the hierarchical surface,
we select test surfaces such that all modes of condensation could be
observed, either individually, or in combination with one another, for
comparison of their performance under identical conditions.

Fabrication of the Prototypes. For the h prototype, the rolled
sheet of aluminum (0.1 mm in thickness) was kept for etching in a 30
mM NaOH solution, prepared in di water. Fins of the size 10 in. × 14
in. were prepared out of the etched sheet and a punching die was used
to create holes for fitting the copper tubes. The fins were packed in
the traditional fin-tube heat exchanger configuration with a density of
12 fins per inch, resulting in a combined surface area of 4.07 m2. This
assembly was used as the evaporator. Further, another identical heat
exchanger was prepared, but with the unetched sheet, to be used as
condenser. An AC fan (22A230HBAC) was used to provide an air
flux of 360 cubic feet per minute across the system.

The p prototype was identical to the h prototype, except that the
evaporator and condenser both comprised unetched fins in the case of
p prototype.

Test Runs of the Prototypes. Five test runs with variable time
intervals were performed on the two prototypes during day time in
Chennai, India. During each test run, ambient conditions (temper-
ature and RH), surface temperature of the fins, and water collected
were measured in intervals of 10 min.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.0c03032.

Powder XRD and SEM-EDS, lab-scale prototype, optical
images of jumping-droplet condensation on the
hierarchical superhydrophobic surface, images of the
scaled prototype, and results of test runs of prototypes
(PDF)

Video S1, video of multiple 100 μm droplets in a frame,
at 30 frames per second, under full-ring illumination
(MP4)
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Video S2, dynamics of droplets of the order of 10 μm on
a single bundle at 30 frames per second (MP4)
Video S3, drying of wet bundles using hot air flow
(MP4)
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S1. Characterization of the h surface 

Figure S1. Powder XRD of the particulates obtained after scraping the hierarchically structured 
surface (h).
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Figure S2. EDS spectrum and mapping of the h-hp surface to verify silane functionalization 

through fluorine distribution over the surface.  
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Figure S3. EDS spectrum and mapping of silane-coated plain aluminium surface (p-hp) to verify 

silane functionalization through fluorine distribution over the surface.
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S2. Lab-scale setup to perform water collection experiments

Test surface 2

DC fan

Test surface 1

Square cardboard duct

Figure S4. Inside view of a square duct made out of cardboard for restricted flow of ambient air. 

The test surfaces put on the peltier-heat sink assembly were exposed to the ambient air flowing 

inside the duct by means of a dc fan. Two surfaces were tested at the same time, placed on 

opposite walls of the box, with few cms distance apart.
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S3. Gravity-assisted rolling on p surface

Droplets of the order of 1 mm roll down the p surface and, in the process, collect smaller droplets 

along with them, as shown in the figure below. The size and shape of rolling droplet being 

similar across the entire subcooling, it has only been shown as an illustration at ΔT~ 2 0C.

 

Figure S5. Rolling droplet of the order of 1 mm on the p surface, shown by time-resolved optical 

images (time in minutes). The event was recorded at 15 frames per second, and at a subcooling 

of ~2 0C. Scale bar: 500 μm.

S4. Gravity-assisted rolling on p-hp surface

Droplets of the order of 1 mm roll down the p-hp surface and, in the process, collect smaller 

droplets along with them, as shown in the figure below. The size and shape of rolling droplet 

being similar across the entire subcooling, it has only been shown as an illustration at ΔT~ 8 0C.
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Figure S6. Rolling droplet of the order of 1 mm on the p-hp surface, shown by time-resolved 

optical images (time in minutes). The event was recorded at 15 frames per second, and at a 

subcooling of ~8 0C. Scale bar: 500 μm.

S5. Drop-to-film coalescence on h surface

Figure S7.  Droplets of the order of 100 μm leave behind a wet bundle after undergoing 

coalescence with the film. The coalescence mechanism has been discussed through Figures 3 and 

4 in the article. 
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S5. Gravity-assisted rolling on h-hp surface

g

Figure S8. Coalescence of multiple droplets forms a larger droplet of the order of 100 μm which 

rolls down under the effect of gravity.

S6. Jumping-droplet condensation on h-hp surface

(a)

(b)
g

Figure S9. Representative examples of jumping mode of condensation on h-hp surface at ΔT~ 8 

0C.(a)Time-resolved optical imaging of the h-hp surface from the front side (gravity acting 

downwards). The droplets grow and reach the top of the surface as time passes. Upon reaching a 

certain size, a set of droplets suddenly jump off the surface (indicated by pink dashed circles). 
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The jumping is evident from the yellow circled droplets beneath them, which stay as is, after the 

jumping event has occurred. All scale bars: 1 mm. (b) Side-view time-resolved imaging revealed 

jumping of an O (1 mm) droplet from the surface (t= 0 s), leaving behind a reminiscent water 

film (t= 0.07 s). Another droplet begins to grow at the same location (t=0.27 s) and the cycle 

continues to repeat itself. All scale bars: 1 mm.

S7. Toppling droplet on h surface

Figure S10. At t=2:41.73 mins, the droplet (indicated by red arrow) topples down the bundle, as 

evident from the distorted reflection of the toppled droplet later at t= 05:17.67 mins (within the 

dashed circle in red). The reflection extends from the bundle to the surrounding basal water film 

indicative of the toppling. 
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S8. Test runs of the p and h prototypes

(a) (b) (c)

Figure S11. Images of one of the home-built prototype assembly showing various parts: (a) 

Perspective view, (b) front view (without air filter), and (c) side view.
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(a) (b)

(c) (d)

Figure S12. (a) Cumulative water collection, (b) Dew point, (c) Subcooling, and (d) HTC for the 

first test run (corresponding to Figure 7 in the main text).
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(a) (b)

(c) (d)

(e) (f)

Figure S13. Second test run of the prototypes, showing variation in (a) ambient conditions, (b) 

dew point temperature, (c) degree of subcooling, (d) cumulative water collected, (e) collection 

efficiency, and (f) HTC, for the duration of the test run.
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(a) (b)

(c) (d)

(e) (f)

Figure S14. Third test run of the prototypes, showing variation in (a) ambient conditions, (b) 

dew point temperature, (c) degree of subcooling, (d) cumulative water collected, (e) collection 

efficiency, and (f) HTC, for the duration of the test run.
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(a) (b)

(c) (d)

(e) (f)

Figure S15. Fourth test run of the prototypes, showing variation in (a) ambient conditions, (b) 

dew point temperature, (c) degree of subcooling, (d) cumulative water collected, (e) collection 

efficiency, and (f) HTC, for the duration of the test run.
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(a) (b)

(c) (d)

(e) (f)

Figure S16. Fifth test run of the prototypes, showing variation in (a) ambient conditions, (b) dew 

point temperature, (c) degree of subcooling, (d) cumulative water collected, (e) collection 

efficiency, and (f) HTC, for the duration of the test run.
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ABSTRACT: This study explored changes in binding modes of
the most common ligand, citrate on silver nanoparticles (AgNPs)
using single-particle surface-enhanced Raman scattering (SP-
SERS). Single AgNPs of 50 ± 10 nm diameter anchored on
clean glass slides were monitored using time-dependent SP-SERS
with 632.8 nm excitation at 1.3 μW incident (0.5 μW absorbed)
power per nanoparticle. We observed several distinct spectra of
citrate during time-dependent SP-SERS. Analysis of 1400 spectra
showed the existence of two major groups termed as favorable (F)
and probable (P) spectra based on their likelihood of appearance
and intensities. These distinct spectra corresponded to a multitude
of binding modes, structures, and variants of photocatalyzed
products of citrate on the surface of dynamically changing AgNPs.
Density functional theory (DFT) simulations were performed to model the structures and binding modes of citrate on an Ag(111)
surface, and corresponding Raman spectra were computed and compared with distinct spectral types. Experiments performed with
deuterated (2,2,4,4-d4) citrate-capped AgNPs provided additional evidence to understand the shifts in vibrational features obtained
in SP-SERS of citrate-capped AgNPs. These systematic analyses of time-dependent SP-SERS spectra may be used for the
reconstruction and vibrational tomography (VT) of ligands at the single-particle level. The proposed VT approach is similar to
sectioning an object through a multitude of orientations and reconstructing its three-dimensional structure, although the structures
reconstructed here are molecular orientations.

■ INTRODUCTION

Trisodium citrate (TSC) has been used in the synthesis of
colloidal nanoparticles (NPs) and has probably become the
most common reducing and stabilizing agent in the history of
noble metal nanomaterials.1−7 This ligand is shown to be
important in particle aggregation,8 ligand exchange reactions,9

particle growth mechanism,10 enzyme catalysis reactions,11 and
others. Due to its large implications, it is indeed necessary to
explore its structure on the surface of NPs meticulously. TSC, a
complex molecule with three carboxylate (COO−) groups and
one α-hydroxyl (α-OH) group, can adopt a variety of structures
with different binding modes.12 Enormous efforts have been
made by the scientific community to understand its molecular
structure on the surface of NP using various methods.7,12−19

Munro et al.have performed in-depth studies to understand the
formation of TSC-reduced colloids and their surface properties
by UV−vis absorption spectroscopy, nuclear magnetic reso-
nance (NMR), and surface-enhanced Raman scattering
(SERS).17 Among all the techniques, SERS serves as a powerful
analytical tool for sensitive, qualitative, and semiquantitative
analyses. Authors proposed that COO− of adsorbed citrate
(termed as citrate in the discussion below) bind nonequivalently

on the Ag surface, where one of the terminal and the central
COO− groups bind to the Ag surface, and the other terminal
COO− remains unbound.17 Other recent studies7,12,14,17,19 have
also proposed various binding modes of citrate. X-ray photo-
electron spectroscopy (XPS) has been used to determine the
surface composition and suggested that citrate anions are
adsorbed on the surface of AuNPs through the central COO−

group.16,19 Attenuated total reflectance infrared (ATR-IR)
spectroscopy was used to study intermolecular interactions
between the adsorbed and dangling citrate anions. Further,
dimer and trimer structures of citrate on the AuNPs surface were
proposed.19 Such studies helped to understand the stabilizing
nature of ligands used in the preparation of NPs. Other
techniques, like atomic force microscopy (AFM),20 scanning
tunneling microscopy (STM),21 Fourier transform infrared
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spectroscopy (FTIR),19,22 and solid-state nuclear magnetic
resonance (SS-NMR),15 have also been used to explore the
stabilizing nature of citrate. Density functional theory (DFT)
and molecular dynamics have been applied to understand the
surface coordination of the COO− of citrate with the NP
surface.12,15 Such studies imparted valuable information on the
hydrogen bonding networks between citrate ions,19 their
binding schemes,13,17 and the effect of aging.7,16

In the past decade, single-particle and single-molecule SERS
gained large interest in various fields of applications such as
catalysis, sensing, live cell imaging, and so on. A study at the
single-particle level provides newer and deeper insights about
the system under study.23−27 Despite the large number of
investigations12,15,17,18,21,28 on understanding the nature of
citrate on the NP surface, structural details of the species at the
surface are still unknown, as such studies are challenging. All the
studies mentioned above have been performed on an ensemble
of NPs. Although citrate-capped Au and Ag NPs have been used
extensively in single-particle and single-molecule SERS stud-
ies,29−31 understanding the binding modes and existence of
photocatalyzed products of citrate at a single-particle level are
still elusive.
Herein we introduce a technique that couples confocal Raman

microspectroscopy (CRM) with dark field microscopy (DFM)
to visualize dynamically changing AgNPs under laser irradiation
and perform temporal SERS at the single-particle level. Time-
dependent single-particle SERS (SP-SERS) measurements were
performed on specific AgNPs (showing surface plasmon
resonance (SPR), between 640−670 nm and appearing red in
DFM). A large set of distinct SERS spectra (1400 spectra) of
citrate were observed in time-dependent SP-SERS measure-
ments. Each spectrum took about 2 s for measurement, which
includes spectrum accumulation, data storage, and a dwell time
(1 s) before collecting the next spectrum. Due to the large
number of distinct spectra, a cluster analysis (CA) algorithmwas
used to group the spectra. Two types of groups were observed
from the CA, which were termed as favorable (F) and probable
(P) spectra based on their likelihood of appearance and
intensities. F-spectra appeared frequently (number of spectra
> 5) in temporal SERS, whereas P-spectra appeared less than five
times. Theoretical simulations were performed tomodel binding
modes of citrate on the Ag(111) surface, and the Raman spectra
were computed, which were compared with the experimental
spectral groups. Additional investigations on understanding the
changes in the vibrational frequencies were performed using
isotopically labeled (2,2,4,4-d4-deuterated) citrate-protected
AgNPs. Each of the distinct spectra of citrate gave comple-
mentary pieces of information about its structure and variants.
This systematic analysis of distinct spectra of ligands using SP-
SERS and DFM in conjunction with computations may lead to a
vibrational tomography (VT) of ligands and understand details
of one of the most ubiquitous NPs, including their ligand shell
with their details of adsorbate structure. We note that the term
VT is used here to indicate the approach that resembles slicing of
an object (ligand) through several orientations and reconstruct-
ing its three-dimensional structure. However, the structure
reconstructed is that of the ligands and their orientations using
VT, and a detailed picture of the core of the nanoparticle can be
obtained only via electron microscopy. Combined inputs from
electron microscopy and VT may be used to reconstruct the
complete 3D picture of the NPs.

■ MATERIALS AND METHODS

Materials. TSC dihydrate (>99%) was purchased from
Merck Life Science Private Limited. Silver nitrate (99.9%) was
purchased from RANKEM, India. 3-(Mercaptopropyl)-
trimethoxysilane was purchased from Sigma-Aldrich. Deuter-
ated citric acid was purchased from Cambridge Isotopes
Laboratories, Inc. Other reagents were of analytical grade and
used without further purification. Deionized water (DI; ∼18.2
MΩ) obtained from Milli-Q was used throughout the
experiments.

Synthesis of Citrate-Capped Silver Nanoparticles.
AgNP sols were synthesized using the modified Turkevich
method.32,33 Briefly, AgNO3 (17 mg in 100 mL of DI water)
solution was heated to boil, and then trisodium citrate (40 mg in
2 mL of DI water) was added. Once the color of the solution
changed to pale yellow, it was quenched under tap water. The
formation of AgNPs was confirmed by UV−vis spectroscopy,
transmission electron microscopy (TEM), and DFM. Synthe-
sized AgNPs were polydispersed in size, and their shape was
confirmed by imaging techniques.

Immobilization of Nanoparticles. The immobilization of
AgNPs on the glass slide was done by the pinpoint
immobilization method. Briefly, an ultrasonically cleaned 1
mm thick glass slide (SCHOTT) was flushed with 5 mL of a
solution of (3-mercaptopropyl)trimethoxysilane (2 μM in
ethanol). Then it was washed extensively with ethanol twice
to remove excess MPTMS, followed by DI water. About a 10 μL
dispersion of NPs was drop-casted and covered with a clean glass
coverslip for 30 min of incubation. After incubation, the
coverslip was removed and the glass slide was washed extensively
with DI water to remove the unbound NPs. Then, 2 μL of DI
water was dropped on the immobilized region and covered with
a 0.145 mm thick Nexterion cleanroom cleaned coverslip. It was
sealed with nail paint on the sides to avoid drying of samples. In
the overall procedure, care was taken to expose only one side of
the slide to chemicals.

Instrumentation. UV−visible spectroscopic measurements
were performed using a PerkinElmer Lambda 25 spectropho-
tometer in the range of 200−1100 nm. TEM measurements
were performed using a JEOL 3010, 300 kV instrument. Samples
were spotted on carbon-coated copper grids by drop-casting
followed by drying in ambient air. Field emission scanning
electron microscopy (FESEM) measurements were performed
using a Thermo Scientific Verios G4 UC SEM having a
retractable detector.

Single-Particle Imaging and Confocal Raman Micro-
spectroscopy Setup for SP-SERS. Home-built dark-field
assisted confocal Raman microspectroscopy (DF CRMS) setup
was used for single-particle measurements. Immobilized NPs
were first focused with Dage Excel M cooled CCD camera with
the help of a Cytoviva high-resolution dark-field condenser and
Olympus 100× oil immersion objective. Time-dependent SP-
SERS spectra were collected with a WITec GmbH confocal
Raman microscope equipped with 632.8 nm (He−Ne gas) laser
having an output power of 650 μWon the sample for monitoring
red-colored AgNPs. This instrument was equipped with an
Olympus BX41 optical microscope and a thermoelectrically
cooled charge-coupled detector (ANDOR CCD Detection
System) with a 1024 × 1024 pixel format, operating at −80 °C.
The initial signals were calibrated using the 520 cm−1 vibrational
mode of silicon with 100× air objective. A total of 150 grooves/
mm grating was used for collecting plasmonic scattering spectra
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of AgNPs and 600 grooves/mm was used for SERS measure-
ments. Acquisition time was 1 s throughout the time-dependent
experiments.
SP-SERS Spectral Collection. For the SP-SERS spectral

collection, the following steps were undertaken:

• At first, an individual red particle was focused using the
dark-field camera with a white light source. Then, its
plasmonic scattering spectrum was collected.

• Then a white light was switched off, followed by the
irradiation of the laser on the same particle, and time-
dependent SERS spectra were collected with the
measurement time of 2 s.

• Time-dependent spectra were collected for 200−400 s
per particle.

• The laser was then turned off, and finally, the plasmonic
scattering spectrum of the same particle was collected.

• The above-mentioned sequence was repeated for all the
red particles that were monitored for SP-SERS.

Peak Fitting of SP-SERS Spectra. Peak fitting of SP-SERS
spectra were performed by using theOriginPro 2020b (Learning
Edition, OriginLab Corporation, Northampton, MA, U.S.A.)
software. In a nonlinear fitting, under the category of peak
functions, the Gaussian function was chosen for peak fitting. The
best fit was adapted by selecting parameters (base, center, fwhm,
and area of peaks) in such a way that minimized the deviations of
the experimental spectra, compared to fitted plots. Multiple
iterations of χ-square were performed to converge the fit.
Data Processing and Cluster Analysis. Data processing

and analysis were performed using Matlab 2016 (Mathworks)
and IJ toolkit plugins of ImageJ.34 Baseline correction and peak
fitting of spectra were done in the origin. The spectra were
vector normalized for better comparison and band assignments.
Theoretical Calculations. The structures and interactions

of a citrate molecule on the surface of a AgNP were studied
computationally by considering a few simplified model systems

such as a small piece of the surface that was cut out from a bulk
Ag crystal along the (111) plane to largely mimic the facets of Ag
NPs. The geometry optimizations were performed in the real
space density functional theory (DFT) with the projector
augmented wave method (PAW), as implemented in
GPAW,35,36 using the PBE functional.37 The PAW setup was
used as Ag (4d105s1), O (2s22p4), C (2s22p2), H (1s1), and Na
(3s1), with scalar-relativistic effects included for Ag. The
geometry optimizations of the Ag nanocluster and surface
were kept fixed and carried out with a grid spacing of 0.2 Å and
minimizing the residual forces without any symmetry con-
straints by 0.05 eV/Å.
Further, DFT calculations were performed using the B3LYP/

6-31+G(d) functional/basis set, as implemented in the Gaussian
09 package.35,37 The structures of global and local minima
(stable and transition structures) were optimized with the
B3LYP density functional. The 6-31+G(d) basis set was adopted
for C, H, O, and Na, whereas the Ag atom was described by the
LANL2DZ basis set and the associated effective core potential,
which was demonstrated to be a suitable choice to describe the
reactivity of the metal centers. The calculated vibrational spectra
of the citrate molecule were compared with the experimental
spectra, and the main peaks were identified. The calculated
harmonic vibrational frequencies were typically larger than the
fundamental frequencies observed experimentally and therefore
have to be scaled according to the method and basis set used.
The determination of appropriate scale factors for estimating
fundamental experimental frequencies from theoretical harmon-
ic frequencies has received considerable attention in the
literature.38 The scaling factor for B3LYP/6-31+G(d), as
obtained from the literature, was 0.95.39

■ RESULTS AND DISCUSSION

Distinct Spectra of Citrate Obtained During SP-SERS.
Visualizing NPs at the single-particle level and understanding

Figure 1. (a) Schematic representation of the interaction of citrate-capped AgNPwith an excitation laser leading to the appearance of distinct SP-SERS
spectra, (b) plasmonic hyperspectral image, (c) plasmonic scattering spectra (normalized) of immobilized citrate-capped AgNPs, spectra of encircled
individual nanoparticles (b) are shown in (c), and (d) distinct SP-SERS spectra of citrate (i−vi) obtained during time-dependent measurements
(colored bands correspond to vibrational modes of adsorbed species, and each distinct spectrum belongs to various binding modes and structures of
citrate). An individual TSC and a silver atom are also shown in (a).
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the nature of ligands on the particle surface are important in the
development of ligand-stabilized NPs.15 Laser-induced plasmon
tuning and the subsequent appearance of SERS in single AgNPs
were demonstrated in our recent work, where a simultaneous
study of plasmonic spectroscopy and Raman scattering was
performed using a custom-built DFM-coupled confocal Raman
microspectrometer.32 To conduct the present work, a similar
setup with modifications in the excitation source and dark field
condenser was used. A schematic and a photograph of the
experimental setup are presented in Figure S1, which is capable
of measuring the plasmonic scattering spectra of single NPs and
time-dependent SERS spectra of the capped ligands on them,
sequentially. Citrate-capped AgNPs used for SP-SERS were
characterized by UV−visible absorption spectroscopy and TEM
(Figure S2). Out of all the immobilized AgNPs, red-colored
AgNPs, as seen under DFM, were monitored selectively with an
excitation source (632.8 nm) at 1.3 μW incident (0.5 μW
absorbed) power per NP. Laser power calculations incident/
absorbed per NP are explained in the Supporting Information
(SI). AgNPs were selected such that their plasmonic scattering
band (640−670 nm) was at slightly higher wavelength with
respect to the Raman excitation wavelength. This was done to
overlap the high energy shoulder of the plasmon with the Raman
excitation and downward molecular vibronic transitions, which
results in better SERS activity.40 This is one of the conditions for
the on-resonance state of SERS.32,40 The LSPR spectrum in the
range of 640−670 nm in the plasmonic hyperspectral imaging
corresponds to the scattering property of selected individual
NPs, whereas the LSPR band centered around 419 nm in the
UV−visible spectrum corresponds to the absorption property of
the bulk colloid. To understand the distribution of immobilized
individual AgNPs and their interparticle spacing, we have
performed FESEM of immobilized AgNPs on conducting glass
slide (ITO-coated transparent glass slide with dimensions, 76 ×
26 × 1.1 mm, similar to HSI glass slide). Single NPs and small
aggregates of 2−3 particles were observed in such FESEM
images, and these were considered as individual NPs (Figure
S3). For the immobilized AgNPs used for SP-SERS, the particle
density and interparticle distance calculations derived from
them were performed using DFM images shown in Figure S4.
Further verification of such individual particles was performed
using plasmonic scattering spectroscopy.
In the past, various aggregating agents like mineral acids and

salts have been used to enhance SERS signals of citrate, using
citrate-capped AgNPs.17,41 Unlike previous reports, we have
successfully acquired time-dependent SP-SERS spectra of citrate
in the absence of aggregating agents. This was possible due to
the particle dynamics-induced plasmon-enhanced Raman
scattering (PDI-PERS) phenomenon.32 A schematic shown in
Figure 1a shows the appearance of distinct spectra from an
individual citrate-capped AgNP due to PDI-PERS. Immobilized
individual AgNPs were characterized by plasmonic hyper-
spectral imaging and spectroscopy (Figure 1b,c). Distinctly
different spectra (Figure 1d) were obtained during time-
dependent SERS. To understand these distinct spectra of citrate
(Figure 1d), we investigated the vibrational bands of TSC
experimentally and theoretically. DFT optimized structure of
TSC and simulated Raman spectrum of the same are presented
in comparison to the experimental spectrum (Figure S5). A
good match between the simulated and experimental spectra of
TSC was observed (Figure S5a). Five major bands in the range
of 750−2000 cm−1 were present in the Raman spectrum of TSC.
Band assignments and the various modes of vibrations are

displayed in Figure S5a and S5b, respectively. Assignments
(Table S1) of distinct SERS spectra of citrate (Figure 1d) were
made with the help of the simulated Raman spectrum of TSC
(Figure S5a) and existing literature on the SERS of
citrate.14,17,19,42 Each contrasting color band in Figure 1d
corresponds to a specific vibrational mode of citrate. Vibrational
markers of the carboxylate group of citrate corresponding to
υasym(COO

−) and υsym(COO
−) were present in the regions of

1560−1640 and 1350−1420 cm−1, respectively, depicted in gray
and blue bands. Dominant intensities of υasym(COO

−) and
υsym(COO

−) vibrations in the spectra showed the binding
between the COO− group and the Ag surface. The third
important band lies in the region of 1050−1100 cm−1, which
corresponds to υ(C−O). Bending vibrations of δ(COO−)
appeared at 820−870 cm−1, while stretching vibrations of (C−
COO) appeared at 930−980 cm−1. These were weak or absent
in the SP-SERS spectra, although they were intense in a typical
Raman spectrum. This was attributed to the tilting of COO−

group with respect to the Ag surface in the adsorbed state.17

Bands at 1130−1170 and 1440−1480 cm−1 were assigned to
CH2 vibrations.
Distinct SP-SERS spectra (Figure 1d, i−vi) displayed

variations in their peak positions and intensities that have
been correlated to the different binding modes and inter-
mediates of citrate. To ensure that these distinct features were
only from citrate or its derived species but not from the
immobil iz ing agent , that is , (3-mercaptopropyl)-
trimethoxysilane (MPTMS), we performed a control experi-
ment where AgNPs were drop-casted withoutMPTMS and used
for SP-SERS. Similar vibrational features (Figure S6) were
observed in the absence of MPTMS, which confirmed that the
peaks arose from citrate. Additional data were obtained using
deuterated citrate (to be presented later). Plasmonic scattering
spectra and DFM images of AgNPs monitored before and after
laser exposure are shown in Figure S7. Changes in the color of
AgNPs are attributed to laser-induced particle reshaping and
reorientation of NPs, as reported previously.32 To avoid
significant heating effects on NPs, we have performed
experiments at a low laser power of ∼1.3 μW per NP (particle
size was 50 ± 10 nm). Insights obtained from the distinct SP-
SERS spectra of citrate are discussed in the sections below.

CA of Time-Dependent SP-SERS Spectra.Wemonitored
25 individual red-colored particles, as seen in DFM images
(Figure S7) for time-dependent SP-SERS. Some were SERS
active (20%), and others were inactive (80%). A total of 1400
spectra, each with ameasurement time of 2 s were collected from
SERS active NPs (five particles). Although we have monitored
as many as 25 particles for SP-SERS, only 20% of all NPs were
SERS active since SERS is highly specific, and citrate is a
nonresonant molecule. Also, monitoring SP-SERS of AgNPs
with similar plasmonic scattering spectra from heterogeneous
sample is challenging and tricky. We have done statistical
analysis of SERS spectra obtained from SERS-active NPs and
not on all the NPs. We obtained 1400 SERS spectra on which
cluster analysis was performed to understand the variability in
spectra corresponding to the orientations of the ligand. Since we
have monitored a large set of time-dependent SERS spectra, the
issue of statistical reliability arising from a small set of SERS-
active NPs is not important for the conclusions drawn. To gain
insights into the molecular information from a large set of
spectra, a CA algorithm34,43 was applied for statistical grouping.
The algorithm groups or classifies the random SP-SERS spectra
into clusters or groups of similar spectra. A cluster is a set of
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entities, which are alike, based on specific features.44 These
spectra were used for CA, and the algorithmwas runwith various
parameters such as tolerance limit, randomization seed, and
noise threshold.34 These technical terms, CA code, and the
sequence of steps followed for running the algorithm have been
explained in the SI, clustering methods and algorithms. All the
spectra (1400) were grouped to 15 clusters. When more than 15
clusters were chosen, it resulted in the generation of certain
identical clusters. We observed that when fixed values of the
cluster center tolerance limit, randomization seed, noise-
threshold, and same set of spectra and number of clusters
were taken while running CA, it resulted in the same pattern of
clusters, indicating that such clustering is representative of the
set.
Twomajor categories were observed in CA based on the value

of noise-threshold. One category corresponded to those spectra,
which were above a noise-threshold, and others were below the
threshold. The intensity of the signals was measured in terms of
counts. The category with the intensity of signals of more than
80 contained 619 spectra displayed in Figure 2a. Each colored
spectral group (Figure 2a) originated from an individual particle.
Various colors in Figure 2 indicate a set with spectra obtained
from five individual AgNPs. It is important to have some idea
about the morphology and nature of the SERS-yielding AgNPs.
It is equally important to know which types of orientations are
preferred for which individual NPs. Hence, to have information
about AgNPs and the orientations of citrate arising from the
former, we have grouped SP-SERS spectra with high S/N in
different clusters with various colors.

The remaining 781 spectra (Figure S8) out of 1400 belonged
to a second category with intensities below the noise-threshold.
Some spectra composed of cosmic rays also appeared that
possessed sharp spikes and spurious features having a line width
typically narrower than Raman bands.45 Such cosmic rays/
spikes45 were removed from the signal spectra. It was done to
avoid interference from such peaks in the spectral assignment.
Distinct spectra observed were shown in the waterfall plot

(Figure 2a). In the set of 15 clusters, 3 clusters with 781, 35, and
5 spectra belonged to blank, broad, and noisy spectra,
respectively (Figure S8). From the remaining 12 clusters, 6
clusters possessed 346, 148, 43, 13, 10, and 6 spectra, as shown
in Figure 2 (c1−c6), and the other 6 clusters (c7−c12)
possessed 4, 4, 2, 1, 1, and 1 spectra, respectively, presented in
Figure S9. These 12 clusters possess spectra with better S/N and
were further classified into two subgroups as F and P spectra
based on their likelihood of appearance and intensities. An
overview of the CA process is outlined in Figure 2.

Analysis of Structural Models of Citrate: F and P
Spectra. The first group (F-spectra) with six clusters contained
spectra with the probability of appearance greater than 1% (i.e.,
number of spectra > 5 per cluster) and had intensities in the
range of 100−2000 counts. The other group (P-spectra) also
possessed six clusters, where each cluster contained less than five
spectra and had intensities in the range of 2000−12000. When
adsorbates are present on the more uniform surfaces of NPs,
they may give SERS with lower intensities but when they are
present at hotspots, such as vertices or grooves, higher intensities
could occur.46 Also, enhanced signal intensity in P-spectra

Figure 2. CA of time-dependent SP-SERS spectra leading to multiple spectral collections. (a) Waterfall stack of 619 spectra obtained from five
individual AgNPs, where the z-axis indicates the number of spectra that are color coded for each AgNP under observation. c1−c6 and c7−c12
represent various clusters that consist of spectra based on their similarity after CA of (a). Finally, two subgroups, termed as F and P spectra, were
obtained from different clusters based on their likelihood of appearance and intensities (see text).
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compared to F-spectra is likely to be due to the laser-induced
reshaping of AgNPs with time that leads to the preferential
appearance of hotpots on the NP surface.32 Chemical enhance-
ment (CE) process that arises due to the formation of charge
transfer complexes between the ligands and NPs are very likely
to contribute to SERS intensity fluctuations. The contribution of
CEmay result in further enhancement of SERS intensities giving
rise to the SERS-probable spectra. According to the literature,
various binding modes of citrate such as unidentate (η1),11,19,41

bidentate (η2),7,11,19 bridging (μ),11,15,19 combination (η1, η2,
μ), and photodecomposed products47,48 are reported. A list of all

the η1, η2, and μ binding modes of one of the carboxylate
(COO−) of citrate is presented in Table 1.
An OH group in the α-position of carboxylic acid/carboxylate

(Scheme 1) is known to enhance photodecarboxylation
reaction, because this group can be transformed into an
aldehyde or ketone group by two consecutive electron-transfer
reactions.49 Photodecarboxylation of citrate to acetonedicarbox-
ylate has been described with the schematic shown below
(Scheme 1). In such photodecarboxylation, along with the
removal of CO2, H

• is also produced. Understanding of the fate
of H• on the surface of AgNPs is elusive at present, and we have
not attempted to study this.

Table 1. Various Binding Modes of −COO− Group of Citratea

aX attached with −COO− indicates the remaining structure of citrate.

Scheme 1. Photodecarboxylation of Citrate to Acetonedicarboxylate in a Two-Step Process Due to the Presence of α-OH Group
and Laser-Induced Plasmon Heatinga

aPhotolysis produces a free electron at both the C6OO and the AgNP, which are shown. The product, acetonedicarboxylate, is bound to AgNPs.
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Citrate, a complex molecule possesses six carbon atoms with
three COO− and one α-OH group. Three COO− groups are

positioned as C1 (terminal), C5 (terminal), and C6 (central), as
shown in Scheme 1. The α-OH group is attached to C3 as C3−O.

Figure 3. F-spectra with the percentage of spectral populations (a−f) and the corresponding structural models (i−vi) as insets. Specific features of
relevance in each spectrum are indicated. TSC, silver atom, and vibrational bands are shown at the top. All six carbon atoms are numbered in TSC.
Vibrational modes are color-coded.

Figure 4. P-spectra and the number of their spectral populations (a−f), with the corresponding structural models (i−vi). Specific features of relevance
in each spectrum are indicated. TSC, silver atom, and vibrational bands are shown at the top. All six carbon atoms are numbered in TSC. Vibrational
modes are color-coded.
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Different adsorbate models were proposed based on the existing
literature11−16,18,19,47 and new DFT simulations. In the analysis
sequence, at first, peak fitting of the F and P spectra (Figure 3
and Figure 4) was performed to evaluate the changes in the
vibrational bands. Details about the peak fitting are discussed in
the Materials and Methods section. Later, intensity differences
of COO−, C−O, and CH2 peaks were considered to propose
different binding modes and structures of citrate. In all the
spectra, peak intensities of υasym(COO−) vibrations were
stronger than υsym(COO

−), suggesting that unidentate coordi-
nation of COO− (η1) with Ag surface was largely preferred in
SP-SERS.14,41 In contrast, higher intensity of υsym(COO

−)
indicates the bidentate or bridging (η2 or μ) coordination. In the
proposed models and DFT simulations of adsorbate structures,
when COO− was bound with the Ag surface, Na+ attached with
the specific COO− was neglected that satisfies the coordination
of COO− with Ag surface and charge balance. Proposed models
corresponding to the spectra are discussed below.
F-Spectra. In the case of F-spectra, two types of spectra were

observed dominantly. In the first type (Figure 3a), the peak
corresponding to υ(C3−O) was absent while in the other
(Figure 3b−f) it was present. Peak intensity of υ(C3−O) was
higher than υasym(COO

−) in the spectra (Figure 3b,c,e,f), except
in Figure 3d, where the intensity ratio was the reverse.Moreover,
υasym(COO

−) vibrations were stronger than υsym(COO
−) in all

spectra (Figure 3a−f).
In the first spectrum (Figure 3a) of the F category,

υasym(COO
−) being dominant over υsym(COO

−), indicated
the η1 binding mode for C1, C5, and C6 carboxylates.

41 However,
a peak at 1946 cm−1 corresponding to υ(C3O) was observed
that arises due to the photodecarboxylation of C6OO

−, as shown
in Scheme 1.47 The third major peak at 1080−1120 cm−1 due to
υ(C3−O) of α-OH was absent, which indicated no direct
interaction of C3−Owith the Ag surface.19 Hence, the structural
model in Figure 3a(i) with η1 of C1OO

−, C5OO
−, and υ(C3

O) was favored for the first spectrum (Figure 3a). This model
contributes about 61.2% (346 spectra) of the total population
(619 spectra) of SP-SERS. Spectra with photodecarboxylation is
dominant. Due to localized plasmon heating, photodecarboxy-
lated species can appear more even when the laser power is low.
In the spectrum of Figure 3b, the appearance of a peak at

1074−1080 cm−1 corresponds to direct interaction of υ(C3−O)
with the surface. The absence of the 1946 cm−1 peak indicates
that this spectrum is devoid of decarboxylated species (Scheme
1). As υasym(COO

−) is stronger than υsym(COO
−), the η1 mode

is favored for C1, C5, and C6. The absence of peaks in the region
of 1345−1385 cm−1 suggests C1OO

− andC5OO
− away from the

Ag surface. Thus, a model corresponding to η1 of C6OO
− and

υ(C3−O) interacting with Ag surface is shown in Figure 3b(ii).
This model contributes to 26.1% (148 spectra) of the total
population.
The spectrum of Figure 3c is similar to Figure 3b, with the

only differences in enhanced intensities of peaks at ∼1200 and
∼1400 cm−1. These features are due to CH2 vibrations and the
enhanced intensity suggests that CH2 groups vibrate perpen-
dicular to the Ag surface. A new peak at 558 cm−1 is present,
which is due to δ(COO−).17 Hence, the structural model of
citrate for the spectrum in Figure 3c is similar to Figure 3b, with
CH2 groups perpendicular to the Ag surface and this model
contributes 7.5% (43 spectra) to the total population.
In Figure 3d, four new peaks appear at 720, 820, 1324, and

1364 cm−1, which are due to δ(COO−) and υsym(COO
−). These

vibrations arise when COO− is in the η2 mode.7,11,41 With the

presence of δ(COO−), we may suggest that either of the C1OO
−

and C5OO
− remain away from the Ag surface. The higher

intensity of υasym(COO
−) than υsym(COO

−) favors η1 binding of
C6OO

−. Thus, we propose η2 of C1OO
− and η1 of C6OO

−, along
with υ(C3−O) binding with the Ag surface, and the
corresponding structural model is presented in Figure 3d(iv).
This model contributes to 2.2% (13 spectra) of the total
population.
Figure 3e is similar to Figure 3d with slight variations in

δ(CH2) vibrations. These variations do not cause much change
in the COO− binding, rather the orientation of the CH2 groups
gets affected. The structural model is presented as Figure 3e(v),
and it contributes 2.0% (10 spectra) to the total population.
The spectrum in Figure 3f has a new peak at 1508 cm−1, which

is due to the υasym(COO
−). This arises due to the η1 binding of

the terminal carboxylates (C1OO
− and C5OO

−). Other peaks at
∼1080 cm−1 and the weak intensity of ∼1380 cm−1 are due to
υ(C3−O) and η1 of C6OO

−. With the presence of δ(COO−), we
suggest that either of the C1OO

− and C5OO
− remain away from

the Ag surface. Hence, η1 for both C1OO
− and C6OO

−, and
υ(C3−O) are proposed for this spectrum, and a model is
presented in Figure 3f(vi) that contributes to 1% of the total SP-
SERS.

P-Spectra. In the P group (Figure 4) also, two types of
spectra were observed. In the first type, the intensity of
υsym(COO

−) was higher than υasym(COO
−) and υ(C3−O),

favoring η2 and μ (Figure 4a,c,d) binding modes of COO−, while
in the second type, υasym(COO

−) vibrations were stronger than
υsym(COO

−) and υ(C3−O) (Figure 4b,e,f), favoring the η1

binding mode.
In Figure 4a, the combination of υsym(COO

−) and δ(CH2)
vibrations that appear at 1388, 1462, and 1486 cm−1 were higher
in intensity than υasym(COO

−) at 1584 cm−1, indicating the η2

mode of C1OO
−, C5OO

−, and C6OO
−. However, the presence

of 1890 cm−1 peak corresponds to υ(C3O) (Scheme 1). Also,
two other peaks at 1033 and 1078 cm−1 due to υ(C−O) were
present. The intense peak at 1033 cm−1 indicates the coupling of
C−O with CH2 vibrations. Thus, η2 of C1OO

− with η1 of
C5OO

− and υ(C3O) are favored for this spectrum, and the
corresponding adsorbate model is presented as Figure 4a(i).
This spectrum appeared only once during the time-dependent
spectra.
The spectrum in Figure 4b has υasym(COO

−) as a dominant
feature with multiple peaks at 1512, 1530, 1585, and 1602 cm−1,
respectively, which indicate η1 binding for all the three COO−

groups. Peaks around ∼1380−1420 cm−1 due to υsym(COO
−)

are absent. Enhanced δ(CH2) features indicate that these vibrate
perpendicular to the surface, and the peak intensity at ∼1077
cm−1 is weak, which supports weaker interaction of υ(C3−O)
with the surface. Thus, η1 of C1OO

−, C5OO
−, and C6OO

− are
favored for the spectrum, and the corresponding structure is
shown in Figure 4b(ii). This spectrum also appeared once
during SP-SERS.
In Figure 4c, υsym(COO

−) peaks are more dominant than
υasym(COO

−), indicating the η2 mode for C1OO
−, C5OO

−, and
C6OO

−. The presence of a strong peak at 970 cm−1 is due to
δ(COO−), leading to terminal carboxylates (C1OO

−/C5OO
−)

away from the surface. The absence of the 1080 cm−1 peak
depicts no binding of υ(C3−O) with the surface. The structural
model having a η2 binding of C1OO

− and C6OO
− with C5OO

−

remaining unbound is presented in Figure 4c(iii). This spectrum
also appeared once in the set.
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Figure 4d is similar to Figure 4a, with the only difference in
intensities of 1585 and 1030 cm−1. In the spectrum in Figure 4d,
the 1030 cm−1 peak is more intense than that at 1585 cm−1,
while the spectrum in Figure 4a has the reverse. This indicates
that υ(COO−) and υ(C3−O) are the same as shown in the
structure shown in Figure 4a(i). However, slight variations are
observed in the orientation with respect to the surface. This
spectrum appeared twice in the set.

The spectra in Figure 4e,f have similar features with variations
in peak intensities of ∼1580 and ∼1077 cm−1. As the
υasym(COO

−) peak is dominant over υsym(COO
−), we propose

a structure with η1 binding of C1OO
− and C5OO

−. The presence
of the ∼1077 cm−1 peak confirms the binding of υ(C3−O) with
the surface. Hence, the structural model having η1 of C1OO

−,
C5OO

− with υ(C3−O) is presented in the insets of Figure 4e(v)
and f(vi). These spectra (Figure 4e,f) appeared four times in the
set.

Table 2. Summary of Spectral Probability of Occurrence, Vibrational Features, Assignments, and Their Corresponding Binding
Modes of Citrate Attributed to F and P Spectra

subgroup
(type of
cluster)

probability of
occurrence/total SERS

spectra (619)
major vibrational peaks (cm1;

intensity counts*) vibrational assignments binding modes
figures and
structures

F(c1) 346 1605 > 1389, 1948 υasym(COO
−) > υsym(COO

−),
decarboxylated-υ(C3O)

η1 of C1OO
− and C5OO

− Figure 3a,a(i)

F(c2) 148 1585, 1081, 1187 (227*), 1385
(absent)

υasym(COO
−, υ(C3−O), and δ(CH2) η1 of C6OO

− and δ(CH2) Figure 3b,b(ii)

F(c3) 43 1585, 1081, 1187 (553*), 1385
(absent)

υasm(COO
−), υ(C3−O), and δ(CH2) η1 of C6OO

− and δ(CH2)
⊥ to Ag surface

Figure 3c,c(iii)

F(c4) 13 720, 820, 1324, 1586 > 1364,
1077, 1187 (885*)

υasym(COO
−) > υsym(COO

−), δ(COO−),
υ(C3−O), and δ(CH2)

η1 of C6OO
−, η2 of C1OO

−

and δ(CH2) ⊥ to Ag surface
Figure 3d,d(iv)

F(c5) 10 720, 820, 1324, 1586 > 1364,
1077, 1187 (250*)

δ(COO−), υasym(COO
−) > υsym(COO

−),
υ(C3O), and δ(CH2)

η1 of C6OO
−, η2 of C1OO

−

and δ(CH2)
Figure 3e,e(v)

F(c6) 6 720, 820, 1508, 1586, 1077 δ(COO−), υasym(COO
−) > υsym(COO

−) and
υ(C3−O)

η1 of C1OO
− and C6OO

− Figure 3f,f(vi)

P(c7) 4 1585 > 1364, 1077 υasym(COO
−) > υsym(COO

−) and υ(C3−O) η1 of C1OO and C5OO
− Figure 4f,4f(ui)

P(c8) 4 1586 > 1364, 1077 υasym(COO
−) > υsym(COO

−) and υ(C3−O) η1 of C1OO and C5OO
− Figure 4e,e(v)

P(c9) 2 1035 (10100*), (1388 and 1462
> 1486 and 1584), 1890

υ(C3−O) + δ(CH2), υsym(COO)
> υasym(COO

−), δ(CH2), and
decarboxylated-υ(C3O)

η2 of C1OO
− and η1 of

C5OO
−

Figure 4d,d(iv)

P(c10) 1 (1365 and 1412
> (1586 and 1612),
(1454, 1497), (720, 820, 970)

υsym(COO
−) > υasym(COO

−), δ(CH2], and
δ(COO−)

η3 of C1OO
− and C6OO

− Figure 4c,c(iii)

P(c11) 1 1512, 1530, 1584, 1253, and 1293 υasym(COO
−) > υsym(COO

−) and δ(CH2) η1 of C1OO
−, C5OO

−,
C6OO

−, and δ(CH2)
⊥ to Ag surface

Figure 4b,b(ii)

P(c12) 1 1035 (7700*), (1388 and 1462
> 1486 and 1584), 1890

υ(C3−O) + δ(CH2), υsym(COO
−)

> υasym(COO
−), δ(CH2), and

decarboxylated-υ(C3O)

η2 of C1OO
− and η1 of

C5OO
−

Figure 4a,a(i)

Figure 5.Comparison between simulated and experimental (F and P) spectra (a−d) and their corresponding optimized structures (i−iv) with various
binding modes of COO− and C−O. Simulated spectra of a, b, c, and d correspond to F-346 (Figure 3a), F-43 (Figure 3c), P-1 (Figure 4c), and P-1
(Figure 4b) spectra, respectively.
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To make it easier for the reader to correlate the data, a
summary of all the binding modes of citrate occurring in the two
subgroups of F and P spectra are tabulated in Table 2.
Based on the proposed models, these structures were

simulated according to the bonding interactions of the COO−

and α-OH groups to the NP surface, namely, η1, η2, and μ
coordination or a combination of these. Interaction of citrate
with the surface of AgNP was studied computationally by
considering a few simplified model systems, such as a surface
that was cut out from the bulk Ag crystal along the (111) plane,

to largely mimic one of the facets of AgNPs. Frequency
calculations were performed to assess the nature of υ(COO−)
and υ(C3−O). The simplifiedmodel surface with 25 silver atoms
provide sufficient space to accommodate all the possible
interactions of citrate over the Ag surface. Although a larger
model would have been considered, a lesser number of Ag atoms
also made it feasible to conduct vibrational frequency
calculations. Coordinates of the optimized structures of citrate,
Ag55, Ag25, and Ag25−citrate structures are mentioned in the
Appendices of the SI. Four structures of citrate with different

Figure 6. Comparison of SP-SERS spectra of normal citrate-capped AgNPs (a) and deuterated citrate-capped AgNPs (b). Structural models
corresponding to normal citrate and deuterated citrate are shown next to the spectra. Spectral assignments are marked with dotted lines.

Scheme 2. Schematic Representation of Various LigandGeometries of Citrate on the Crystallographic Planes of AgNPs, Shown in
Two Tomographic Arrangements (I and II)a

aA combination of all these structures lead to VT of citrate. The images of AgNPs shown are selected from HRTEM data and are used for
illustrative purposes.
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binding modes and a comparison between the experimental and
simulated spectra, corresponding to F and P groups are
presented in Figure 5a−d. The spectra displayed a positive
correlation between the simulated and the experimental spectra
with optimized structures of citrate as insets. It is evident that
simulated spectra were sensitive toward the binding of COO−

with the Ag surface, through η1, η2, and μ coordination. The
binding mode η1 was favorable than η2 and μ in most of the
optimized structures (Figure 5).
However, some discrepancies were observed between the

experimental and theoretical spectra, which are attributed to
factors such as geometrical discrepancies between simulated
models and experimentally accessible NPs, neglecting the
influence of water present as a medium and larger surface
coverage of citrate. The differences in experimental and
simulated spectra could also be due to an admixture of binding
modes of citrate for which there was no feasible way to perform
simulations.
Insights about Citrate Binding Modes Using Isotopi-

cally Labeled Citrate-Capped AgNPs. In order to confirm
that such modes of vibrations are due to citrate and variants of
photocatalyzed products, time-dependent SP-SERS experi-
ments were performed also with deuterated AgNPs. Deuterated
citrate (2,2,4,4-d4) was used for the synthesis of deuterium-
labeled AgNPs using the modified Turkevich method.33

Synthesized deuterated AgNPs were characterized by UV−vis
absorption spectroscopy, TEM, DFM, and plasmonic scattering
spectroscopy (Figure S10). A comparative Raman plot was
made between normal and deuterated TSC to understand the
vibrational shifts appearing in the C and D vibrations (Figure
S11). A similar CA was performed on the time-dependent SP-
SERS of deuterated citrate-capped AgNPs, which resulted in two
subgroups (F and P) according to their likelihood of spectral
appearance and intensities (Figure S12). A comparative SP-
SERS plot between deuterated and normal citrate is presented in
Figure 6 to understand the changes in the vibrational bands
described. Major features corresponding to υasym(COO

−) and
υ(C−O) modes were present at similar peak positions in
deuterated citrate-capped AgNPs as in normal AgNPs.
However, variations were observed in CH2 and CD2 vibrations,
marked with dotted lines in Figure 6.
A schematic below (Scheme 2) explains the various binding

modes of citrate we have identified on dynamically changing
individual AgNPs.
The center of the schematic has AgNPs capped with citrate

molecules in two possible orientations (I and II) with varying
hotspots and SERS favorable conditions. In one arrangement,
adsorbates are present in-between the NPs (hotspot) and on the
surface, while in the other arrangement, adsorbates are available
at the hotspots and locations near the hotspots where strong
plasmonic coupling takes place. Adsorbates present at the
hotspot belong to the P-category, while adsorbates on the
surface of NP or the places surrounding the hotspots belong to
the F-category. A combination of all these multitude of
orientations and binding modes help to reconstruct the three-
dimensional structure of citrate on the surface of AgNPs, leading
to VT of citrate-protected nanoparticles. Data collection and
reconstruction of these orientations are similar to the steps used
in tomographic reconstruction. Such a study can be used to
probe the changing ligand geometry during changes in the
particle, such as that which could occur during particle
reconstruction upon laser-irradiation. Many of these binding
modes and orientations of citrate may have been influenced by

the change in temperature due to laser-induced heating. Most of
the ligand structure information we have obtained corresponds
to room temperature. However, some of the orientations may
have arisen due to increased local plasmonic heating.32

However, the incident laser power of 1.3 μW per NP is far less
than the laser power (0.1−60 mW) used for other studies to
evaluate local temperature (100−2000 K).50−53 Richard-
Lacroix and Deckert have reported that under SERS/TERS
conditions, local temperature cannot be quantified exactly via
the Boltzmann equation alone, and the antiStokes/Stokes ratio
depends on more factors and not exclusively temperature.50

Moreover, in the case of SP-SERS for polydisperse AgNPs, there
are fluctuations caused in the SERS intensity with different
locations of hotspots that makes it challenging to evaluate the
localized temperature using the scattering ratio of antiStokes and
Stokes lines. However, this is a way forward to evaluate the
dependence of ligand orientations on the increase of temper-
ature due to the localized plasmonic heating using coherent
antiStokes Raman spectroscopy (CARS).51 But, with fast
spectral acquisition and enhanced computational capabilities
and with improved models it will be possible to understand each
one of the binding geometries existing on the nanoparticle
surface. This knowledge will be useful in reconstructing themost
of the ligand geometries possible on the nanoparticle, leading to
VT of ligands at the single-particle level.

Limitations and Solutions of the Technique. Some of
the limitations associated with the existing SP-SERS and VT
techniques and their possible solutions are mentioned below.

1 The imaging of AgNPs by DFM-coupled confocal Raman
microspectrometer lacks information about the morphol-
ogy of AgNPs, but correlative FESEM with the above-
mentioned integrated technique can be performed to
precisely define the time-dependent morphology of NPs.

2 Several efficient software are available to match Raman
spectrum of the unknown sample with the existing library
of Raman spectra. Similarly, some library of orientations
of a specific molecule can be developed to obtain an
immediate 3D picture or reconstruct ligand on the surface
of NPs.

3 Particle reshaping after performing time-dependent SERS
leads to changes inNP but that givesmobility to ligands to
adsorb at different facets for different orientations.
However, better SERS-active and stable NPs with ligands
having multitude of orientations can be utilized to work
efficiently with the reconstruction and VT of ligands.

■ CONCLUSIONS
In this work, we have analyzed time-dependent SP-SERS spectra
of citrate adsorbed on AgNPs. Studies were performed with
632.8 nm excitation at 1.3 μW incident power per NP. SP-SERS
played an important role in capturing the rare adsorbate
structures and intermediates of analytes on the NP surface. We
performed CA on temporal SERS spectra to simplify and
organize a set 1400 distinct spectra. This resulted in two
subgroups of spectra based on their likelihood of appearance and
intensities. The first group (F-spectra) where each cluster
possessed spectral populations greater than 1% of the total and
another (P-spectra) that contained below 1% of the spectra.
These distinct spectra were correlated to the different binding
modes, structures, and photocatalyzed variants of citrate
adsorbed on the AgNP surface. Various binding modes were
proposed, and DFT simulations were performed on them
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generating distinct spectra. The η1 binding was more favorable
than η2 and μ binding of COO− in most of the SP-SERS spectra.
Sodium citrate (2,2,4,4-d4) capped AgNPs were used to confirm
the variations observed in the vibrational features. We
demonstrated the general background and rationale for the
development of VT of ligands protected nanoparticles with the
necessary experimental and theoretical tools.
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Figure S1. (a) Schematic representation of the set-up for dark field microscopy coupled with 

confocal Raman microspectrometer, and (b) optical photograph of the set-up presented in (a).  

 

 

Figure S2. Characterization of citrate-capped AgNPs. (a) UV-visible absorption spectrum and 

(b) TEM image of as-synthesized AgNPs.  
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Calculation SI. Laser power incident per nanoparticle: 

Average diameter (D) of AgNPs = 50 nm 

Average radius (R) of AgNPs = 25 nm 

Area for spherical NPs – (A1 = 4πR2) is 7850 nm2 

Spot size of laser beam – A2 = πr2 and radius of beam spot (r) = (1.22 x λ x f/d), where λ is 

wavelength of incident laser light (632.8 nm), f is focal length of objective (1.8 mm for 100 X 
objective) and d is beam diameter (1.22 mm) 

r = (1.22 x 632.8 nm x 1.8 mm)/1.22 mm = 1139.04 nm or 1.14 μm 

A2 = 3.14 x 1139.04 x 1139.04 = 4.073x106 nm2 

Laser power at laser spot size (4.073x106 nm2) was 650 μW 

So, for 1 nm2 size laser power is 159.6x10-6 μW 

Laser power per NP (A1 = 7850 nm2) is 1.3 μW 

Calculation SII. Laser power absorbed per nanoparticle: 
 
Absorption/extinction efficiency (Qext) of NP, Qext = σeff/πr2, where σeff is the extinction 
coefficient/cross-section, and r is the radius of the NP. 
 
From UV-visible data of AgNPs, Absorbance (A) = ξcl, A = 0.532, c is concentration of NPs 

= 0.333x10-4 molL-1, l is length of cuvette = 1 cm, thus, ξ (molar extinction coefficient) = 

1.598x107. 
 
σeff = (ξ x 1000 x 2.303)/NA = 0.611x10-13 , NA is the Avogadro number. 
 
Qext = 7.787x10-4  
Laser power absorbed per NP = laser intensity x Qext = 650 μW x 7.787x10-4 = 0.5061 μW or 

~506 nW. 
 

 



S5 
 

 

Figure S3. FESEM images of AgNPs immobilized on an ITO glass slide. (a) Large area 
FESEM image, (b) magnified image of the encircled area of (a), (c) another large area FESEM 
image with 5 times higher magnification, and (d) magnified image of the encircled area of (c). 

 

 

Figure S4. Particle density calculations for the immobilized AgNPs used for SP-SERS. The particle 

density calculations were performed using DFM images with Image J software. Inter-particle distances 

are also mentioned in the DFM images. 
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Figure S5. (a) Comparison between the experimental and DFT calculated Raman spectra of 

TSC (assignments of the vibrational bands are displayed vertically along with colored bands) 

and (b) DFT optimized structures of TSC, calculated at the B3LYP/6-31 + G(d) level. The 

vibrational modes of TSC are shown pictorially with arrows.   

 

Table S1. Band assignments of SERS frequencies for distinct spectra of citrate (Figure 1b of 

manuscript) with the help of the simulated Raman spectrum of TSC (Figure S3a) and existing 

literature1–2 on the SERS of citrate. 

 

Notes: ν indicates stretching, νsym is symmetric stretching, νasym is asymmetric stretching, δ is 

in-plane bending and rocking, γ is out-of-plane wagging and twisting.  
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Figure S6. Comparison between SERS spectra obtained in immobilized and non-immobilized 

AgNPs. In both the cases, spectra were similar which indicated that spectra were due to citrate 

rather than MPTMS.  

 

Figure S7. Plasmonic scattering spectra of single AgNPs before and after laser exposure. DFM 

images of the particles monitored before and after laser exposure are displayed along with their 

scattering spectra. Dip in peak in all spectra is due to presence of laser band pass filter in the 

optical path (scale bar in all DFM images is 0.5 μm).  
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II. Clustering methods and algorithms: 

In the CA algorithm, a k-means++ algorithm3-4 adapted from ImageJ was used to spread out 

the initial cluster centers (CCs). A CC is a point which is closest to the members of that cluster. 

In this approach, the first CC was chosen randomly among the spectral data points to be 

clustered. Then, remaining CCs were chosen such that the probability of the point to become a 

CC is dependent on its squared distance from the closest existing CC. Once the k-centers were 

chosen, k-means clustering algorithm was performed. 

 

Technical 

terms (TT) Brief explanation of TT 
Limiting values for 

cluster analysis 

Tolerance 

limit4 

It stops the iterative process of CA when the 

distance between the successive points is ≤10-7 

value. 
10-7 

Randomization 

seed4 

The seed is the initial value of the internal state of 

the pseudorandom number generator. It is enabled 

so that the cluster centers are initialized to the 

same values every time algorithm starts. 

200 

Noise 

threshold 
It indicates S/N value and the spectra with 

maximum intensity ≤80 were considered as noise. 
80 

 

Step 1. All the data collected from time dependent SERS measurement was exported from 

Witec Raman spectrometer control software in a text format. These text files were used as input 

files to prepare files suitable for cluster analysis algorithm in ImageJ.3-4 The customized 

MATLAB code named as before cluster analysis shown below (Code 1), was used to prepare 

data for cluster analysis. ImageJ cluster analysis algorithm was used to visualize clustering 

process. 

Code 1: Before cluster analysis 

clear all; 
nos=1400; % number of spectra 
nx=40; 
ny=35; 
nof=7; % number of files 
start_fileno = 1; 
noiselevel = 80; 
noise_limit = 80; % noise limit to distinguish between noise and spectrum 
x=importdata('x.txt'); 
raylb4=100; % Data point before which rayleigh appears << 
raylcorrect=1; % set to 1 if rayleigh needs to be corrected << 
speclen=1024; % length of spectrum << 
xzeroI=28; %array index where x is zero << 
smoothFlag = 0; %set to 1 if smoothing is required 
RamanBadDataRm = 0; %set to 1 if bad data at specific points need to be removed 
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BadData8 = 292; 
repeat_smooth = 2; 
for i=start_fileno:1:(start_fileno + nof-1) 
    y_temp = importdata(sprintf('y%i.txt',i)); 
    if i==1 
        A=y_temp; 
    else 
        A=vertcat(A,y_temp); 
    end 
end 
A=reshape(A,[],nos);  
 
Step 2. Files generated by above program were used as input files for k-means++ and k-means 
algorithm in ImageJ. This step generated clustered datasets from input spectra. 
 
Step 3. A second customized MATLAB code, named as after cluster analysis was used to 
prepare cluster analysed data for further plotting and analysis. Then these spectra were 
imported in Origin 2017 to plot as shown in Figure 2 and subsequent sections. The MATLAB 
code after cluster analysis code (Code 2) is given below. 
 
Code 2: After cluster analysis 

clear all; 
nos=1400; % number of spectra 
nx=40; 
ny=35; 
nof=7; % number of files 
start_fileno = 1; 
nocs=15; % number of clusters 
clusters = dlmread('Clusters.txt'); 
centroid = dlmread('Centroid.txt'); 
cluster_average = zeros(1024,nocs); 
cluster_frequency = zeros(nocs,1); 
cluster_centroid = zeros(nocs,1); 
x=importdata('x.txt'); 
normalized = 0; % set to 1 if spectra need to be normalized before cluster analysis 
 
raylb4=100; % Data point before which rayleigh appears << 
raylcorrect=1; % set to 1 if rayleigh needs to be corrected << 
speclen=1024; % length of spectrum << 
xzeroI=28; %array index where x is zero << 
smoothFlag = 0; %set to 1 if smoothing is required 
RamanBadDataRm = 0; %set to 1 if bad data at specific points need to be removed 
BadData8 = 292; 
noise_limit = 80; % noise limit to distinguish between noise and spectrum 
repeat_smooth = 2; 
noiselevel = 80; 
 
x=importdata('x.txt'); 
for i=start_fileno:1:(start_fileno + nof-1) 
    y_temp = importdata(sprintf('y%i.txt',i)); 
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    if i==1 
        A=y_temp; 
    else 
        A=vertcat(A,y_temp); 
    end 
end 
 
A=reshape(A,[],nos); 
yr=zeros(1024,1); 
if raylcorrect == 1 
    for i= 1:nos 
        yr_temp = A(1:1024,i); % original spectrum 
         
        y_max=max(yr_temp(raylb4:1024)); 
        y_min=min(yr_temp(raylb4:1024)); 
         
        [maxr,maxrI] = max(yr_temp(1:raylb4));   %to identify rayleigh and store its position to 
maxrI 
        %xr = x-x(maxrI);        %to change X-axis-so that the rayleigh is at zero 
         
        if maxrI>xzeroI 
            yr(1:(speclen-(maxrI-xzeroI))) = yr_temp((maxrI-xzeroI+1):speclen); 
            yr((speclen-(maxrI-xzeroI)+1):speclen) = y_min; 
        elseif maxrI<xzeroI 
            yr(1:(xzeroI-maxrI)) = y_min; 
            yr((xzeroI-maxrI+1):speclen) = yr_temp(1:(speclen-(xzeroI-maxrI))); 
        end 
             
        if RamanBadDataRm==1 
            yr(BadData8) = (yr(BadData8-1)+yr(BadData8+1))/2;           
        end 
 
        for j= 1:repeat_smooth 
            if smoothFlag==1 
                yr = smooth(yr);          % to smoothen 
            end 
        end 
         
        if (y_max-y_min)<noise_limit 
            A(1:1024,i) = 0; 
        else 
            A(1:1024,i) = yr(1:1024); % normalized spectrum 
        end 
                     
    end 
end 
 
C=zeros(nx,ny,1024); 
 
Z=zeros(1024,1); 
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for i=1:1:nx  
    for j=1:1:ny  
    C(i,j,1:1024)=A(1:1024,(j+ny*(i-1))); 
    if (max(C(i,j,200:1024))-min(C(i,j,200:1024)))<noiselevel 
        C(i,j,1:1024) = Z(1:1024,1); 
    end 
    end 
end 
for i=1:1:nx  
    for j=1:1:ny 
    cluster_average(1:1024,(clusters(i,j)+1)) = 
cluster_average(1:1024,(clusters(i,j)+1))+reshape(C(i,j,1:1024),1024,1); 
    cluster_frequency((clusters(i,j)+1)) = cluster_frequency((clusters(i,j)+1)) + 1; 
    cluster_centroid((clusters(i,j)+1)) = centroid((clusters(i,j)+1)); 
    dlmwrite(sprintf('%d.txt',11000000+(clusters(i,j)+1)*10000+((i-
1)*ny)+j),reshape(C(i,j,1:1024),1024,1),'delimiter','\t'); 
%          if(sum(reshape(C(i,j,1:1024),1024,1))~=0) 
    if (max(C(i,j,200:1024))-min(C(i,j,200:1024)))>=noiselevel 
        dlmwrite(sprintf('z%d.txt',11000000+((i-
1)*ny)+j),reshape(C(i,j,1:1024),1024,1),'delimiter','\t'); 
        end 
    end 
end 
 
for i=1:1:nocs 
    cluster_average(1:1024,i) = cluster_average(1:1024,i)/cluster_frequency(i); 
end 
 
dlmwrite('cluster_average.txt',cluster_average,'delimiter','\t'); 
dlmwrite('cluster_frequency.txt',cluster_frequency,'delimiter','\n'); 
dlmwrite('cluster_centroid.txt',cluster_centroid,'delimiter','\n'); 
clear all; 
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Figure S8. Set of three clusters out of 15 clusters which contain, (a) 781 spectra with no SERS 

features (blank spectrum), (b) 35 SERS spectra with broad background, and (c) 5 spectra with 

noisy SERS features. 

 

Figure S9. Set of 6 clusters as P-spectra out of 15 clusters which contain 4, 4, 2, 1, 1, and 1 

spectra, respectively.  

500 1000 1500 2000 2500

0

200

400

600

800

1000
 5
 35
 781

Raman shift (cm-1)

In
te

ns
it

y 
(c

ou
nt

s)

(a)

(b)

(c)

500 1000 1500 2000 2500

0

5000

10000

15000

20000

25000

30000

1

1

1

2

4

4

Raman shift (cm-1)

In
te

ns
it

y 
(c

ou
nt

s)



S13 
 

 

Figure S10. Spectroscopic and microscopic characterization of deuterated capped AgNPs, (a) 

UV-Vis absorption spectrum with maximum peak at 424 nm, (b) TEM image with 

polydispersed particles, (c) DF image, and (d) plasmonic scattering spectra of deuterated 

citrate-capped AgNPs. 

 

Figure S11. Comparison of Raman spectra of (a) deuterated TSC and (b) normal TSC, using 

bulk samples. 
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Figure S12. Cluster analysis of time-dependent SP-SERS spectra of deuterated citrate-capped 

AgNPs, (a) F-spectra and (b) P-spectra, with number of spectra observed. 
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III. APPENDICES 

Appendix 1. Coordinates of sodium citrate, Ag55, Ag25 and other Ag25-citrate structures. 

1. Sodium citrate (Na3C6H5O7) 

O       -0.287728000      0.826372000      1.300655000 

O        2.158453000     -0.299283000      1.331221000 

O        1.390335000     -2.170024000      0.364647000 

O        2.422009000      0.193671000     -1.816339000 

O       -3.503193000     -1.237222000     -0.480474000 

O        1.659781000      2.102369000     -0.890211000 

O       -2.785993000      0.676975000      0.430821000 

C       -0.075581000     -0.273624000      0.395296000 

C        0.134736000      0.246952000     -1.074757000 

C       -1.288466000     -1.221397000      0.471738000 

C        1.236767000     -0.997866000      0.785593000 

C        1.518058000      0.914131000     -1.298827000 

C       -2.615813000     -0.559531000      0.104675000 

H       -0.662549000      0.969092000     -1.280142000 

H        0.036478000     -0.603240000     -1.755296000 

H       -1.126982000     -2.094997000     -0.159341000 

H       -1.378770000     -1.581702000      1.505820000 

H       -1.220604000      1.099662000      1.115614000 

Na      -4.744263000      0.568061000     -0.555540000 

Na       1.666754000      1.895683000      1.279374000 

Na       3.301592000     -1.298623000     -0.510336000 
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2. Silver 55 (Ag55) 

Ag      15.345910000     13.509980000     15.901190000 

Ag      16.057290000     12.267170000     13.652680000 

Ag      17.686390000     12.061900000     16.084790000 

Ag      17.490020000     14.576050000     14.633250000 

Ag      15.088260000     10.770880000     15.951910000 

Ag      14.773500000     14.853420000     13.648510000 

Ag      13.275810000     12.487090000     14.478040000 

Ag      17.396800000     14.548610000     17.532420000 

Ag      15.896390000     12.168320000     18.353460000 

Ag      15.570570000     16.267500000     16.054290000 

Ag      13.150560000     12.488450000     17.384150000 

Ag      12.964780000     14.976770000     15.949590000 

Ag      14.611710000     14.772570000     18.369230000 

Ag      16.797150000     11.011930000     11.343700000 

Ag      20.015440000     10.617880000     16.129670000 

Ag      19.630580000     15.625430000     13.280080000 

Ag      14.856280000      8.046450000     15.890800000 

Ag      14.220440000     16.164340000     11.308370000 

Ag      11.245730000     11.458330000     12.957430000 

Ag      19.447870000     15.567410000     19.039540000 

Ag      15.835400000     18.982900000     16.093820000 

Ag      11.061420000     11.369730000     18.742420000 

Ag      10.662250000     16.464390000     15.829020000 
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Ag      13.963500000     15.997130000     20.725650000 

Ag      18.481660000     10.775900000     13.663520000 

Ag      18.283140000     13.325010000     12.170140000 

Ag      15.806250000      9.417740000     13.547110000 

Ag      15.496470000     13.587800000     11.166370000 

Ag      13.988080000     11.222500000     12.004180000 

Ag      19.982500000     13.168580000     14.759810000 

Ag      17.486630000      9.202290000     16.115190000 

Ag      19.856750000     13.057040000     17.672690000 

Ag      18.360060000     10.663340000     18.498360000 

Ag      16.963170000     15.998410000     12.184740000 

Ag      19.661380000     15.673520000     16.174840000 

Ag      17.783440000     17.404010000     14.623970000 

Ag      12.931350000      9.641140000     14.425910000 

Ag      15.635980000      9.316660000     18.369820000 

Ag      12.891240000      9.625090000     17.345200000 

Ag      12.617580000     13.862570000     12.064940000 

Ag      15.056960000     17.698320000     13.604720000 

Ag      12.321640000     16.342610000     13.499390000 

Ag      11.024480000     11.384060000     15.841920000 

Ag      10.821780000     13.970660000     14.376080000 

Ag      18.052390000     13.154650000     19.941970000 

Ag      17.769490000     17.391660000     17.547910000 

Ag      16.733900000     15.769990000     20.026890000 
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Ag      13.719670000     10.996310000     19.785860000 

Ag      15.216690000     13.420600000     20.833640000 

Ag      13.202650000     17.833320000     15.831410000 

Ag      14.948950000     17.595660000     18.488220000 

Ag      10.490240000     13.944820000     17.139090000 

Ag      12.427320000     13.676710000     19.902220000 

Ag      12.280640000     16.307540000     18.403880000 

Ag      16.462380000     10.825280000     20.679450000 

3. Silver 25 (Ag25) 

Ag      -0.526591000      4.548611000      0.471818000 

Ag      -3.835957000      0.874027000      0.392892000 

Ag      -1.148575000      1.792758000      0.619146000 

Ag       1.616364000      2.736915000      0.830726000 

Ag      -4.366444000     -1.924946000      0.522431000 

Ag      -1.712819000     -0.977191000      0.891676000 

Ag       1.011342000     -0.079974000      1.028763000 

Ag       3.705683000      0.873098000      1.306293000 

Ag      -2.286226000     -3.739358000      0.928996000 

Ag       0.412379000     -2.860705000      1.219832000 

Ag       3.145368000     -1.927431000      1.428854000 

Ag      -4.036887000      2.170234000     -2.096629000 

Ag      -1.331732000      3.091356000     -2.029127000 

Ag       1.330521000      4.000458000     -1.825405000 

Ag      -4.599037000     -0.588600000     -1.880428000 
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Ag      -1.905469000      0.299916000     -1.765493000 

Ag       0.767176000      1.215954000     -1.563349000 

Ag       3.441557000      2.125811000     -1.356325000 

Ag      -2.520143000     -2.504653000     -1.545869000 

Ag       0.187319000     -1.559923000     -1.374475000 

Ag       2.883706000     -0.639169000     -1.168181000 

Ag       5.598581000      0.267707000     -0.924594000 

Ag      -0.362134000     -4.310377000     -1.033606000 

Ag       2.290664000     -3.411458000     -0.823013000 

Ag       4.940300000     -2.499723000     -0.627870000 

4. Ag25C5H4O5 (SERS-F – 346 structure) 

Ag       5.520465000      0.907704000      0.316855000 

Ag       5.971178000     -1.761946000     -0.383074000 

Ag       2.907973000      1.884224000      0.842834000 

Ag       3.355290000     -0.890361000      0.194404000 

Ag       3.837361000     -3.620691000     -0.600445000 

Ag       0.274687000      2.824151000      1.277452000 

Ag       0.733780000      0.099087000      0.584242000 

Ag       1.205906000     -2.697449000     -0.148953000 

Ag      -2.403508000      3.741646000      1.620845000 

Ag      -1.916085000      0.995949000      1.073238000 

Ag      -1.480586000     -1.730294000      0.284070000 

Ag      -0.990844000     -4.484467000     -0.363638000 

Ag      -4.547283000      1.977590000      1.343300000 
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Ag      -4.132137000     -0.772508000      0.707928000 

Ag      -3.665436000     -3.536695000     -0.016903000 

Ag       4.308579000      2.660354000     -1.450632000 

Ag       1.685827000      3.615409000     -1.024903000 

Ag       2.150798000      0.925782000     -1.873782000 

Ag      -0.951144000      4.527045000     -0.589911000 

Ag      -0.518348000      1.837986000     -1.389680000 

Ag      -0.058537000     -0.864984000     -2.100695000 

Ag      -3.191995000      2.804934000     -0.933292000 

Ag      -2.708324000      0.074962000     -1.685327000 

Ag      -2.247898000     -2.652225000     -2.400382000 

Ag      -4.898316000     -1.752167000     -1.833280000 

C        0.820034263      1.320037647      4.441468396 

O        3.916001719      0.882275140      3.961329015 

O       -2.141035803      0.028091868      5.556009558 

O        3.458260994      2.916721939      3.119162173 

O       -1.931426343      1.105601910      3.594223380 

C        2.061305095      2.125424586      4.894728811 

C       -0.400606402      1.701544548      5.332712191 

C        3.241430806      1.968102698      3.933975732 

C       -1.618814766      0.910610935      4.831893735 

H        2.341230989      1.772666788      5.895277195 

H        1.785746554      3.186195418      4.932803931 

H       -0.571228731      2.781079491      5.212259890 
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H       -0.198296068      1.469397432      6.383789841 

O        1.129787427      0.012181280      4.833341719 

5. Na2Ag25C6H5O7 (SERS-F – 43) structure 

Ag       5.520465000      0.907704000      0.316855000 

Ag       5.971178000     -1.761946000     -0.383074000 

Ag       2.907973000      1.884224000      0.842834000 

Ag       3.355290000     -0.890361000      0.194404000 

Ag       3.837361000     -3.620691000     -0.600445000 

Ag       0.274687000      2.824151000      1.277452000 

Ag       0.733780000      0.099087000      0.584242000 

Ag       1.205906000     -2.697449000     -0.148953000 

Ag      -2.403508000      3.741646000      1.620845000 

Ag      -1.916085000      0.995949000      1.073238000 

Ag      -1.480586000     -1.730294000      0.284070000 

Ag      -0.990844000     -4.484467000     -0.363638000 

Ag      -4.547283000      1.977590000      1.343300000 

Ag      -4.132137000     -0.772508000      0.707928000 

Ag      -3.665436000     -3.536695000     -0.016903000 

Ag       4.308579000      2.660354000     -1.450632000 

Ag       1.685827000      3.615409000     -1.024903000 

Ag       2.150798000      0.925782000     -1.873782000 

Ag      -0.951144000      4.527045000     -0.589911000 

Ag      -0.518348000      1.837986000     -1.389680000 

Ag      -0.058537000     -0.864984000     -2.100695000 



S22 
 

Ag      -3.191995000      2.804934000     -0.933292000 

Ag      -2.708324000      0.074962000     -1.685327000 

Ag      -2.247898000     -2.652225000     -2.400382000 

Ag      -4.898316000     -1.752167000     -1.833280000 

O        0.548763000     -0.126205000      2.608466000 

H       -0.398563000      0.113621000      2.897185000 

C        0.989926000     -1.011462000      3.635461000 

O       -0.465435000     -2.699236000      2.630513000 

O        1.219024000     -3.405418000      3.947542000 

O        3.769708391     -2.950022451      3.643746733 

O       -1.866029000     -1.546840000      5.434391000 

O        4.753787596     -1.062855361      2.917156683 

O       -1.702308000      0.013489000      3.824380000 

C        2.525617000     -0.878251000      3.772406000 

C        0.310154000     -0.582966000      4.971173000 

C        0.550907000     -2.505084000      3.371353000 

C        3.778940553     -1.688463100      3.435909329 

C       -1.210931000     -0.694554000      4.786044000 

H        2.862879000     -1.630545000      4.496425000 

H        2.749967000      0.128945000      4.143677000 

H        0.594986000      0.461209000      5.165049000 

H        0.643987000     -1.221501000      5.796046000 

Na      -2.598094000     -2.104913000      3.283721000 

Na       4.297617388     -4.559615379      2.632164410 
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6. NaAg25C6H5O7 (SERS-T - 1) structure 

Ag       2.496605000      3.098282000     -1.665644000 

Ag      -0.365573000      2.728299000     -1.583074000 

Ag      -3.207349000      2.348384000     -1.471175000 

Ag       4.230888000      0.886525000     -1.931651000 

Ag       1.384581000      0.446171000     -1.863032000 

Ag      -1.477036000      0.085034000     -1.801691000 

Ag      -4.280764000     -0.309596000     -1.729911000 

Ag       3.118229000     -1.774673000     -2.115194000 

Ag       0.307768000     -2.191538000     -2.053806000 

Ag      -2.489366000     -2.563943000     -1.983306000 

Ag      -0.549050000      4.136187000      0.974189000 

Ag      -3.374752000      3.738309000      1.089532000 

Ag       4.024894000      2.313972000      0.628912000 

Ag       1.189164000      1.903657000      0.664823000 

Ag      -1.627894000      1.483513000      0.744293000 

Ag      -4.457279000      1.150946000      0.888501000 

Ag       5.788924000      0.099405000      0.322923000 

Ag       2.971875000     -0.322843000      0.470771000 

Ag       0.149198000     -0.761766000      0.478106000 

Ag      -2.695967000     -1.109572000      0.565216000 

Ag      -5.483300000     -1.489795000      0.607721000 

Ag       4.693459000     -2.530775000      0.138289000 

Ag       1.913466000     -2.962630000      0.236633000 
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Ag      -0.916761000     -3.354716000      0.317915000 

Ag      -3.693499000     -3.717346000      0.346520000 

O        0.296192131     -1.817850222      3.249500827 

H        1.127566786     -2.401094160      2.983144529 

C        0.392978000     -1.040627000      4.128097000 

O        2.505195198      0.050546815      3.041168770 

O        1.189777578      1.229227172      2.750893918 

O       -1.266028000      1.262706000      3.056655000 

O        3.478139000     -1.986170000      5.215591000 

O       -2.674679000     -0.533692000      2.881644000 

O        2.442580000     -2.916165000      3.407776000 

C       -1.003236000     -0.574535000      4.608968000 

C        1.051844000     -2.010698000      5.158947000 

C        1.503828320      0.236090182      3.714196880 

C       -1.725008000      0.106219000      3.442145000 

C        2.437014000     -2.372416000      4.601974000 

H       -0.845569000      0.132215000      5.452798000 

H       -1.604016000     -1.451103000      4.934083000 

H        0.406094000     -2.914782000      5.248162000 

H        1.161803000     -1.506669000      6.143791000 

Na       4.052363000     -1.181211000      3.150619000 

7. Ag25C6H5O7 (SERS-T - 1) 

Ag       3.689200401      1.344305096     -1.177426490 

Ag       4.606139649     -1.215548756     -1.830453751 



S25 
 

Ag       1.065482529      1.773183811     -0.183682435 

Ag       2.012904348     -0.884764732     -0.780823395 

Ag       2.956245865     -3.505327242     -1.530248645 

Ag      -1.586552017      2.153755017      0.726498345 

Ag      -0.647583032     -0.457533333      0.080905058 

Ag       0.312929101     -3.139056537     -0.603157229 

Ag      -4.293181670      2.494555528      1.557434694 

Ag      -3.295467553     -0.117527015      1.049598157 

Ag      -2.396508769     -2.743724158      0.314881830 

Ag      -1.413132949     -5.372550827     -0.290992854 

Ag      -5.985555804      0.289230965      1.796410448 

Ag      -5.072100886     -2.350731567      1.217376141 

Ag      -4.122686475     -5.001238846      0.541104733 

Ag       1.800399937      2.625420608     -2.744473345 

Ag      -0.846704480      3.022184124     -1.845796424 

Ag       0.060922486      0.432604894     -2.646533390 

Ag      -3.495664493      3.374490808     -0.933214844 

Ag      -2.609824989      0.782893422     -1.679467144 

Ag      -1.678558512     -1.808367117     -2.343640974 

Ag      -5.302624023      1.182918324     -0.741128099 

Ag      -4.349920258     -1.433095099     -1.448991577 

Ag      -3.413227310     -4.048123474     -2.116132947 

Ag      -6.047935459     -3.698100944     -1.071038761 

O        0.702747888     -0.125581656      2.292175192 



S26 
 

H       -0.279630050     -0.038569798      2.686865347 

C        0.417449049     -1.206658570      3.066434372 

O       -0.769372897     -3.253744620      2.452048853 

O        1.246207566     -3.455612133      3.435586057 

O        3.092776035     -2.492591508      1.754637241 

O       -2.556705888     -1.878933974      4.742869512 

O        3.155528898     -0.459100841      0.943854564 

O       -2.073434638     -0.381962864      3.352458348 

C        1.879095832     -0.731210078      2.886480587 

C       -0.083804062     -0.817646786      4.490246330 

C        0.293741301     -2.777545092      2.964408274 

C        2.775797643     -1.253932789      1.762567594 

C       -1.573976170     -1.179340486      4.395436205 

H        2.508681436     -1.323965658      3.561875449 

H        1.929744158      0.329898200      3.158698940 

H       -0.016707149      0.276577284      4.575041917 

H        0.534913828     -1.291501312      5.259815655 
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ABSTRACT: We demonstrate the formation of a versatile
luminescent organo-inorganic layered hybrid material, composed
of bovine serum albumin (BSA)-protected Au30 clusters and
aminoclay sheets. X-ray diffraction revealed the intercalation of
Au30@BSA in the layered superstructure of aminoclay sheets.
Coulombic attraction of the clusters and the clay initiates the
interaction, and the appropriate size of the clusters allowed them to
intercalate within the lamellar aminoclay galleries. Electron
microscopy measurements confirmed the hierarchical structure of
the material and also showed the cluster-attached clay sheets. Zeta
potential measurement and dynamic light scattering probed the
gradual formation of the ordered aggregates in solution. The hybrid
material could be stretched up to 300% without fracture. The
emergence of a new peak in the luminescence spectrum was observed during the course of mechanical stretching. This peak
increased in intensity gradually with the degree of elongation or strain of the material. A mechanochromic luminescence response
was further demonstrated with a writing experiment on a luminescent mat of the material, made by electrospinning.

KEYWORDS: protein-protected noble metal clusters, mechanochromic luminescence, hierarchical, bioinspired, aminoclay

■ INTRODUCTION

Metal nanoclusters (NCs), especially of gold and silver,
protected with ligands have drawn attention due to their
unique molecular properties such as dye-like absorption,
characteristic emission, chirality, reactivity, and so forth.1

Among them, intense luminescence in the visible and NIR
regions made these clusters very attractive in multiple areas of
research. Protein-protected clusters (PPCs), a subclass of
atomically precise clusters, have been grown within pro-
teins.2−4 They are water-soluble and exhibit intense
luminescence. Besides, they are comparatively more stable
than other classes of ligand-protected NCs. The highest
quantum yield (QY) of noble metal cluster systems till date
have been known for PPCs.5 This has made PPCs to be used
for a range of multidisciplinary applications, especially in
sensing and biology.6 Different topics such as sensing of
hazardous analytes, targeting and bioimaging, drug delivery,
and therapeutic applications have been researched upon for
more than a decade. Recently, cluster-conjugated hybrid
materials are being pursued for improved performance.
Clays have been used from antiquity.7,8 In prehistoric times,

clays were used to make bricks. They were used as bleaching
materials and as soaps in ancient civilizations. Nowadays, they
are used in our daily life in toothpastes, paints, pencils,
different household ceramics, and so forth.9 Considerable

interest has been developed in clay materials due to their
applications in catalysis,10 functional nanocomposites,11,12

separation,13 biomedicine,14 ferrofluids,15 and so forth. Despite
these widespread applications, poor solubilities of common
clays such as kaolinite, smectite, bentonites, and so forth, in
water, limit their utilization in specific applications. Mann and
co-workers synthesized a tailormade clay, coined as aminoclay,
which is an aminopropyl-functionalized magnesium phyllosili-
cate clay.16−18 It has high water solubility and shows
fascinating properties.19−22

Nacre, the gold standard for biomimicry, also known as the
mother of pearl is an example of a bioinspired structural
material.23−26 Nacre mimics are nanocomposites made by
assembling two-dimensional (2D) nanosheets to achieve a
higher-order structure and high mechanical performance,
similar to nacre.27−29 The unique combination of strength
and toughness in these biomimetic hybrid materials made
them fascinating light-weight structural components for the
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future.30 Nacre mimics are obtained by intercalating a soft
phase between the layers of a hard phase. Both the hard and
soft phases contribute to the mechanical properties of the
resultant hybrid material. Mimicking the characteristics of
these natural materials is not an easy task.31−33 Clay materials,
due to their unique 2D structure, have often been utilized as
the hard phase in nacre mimics. Polymers, biomolecules, and a
combination of both have been used as the soft phase.
Although the systematic integration of hard and soft phases in
a hierarchical fashion is a recent development, confinement of
guest molecules in layered 2D matrices to form an organo-
inorganic hybrid is well established.34 Multifunctional poly-
mer−clay hydrogels were formed by “guest-molecule-directed
self-assembly” of a nanocomposite.35 Lipid templates helped to
grow higher-order organoclay pipes by self-assembly.36

Wrapping of biomolecules such as proteins, enzymes, DNAs,
and so forth, by the aminoclay, was carried out to make
functional hybrid materials for real-life use.37,38 The secondary
structure of the entrapped biomolecules was retained during
bioimmobilization.39 Thus, there is reduced probability for
losing the biological function in these hybrid materials. Their
structural and chemical properties could be integrated to
enhance their applications, and their thermal and chemical
stability enhanced their scope in biocatalysis, biosensing, and
biomedical devices.
Herein, we have made an attempt to incorporate optically

active biomolecules between the layers of functionalized clay
sheets to create a unique nacre mimic. Highly luminescent,
stable, and BSA-protected Au30 NC was used to intercalate in
the aminoclay template. Water-soluble Au30@BSA clusters
attach to the aminoclay sheets through Coulombic interactions
due to their opposite charges in solution and form a water-
insoluble hierarchical organo-inorganic hybrid material. The
layered structure of the hybrid material was observed through
field emission scanning electron microscopy (FESEM).
Intercalation of the cluster between the layers of aminoclay
sheets was identified from powder X-ray diffraction (pXRD).
Gradual formation of larger aggregates in solution during the
synergistic interaction of both the cluster and the aminoclay
sheets was seen in dynamic light scattering (DLS) measure-
ments. These cluster-attached clay sheets were also identified
by transmission electron microscopy (TEM). Luminescence of
Au30@BSA was retained in the hybrid material. The material
was cast into different shapes after the addition of polyvinyl
alcohol (PVA) into it. This PVA-added hybrid material was
highly ductile in nature. The material, shaped as a dog bone,
could be stretched to 300% of its original length without
failure. Moreover, the change in the luminescence of the
cluster was observed when the material was stretched,
indicating its inherent strain sensitivity. This sensitivity was
enhanced and was evident in the form of changing
luminescence of an electrospun mat, when it was used for
writing. Combination of interesting optical and mechanical
properties in a cluster-based hybrid material makes it an
exciting material.

■ EXPERIMENTAL METHODS
Materials. Magnesium chloride and BSA (about 96% purity) at

pH 6−7 were purchased from Sisco Research Laboratory.
Tetrachloroauric acid trihydrate (HAuCl4·3H2O) was prepared in-
house starting from elemental gold. Sodium hydroxide pellets were
purchased from a local supplier (Rankem, India). Milli-Q water with a
resistivity of 18.2 MΩ·cm was used for synthesis. 3-Amino-

propyltriethoxysilane was purchased from Sigma-Aldrich. PVA
(MW: 85,000−124,000) was purchased from S. D. Fine-Chem
Limited. All the chemicals were used as received without further
purification.

Synthesis of Au30@BSA NC. About 25 mg of BSA was dissolved
in 1 mL of Milli-Q water. Then, 1 mL of 6 mM HAuCl4 aqueous
solution was mixed with it and stirred vigorously for 5 min. Then, 100
μL of 1 M NaOH solution was added to it. The reaction was stirred
for 12 h. A brown colored solution was formed, indicating the
formation of Au30@BSA, which showed bright red luminescence.

Synthesis of Aminoclay. The aminoclay was synthesized by a
method reported earlier.17,18 An organosilane precursor-like 3-
aminopropyltriethoxysilane (1.3 mL, 5.85 mmol) was used at room
temperature to prepare the amine-functionalized nanoclay. A solution
of magnesium chloride (0.84 g, 3.62 mmol) in ethanol (20 g) was
prepared. The precursor was added dropwise to the solution and kept
for constant stirring at room temperature for 24 h. The white gel-type
material was formed, which was recovered by centrifugation followed
by washing with ethanol and distilled water and finally dried at 313 K.

Synthesis of a Clay-Cluster Hybrid (Will be Denoted as CCH
Subsequently) and Its Casting in Different Forms. About 20 mL
of aqueous solution of aminoclay (250 mg/mL) was prepared by
sonication. This was mixed with 20 mL of Au30@BSA solution (10:1
weight % of clay/cluster) under constant stirring. The reaction was
continued for 12 h. Then, the resultant solution (I) was air-dried at
room temperature. Finally, a luminescent solid clay-cluster hybrid
(CCH) was formed.

PVA (6 weight %) was added to I to prepare precursor solutions
for making various shapes. The solution was dried in a Petridish to
form the film samples. Using plaster of paris, the dog bone-shaped die
was made. Here, die is the molding device, which was used for
shaping the CCH. The dog bone-shaped luminescent PVA-added
CCH was made using this die.

Formation of Luminescent Mats by Electrospinning. Clay-
cluster luminescent nanofibers were made using the ESPIN-NANO
electrospinning machine. The same mixture, which was used to make
the dog bone-shaped sample, was loaded into a 2 mL syringe for
electrospinning. The luminescent spun mat was collected on top of
the Al sheet. The parameters used for spinning were: flow rate, 0.15
mL/h; voltage, 18 kV, and working distance, 12 cm.

Stress−Strain Experiments. Tensile strength measurements of
cluster-sandwiched aminoclay materials were conducted by Nano
Plug and Play servo-hydraulic testing machine of 5 kN capacity, which
comes with an application software capable of doing tension,
compression, three-point bend, fatigue tests, and so forth. Materials
were stretched in different percentages of elongation, for example, 80,
140, 250, and 300%. Experiments were carried out with both dog
bone-shaped and rectangular film samples. In both cases, the trend of
the luminescence with % of elongation was the same. Five positions
were marked for each sample, shown in Figure 5A. Luminescence was
measured before and immediately after the tensile strength experi-
ments. The gauge length of the sample was 17 mm, the rate of
elongation was 0.05 mm/s, and the test mode was stroke. The
elongation of the specimen was calculated by [(final gauge length −
initial gauge length)/initial gauge length × 100].

Writing Experiments. The luminescent membrane was placed
inside a ziplock cover, and a pattern was drawn on it with the tip of a
cotton swab. After this, we saw it under UV light. To show the
uniform pressure sensitivity across the membrane, the grid pattern
was drawn. In a similar way, the alphabet a was written on another
membrane.

Characterization. UV−vis spectra were recorded using a
PerkinElmer Lambda 25 UV−vis spectrometer. Photoluminescence
measurement for Au30@BSA was carried out in a HORIBA, Jobin
Yvon NanoLog instrument. Solid-state luminescence of CCH was
measured in a Witec GmbH, Alpha-SNOM alpha300 S confocal
Raman instrument. For excitation, a 532 nm laser source was used,
and the emission spectrum was recorded. Particle size and zeta
potential measurements in solution were conducted using a Malvern
Zetasizer Nano ZSP instrument. FESEM measurements were carried
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out using a Thermo Scientific Verios G4 UC instrument. High-
resolution TEM (HRTEM) was carried out with a JEOL 3010 (JEOL
Ltd.), a 300 kV instrument equipped with an ultrahigh-resolution pole
piece. Dark field imaging was performed using an Olympus BX-51
microscope having a 100 W quartz halogen light source mounted on a
CytoViva microscope setup. Matrix-assisted laser desorption ioniza-
tion mass spectrometry (MALDI MS) measurements of proteins and
clusters were conducted using an Applied Biosystems Voyager-DE
PRO MALDI TOF spectrometer. A pulsed nitrogen laser of 337 nm
was used for ionizing the proteins and the clusters, using the sinapic
acid matrix. pXRD data were collected with a Bruker AXS, D8
Discover diffractometer using Cu Kα (λ = 1.54 υ) radiation.

■ RESULTS AND DISCUSSION

Preparation of the Luminescent Organo-Inorganic
Hybrid Material. Aminoclay, a synthetic clay, is aminopropyl-
functionalized 2D magnesium phyllosilicate. Dispersing the as-
synthesized aminoclay in water results in the protonation of
amine groups and leads to its exfoliation into individual 2D

clay sheets. The parent cluster Au30@BSA was characterized by
(A) UV−vis and (B) luminescence spectra, shown in Figure
S1. The cluster showed an emission at 650 nm. The light
brown color of the cluster solution in visible light and its bright
red color under UV light are shown in the inset of Figure S1B.
The hydrodynamic diameter of the cluster solution was 6 nm,
as shown in Figure S2. Mixing a clear solution of the exfoliated
clay with an aqueous solution of Au30@BSA NCs (10:1 weight
%) resulted in the immediate formation of a slight turbid
solution, indicating a reaction between the two. The turbidity
of the reaction mixture increased with time and was left under
stirring for 12 h at room temperature for completion of the
reaction. Finally, the turbid solution was air-dried at room
temperature to obtain a brown translucent film. Here, the
oppositely charged clusters and clay sheets attach together
through Coulombic interaction to create a hybrid material in
the course of the reaction. The formation of the CCH is
represented schematically in Figure 1A.

Figure 1. (A) Schematic representation of the formation of the organo-inorganic CCH material. The inset shows the TEM image (i) and
photograph (ii) of the intense red luminescent aggregates formed during the reaction of the clay and cluster. The schematic of the aminoclay sheet
is presented for representation purpose only. (B) TEM image of the aminoclay sheet. (C) MALDI MS of the Au30@BSA. (D) Optical (left) and
fluorescence (right) images of CCH. (E) Luminescence spectrum of CCH showed a maximum at 650 nm for 365 nm excitation.

Figure 2. Electron microscopic characterization of the composite. (A) FESEM images of a cross-sectional view of CCH. The inset shows the TEM
image of the cluster-attached clay sheets. (B) Layers of clay sheets are seen clearly in a zoomed-in image.
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Randomly oriented clay sheets were observed in the course
of the reaction (shown in inset a), which shows red
luminescence under UV light due to the presence of the
clusters (shown in inset b). The TEM image of the parent
aminoclay is shown in Figure 1B. MALDI MS of pure BSA
(green trace) and the Au30@BSA cluster (purple trace) is
shown in Figure 1C. BSA showed its molecular ion peak at m/
z 66.42 kDa, and the cluster showed the peak at m/z 72.28
kDa. The difference in the m/z value in MALDI MS spectra of
the cluster than the parent protein confirmed the atomicity of
the Au30 core within BSA.40 Bright red luminescence of CCH
was seen by fluorescence microscopy, shown in Figure 1D
(right side). The luminescence spectrum of CCH showed a
maximum at 650 nm (Figure 1E), similar to the cluster, which
confirmed that the cluster is intact in the hybrid. The oxidation
state of Au remains unchanged after the formation of CCH.
The lifetime of the hybrid material is similar to that of the
cluster, 0.13 ns (62%), 1.23 ns (25%), and 33.0 ns (13%). The
QYs of Au30@BSA and the CCH are 29 and 40%, respectively.
This hybrid material is very stable up to 200 °C and in the pH
range of 1−14. The sample was characterized in detail to reveal
the structure of the composite material.
Formation of the Nacre-like Layered Structure. Self-

ordering of the hybrid material into multilayered structures is
shown in Figure 2. Removal of water from the composite
material led to self-ordering and stacking of layers, which is
confirmed from the FESEM image, presented in Figure 2A.
FESEM images were measured from using dried samples. Due
to opposite electrostatic charges present on the cluster and the
clay sheets, they attract each other, forming a single layer of
CCH. These layers stack together to form a hierarchical
layered structure, which can be seen from Figure 2B, although
the clusters, due to their very small core size (∼1 nm), cannot
be seen in the FESEM images. However, the red luminescence
of CCH confirms their presence. The TEM image of CCH
(shown in inset of Figure 2A) shows the clear presence of
clusters attached to aminoclay sheets. The wavy nature of the
surface showed the nanoscale roughness of CCH, which is
clear from Figure S3.
Intercalation of Au30 Clusters into Layered Galleries.

From the data presented, the layered structure of the
biomimetic material, CCH, and the attachment of the NCs
with aminoclay were confirmed. However, the position of the
clusters in the composite was not clear from microscopic
studies. To prove our hypothesis that clusters intercalate
between the layers of aminoclay sheets in CCH, pXRD was
performed. The parent aminoclay shows several peaks in its
pXRD pattern corresponding to different crystallographic
planes of the clay (Figure S4). The peak at 2θ = 6.1°
(shown in Figure 3A) corresponds to an interlayer spacing of
1.45 nm between the aminoclay sheets [(001) plane]. The
peak shifts to 2θ = 1.5° in CCH, corresponding to an interlayer
spacing of 6.00 nm. The increase in interlayer spacing from the
aminoclay to CCH points to intercalation of the Au30@BSA
cluster between the aminoclay sheets. Complete disappearance
of the aminoclay peak in CCH suggests that CCH is a pure
phase and excess aminoclay does not exist. Although the
clusters intercalated between the clay sheets could not be
clearly resolved in FESEM, a distance of 6 nm between the
layers was confirmed (Figure 3B). A long-range ordered
structure of CCH is shown in Figure 3C.
Probable Mechanism for the Interaction of Au30

Clusters and Aminoclay. The mechanism of formation of

the intercalated hybrid structure was investigated by zeta
potential measurements and DLS. Host−guest interaction of
biomolecules and organoclay was studied earlier. Successful
intercalation depends on two factors, electrostatic interaction
between the host and the guest and the size of the guest
molecules. In our case, Coulombic interactions between the
positively charged aminoclay sheets and negatively charged
NCs helped to form the coassembly of the clusters in between
the delaminated sheets. The zeta potential value for aminoclay
was +25.6 mV, and for NCs, it was −22.0 mV. The zeta
potential value of the solution after the formation of CCH was
+8.5 mV (shown in Figure 4B). Considerable reduction of the

positive charge of aminoclay in presence of NCs confirmed
that CCH was formed through electrostatic interactions
between the positively charged aminopropyl moieties of the
clay and the negatively charged carboxylate groups on the
protein surface. The reduced zeta potential value of CCH also
contributed to their aggregation, and the solution thus
becomes turbid. Finally, a uniformly stacked hybrid organo-
inorganic structure was formed from solution during drying.
Regular stacking of the hybrid material also depends on the

size of the guest molecule. An earlier report34 showed the
formation of regular stacking between myoglobin (Mb) and
aminoclay, while disordered stacking was observed for
hemoglobin (Hb) (with aminoclay). The surface charge of

Figure 3. (A) Powder XRD data of the cluster, aminoclay, and CCH.
Intercalation of the cluster is evident. (B) FESEM image showing a
cross-sectional view of CCH. This shows the 6.00 nm spacing
between the layers. (C) FESEM image showing the long-range
ordered structure of CCH.

Figure 4. (A) Time-dependent DLS data show the conversion of a
nanometer-scale material into micron-scale particles. (B) Zeta
potential values are shown in a tabular form.
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both Hb and Mb is the same; however, the size of Hb is larger
than that of Mb. Although this interaction is initiated through
opposite charges, Hb failed to produce the regularly stacked
structure due to larger size. In our case, the hydrodynamic size
of Au30@BSA is only 6 nm (shown in Figure S2). This size is
small enough to be accommodated between the clay sheets,
and thus, a regular hierarchical structure could be formed in
this case.
The attachment of the clusters to aminoclay sheets and

subsequent formation of larger ordered aggregates was probed
by time-dependent DLS measurements. A systematic increase
in the hydrodynamic diameter of the aggregates in the reaction
mixture with time is shown in Figure 4A. This points to the
fact that the cluster-attached aminoclay sheets stacked together
to form larger structures in solution as the reaction progressed.
These subsequently act as the nucleation sites for the new
cluster-attached aminoclay sheets for deposition and micro-
meter-sized aggregates started to form (shown in the inset of
Figure 4A), making the solution turbid. These ultimately come
together during drying to form highly ordered hierarchical
structures.
Stress−Strain Behavior of CCH. Cluster-sandwiched clay

materials were cast in different shapes, such as film, dog bone,
and so forth, to study their mechanical properties. During
casting of the sample, PVA was added to the mixture. Since the
clusters are already intercalated with CCH, the addition of
PVA is not expected to alter the interlayer spacing. The layered
structure of CCH was retained, as shown in Figure S5.
Although the polymer and clay interaction is not new in the

literature,41,42 this composition is completely new, where PVA
acts as a binder for our hybrid material. To study the stress−
strain behavior, we have performed tensile strength measure-
ments. This material showed highly ductile behavior after
mixing with PVA (6 weight %). It could stretch up to 300%
without failure (Figure S6).
For a systematic understanding of the mechanical property

of the material, tensile strength experiments were conducted
under the displacement control mode. This was performed in
such a way that the final elongation of the sample was 80, 140,
and 250% of the original sample length. A schematic
representation of the experiment is shown in Figure 5A. The
corresponding stress−strain curves are shown in Figure 5B,
respectively. Interestingly, the change in the luminescence of
the material was observed upon elongation, and a new
luminescence peak at 575 nm emerged along with the peak
of cluster luminescence at 650 nm. Here, the luminescence
spectra were measured immediately after the tensile strength
experiments, using 365 nm excitation. The intensity of the 575
nm peak (with respect to the 650 nm peak) was dependent on
the degree of elongation of the sample. The luminescence
spectra collected from different locations (1, 2, 3, 4, and 5) of
the dog bone-shaped material after 80, 140, and 250%
elongation are shown in Figure 5C. Intensity of the 575 nm
peak increases with the degree of elongation of the sample.
The change in the luminescence spectrum was not uniform
throughout the length of the sample. The intensity of the 575
nm peak was maximum at the center, that is, at position 1, and
minimum at the edges, that is, at positions 4 and 5. Positions 3

Figure 5. (A) Schematic representation of the tensile strength experiment. This experiment was carried out using dog bone-shaped luminescent
PVA-added CCH samples. Samples were stretched up to 80, 140, and 250% of their original size. Each point, where the luminescence spectrum was
collected, is marked by an asterisk (*) and labeled 1, 2, 3, 4, and 5 (corresponding to the different positions of the sample). (B) Stress−strain curve
of the experiment. These three measurements correspond to three separate samples. (C) Corresponding changes in the luminescence profile. The
spectra were collected from points (*) illustrated in (A).
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and 4 showed intermediate intensity. With regard to the
intensity of the 575 nm peak for different degrees of
elongation, only a small hump was observed for 80%
elongation. The same peak became more prominent for the
sample stretched to 140% and at 250%, the intensity surpassed
that at 650 nm. It is important to mention that the spectra
collected from different points across the length of the sample
prior to elongation showed only the 650 nm peak at
comparable intensity (Figure S7). Upon elongation at 250%,
the peak at 650 nm got split and at 600 nm, a shoulder peak
was observed. The spectra did not show significant change
with time, in the course of 1 week, suggesting that irreversible
changes have happened to the composite.
Luminescence in noble metal NCs is perceived to originate

due to ligand to metal charge transfer (LMCT). In Au30@BSA,
the Au core is protected by cysteine residues of the protein
through the formation of Au−S bonds. The presence of these
Au−S bonds was confirmed by the extended X-ray absorption
fine structure experiment in an earlier report.43 In CCH, the
cluster layer is sandwiched between two aminoclay layers.
Stretching of the sample is likely to perturb the structure of the
confined proteins. These, in turn, would affect the Au−S
bonds. Thus, small changes in the bond length of Au−S bonds
or their relative orientations around the Au core can happen,
which would perturb the electronic states of the cluster. This
can bring about changes in the luminescence of the cluster.
This is proposed as one of the possible reasons for the
emergence of the peak at 575 nm. Under high pressures, red
shifts of the absorption and the emission onset of the
Au21(SR)12(dppm)2 (SR = cyclohexanethiolate; dppm =
bisdiphenylphosphinemethane) and Au28(S-TBBT)20 (S-
TBBT = tert-butyl-benzenethiolate) NCs were shown in a
recent report.44 This red shift is due to the narrowing of the
energy levels of NCs because of the delocalization of the core
electrons to the ligands under compression. These high-
pressure experiments were carried out in a diamond anvil cell,
and the effects of compression on clusters were monitored in

situ using the changes in the optical properties. In our studies,
a blue-shifted peak was observed under elongation. This new
report supports our observation that the change in
luminescence of CCH upon stretching originates from the
alteration of the cluster structure, which cannot go back to a
relaxed state due to its confinement within the aminoclay
sheets. The change in the peak width in the newly originated
peak was also observed. This may be due to the reason that all
the clusters have not undergone the same amount of the
structural change at the same percentage of strain.

Application of Mechanochromic Luminescence. The
change in the luminescence spectrum of the confined
sandwiched cluster upon application of mechanical forces is
the first of this kind in the literature of such clusters. Some gold
complexes are known to show mechanoresponses.45,46

Disruption of an ordered structure could lead to changes in
photoluminescence. Organoboron materials showed solid-state
mechanochromic luminescence.47,48

These clusters have long been utilized as chemical sensors to
sense analytes such as toxic metal ions (such as Hg2+ and
Pb2+), explosives (such as 2,4,6-trinitrotoluene and 1,3,5-
trinitroperhydro-1,3,5-triazine), and small molecules (such as
dopamine, halocarbons, etc.).49,50 In these cases, analytes
interact with the cluster chemically and thus quench the
luminescence. In order to utilize the newly found mechano-
chromic luminescence of the clusters in CCH, we proceeded to
make large-area electrospun mats incorporating the compo-
sites. The reason for choosing the nanofiber mat was to have
1D geometry, which is known to have enhanced the
performance due to their large surface-to-volume ratio.51

Electrospun mats of luminescence cluster-coated polymers
have been shown to enhance sensitivity toward analytes.50,52

Electrospun mats were created using the same composite
material used for mechanical studies. This mat exhibited bright
red luminescence, indicating intactness of the confined clusters
(shown in Figure S8). After the electrospining process, the
morphology of the fibers in the electrospun mat was studied in

Figure 6. Characterization and application of nanofibers made from CCH. (A,B) FESEM image of an electrospun cluster-based clay material, in
different magnifications. (C) TEM image of the fiber. (D) Dark field image of a single fiber showing the red luminescence (i). Inset shows bright
field image of a single fiber (ii), and same image is shown in the gray scale (iii). (E) Writing experiment on the electrospun mat (see the inset)
shows white light emission from the luminescent mat under UV light. Mechanochromic luminescence is shown by drawing the grid pattern on the
luminescent mat with the tip of the cotton swab. The same effect is shown on another mat by writing “a” in a similar fashion (see the inset). White
light emission was seen from the red luminescent mat under UV light in both cases. The UV light source of 365 nm excitation was used to visualize
the luminescent pattern.
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detail through microscopy. Uniform fibers were clearly seen in
FESEM images (Figure 6A,B) at different magnifications,
constituting the mat. Similar observations regarding the
dimension of the fibers were also obtained from the TEM
images (Figure 6C). The luminescence property of a single
fiber was measured through fluorescence microscopy. The
image showing a red luminescent fiber is shown in Figure 6D.
The corresponding optical image is shown in the inset of
Figure 6D. Pressure-sensitive nature of the incorporated fiber
mat was examined by a writing experiment using a cotton
swab. The areas where pressure was exerted during this writing
experiment appeared white when exposed to UV light, while
rest of the mat retained red luminescence (Figure 6E). Such a
change in the luminescence in response to mechanical forces
can be used as a security feature for devices.

■ SUMMARY AND CONCLUSIONS
In conclusion, protein-protected noble metal clusters were
intercalated between the layers of aminoclay sheets to create a
luminescent hierarchical organo-inorganic hybrid material.
Coulombic interactions between these two species helped
them to assemble and to create a higher order, insoluble
structural material. FESEM studies proved the layered
structure of CCH, and intercalation of the luminescent clusters
between these clay layers was proven by pXRD measurements.
DLS and zeta potential measurements shed light on the
mechanistic pathway of the formation of CCH. High ductility
of the material was shown by tensile strength measurements.
Structural distortion in the cluster-sandwiched material led to
the emergence of a new emission peak. This new property
could be utilized to create a cluster-based pressure sensor. The
mechanochromic luminescence response of the composite
could also be utilized for monitoring physical damage in
structures.
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Figure S1. A) UV-vis spectrum of Au30@BSA showing a peak around 280 nm and a broad peak 

from 450 to 550 nm (shown in the inset). B) Excitation and emission spectrum of Au30@BSA. 

Emission spectrum shows the maxima at 650 nm for excitation at 365 nm. Inset shows the light 

brown color of the cluster solution under visible light and bright red color under UV light.  
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Figure S2. Particle size distribution of Au30@BSA showing the cluster size to be 6 nm. 
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Figure S3. FESEM image shows the roughness of the surface of CCH. 
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Figure S4. Powder XRD pattern of aminoclay shows several peaks corresponding to different 

crystallographic planes of the clay. 
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Figure S5. FESEM image of PVA added CCH showing the layered structure. 
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Figure S6. Stress-strain behavior of the dog bone sample showing high ductility of the material. 
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Figure S7. The luminescence spectrum collected from different positions (1, 2, 3, 4, and 5) of the 

dog bone and film samples before the tensile strength experiment. Inset shows the actual red 

luminescent dog bone and film samples used for experiment, different positions are marked. 

  

500 600 700 800 900

 Wavelength (nm)

1
2
3
4
5

12 534

Dog bone shaped sample

Film sample

In
te

n
si

ty



10 
 

 

Figure S8. Image of electrospun CCH under UV light showing bright red luminescence. 
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ABSTRACT: Directing the assembly of plasmonic nanoparticles into chiral
superstructures has diverse applications including, chiroptical sensing, nonlinear
optics, and biomedicine. Though soft template-mediated assemblies of both spherical
and nonspherical gold nanoparticles have made significant progress, most approaches
require sophisticated chemical synthesis or advanced methodologies. Besides, reports
of structurally precise chiral plasmonic assemblies beyond nanoscale are limited. Here,
we propose an efficient yet simple strategy to grow such precision assemblies up to
mesoscale, which is beneficial for a broader community. Briefly, cationic gold
nanorods (AuNRs) are allowed to systematically assemble along atomically precise,
chiral, rodlike tobacco mosaic virus (TMV) particles via electrostatic attraction under
ambient condition. This leads to spontaneous formation of helical hybrid microwires
with high structural precision, as evidenced by cryogenic transmission electron
microscopy and tomography. Resulting composite superstructures show a strong
circular dichroism response at the plasmon wavelength of the AuNRs, which is supported by simulations using discrete dipole
approximation. Further, chirality of the system is investigated at a single-microwire level using polarized dark-field scattering
microscopy. An alternative chiral template, negatively charged colloidal cellulose nanocrystals, also arrange AuNRs into similar chiral
microstructures. Thus, our report proposes a generic methodology to obtain chiral plasmonic response at the NIR region using
inexpensive templates that will encourage the exploration of a wider range of nanoscale templates for creating hybrid mesostructures
with emerging optoelectronic properties.

■ INTRODUCTION

Chirality is ubiquitous in nature and encountered at all length
scales, from molecular-level to macroscopic objects. At
molecular and macromolecular levels, biomolecules such as
amino acids (except glycine), carbohydrates, proteins, and
nucleic acids represent inherently chiral entities.1 Further, at
higher length scales, proteins (e.g., collagen and fibrin) and
other biopolymers (e.g., agarose) undergo polymerization,
resulting in helical fibrillar nanostructures.2 Importantly, chiral
entities absorb either right or left circularly polarized light
preferentially (chiroptical properties). The differential absorp-
tion of right and left circularly polarized light leads to circular
dichroism (CD).3 CD spectroscopy is a powerful tool
detecting molecular chirality,4 protein folding−unfolding
mechanisms, and conformational changes during chemical
reactions.5 However, most chiral organic molecules absorb in
the ultraviolet (UV) region, and signals are weak in the visible
region of the electromagnetic spectrum. Selective functional-
ization of dye molecules with chiral substituents allows CD
signals in the visible range of the spectrum.6 Beyond the
molecular level, chirality can also be amplified using self-
assemblies to achieve helices, twisted tapes, or twisted ribbon-
like nanostructures.7

Unlike organic molecules, metal nanoparticles possess the
capacity to confine light, enhancing light−matter interaction.
Many theoretical8,9 and experimental10,11 studies have shown
that incorporation of plasmonic nanoparticles dramatically
enhances the chiroptical response of a chiral system, thereby
lowering its detection limit. They also serve as building blocks
for optical metamaterials. Moreover, these plasmon-enhanced
CD signals shift to the position of the plasmon resonance
frequency of the respective nanoparticles, i.e., the visible−near-
infrared (NIR) region.12,13 Thus, a broad wavelength range can
be exploited simply by regulating the size and shapes of the
nanoparticles. Such a phenomenon has application potential in
circular polarizers,14 detectors of circularly polarized light,15

sensors of biomolecules,16 and asymmetric catalysis.17 There-
fore, strategies to efficiently conjugate plasmonic property and
chirality have become an active field of research. Nanostruc-
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tures with right- or left-handedness in their intrinsic
morphology give highly intense CD signals. But they are
either fabricated by a top-down approach like nanolithography,
which has limitations in producing genuinely three-dimen-
sional morphologies, especially in large-scale production, or
achieved through wet chemical syntheses that are laborious,
complex, and suffer from nonuniformity and poor reproduci-
bility.
Therefore, functionalization of commonly available spherical

or anisotropic noble-metal nanoparticles (NMNPs) with chiral
moieties such as cysteine,18 peptides,19 polyfluorenes,10 or
DNA,20 has evolved as a rather straightforward approach to
induce chirality. Due to the interaction between these chiral
molecules and the plasmon of the achiral nanoparticle, such
composites show a prominent CD signal, which is called
surface plasmon-enhanced circular dichroism (SPECD). From
the numerous theoretical8,21,22 and experimental studies18,19,23

we can conclude that SPECD produces the strongest signal
when chiral molecules are placed at the plasmonic hotspots
within a 3D nanoparticle assembly. However, placing a single
molecule in the hotspot with precision is challenging. Govorov
and co-workers have shown that spherical gold nanoparticles,
arranged in an asymmetric, i.e., tetrahedral or helical geometry,
produce a collective CD signal at their plasmonic resonance
frequency.21 Since then, a number of methodologies have been
developed to arrange presynthesized NPs of desired size and
shape along a soft helical backbone, e.g., peptides,24,25 nematic
liquid crystals,26 fiber-like soft materials,27 supramolecular
backbones,28 and DNA origami.29,30 The success of this
strategy lies in the extent of precision by which the template
can regulate the nanoparticles’ three-dimensional arrangement.
DNA origami, being programmable, serves as one of the
precise methods for arranging NMNPs in a desired
geometry.31 However, the cost-intensive nature and high
level of expertise required for DNA nanotechnology prohibit it
from being the most accessible strategy for materials scientists.
Thus, although the field of template-assisted chiral plasmonic
nanomaterials has made considerable progress, there is still
room for a strategically simple way to assemble metallic
nanoparticles on inexpensive soft templates with high
structural precision. Bacterial cells32 and viral capsids of well-
defined structures33 are recently being explored as alternative
building blocks of higher-level assemblies, leading to functional
nanomaterials. Simple electrostatic interactions can efficiently
assemble protein cages within themselves,34 as well as with
plasmonic nanoparticles,35 creating highly ordered super-
structures. Keeping these in mind, we have chosen tobacco
mosaic virus (TMV) as the chiral template. Native TMV is a
biocolloidal substrate of rodlike morphology with known
crystal structure, highly negative surface charge (ζ-potential,
−25.4 mV in phosphate buffer of pH 7.8), and precise size and
shape monodispersity. A viral RNA, helically wrapped by 2130
coat proteins, generates a right-handed chirality in its
structure.36 In the present work, we have allowed cationic
AuNRs to arrange along the TMV surfaces through electro-
static self-assembly and observed a strong bisignate circular
dichroism signal at the visible−NIR wavelength range. The
generality of our strategy to create NIR chiral plasmonic
microwires is established using cellulose nanocrystals (CNC)
as another template. DNA origami and peptide production
technologies, though result in assemblies of high structural
precision, are not easily scalable. On the contrary, extraction
and purification procedures of TMVs and CNCs are well

established in plant biotechnology, allowing the production of
these templates in kilograms. Moreover, for various device-
based applications like telecommunication, significant effort
has been made to make mesoscale helical superstructures.37

The morphology and surface charge distribution of TMV and
CNC guide a spontaneous translation of chirality from
nanoscale to micron scale range, which is a clear advantage
of the present strategy. Thus, our approach addresses some of
the most important challenges of achieving precision assembly
of nanoparticles up to micron scale toward creating SPECD in
the NIR region.

■ EXPERIMENTAL METHODS
Preparation and Characterization of Tobacco Mosaic

Virus Particles. The leaves of a month-old Nicotiana tabacum
(var. Samson) plants were inoculated by rubbing them with
wild-type TMV stock. The upper leaves that showed severe
TMV symptoms were collected after 22 days to achieve 52 g of
leaf biomass. TMV was purified following the procedure
reported by Chapman.38 Precisely, 0.5 M phosphate buffer of
pH 7.2 along with 1% (v/v) 2-mercaptoethanol were used to
homogenize the leaves. The leaf juice was filtered and extracted
with butan-1-ol, centrifuged, and the aqueous phase was
collected. PEG 8000 (4%) was used to precipitate the TMV.
This pellet of virus was washed by phosphate buffer (10 mM,
pH 7.2) mixed with 0.7 M NaCl and 4% PEG. It was then
resuspended and further purified according to Liljeström et
al.39 The stock TMV was diluted using DI water just before the
experiments.

Synthesis of AuNR. Highly monodisperse gold nanorods
of aspect ratio ∼3.4 were prepared following a seedless
synthetic procedure proposed by our group.40 CTAB solution
(20 mL, 100 mM) was taken in a 50 mL conical flask and kept
in a water bath to maintain the temperature at 28 °C. To this,
1 mL of 10 mM HAuCl4·3H2O, 130 μL of 10 mM freshly
prepared AgNO3, and 140 μL of 100 mM fresh ascorbic acid
were added sequentially with mild stirring. As soon as the
brownish-yellow solution (due to the complex formed by
CTAB and HAuCl4) became colorless due to the reduction of
Au3+ to Au+ by ascorbic acid, 200 μL of 1.67 mM NaBH4
(freshly prepared in ice-cold water) was added at one shot.
The stirring was stopped immediately after the addition of
NaBH4. Although the colorless solution slowly turned dark
brown within 30 min, showing the high yield of nanorods, it
was kept undisturbed for at least 4 h to ensure that the growth
was complete.

Cationization of AuNRs. The excess CTAB-stabilized
AuNRs were washed using distilled water for further use. For
that, the as-synthesized AuNRs were taken in 2 mL plastic vials
and centrifuged at 13 000 rpm for 20 min, the supernatant
from each vial was discarded, and the precipitate was
resuspended in 1.5 mL of DI water. This was again centrifuged
in a similar way, but this time, the precipitate was not
resuspended in water. Rather, 20 μL of 4 mM ethanolic
solution of (11-mercaptoundecyl)-N,N,N-trimethylammonium
bromide (MUTAB) was added to the pellet in each vial and
shaken vigorously for 30 min. It was kept overnight without
stirring and then washed with water. Precisely, the pellet was
dispersed in 2 mL of DI water, centrifuged, and then 1.9 mL of
water was decanted. Finally, it was dispersed in a suitable
amount of water to attain an absorbance of 1.2 such that the
MUTAB concentration in the solution was significantly less
than 0.002 mM.
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Synthesis of CNCs. As described by Hynninen et al.,41

Whatman grade 1 filter papers were ground to form a
homogeneous powder. To 15 g of this paper powder, 64%
sulfuric acid solution was added in a round-bottom flask and
mixed thoroughly by stirring. This was hydrolyzed at 45 °C for
45 min and then diluted 10 times using Milli-Q water to cease
the reaction. This was kept still until complete sedimentation.
The precipitate was collected after decanting the clear
supernatant. The pellet was redispersed in Milli-Q water and
centrifuged at 6000 rpm for 20 min first, and in the second
round, at 2500 rpm for 45 min. Further purification was carried
out by dialysis against Milli-Q water until the conductivity of
the dialysate reduced below 5 μS/cm. Then, it was passed
through a Whatman 541 filter paper and stored at +4 °C. The
concentration of CNC was determined gravimetrically by slow
evaporation of water and the stock solution was found to be
3.5 wt %.
TMV-AuNR+ Assembly Formation. The MUTAB-

functionalized AuNR+ solution was diluted by adding DI
water until the absorbance of the LSPR was ∼1.2. The TMV
stock solution was diluted using DI water to 0.21 mg/mL. The
diluted TMV solution was added at 25 μL steps to a cuvette for
UV−vis spectrometer, containing 2 mL of AuNR+ solution and
mixed gently using a pipette. After every addition, absorption
spectra were measured to ensure systematic assembly from the
slight gradual shift in the absorption peak maxima. There was
no significant time gap needed between TMV addition and
measurement of absorption spectra.
CNC-AuNR+ Assembly Formation. This was the same as

the assembly with TMV. CNC of 0.009 mg/mL concentration
was added in 2 μL steps.
Instrumentation. All of the UV−vis absorption spectra

were recorded using a PerkinElmer Lambda 25 UV−vis
spectrometer.
The TEM measurements were performed using a JEOL

3010 (JEOL Japan) transmission electron microscope, using a
200 kV acceleration voltage.
SerialEM and 3D Reconstruction. For transmission

electron tomographic reconstruction, tilt series of 2D
projections were acquired with the SerialEM software
package.42,43 The specimen was tilted between ±69° angles
with 2° increment steps under low-dose mode.44 The acquired
stack of images was first subjected to a series of preprocessing,
coarse alignment, and final alignment, and further aligned using
IMOD software package.45 The final aligned file was then
utilized for 3D reconstruction with custom-made maximum
entropy method (MEM) program with a regularization
parameter value of λ = 1.0 × 10−3 on MacPro.46 The 3D
isosurface and solid colored images were produced using
UCSF Chimera.
Cryo-Transmission Electron Microscopy. The cryo-

TEM images were collected using a JEM 3200FSC field
emission microscope (JEOL) operated at 300 kV in bright-
field mode with an Omega-type zero-loss energy filter. Prior to
sample preparation, 200-mesh copper grids with a lacey carbon
support film (Electron Microscopy Sciences) were plasma-
cleaned using a Gatan Solarus (Model 950) plasma cleaner for
30 s. The samples for Cryo-TEM imaging were prepared by
placing 3 μL of the sample on plasma-treated TEM grids and
plunge-frozen into a −170 °C ethane−propane (1:1) mixture
using a Leica automatic plunge freezer EM GP2 with 2 s
blotting time under 100% humidity. The vitrified specimen was
cryo-transferred to the microscope. The images were acquired

with Gatan Digital Micrograph software, while the specimen
temperature was maintained at −187 °C.

Circular Dichroism Study. The circular dichroism spectra
of all of the samples were measured in a Jasco J-1500
spectrometer. A quartz cuvette of 10 mm path length was used
for each measurement.

Modeling the Circular Dichroism. We used discrete
dipole approximation (DDA)47,48 to calculate the CD signal
for a nanoparticle assembly. The nanoparticle coordinates were
determined from TEM tomography measurement, and the
model contained 293 nanoparticles. The exact orientation of
the nanorods could not be extracted from the tomography
data; instead, we had set the long axis of the nanorods along
the main axis of the nanorod assembly with a normally
distributed variance (sigma) of 20°. The length of the nanorod
was set to 34 nm with a variance of 6.2 nm, and the diameter
was set to 10 nm with a 2 nm variance. As the parameters had a
randomly generated component, all of the results presented
were average values obtained from 40 simulation runs.
In the simulations, each nanoparticle was represented by a

point dipole. The polarizability of the point dipole was
calculated using the modified long-wavelength approximation
(MLWA),49 assuming an ellipsoidal shape for the particle
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This polarizability matrix was then rotated for each
nanoparticle to account for the different orientations of the
nanorods within the structure. Finally, we calculated the CD
response of the self-assembled system using the discrete dipole
approximation (DDA).47,48 The induced dipole moments in
the whole nanoparticle assembly were

α α= − ̂ ̂−P G E(1 )0 1 ext

We calculated the matrix inversion and used it to evaluate
the dipole moments for different incident fields Eext =
Ek
L/R exp(ik·r). Here, the vector k was scanned over 100

different orientations on a unit sphere to obtain an average
response of the structure to match the experiment done in
solution, and Ek

L/R defines the left- and right-handed polar-
izations for the corresponding k-value. From the dipole
moments, we calculated the extinction cross section as
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Finally, the circular dichroism signal was calculated from the
cross sections as

σ σ
σ σ

−
+

R L

R L

Here, the subindices R and L corresponded to the two
different circular polarizations.

■ RESULTS AND DISCUSSION
Cationization of AuNRs. Spherical nanoparticles of gold

typically generate CD signals of moderate intensity over a
narrow spectral range.13,24 On the contrary, AuNRs are capable
of generating a much stronger electronic field owing to the
anisotropic distribution of their free electrons.31 Besides, their
longitudinal surface plasmon resonance (SPR) frequency is
highly sensitive to their size, aspect ratio, and electronic
environment, i.e., the presence and orientation of neighboring
particles. Hence, AuNRs are promising building blocks for
tunable and intense CD signal. In an aqueous medium, cetyl
trimethylammonium bromide (CTAB) molecules form a
bilayer that covers the AuNRs. Although the ζ-potential of
CTAB-protected AuNR (AuNR@CTAB) is highly positive
(+30 mV) due to the quaternary amine group of CTAB, there
is no covalent bond between the gold atoms and the CTAB
molecules, making the protective layer labile. Therefore, using
a typical ligand exchange method, we functionalized the
AuNRs with a thiol, containing positively charged end group
and a chain length comparable to that of CTAB, namely, (11-
mercaptoundecyl)-N,N,N-trimethylammonium bromide
(MUTAB). The Au−S bond formation facilitated the

replacement of CTAB bilayer by MUTAB molecules,
producing MUTAB-protected AuNRs, which is abbreviated
here as AuNR+ (Figures 1a and S1). The TEM image of
AuNR+ (Figure 1b) and the distribution of their length and
diameter (Figure 1c) suggest uniform shape and narrow size
dispersity, with the mean length being 34 ± 4.5 nm and mean
diameter being 10 ± 1.2 nm (aspect ratio, ∼3.4). The 3D
reconstruction of a single AuNR+ morphology using electron
tomography is shown in Figure 1d and Video S1. Its
comparison with that of AuNR@CTAB (Figure S2) further
shows that the morphology was intact on ligand exchange.
Comparing the absorption spectra of AuNR@CTAB and
AuNR+ (Figure 1e), it can be concluded that the ligand
exchange did not alter the dispersity and electronic environ-
ment of the as-synthesized AuNRs. The resulting AuNR+

retained its cationic nature, as suggested by its positive ζ-
potential (+18 mV).

Assembly of AuNR+ on TMV. TMV is an anisotropic
biocolloidal substrate with a radius of 18 nm and a length of
300 nm (Figure 1f).36 The virus is semiflexible, atomically
precise, and therefore highly suitable as a soft template for drug
delivery,51 ordered assemblies of chromophores,52 nano-
particles,53 and deposition of metal ions.54 The crystal
structure of TMV reveals that there are 130 turns of the
coat proteins along the length of a single TMV causing a spiral
negative charge distribution on the surface.55 Therefore,
cationic AuNR+ got adhered on the TMV guided by the
strong electrostatic attraction. In case of such assemblies, the
relative position of adjacent nanoparticles has great influence
on the final structure and properties of composite materials.
Moreover, nanorods being anisotropic in morphology, the
relative angles between the longitudinal axes of AuNR+s within
themselves and between AuNR+s and TMVs act as another
crucial parameter while forming a binary assembly. Previously,
it has been observed that AuNRs have a tendency to follow the
orientation of anisotropic templates.56 In this case also,
directional synergy played an important role, which led the
AuNR+s to attach to the TMV particles keeping their
longitudinal axis almost parallel to that of the TMV. This

Figure 1. Starting materials and product of the electrostatic assembly. (a) Schematic of the functionalization of AuNR@CTAB with MUTAB via
ligand exchange method, (b) TEM image of AuNR+, (c) distribution of length and diameter of 200 AuNR+s measured from the TEM images, and
(d) TEM tomographic image of a single AuNR+. (e) Comparative absorption spectra of AuNRs before and after MUTAB functionalization. (f)
TEM image of negatively stained TMVs. (g) Cartoon representation of the TMV structure and the schematic presentation of the electrostatic
interaction between TMV and AuNR+. (h) TEM image of the resulting TMV-AuNR+ composite.
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structure was also favored by the maximum attraction between
cationic AuNR+ and anionic TMVs. Figure 1g represents the
electrostatic assembly schematically, and Figure 1h shows a
TEM image of the resulting TMV-AuNR+ composite. Notably,
the AuNR+ aligned themselves in stripes on opposite sides of
the cylindrical TMV rather than covering their entire surface
evenly, as observed previously by Liz Marzan’s group in the
case of carbon nanotube template.57 The perfectly cylindrical
shape of TMV led to the end-to-end arrangement of AuNR+s
without any defect (misalignment of rods) enabling greater
uniaxial plasmon coupling.
Long-Range Assembly of TMV-AuNR+. TMVs are well

dispersed in the aqueous medium, owing to their high negative
surface charge. However, they are known to form 2D
hexagonally close-packed bundles under certain condi-
tions.58,59 Stoichiometric ratio of the two constituents is
crucial for a binary assembly. Hence, to study the assembly at
different stoichiometric ratios of AuNR+ and TMV, the latter
was added stepwise to 0.16 nM AuNR+ solution and analyzed
after each addition. The volume of TMV solution was too
small (final dilution was 5%) to significantly alter the AuNR+

concentration in the medium. Figure 2a shows the change in
the absorption spectrum of AuNR+ during the process. The
longitudinal surface plasmon resonance (LSPR) band of
AuNR+, i.e., the one appearing at the longer wavelength
(here at ∼770 nm), is known to be more sensitive to any
change in the system compared to the transverse surface
plasmon resonance (TSPR) band at 520 nm. In agreement, we
observed a gradual redshift of the LSPR peak maximum with
increasing concentration of TMV along with a decrease in the
value of absorbance, peak broadening, and rise in the baseline.
The redshift implies plasmonic coupling among the AuNR+s in
the longitudinal direction. As a control experiment, a
comparable concentration of MUTAB was added to native

TMV, and their TEM image revealed that it did not induce any
specific interaction among TMVs (Figure S3a). At a low TMV
concentration, we observed that some of the AuNR+ assembled
along the TMVs and excess AuNR+ was found to remain
dispersed in the medium (Figure S3b). With an increase in the
TMV concentration, increasingly more AuNR+ took part in the
binary assembly. The resulting LSPR peak broadened as it was
now having contributions from both free AuNR+ (LSPR at
∼770 nm) and AuNR+s arranged onto the TMV surfaces
(LSPR at >770 nm). These two factors, together with the rise
in the baseline, indicate the abundance of TMV-templated
assembly of AuNR+ to higher-order structures in the medium.
Figure 2b−d shows the TEM images of the resulting
composite structures in the presence of 2, 6, and 10 μg/mL
TMV, respectively. The electron microscopy images suggest
that as the concentration of TMV increases, the discrete TMV-
AuNR+ units containing one TMV each, acted as the
nucleating sites and excess TMV and AuNR+ participated in
further assembly, leading to a long-range structure. Owing to
the complementary hydrophobic interactions between the
dipolar ends of the helical structure, TMVs are known to take
part in a head-to tail assembly.60 In accordance, initially, the
TMV-AuNR+ structures grew longitudinally much more than
in the transverse direction, as shown in Figure 2b. Unidirec-
tional assembly of native TMVs is favored as this minimizes
the repulsion between the carboxylic residues at the assembly
interface. But upon AuNR+ attachment, the negative surface
charge of TMVs was neutralized. Therefore, growth of the
assembly in the transverse direction also became feasible. This
process maximized the attractive force between the two
components with opposite surface charges and minimized the
repulsive force between similar surface charges. As shown in
Figure 2c, gradually, it took the shape of a ribbon, showing an
ABAB... arrangement along the width, where A = TMV and B

Figure 2. Long-range assembly of TMV-AuNR+s. (a) Change in the absorption spectra of AuNR+ (0.16 nM) with gradual TMV addition. (b)
TEM image of the assembly at 2 μg/mL TMV. (c) TEM image of the assembly at 6 μg/mL TMV showing ribbon-like morphology; the magnified
image in the inset reveals its 2D superlattice (scale bar, 50 nm). (d) TEM image of a bundle-like assembly at 10 μg/mL TMV; the magnified image
in the inset shows 3D superlattice (scale bar, 500 nm), and the arrows point to the excess TMVs. (e) Schematic of the assembly formation.
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= linear array of AuNR+. The inset in Figure 2c presents a
magnified view revealing the 2D superlattice domains of these
superstructures. Figure 2e schematically presents the long-
range assembly. With a further increase in the TMV
concentration, due to overgrowth, this 2D ribbon-like
superstructure attained thick wirelike morphology with 3D
bundled superlattice structures (as shown in Figure 2d).
Beyond this point, addition of TMV only made these wires
thicker and longer without any significant morphological
change. Finally, these wires with length of several microns
started to precipitate and excess free TMV can be observed in
the corresponding TEM images.
Origin of the Helical Structure Leading to Plasmonic

Chirality. From Figure 2, it is evident that the long and thick
TMV-AuNR+ superstructures contain hints of structural twists
in the long range. To eliminate any drying artifact, we
characterized this binary superstructure under cryogenic
conditions. Although the periodic array of TMVs and
AuNR+ appears parallel locally (inset in Figure 2c), the cryo-
TEM image in Figure 3a shows that the ribbon-like TMV-
AuNR+ composite wires indeed show helicity in their structure.
A magnified image displays that it is completely twisted at
places. Using a tilt series of images, we reconstructed a 3D
structure of this wire (Figure 3b, Video S2), which presents a
clearer view. The origin of this helicity lies in the crystal
structure of TMV, where a right-handed RNA helix is buried
inside the capsomeres. These capsomeres show an axial repeat
distance of 69 Å, which consists of 49 subunits, while the basic
helix makes three turns. Previous studies have shown that
chiral rod-shaped viruses align in a twisted manner with each
other to minimize their interaction energy.61 In this case, the
net effect of a strong attraction between AuNR+ and TMV and
the helical distribution of negative charge along the TMV
surface gave rise to the helicity in the superstructure. In a study
by Liljeström et al.,39 spherical cationic gold nanoparticles, in a
high electrolyte concentration, were mixed with TMVs and the
mixture was dialyzed. This way, instead of any kinetically
driven random electrostatic assembly, the authors obtained a
highly ordered ribbon-like superstructure through a zipper-like
mechanism. Furthermore, the superstructure showed helicity,

generating a CD signal around the plasmon wavelength of
AuNPs. The success of this strategy lies in the colloidal
stability of the AuNPs against the electrolyte. However, in
some cases, the plasmonic nanoparticles tend to aggregate
irreversibly even at a moderate salt concentration. The present
study addresses this limitation. We show that fairly ordered
helical superstructures can be achieved by a slow stepwise
addition of the chiral template to the pool of AuNR+, without
the risk of electrolyte treatment. We also note that the helicity
became more prominent with the growth of the superstructure.
Figure 3c presents an optical microscopy image of a composite
ribbon-like structure that is several hundreds of microns in
length and up to 2.3 μm in width. Periodic structural twists can
be seen along the entire microwire. The inset shows a
magnified view of the marked portion, which reveals a pitch of
6 μm. The optical images of the system at various TMV
concentrations in Figure S4 show that at a lower TMV
concentration, the structures contained occasional twists.
However, at TMV concentrations higher than 12 μg/mL, the
pitch increased with the width of the microwires (Figure
S4b,c). Thus, through the self-assembly process, the molecular-
level chirality was transposed to the chiral structures of
multiple orders of magnitude larger length scales. Notably, in
the proposed mixing protocol, we hypothesize that each
structural unit of the template got saturated by AuNR+ before
more templates entered the system. However, when we
performed the reverse addition process, i.e., gradually added
a small amount of AuNR+ to an aqueous solution of TMV, the
former chose random structural units of TMV to attach to.
This continued, making the subsequent long-range assembly
impossible. In the cryo-TEM images, we see that the assembly
did not continue beyond a few TMV-AuNR+ units (Figure
S5).
Besides, the circular dichroism measurements reveal that the

structural helicity of the microwires had a preferred handed-
ness that gave rise to an overall chirality. In Figure 3d, we see
that the system gives a bisignated CD signal of peak-dip feature
with a zero-crossing point around the absorption maximum of
the AuNR+. This nature of the CD spectra is typical for helical
plasmonic assemblies. Here, although the AuNR+s arranged on

Figure 3. Plasmonic chirality of the TMV-AuNR+ wires. (a) Cryo-TEM image of a ribbon-like TMV-AuNR+ superstructure along with the
magnified view of a twisted section and (b) the corresponding 3D reconstructed image with arrows pointing to the helical twist. (c) Optical image
of a TMV-AuNR+ microwire in the presence of 12 μg/mL TMV showing repetitive twists. Magnified view of the marked section shows the pitch
length. (d) Experimental CD spectra showing stronger signals with gradually higher TMV concentration, along with the simulated CD spectrum
calculated from the AuNR+ coordinates obtained from (b).
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the surface of TMV in near-parallel 1D arrays, the right-handed
distribution of surface charge on TMV guided the assembly to
finally give the right-handed global twists. As explained in
detail in the previous study with gold nanoparticles by
Liljeström et al.,39 if one observes from the transverse
direction, the nanorods show a left-handed arrangement,
which gives the peak-dip-type CD signal. In solution, the
experimental CD spectra are the average of chiral signals
coming from the axial as well as transverse directions of the
TMV-AuNR+ composite microwires. Now, considering the
micron-scale length of the wires, any light propagating along
their longitudinal axis would be heavily damped by the gold
nanorods, decreasing the contribution of this orientation in the
experimental CD. Therefore, the left-handed arrangement
from the transverse direction predominates and the resulting
signal follows the peak-dip nature. A similar CD signal was also
reported by Nicholas A. Kotov’s group for ribbon-like chiral
plasmonic composite structures.62

As predicted from the electron microscopy and optical
images, with a higher TMV concentration in the medium, the
CD signal became stronger in both positive and negative sides
while keeping the baseline and the zero-crossing position
almost constant. Beyond a certain TMV concentration (12 μg/
mL of TMV), as the wires became too heavy to stay dispersed
in the aqueous medium, the bulk CD spectrum got flattened
(Figure S6). To avoid dependency of chirality on concen-
tration, asymmetry factor or g-factor of the system was
calculated from these CD spectra and the corresponding
absorbance spectra at different TMV concentrations following
an established method.63 As shown in Figure S6c, a prominent
peak-dip trend of the spectrum was observed for 12 μg/mL
TMV concentration that shows a standard value for this kind
of systems.62 Using the CD data and corresponding

absorbance values from Liljeström et al.,61 the g-factor of
TMV-gold nanoparticle system at a 200 mM salt concentration
is also plotted in Figure S6d. Both the systems show
comparable negative peak intensity, but a much stronger
(∼10 times higher) positive signal in the case of TMV-AuNR+

suggests better chiral response in the case of AuNR+. Taking
the position of the AuNR+s in the assembly from the
coordinates of its cryo-TEM tomogram and using the discrete
dipole approximation (DDA), we simulated the CD signal of
the TMV-AuNR+ microstructure shown in Figure 3b. The
model contains 293 nanorods, each represented as a point
dipole, with polarizability obtained from the modified long-
wavelength approximation (MLWA). Taking the length of the
nanorods as 34 ± 6 nm and the diameter as 10 ± 2 nm (for
details, see the Experimental Methods section), we obtain the
CD spectrum presented along with the experimental spectra in
Figure 3d. The zero-crossing position of this simulated
spectrum matches well with our experimental result, the signal
intensity being comparable to the one when the TMV
concentration was 12 μg/mL. The sharpness of the simulated
CD spectrum can be attributed to the fact that the model takes
coordinates from the cryo-tomographic image of a single
structure. However, in solution (as shown in Figure 3a), the
length and width of the microwires vary to some extent, which
contribute to the broadening of bulk CD spectra. The
experimental spectra are smoothened and the simulated
spectrum is multiplied by a simple integer for ease of
comparison.

Chirality Estimation at Single-Microwire Level. Owing
to its ensemble-averaging nature, bulk CD measurements often
mask the sensitivity of CD spectroscopy. Therefore,
researchers are having a growing interest in detecting chirality
at a single-particle level using far-field extinction microscopy64

Figure 4. Chirality study of single microwires. (a) Dark-field optical image of the composite wires made of TMV-AuNR+, (b) schematic
representation of the PDFSMS setup, and (c) changes in the scattering intensity of a single microwire (the inset shows the images) when it was
illuminated with RCP and LCP alternatively and observed through an analyzer. (d) Polar map of a single wire when it was illuminated with a
linearly polarized light at different angles (0−360°) without analyzer and (e) with analyzer. (f) The polar plot in (e) presented as a 2D XY plot to
find the angle of optical rotation of a microwire.
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and single-particle chiral scatterometry.65 Using a much
simpler technique, namely, polarized dark-field scattering
microspectroscopy (PDFSMS), we have determined the
chirality associated with individual composite TMV-AuNR+

microwires. PDFSMS allows the detection of chirality
associated with individual gold nanorod aggregates both
qualitatively and quantitatively.66 This is possible because of
the optical rotation due to plasmonic circular dichroism of the
anisotropic nanoparticle assemblies. Here, using the same
principle and experimental setup, we studied chirality
associated with individual TMV-AuNR+ microwires. Precisely,
we used an upright dark-field microscope to image the TMV-
AuNR+ sample placed between a glass slide and a glass
coverslip. Depending on the TMV-to-AuNR+ ratio, we
observed dotlike, rodlike, and wirelike structures (Figure S7).
Figure 4a shows the dark-field optical image of the sample
containing 6 μg/mL TMV in the absence of any polarizer.
Then, we modified the setup, as shown in Figure 4b, such that
the sample could be illuminated with right- and left-handed
circularly polarized light, and optical rotation in the light
scattered by the microwires could be detected. For this, a linear
analyzer was added in the path of scattered light. Figure 4c
shows changes in the average grayscale intensity for one of the
microwires (inset, Figure 4c) upon alternate illumination with
RCP and LCP light. This plot shows repeatability of the
measurements as well as reveals that upon changing the
illumination from LCP to RCP, the scattering intensity passing
through the analyzer is reduced to 65%. Such an alteration of
intensity proves that the individual microwires are chiral, as
expected from their twisted structures. Quantification of the
chirality of microwires was based on the optical rotation of
scattered light. Precisely, to illuminate the sample with linearly
polarized light at different angles, we kept a linear polarizer at
the bottom of the sample (down-side polarizer, i.e., DPOL).
Then, dark-field images were collected without and with
analyzer, i.e., another linear polarizer kept above the sample

(top-side polarizer, i.e., TPOL). These data are shown in
Figure 4d,e, respectively. Then, the percentage reduction in
scattering intensity (65%) due to the optical rotation was
correlated with the changes in the linearly polarized scattering
intensity upon varying angle of linearly polarized illumination.
It showed that when illumination is changed from LCP to
RCP, the scattered light rotates by 50°, which is a
measurement of the optical rotation exhibited by the
corresponding microwire. Notably, in aqueous dispersion,
differential absorption for RCP and LCP was observed, but not
optical rotation, as the TMV-AuNR+ wires were oriented in all
possible directions. Hence, output could be only circular and
unpolarized light, and thus, bulk circular dichroism spectra
were not affected by linear dichroism components.

Generalization of the Strategy Using Cellulose
Nanocrystals (CNC). To show the generic nature of this
approach, we used anisotropic nanocellulose particles, viz.,
CNC. Cellulose is found in many skeletal systems of plants,
mostly in a chiral nematic liquid crystal phase. Below a critical
concentration, a form of cellulose exists as a whisker-like
colloidal substance67 with an average aspect ratio of 12, known
as CNC, whose cryo-TEM images are shown in Figure 5a.
These rodlike CNCs contain sulfate half-ester groups on their
surface and have a right-handed twisted structure,68 which
results in a helical distribution of negative surface charge
similar to that of TMVs. Though these are not atomically
precise, they are highly crystalline, the surface contains
negatively charged groups (ζ-potential, −64 mV), and most
importantly, these are produced cost-effectively from renew-
able resources. Earlier, CNCs have shown the potential to
serve as a chiral template both in its nematic phase69 and as
single crystals.70 Here, we added 0.02 wt % of colloidal CNC at
each step to 0.16 nM AuNR+ solution following the same
strategy. As depicted in Figure 5b, the AuNR+s attached to the
CNC surface keeping their longitudinal axis parallel to that of
the CNCs.

Figure 5. Long-range assembly of AuNR+ with CNC. (a) Cryo-TEM image of negatively stained CNCs, (b) schematic of the arrangement of
AuNR+ on twisted CNC surface, (c) change in the absorption spectrum of AuNR+ with gradual addition of CNC. TEM images of (d) short-range
assembly at 0.02 wt % of CNC and (e) long-range assembly at high CNC concentration (∼0.06 wt %). (f) CD spectra of the sample with
increasing CNC concentrations.
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Notably, in this case, they attached to the CNCs covering
their entire surface. During the process, the positive ζ-potential
of the system decreased continuously (Figure S8), suggesting
surface charge neutralization through electrostatic assembly.
Figure 5c shows that the absorption spectra gradually shift
toward the right and get broadened, verifying a similar
interaction as expected from the TMV case. Indeed, the TEM
image of the sample at a low CNC concentration (Figure 5d)
suggests that the AuNR+s arranged themselves unidirectionally
along the length of the CNC. At a higher concentration of
CNC, a long-range assembly produced longer and thicker
composite structures. In Figure 5e, we see such an assembled
structure, where, although the CNCs are hardly visible due to
low contrast, the pattern of AuNR+ arrangement clearly
indicates that they were longitudinally attached to an
anisotropic soft template of higher aspect ratio. Circular
dichroism study shows that CNC-AuNR+ also produced a
chiral signal at the position of the maximum absorption of
AuNR+. Similar to the case of TMV, with the increase in the
concentration of CNC, as the microstructures grew, the system
showed a stronger chiral signal keeping the zero-crossing
position fixed. In the case of CNC, the template was not
perfectly cylindrical like TMV, but they rather contained right-
handed structural twist in their inherent geometry. Therefore,
the CNC-AuNR+ composite did not produce ribbon-like
ordered structure with global twists. Instead, the nanorods
evenly covered the CNC surfaces, guided by the grooves of
CNCs. Several studies have shown that the dihedral angle
between nanoparticles significantly alters their chiral re-
sponse.71 Although less ordered, the CNC-AuNR+ assemblies
contained higher relative angle between consecutive gold
nanorods compared to their uniaxial end-to-end arrangement
in the TMV-AuNR+ system, which gave rise to a stronger CD
signal in the case of CNC-AuNR+.
The calculated g-factor of CNC-AuNR+ implies that the

chiral response of this system is comparable to that of TMV-
AuNR+ (Figure S9). Notably, the spectra fail to show a
stronger signal intensity with an increase in CNC concen-
tration beyond 0.06 wt % CNC. This can be attributed to the
fact that CNC-templated assemblies of AuNR+ show greater
polydispersity, leading to a flattening of the absorbance spectra
(as evident from Figure 5c). However, the strong CD spectra
and standard g-factor values imply that our strategy works well
for CNC too, which may be extended to any template of this
kind.

■ CONCLUSIONS
In the field of template-assisted plasmonic chirality, we present
a simple strategy to obtain a binary assembly with structural
precision. Using surface chemistry as a key, by a slow stepwise
addition of the rod-shaped chiral templates to a large pool of
well-dispersed AuNRs, we observed systematic attachment of
the AuNRs to the templates following their structural helicity.
With a gradual increase in the template concentration in the
system, these unit composite structures participate in a long-
range assembly that gives longer, thicker wirelike structures
with an overall structural chirality. Thus, by following the
proper mixing protocol, without any sophisticated template or
complex sample preparation technique or highly specialized
and tedious chemical synthesis, we can create structures that
show plasmonic chirality in the NIR wavelength region.
Besides being simple and general in nature, this method is
highly reproducible, easily scalable, and efficient for tuning the

length of the structures (Figure 2c−e), thereby bridging
between nanoscale and microscale structural chirality.
Interestingly, although both TMV and CNC-templated
assemblies of AuNR+ give rise to plasmonic chirality around
the same wavelength following the same strategy, they may be
suitable for very different applications. If the radiative and
nonradiative losses can be minimized, then the chiral
plasmonic wires with length of several microns made of
TMV-AuNR+ might have potential utility in nonlinear optics
and in telecommunication kind of devices. They can also be
excellent waveguides to preferentially propagate one circularly
polarized light over the other, due to their chirality. On the
other hand, the CNC-AuNR+ system does not give such long
unidirectional structures, but at gradually higher concentration
of CNC, they show increasingly stronger signal in CD spectra
(Figure 5f). Hence, the CNC-AuNR+ system would be more
suitable for other applications where a strong chirality in the
NIR region is crucial. Further, using PDFSMS, we could detect
the chirality of a single TMV-AuNR+ composite microwire.
This method has the potential to detect TMV or similar chiral
templates with an unprecedented detection limit. Thus, the
chiral plasmonic materials proposed in this study hold
importance to diverse fields of physics, chemistry, material
science, and biology.
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Figure S1. Confirmation of MUTAB functionalization of AuNR. XPS of AuNR+ in the S 2p region 
shows two peaks at 161.5 eV and 162.7 eV, assigned to 2p3/2 and 2p1/2, respectively. These positions 
match well with thiolate (RS-) bound to the surfaces of AuNRs.  
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Figure S2. The morphology of AuNR@CTAB and AuNR+. Panel a presents the TEM tomographic 
reconstructed images of AuNR@CTAB from different directions and panel b contains corresponding 
images of AuNR+. We see no significant alteration between the two image panels. 
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Figure S3. TEM images of a) TMV in presence of 0.002 mM MUTAB which shows that 
MUTAB did not cause any arrangement in TMVs at the experimental condition, and b) 
TMV-AuNR+ in presence of low (0.5 μg/mL) TMV concentration. The TMV-AuNR+ units 
coexist with well-dispersed excess AuNR+s. 

 
 
 
 

 

 

Figure S4. Optical microscopic images showing the width and pitch of TMV-AuNR+ system at low to 
high TMV concentration- a) 6 μg/mL, b) 12 μg/mL and c) 15 μg/mL. 
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Figure S5. Cryo-TEM images of TMV-AuNR+ resulting from reverse addition. a-c Gradually 
higher AuNR+ to TMV concentration ratio. d Large-area image showing the absence of long and 
thick wire-like structures. The area marked with blue circle shows that in a few places TMVs appear 
as aligned in a particular direction locally, but in almost everywhere else their arrangement is 
random as marked by yellow circles. 
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Figure S6. Experimental CD spectra at various TMV to AuNR+ concentration ratio a without 
smoothening, b after 100-point Savitzky-Golay smoothening. Initially, with the increase in TMV 
concentration (up to 12 μg/mL), the CD signal gets stronger and from 12 μg/mL to 15 μg/mL, signal 
intensity decreases. c g-factor of TMV-AuNR+ system and d that of TMV-AuNP system at 200 mM 
ionic strength. Intensity of the negative peak is comparable for both the systems, whereas, the positive 
peak is 10 times more intense in case of TMV-AuNR+ system. 
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Figure S7. Dark-field optical images of TMV-AuNR+ with gradually higher TMV concentration: a 3 
ug/mL, b 6 ug/mL, c 12 ug/mL. 
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Figure S8. Change in zeta potential of CNC-AuNR+ system with increasing CNC concentration. The 
initial value is of AuNR+ alone. The value decreases as CNC is added. At a point it crosses the zero-
point, suggesting that the negative surface charge of CNC is exactly neutralized by positively charged 
AuNR+. Upon further CNC addition, zeta potential becomes more and more negative due to the 
conjugation of excess CNCs. 

 
 
 

 

 
Figure S9. g-factor of CNC-AuNR+ at different CNC concentration. Flattening of the absorbance 
spectra at high CNC concentration suppresses the negative peak intensity beyond 0.06 wt% of CNC. 
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ABSTRACT: Gold recovery using a sustainable and inexpensive method has tremendous environmental and economic
implications. We developed a highly cost-effective and sustainable method of gold extraction in which aqueous Au3+ is precipitated
selectively as it is complex with the biomolecule niacin, having an overall formula, [AuCl4]

−[2Niacin + H]+, abbreviated as I. This
selective precipitation occurs from mixtures of Au3+ with Ni2+, Cu2+, and Zn2+ along with commonly occurring alkali (Na+/K+) and
alkaline earth (Mg2+/Ca2+) metal ions. From single-crystal studies, it was confirmed that electrostatic attraction and supramolecular
interactions are the reasons for such co-precipitation, which was also confirmed by spectroscopy. Using the method, about 96.5% of
gold was extracted in 2 min from electronic waste composed of Au, Cu, and Ni. This method was also employed to extract gold from
nanomaterial waste generated in laboratories. Niacin, being inexpensive and renewable, costing ∼US$ 6000 per ton in the local
market, the method may be used for cost-effective, selective and sustainable extraction of gold from diverse raw materials.

KEYWORDS: selective recovery of gold, gold−niacin complex, precipitation, electronic/nanowastes, sustainable chemistry

■ INTRODUCTION

Noble metals are well-known in view of their exceptional
physical and chemical properties.1−9 Among them, gold is
more popular since ancient times. The most universally used
method for recovery of gold includes treatment of the ore with
highly toxic sodium cyanide, which results in the formation of
the soluble coordination complex, Au(CN)2

−.10,11 Gold is also
extracted with highly toxic mercury.12 This is currently the
largest source of mercury pollution worldwide.13,14 In this
context, a sustainable, inexpensive, and efficient method for the
recovery of gold from mines, as well as chemical and electronic
wastes, is highly desirable.
As gold reserves are reducing day by day, it is necessary to

recover gold from waste materials including nano- and
electronic wastes to meet the growing demand. Gold is one
of the precious metals used in electronic devices due to its
corrosion resistance and high electrical conductivity. About
300 tonnes of gold are utilized every year in electronic
products.15 A recent report suggested that recovery of metals
from electronic waste is more cost-effective than the mining of
ores.16

Gold-based nanotechnology industries, such as high-
efficiency compact storage devices, medical diagnostics,

photovoltaics, imaging, etc., are expected to expand signifi-
cantly.17,18 The worldwide market value of gold nanoparticles
(AuNPs) was projected to be 1.34 billion US dollars in 2014.19

The market for gold-based nanotechnologies is estimated to
rise drastically by 2022. As a result, about 20 000 kg of gold
will enter the nanotechnology industry by this time.19

Many methods have been reported for the recovery of gold.
Recently, Yang et al. used pyridine and N-bromosuccinimide to
leach gold in solution, which could replace the well-known
toxic methods of gold extraction like alkaline cyanide.20

Stoddart et al. utilized different cyclodextrins where α-
cyclodextrin showed efficient binding to AuBr4

− to form a
precipitate.21 Liu et al. have synthesized different types of
macrocyclic tetralactam receptors, which formed host−guest
complexes with square planar complexes of noble metal halides
such as AuCl4

−, AuBr4
−, PdCl4

−, etc.22 Guo et al. selectively
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recovered gold using carbon nitride based on a photoreduction
method.23 Pati et al. recovered gold from nanowastes using
Stoddart and co-worker’s gold recovery method.24 Recently, a
green method was developed where noble metals like silver
and copper were brought into solution from their metallic state
using different types of carbohydrates.25,26 Different types of
covalent organic frameworks (COFs) and metal−organic
frameworks (MOFs) were also used to capture gold ions
selectively from aqueous solutions.27−29 Cucurbit[6]uril was
utilized to extract gold with an efficiency of 99.2% via co-
precipitation.30 Yang et al. captured gold with high adsorption
capacity and selectivity using a protein membrane.31 Love et al.
used simple primary amides to extract gold selectively from
electronic wastes.32 Different types of methods used previously
in the literature for gold extraction and their efficiencies are
listed in Table S1.
Herein, we report the rapid co-precipitation of

[AuCl4]
−[2Niacin + H]+, abbreviated as I, in water from

gold-containing acidic mixtures by niacin. Electrostatic and
supramolecular interactions such as hydrogen bonding and van
der Waals (vdW) interactions are responsible for such
complexation, as revealed by single-crystal studies. This
phenomenon is highly selective for AuCl4

− and excludes
other commonly coexisting ions such as Ni2+, Fe3+, Pt2+, Cu2+,
and Zn2+ present in such solutions, along with alkali (Na+/K+)
and alkaline earth (Mg2+/Ca2+) metal ions and Al3+. X-ray
photoelectron spectroscopy (XPS) and Raman studies also
supported the formation of I. Using this method, gold was
recovered from various waste samples, including electronic
waste.

■ MATERIALS AND METHODS
Chemicals. Niacin, CuCl2·2H2O, FeCl3·6H2O, K2PtCl4, HAuCl4·

3H2O, ZnCl2, NaCl, AlCl3, and MgCl2 were purchased from Sigma-
Aldrich and used without further purification. Ethanol, HCl, and
HNO3 were purchased from Rankem. Milli-Q water was used
throughout the experiment.
Crystallization of I. Briefly, 1 mL of HAuCl4 (27 mM) and 1 mL

of a saturated solution of niacin (125 mM) were mixed. NaCl (100
mg) was added to slow down the precipitation. The solution was kept
for slow evaporation at room temperature. After 2 days, yellow
crystals suitable for X-ray crystallographic analysis were obtained.
Crystallization of Cu(H2O)4(Niacin)2. Briefly, 1 mL of CuCl2 (27

mM) and 1 mL of a saturated solution of niacin (125 mM) were
mixed. The solution was kept for slow evaporation at room
temperature. After 3 days, blue crystals were obtained. The crystal
structure of this system has been reported previously.33

Instrumentation. X-ray Crystallography. Single-crystal X-ray
data collection was performed using a Bruker D8 VENTURE APEX3
diffractometer using Mo Kα (λ = 0.71073 Å) radiation. Indexing was
performed using APEX3. The program, SAINT-v8.37A, was used for
integrating the data collection frames. Absorption correction was
performed by a multiscan method implemented in SADABS. The
structure was solved using SHELXT-2018/2 and refined using
SHELXL-2018/3 (full-matrix least-squares on F2) contained in
WinGX v2018.3. Crystal data and refinement conditions are listed
in Table S1. The crystal data have been deposited in the Cambridge
Structural Database (CCDC no. 1989872).
More details on instrumentation are provided in the Supporting

Information (SI).

■ RESULTS AND DISCUSSION

Niacin is nicotinic acid and is a form of vitamin B3, an essential
human nutrient. It is produced industrially, and the sales were
reported to be 31 000 tons in 2014.34 Upon addition of a

saturated solution of niacin (125 mM, 2 mL) in water to an
aqueous solution (1 mL, 27 mM) of HAuCl4 at room
temperature, a light yellow precipitate, labeled as I, appeared
within a few minutes (Figure 1). The initial gold concentration

in this experiment was about 5139 ppm. After addition of
niacin, the concentration of gold was reduced to 2.9 ppm.
Therefore, about 99.9% of gold was recovered using this
method (Table S2). Data corresponding to the selectivity for
gold using this precipitation method are presented later.
The pKa values of niacin are 2.0 and 4.85. Gold is generally

extracted in acidic solutions, and the pH of the HAuCl4
solution used was 1. After addition of niacin, the pH of the
solution became 3. It was important to ensure that such a
process occurs even at low concentrations for the process to be
useful for gold recovery. It was confirmed that niacin had the
ability to precipitate gold down to 320 ppb (Table S2),
although complete precipitation was not observed.
Compound I was crystallized using slow evaporation of

water. The crystal structure of I is presented in Figure 2A(i),
where two niacin molecules interact with one AuCl4

−. A simple
representation of the crystal structure is shown in Figure
2A(ii). The crystal system is monoclinic with a space group
P21/n (Table S3 and Figure 2B). Expanded views of the unit
cell in X, Y, and Z directions are presented in Figure S1. The
layered structure of I along the Y axis is evident from Figure
3A. In the crystal, AuCl4

− and a dimer of niacin molecules
(with a proton link) act as the anion and the cation,
respectively. The overall formula of the complex is
[AuCl4]

−[2Niacin + H]+. The proton is shared between two
carboxylic groups of two niacin molecules (Figure 2A). Two
pKa values (mentioned above) support the zwitterionic
structure of niacin in the crystal structure, as the pH of the
solution was 3. UV−vis spectra of [AuCl4]‑ (blue) and I (red)
in dimethylformamide (DMF) were obtained (Figure S2). A
characteristic transition at around 320 nm was seen in I, which
supported the presence of [AuCl4]

− in the crystal structure.
Thus, two niacin molecules are required to precipitate one
molecule of AuCl4

−. The required amount is about 1.25 g of
niacin (equivalent to US$ 0.0084) per gram of gold.
Looking at the chemical formula, it can be confirmed that

electrostatic interactions are present in the crystal structure.
Strong H-bonding and vdW interactions are also responsible

Figure 1. Formation and co-precipitation of I after mixing a saturated
solution (2 mL) of niacin with HAuCl4 (27 mM, 1 mL). The light
yellow of the liquid meniscus in the bottle on the right is due to
reflection from the precipitate.
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for such a complexation. VdW interactions between Cl atoms
in the lattice are presented in Figure 2C, which operate in the
diagonal direction of the unit cell. Similarly, H-bonding
interactions between the O atom of the carboxylic group and
H connected to N are presented in Figure 2D. Different types
of H-bonding interactions were observed in the crystal (Figure
2D). Such kinds of self-organized and patterned structures are
reminiscent of β-sheet and α-helix in proteins and also in the
recently reported Au103 and Au246 nanoclusters.

35−37 Expanded
views of [AuCl4] and [2Niacin + H]+ in X, Y, and Z directions
are presented in Figures S3 and S4, respectively. Different
kinds of noncovalent interactions present in the crystal are
shown in Figure 3B with specific distances. Noncovalent
interactions between the hydrogen atoms of the aromatic ring
and chlorines are also present in the crystal (Figure 3B).

To understand the distinct difference in the gold complex,
the crystal structure of niacin with copper was also obtained
(Figure S5). This complex dissolves in water, and its structure
is already known.33 The overall formula of the complex is
Cu(H2O)4(Niacin-H)2. Here, copper formed a coordination
bond with niacin through the N center of the heterocycle.
There is a negative charge on the oxygen atom of the
carboxylic acid group of niacin. This causes the overall charge
to be zero. Such covalent bond formation is absent in I because
gold is a soft center while N and O are hard centers in niacin.
The presence of various types of noncovalent interactions that
are specific in the case of [AuCl4]

− resulted in the precipitation
of the complex. Complexes of niacin and such molecules with
precious and transition metals have been reported,38,39

although the structure of the gold complex and its selective
precipitation have not been studied.

Figure 2. (A) (i) Crystal structure of I and (ii) Chemdraw representation of I. Color codes for the atoms are shown nearby. Note that the color of
the H atom is white. (B) Expanded view (5 × 5 × 5) of the unit cell of I. (C) Van der Waals interactions between halide ions of adjacent [AuCl4]

−

units. (D) H-bonding interaction between O atom of the carboxylic group and H attached to N.

Figure 3. (A) Packing view of the crystal from the Y axis showing a layered structure. (B) Different noncovalent interactions such as H···Cl, Cl···Cl,
Cl···C, and H···O present in the unit cell, with specific distances.
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An XPS study was performed to reveal the interactions in
the complex. Significant changes in binding energies were
observed for oxygen and nitrogen in the complex, compared to
free niacin. In the case of O 1s, a new peak appeared for I along
with a ∼0.5 eV chemical shift, compared to free niacin (Figure
4A), which could be due to the sharing of hydrogen between
carboxylic groups of the two niacin molecules. Similarly, a
chemical shift of about 1.6 eV was observed for N 1s in the
complex compared to free niacin (Figure 4B). This could be
due to the presence of a positive charge on N and H-bonding
interactions (Figure 2D). These data confirmed the presence
of strong interactions in the complex. The binding energy of C
1s was also influenced by these interactions (Figure 4C).
To get further insights into bonding, Raman spectroscopy

was performed. Peak shifts of 12 and 8 cm−1 were observed for
CN and CO vibrations, respectively, in I compared to
free niacin, which is also supported by XPS and single-crystal
XRD data (Figure 4D). There were two types of Au−Cl
stretching for HAuCl4. This is due to Au−Cl (348 cm−1) in
AuCl4

− and Au−Cl (326 cm−1) in AuCl3(OH)
− (Figure 4F,

HAuCl4). Note that the spectrum of HAuCl4 was measured in
ambient air, which resulted in the water of hydration as the salt
is hygroscopic. As the crystal structure of I does not have any
OH attached to gold, only one Au−Cl stretching band

appeared (Figure 4F). Both XPS and Raman spectroscopy are
in good agreement with the single-crystal XRD data of I.
To test the selectivity of the process, an equimolar mixture

of HAuCl4, CuCl2, and ZnCl2 (27 mM each) was prepared by
mixing the corresponding salts. After adding a saturated
solution of niacin, precipitation of the gold complex occurred
immediately, but copper and zinc were still in solution (Figure
S6). The precipitate was examined using scanning electron
microscopy/energy-dispersive spectroscopy (SEM/EDS) map-
ping to confirm the efficiency of the method for selectivity
toward gold. SEM images revealed the formation of meso-
flower-type of structures for the precipitate. SEM images of the
precipitate are provided in Figure S7A,B. SEM/EDS confirmed
the presence of N, O, Cl, Au, Cu, and Zn (Figure S7D). Au
(10.11%), Zn (0.51%), and Cu (0.12%) were quantified by
EDS mapping from the co-precipitate. About 94% pure gold
was extracted using this method after one-time treatment of
niacin. The elemental analysis of the precipitate is provided in
Figure S7D. Elemental maps of copper, gold, and zinc are
shown in Figure S7E. A detailed analysis of the solution after
precipitation by inductively coupled plasma mass spectrometry
(ICP MS) also confirmed the efficiency of extraction (Table
S4). Similarly, niacin solution (125 mM) was added separately

Figure 4. XPS data of oxygen (A), nitrogen (B), and carbon (C). The shift in the binding energies confirmed possible interactions in I. Data for
pure niacin are also presented. The expanded Raman spectra of I are shown in Figure 3(D,F). (D) CN and CO stretching in I and niacin.
About 12 and 8 cm−1 shifts were observed for I compared to niacin alone, for CN and CO, respectively. (F) Au−Cl stretching in I and
HAuCl4.
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to 27 mM solutions of PtCl4, AlCl3, and FeCl3 at pH 3 (Figure
S8). No precipitation was observed.
A process of gold recovery using this approach is presented

in Figure 5. After precipitation, I can be separated from
impurities by filtration. The recovered I can be reduced using a
reductant such as sodium metabisulfite (Na2S2O5) to recover
gold metal (see above). The remaining residual gold in the
impurities and unused niacin (liquid phase) can be recycled.
Preconcentration is necessary for precipitation when the
concentration falls below 320 ppb, as mentioned earlier.
Gold was recovered from electronic waste and laboratory

nanowaste. A used central processing unit (CPU) of a
computer was treated with 5 mL of aqua regia (HCl and
HNO3 in a 3:1 volume ratio) to dissolve the metals (Figure
6A). The solution was heated for 2 h to remove excess acids,
yielding 2 mL of a blue solution. More amounts of niacin were
required to adjust the pH to 3 if excess acid was present in the
solution. Note that precipitate (I) is soluble in HCl. To avoid
such issues, excess acids were removed. The solution contained
770 ppm of Ni2+, 22 320 ppm of Cu2+, and 25 ppm Au3+ by
ICP MS analysis (Table S5). A saturated solution of niacin
(125 mM) in tap water (4 mL) containing common ions was
added, and the pH of the solution changed to 3. After the
treatment with niacin, about 96.5% of gold was recovered
within 2 min (Table S5). The removal of different metals is
presented in Figure 6B. Hence, it is established that niacin is
highly efficient for the recovery of gold from electronic wastes.

A simulated nanowaste consisting of citrate-reduced AuNPs
was synthesized. The colloidal AuNPs were precipitated using
NaCl-induced aggregation, and the precipitate was dissolved
using aqua regia. The niacin-based separation was carried out
as before. The clear yellow solution became turbid just after
addition of niacin, and the pH of the solution changed to 3.
The reaction mixture was filtered through a Whatman filter
paper. The precipitate was added to about 50 mM solution of
Na2S2O5 to recover gold. All stages involved in the recovery
process were performed at room temperature (Figure S9).
Recovery was also attempted under certain extreme

conditions. About 1 ppm of the gold solution was prepared
in the presence of 160 000 ppm NaCl and 50 000 ppm MgCl2.
This method also has the ability to extract gold in such
conditions (Table S6). This indicated that this process could
be effective in collecting gold from extreme saline solutions.
The solvent can play a key role in such a process. An

equimolar mixture of HAuCl4 and CuCl2 (27 mM) in ethanol
(1 mL) was prepared. In this case, precipitation of the copper−
niacin complex was observed, while gold was retained in the
solution, as shown in Figure S10. Separation of HAuCl4 and
CuCl2 can also be achieved in ethanol using niacin. Further
optimization of the method and experimental parameters is
ongoing in our laboratories to expand this process to more
realistic applications.

Figure 5. Gold-recovery flow chart using niacin.

Figure 6. Recovery of gold from a central processing unit. (A) The CPU was treated with HCl and HNO3 (3:1) to dissolve the metals. The
resulting solution (blue) was treated with a saturated solution of niacin yielding a precipitate. (B) Percentage removal of various metals evaluated
by ICP MS.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c07409
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c07409/suppl_file/sc0c07409_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c07409/suppl_file/sc0c07409_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c07409/suppl_file/sc0c07409_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c07409/suppl_file/sc0c07409_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c07409/suppl_file/sc0c07409_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c07409/suppl_file/sc0c07409_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c07409/suppl_file/sc0c07409_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c07409?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c07409?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c07409?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c07409?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c07409?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c07409?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c07409?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c07409?fig=fig6&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c07409?ref=pdf


■ CONCLUSIONS
In summary, we discovered a method for the fast precipitation
of gold in water by a simple biomolecule, niacin. The crystal
structure of I revealed the presence of strong electrostatic, H-
bonding, and vdW interactions in the crystal. Such types of
interactions could be the main reason for selective precip-
itation of I. Raman spectroscopy and XPS were employed to
support the single-crystal XRD data. This method is highly
selective for gold. Trace amounts of gold could be recovered
from complex mixtures of ions in water. This method was
employed for the selective extraction of gold from electronic
and chemical wastes. Extraction of gold may be achieved using
HCl/H2O2

30 or pyridine and N-bromosuccinimide20 instead of
aqua regia, and Au3+ in the solution may be precipitated with
niacin, making the process more sustainable.
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Instrumentation

Inductively coupled plasma-mass spectrometry (ICP MS)

ICP MS was performed using a Perkin Elmer NexION 300X instrument equipped with Ar plasma. 

Before doing any sample, the instrument was calibrated with gold standard of four different 

concentrations (0, 10, 100 and 1000 ppb) to get a calibration curve with R2=0.9999. Blank 

experiment (0 ppb) was performed with milli-Q water (18.3 Mῼ resistance) with 5% (v/v) 

hydrochloric acid. Standards were also prepared in 5% hydrochloric acid. The same amount (5%) 

of hydrochloric acid was added to the collected samples also before analyses. For other metals 

also, the instrument was calibrated with the standard by the same procedure, but 5% nitric acid 

was used.

Scanning electron microscopy (SEM)

SEM (scanning electron microscopy) and energy dispersive analysis of X-rays (EDS) were 

performed using an FEI QUANTA-200 SEM.

X-ray photoelectron spectroscopy

XPS measurements were performed with an Omicron ESCA Probe Spectrometer. It consists of 

EA 125 energy analyzer, XM 1000 MkII X-ray source and monochromator, DAR 400 X-ray 

source (Al/Mg), VUV source HIS 13, CN 10 and CN 10+ charge neutralizer system, ISE 10 sputter 

Figure S5 Crystal structure of Cu(H2O)4(Niacin-H)2 S9

Figure S6 Separation of gold from an equimolar mixture of HAuCl4, CuCl2 and 
ZnCl2 
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Figure S7 SEM images and elemental mapping of the precipitate S11
Table S4 ICP MS data for gold extraction from mixture of metals S11
Figure S8 Selectivity towards gold S12
Figure S9 Schematic of the gold recovery and recycle process from gold nanowaste S13

Table S5 ICP MS data for gold extraction from electronic wastes S13
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ion source and MKS residual gas analyzer for temperature programed desorption (TPD). 

Polychromatic Al Kα X-rays (hν = 1486.6 eV) were used for analysis. 

Table S1. Different methods for gold recovery available in the literature.

References Method used Uptake percentage of gold

Precious metal recovery from 
electronic waste by a porous 
porphyrin polymer1

Adsorption 98.8

High-efficiency gold recovery 
using Cucurbit[6]uril2

Precipitation 99.2

Selective isolation of gold 
facilitated by second-sphere 
coordination with α-
cyclodextrin3

Precipitation Not available

Environmentally benign, rapid, 
and selective extraction of gold 
from ores and waste electronic 
materials4

Chemical leaching 90

Rapid capture of trace precious 
metals by amyloid-like protein 
membrane with high adsorption 
capacity and selectivity5

Adsorption 99.6

A simple primary amide for the 
selective recovery of gold from 
secondary resources6

Solvent extraction Not available

Selective extraction of trace 
amounts of gold from complex 
water mixtures with a metal–
organic framework 
(MOF)/polymer composite7

Adsorption 99

This work Precipitation 99.9

Table S2. ICP MS data for gold extraction at different concentrations of gold.

Initial gold concentration Gold concentration after niacin treatment

5139 ppm 2.9 ppm

320 ppb 248 ppb
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Table S3.  Crystal data and structure refinement for I.

Identification code shelx

Empirical formula C12 H11 Au Cl4 N2 O4

Formula weight 585.99

Temperature 293(2) K

Wavelength 0.71073 Å

Crystal system Monoclinic

Space group P 21/n

Unit cell dimensions a = 7.2567(18) Å a= 90°.

b = 10.516(4) Å b= 105.095(14)°.

c = 11.444(4) Å g = 90°.

Volume 843.2(5) Å3

Z 2

Density (calculated) 2.308 Mg/m3

Absorption coefficient 9.376 mm-1

F(000) 552

Crystal size 0.200 x 0.150 x 0.100 mm3

Theta range for data collection 3.580 to 29.980°.

Index ranges -9<=h<=10, -14<=k<=14, -15<=l<=16

Reflections collected 14924

Independent reflections 2426 [R(int) = 0.0557]

Completeness to theta = 25.242° 98.9 % 

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7451 and 0.4461

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 2426 / 1 / 112

Goodness-of-fit on F2 1.278

Final R indices [I>2sigma(I)] R1 = 0.0271, wR2 = 0.0644

R indices (all data) R1 = 0.0354, wR2 = 0.0710

Extinction coefficient 0.0376(16)

Largest diff. peak and hole 0.681 and -0.928 e.Å-3
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Packing in I
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Figure S1. Packing of the crystal. Views from, A) Z, B) X and C) Y axes. 
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UV-vis spectra
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Figure S2. UV-vis spectra of [AuCl4]- (blue) and [AuCl4]-[2Niacin+H]+ (red) in DMF.
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Packing of AuCl4
- in a crystal of I
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Figure S3. Packing of AuCl4
- in the crystal.  Views from, A) Z, B) X and C) Y axes.
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Packing of [2Niacin+H]+ in a crystal of I
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Figure S4. Packing of [2Niacin+H]+ in the crystal. Views from, A) Z, B) X and C) Y axes.
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Crystal structure of Cu(H2O)4(Niacin-H)2
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Figure S5. A) Crystal structure of Cu(H2O)4(Niacin-H)2. Color codes for the atoms are also shown. 
B) Unit cell of Cu(H2O)4(Niacin-H)2. Crystal structure of this system was reported earlier.8
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Selectivity towards gold

pH 3

Centrifugation

Equimolar solution of  
HAuCl4, CuCl2 & 

ZnCl2

Precipitation of gold 
niacin complex

Copper & zinc solution

Figure S6. Separation of gold from an equimolar mixture of HAuCl4, CuCl2 and ZnCl2, using 

saturated (125 mM) solution of niacin. 
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SEM/EDAX of the precipitate 

  

Au Zn

Element Wt% At%

Cu L 00.33 00.12

Zn L 00.95 00.51

Au M 58.52 10.11

Cu

ClK

A) B)

C) D) E)

Figure S7. A)-B) SEM images of the precipitate. C) EDS spectrum of the precipitate. D) Elemental 

analyses data copper, gold and zinc.  E) Elemental maps corresponding to zinc, copper, and gold 

are shown, along with a SEM image. Scale bar is the same for all the images. 

Table S4. ICP MS data for gold extraction from the mixtures of HAuCl4, CuCl2 and ZnCl2.

Ions Initial concentration (ppm) Final concentration in solution after niacin 

treatment (ppm)

Cu2+ 1710 1616

Au3+ 5139 3.9

Zn2+ 1745 1639
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Selectivity towards gold

N
iacin

N
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N
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PtCl42- AlCl3 FeCl3
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Figure S8. About 125 mM solution of niacin (2 mL) was added to 27 mM 2 mL solutions of A) 

PtCl4
2-, B) AlCl3 and C) FeCl3 at pH 3. No precipitation was observed. 
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Recovery of gold from nanowaste

 

Precipitation of 
nanowaste

HCl + HNO3 (3:1) Niacin solution

Na2S2O5
Solution

Gold niacin complex

Gold

Figure S9. Schematic of the gold recovery process from gold nanowaste. Precipitation of bulk 

gold by reduction with Na2S2O5 is shown. 

Table S5. ICP MS data for gold extraction from electronic wastes.

Ions Initial concentration (ppm) Final concentration in solution after niacin 

treatment (ppm)

Ni2+ 770 760

Au3+ 25 0.85

Cu2+ 22320 21120
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Table S6. ICP MS data for gold extraction in presence of NaCl and MgCl2.

Initial gold concentration Gold concentration after niacin treatment

1 ppm 344 ppb

Co-precipitation of copper-niacin in ethanol

  

Centrifugation

Equimolar 
solution of 

HAuCl4 & CuCl2 

Precipitation of copper-
niacin complex

HAuCl4

Precipitate of copper-
niacin complex

Figure S10. Co-precipitation of copper-niacin complex after addition of saturated niacin solution 

(1 mL) to an equimolar mixture (27 mM each) of HAuCl4 and CuCl2 (1 mL) in ethanol. By 

centrifugation, gold and copper can be separated.
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Design of a Waste Paper-Derived Chemically ‘Reactive’ and
Durable Functional Material with Tailorable Mechanical Property
Following an Ambient and Sustainable Chemical Approach
Arpita Shome,[a] Adil M. Rather,[a, b] Angana Borbora,[a] Pillalamarri Srikrishnarka,[c]

Avijit Baidya,[c] Thalappil Pradeep,*[c] and Uttam Manna*[a, d]

Abstract: Controlled tailoring of mechanical property and
wettability is important for designing various functional
materials. The integration of these characteristics with waste
materials is immensely challenging to achieve, however, it
can provide sustainable solutions to combat relevant environ-
mental pollutions and other relevant challenges. Here, the
strategic conversion of discarded and valueless waste paper
into functional products has been introduced following a
catalyst-free chemical approach to tailor both the mechanical
property and water wettability at ambient conditions for
sustainable waste management and controlling the relevant
environmental pollution. In the current design, the controlled
and appropriate silanization of waste paper allowed to
modulate both the a) porosity and b) compressive modulus
of the paper-derived sponges. Further, the association of 1,4-
conjugate addition reaction between amine and acrylate
groups allowed to obtain an unconventional waste paper-

derived chemically ‘reactive’ sponge. The appropriate cova-
lent modification of the residual reactive acrylate groups with
selected alkylamines at ambient conditions provided a facile
basis to tailor the water wettability from moderate hydro-
phobicity, adhesive superhydrophobicity to non-adhesive
superhydrophobicity. The embedded superhydrophobicity in
the waste paper-derived sponge was capable of sustaining
large physical deformations, severe physical abrasions, pro-
longed exposure to harsh aqueous conditions, etc. Further,
the waste paper-derived, extremely water-repellent sponges
and membranes were successfully extended for proof-of-
concept demonstration of a practically relevant outdoor
application, where the repetitive remediation of oil spillages
has been demonstrated following both selective absorption
(25 times) of oils and gravity-driven filtration-based (50 times)
separation of oils from oil/water mixtures at different harsh
aqueous scenarios.

Introduction

In the past, mechanically durable materials have been fabri-
cated extensively for various prospective energy and health
related applications.[1–3] The strategic integration of carbon
nanotubes,[4,5] graphene derivatives,[6–8] cellulose nanocrystals,[9]

etc. impart the required mechanical durability for practical
applications. Li et al., developed ultralight, compressible cova-
lent organic framework aerogel reinforced with reduced

graphene oxide which exhibits excellent absorption and
electrochemical properties.[7] Wang et al., fabricated highly
compressible boron nitride nanotubes aerogel reinforced with
reduced graphene oxide with superior mechanical property
which was impossible to attain without the reinforcement.[8]

Apart from the commonly used nanomaterials,[10–12] different
other approaches[13–19] – including association of elastomers,
MXenes, electrodeposited nano-alloys etc. have been intro-
duced to develop mechanically durable materials embedded
with extreme liquid wettability. However, such approaches are
inadequate to tailor the chemical functionality and water
wettability – due to the lack of any residual chemical reactivity.
In the past, chemically reactive interfaces have been designed
adopting click chemistry,[20,21] azlactone ring opening reaction,[22]

Schiff base reactions[23] etc. for modulating the chemical
functionality, however, such reported materials are inappropri-
ate for tuning the mechanical property. Nevertheless, the
demonstration of consecutive tailoring of mechanical property
and chemical functionality in the same material is rare in the
relevant literature.

In the past, discarded plant bio-mass was transformed into
functional material to combat potential environmental
pollutions.[24,25] In that context, here, waste paper that generally
poses major concerns including deforestation, water consump-
tion and pollution, landfills, air pollution etc.[26,27] has been
extended to transform into a functional material with tailorable
mechanical property and chemical functionalities – following a
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facile and scalable chemical reaction at ambient conditions. In
the past, some approaches were adopted to develop paper
based functional materials – including rewritable and functional
chromogenic interfcaes,[28] electrochemical devices for on-site
bio-sensing,[29] energy storage devices,[30] combating electro-
magnetic pollution[31] and so on.

Recently, a few water-repellent papers have been success-
fully developed through the strategic association of bio-inspired
wettability for demonstrating controlled droplet manipulation,
microbial resistance, self-cleaning performances etc.[18,32–37] The
direct transformation of waste paper into durable and func-
tional materials following a facile and scalable synthesis process
is yet to be introduced in the literature.[32–37] For example, Li
et al. oxidized office paper with sodium chlorite followed by
carbonization at 1000 °C under inert atmosphere to develop a
compressible carbon aerogel, on which the water droplet
beaded with advancing contact angle ~150°.[34] Further, Li et al.
utilized Fe3O4 modified office paper adopting oxidation and
pyrolysis method (200–1000 °C) for fabrication of highly salt
resistant, electrically conductive carbon aerogel.[36] In another
report, Yue et al. developed a banana peel/waste paper derived
hydrophobic, compressible hybrid aerogel with water contact
angle ~149° by adopting the pyrolysis approach (900 °C).[37]

Furthermore, the previously reported approaches lacked the
ability to tailor the compressive modulus of the synthesized
materials, which could prove beneficial for obtaining the ideal
substrate for repetitive and prolonged oil/water separation
performance of the paper derived materials. Furthermore, some
compressible spongy materials with porous network have
already been demonstrated for prospective applications as
thermal insulators.[38–40] In general, the existing approaches for
deriving functional superhydrophobic materials from waste
paper primarily depends on the high temperature pyrolysis
process,[32–35,39–42] which is an energy consuming, sophisticated
approach that leads to secondary pollution. Hence, a facile,
economic design for converting waste paper into a chemically
‘reactive’ sponges with the scope to tailor both the mechanical
property and chemistry would provide an avenue for a) devel-
loping eco-friendly/economic thermal insulators, b) prospective
use in efficient remediation of oil spillages and c) controlled
droplet manipulation.

In this current design, different types of waste papers (i. e.
tissue paper, office paper, newspaper, cardboard paper) were
reconstructed into lightweight, porous, highly compressible,
covalently cross-linked, chemically ‘reactive’ sponges with tailor-
able mechanical property and chemical functionality. The strate-
gic condensation of the cellulosic hydroxyl groups (of waste
paper) with the hydroxyl groups of an amine functionalized
binder i. e. 3-(2-aminoethylamino)-propyltrimethoxysilane
(AEPTMS) during the sponge fabrication process, provided a
facile basis for the catalyst-free 1,4-conjugate cross-linking of
the amine functionalized cellulose with dipentaerythritol penta-
acrylate (5Acl). This simple cross-linking process induced the
desired chemical ‘reactivity’ in the waste paper derived sponge.
After the association of covalent cross-linking process, the
residual acrylate groups in the waste paper derived sponge
provided a simple basis to tailor the water wettability from

hydrophobic, adhesive superhydrophobic to non-adhesive
superhydrophobic (~25° to 161°) through association of the
desired post covalent modification of the chemically ‘reactive’
sponge with the appropriate alkylamines following the same
1,4-conjugate addition reaction at ambient conditions. The
embedded superhydrophobicity in the waste-paper derived
spongy material could sustain various harsh physical abrasions
including sand paper abrasion, sand drop test and repetitive
manual compression (1000 times) with 60% strain. Moreover,
the long term (30 days) exposure to UV radiation and chemi-
cally contaminated aqueous phases including extremes of pH (1
and 12), surfactant contaminated water, river and sea water
failed to deter the embedded superhydrophobicity of the waste
paper derived functional material. Such a durable and highly
compressible superhydrophobic sponge was extended to
examine its performance or suitability towards practically
relevant challenging settings. As a proof of concept of
demonstration, selective absorption based repetitive (25 times)
cleaning of a wide range of oil/oily contaminants at chemically
harsh aqueous settings with high absorption capacities (upto
4000 wt%) has been successfully demonstrated. The analogous
waste paper derived membranes were also extended for
repetitive (50 times) gravity-driven filtration-based separation of
oils from oil/water mixtures even at chemically contaminated
aqueous environments without compromising the associated
anti-wetting property. Thus, such strategic association of facile
and robust chemistries with the valueless waste paper at
ambient conditions could be further useful for developing
smart bio-interfaces, thermal insulators, open-microfluidic devi-
ces etc.

Results and Discussion

Fabrication of Waste Paper Fibers derived Mechanically
Durable Sponges

In this report, waste paper has been converted into a functional
material with the ability to tailor both the 1) mechanical
property and 2) chemistry following a catalyst-free, facile
chemical approach. In this context, we have introduced a
rational and unique strategy for developing waste paper
derived chemically ‘reactive’ deformable sponges following a
facile and environment friendly fabrication procedure. The
integration of AEPTMS and 5Acl as the binder and covalent
cross-linker, respectively, allowed to 1) modulate the mechan-
ical property and 2) induct chemical reactivity in the waste
paper derived material as shown in Scheme 1. Further, the
appropriate chemical modification of the waste paper derived
chemically ‘reactive’ sponge with the selected alkylamines
following the 1,4-conjugate addition reaction allowed to tailor
the water wettability. In the recent past, Baidya et al. developed
a fluorinated cellulose nanofiber based superhydrophobic coat-
ing, where perfluorooctyltriethoxysilane and AEPTMS were
covalently integrated with the hydroxyl groups of cellulosic
nanofibers.[18] The polymerization of AEPTMS imparted mechan-
ical stability to the silane modified cellulose nanofibers in
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comparison to the unmodified one. Inspired from this report, in
the current study, the association of AEPTMS and chemically
‘reactive’ cross-linking process with the waste paper allowed to
tailor the mechanical property and water wettability respec-
tively, in the waste paper derived sponge denoted as WPDS.
Shredded pieces of a model waste paper (i. e. tissue paper) in
aqueous media were stirred under room temperature for
6 hours and thereafter, this mixture was poured into cylindrical
molds followed by freeze drying to obtain an inherently
hydrophilic sponge (beaded water immediately soaked with
contact angle of 0°), denoted as WPScontrol as shown in
Figure 1A,B. WPScontrol underwent permanent deformation on
application of an external load (500 g) and failed to regain its
original shape as shown in Figure 1C,D. FESEM images of
WPScontrol revealed compact and fibrous domains as shown in
Figure 1E,F, the compact network is attributed to the distortion
of the skeletal framework of the fragile WPScontrol while manual
handling. However, the strategic in situ association of AEPTMS
with this disintegrated waste paper fibers in aqueous media

followed by freeze drying yielded a hydrophilic and spongy
material that can regain its deformed shape after removal of
the external load (500 g) as shown in Figure 1G–J. Thus, the
addition of 3.25 wt% AEPTMS w.r.t. 1.96 wt% waste paper
denoted as WPDS1 (where 1 denotes the concentration of
AEPTMS added, refer to Table S1), resulted in a highly porous
interconnected spongy network as shown in Figure 1K,L.
Increasing the concentration of AEPTMS further led to change
in the morphology and porosity of the as prepared sponges
(WPDS2 and WPDS3) as shown in Figure S1A–H and Table S1.
This change in morphology is attributed to the polymerization
of AEPTMS resulting in a polymeric network. The integration of
AEPTMS with the waste paper sponge was validated through
XPS analysis as shown in Figure 1M, where the additional peaks
corresponding to N and Si were exhibited after AEPTMS
modification. De-convoluted XPS for C 1s of waste paper
sponge (WPScontrol) is shown in Figure S2B, where the peaks at
284.5, 286.5 and at 287.6 eV corresponds to C� C, C� O and
O� C� O respectively. After the association of AEPTMS, the

Scheme 1. Schematic illustrating the facile and robust conversion of waste papers into a deformable and chemically ‘reactive’ sponge. The covalent
association of an amine modified silane binder i. e. 3-(2-aminoethylamino)-propyltrimethoxysilane (AEPTMS) with the hydroxyl groups of cellulose (waste
paper) during the sponge fabrication process paved an avenue to tailor the mechanical property of the sponge by varying the concentration of the binder
used. The catalyst-free 1,4-conjugate addition reaction between the primary amine of the binder with a multi-functional cross-linker provided a facile basis to
induce residual chemical ‘reactivity’ in the waste paper derived sponge. The residual acrylate reactivity was exploited to alter the water wettability of the
sponge following the Michael addition reaction between with alkylamines of varying chain lengths.
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relative peak intensity corresponding to C� O depleted and
slightly shifted (to 286.1 eV) as shown in Figure S2E, which was
attributed to the covalent bonding between Si of (AEPTMS)
with the hydroxyl groups of cellulose.[18] Further, the polymer-
ization of AEPTMS in aqueous media was confirmed through
the standard FTIR analysis. The AEPTMS monomer exhibited the
characteristic Si-O� C stretching peak at 1078 cm� 1. On polymer-
ization of AEPTMS, the peak at 1078 cm� 1 diminished and a
new peak at 1020 cm� 1 appeared which corresponds to the Si-
O� Si stretching as shown in Figure 1N. Moreover, Energy
Dispersive X-ray (EDX) analysis of the sponges confirmed the
doping of AEPTMS into the sponges, where the peaks
corresponding to N and Si elements were exhibited in addition
to the C and O peaks of cellulose as shown in Figure S3A–D.
The uniform and varying distribution of C, O, N, Si was
confirmed with elemental mapping for all the AEPTMS

associated sponges as shown in Figure S4A–T. Hence, EDX
analysis confirmed the homogenous integration of AEPTMS
with the waste paper mixture, providing a uniform skeletal
network of AEPTMS all throughout the sponges. The compres-
sive stress-strain analysis further revealed that AEPTMS mod-
ification played the major role in tailoring the compressive
modulus of the sponges that were modified with different wt%
AEPTMS. The compressive modulus values decrease in the order
as WPDS3>WPDS2>WPDS1>WPDS0.5>WPScontrol as shown in
Figure 1O. In-plane compression test was further performed to
evaluate the shape recovery of the AEPTMS associated sponge
after application of different percentage of external strain. The
physically deformed WPDS1, which was subjected to 20%, 40%
and 60% compressive strain, recovered its original shape, once
the applied load was released as evident from the hysteresis
curve as shown in Figure S5B. Moreover, the cyclic compressive

Figure 1. A–D) Digital image (A) and water contact angle image (B) illustrating the hydrophilic waste paper sponge (WPScontrol) that was compressed with an
external load of 500 g (C) such that WPScontrol underwent permanent deformation on releasing the load (D). E, F) FESEM images at low (E) and high (F)
magnifications revealing the morphology of WPScontrol. G–L) Digital image (G) and water contact angle image (H) illustrating a waste paper derived sponge that
was developed by in situ covalent modification of waste paper with an amine modified silane binder (AEPTMS). On compressing the silane modified waste
paper derived sponge, (WPDS1 where 1 denotes the concentration of AEPTMS) with an external load of 500 g (I), WPDS1 was capable of completely recovering
its dimensions on releasing the load (J), thus, validating the role of AEPTMS in imparting mechanical durability to the sponge. K, L) FESEM images at low (K)
and high (L) magnification of the silane modified waste paper derived sponge, WPDS1 revealed the presence of an interconnected fibrous and porous
morphology. M) XPS spectra of the AEPTMS modified waste paper sponge, WPDS1 which reveals the presence of N 2p and Si 2s,2p peaks indicating the
association of AEPTMS with waste paper. N) ATR-FTIR analysis of AEPTMS monomer exhibits a peak at 1078 cm� 1 corresponding to the Si-O� C bond of the
monomer (black) which depleted entirely and a new peak at 1028 cm� 1 corresponding to the Si-O� Si bond appeared for the AEPTMS polymer which
confirmed the silane polymerization process (red). O) Bar diagram accounting for the varying compressive modulus values of the sponges developed using
waste paper doped with different concentrations of the binder.
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study of WPDS0.5, WPDS1, WPDS2 and WPDS3 revealed that the
as fabricated sponges exhibited satisfactory recovery even after
1000 cycles of compression (Figure S6B–E), except the WPScontrol.
A permanent physical deformation was observed for WPScontrol

after the 1st cycle of compression as shown in Figure S6A. Thus,
the controlled association of AEPTMS with waste paper allowed
to adopt a route for tailorable and durable mechanical
property.

Induction of Chemical ‘Reactivity’ in the Waste Paper Derived
Highly Compressible Sponges

The waste paper derived functional substrates developed till
date for a wide range of applications are reported in Table 1.
However, the reported materials lack the covalent cross-linking
network and none of the reported approaches provides an
avenue to associate diverse and desired chemical functionalities
(Table 1). In this work, the simple and catalyst-free 1,4-
conjugate addition reaction between amine and acrylate has
been adopted to associate both i) covalent cross-linkage in the
sponge and ii) readily ‘reactive’ residual acrylate groups for post
covalent modification with different nucleophiles at ambient
conditions.[45,46] The XPS analysis of the deconvoluted N 2p peak
(at ~400 eV, Figure 2A) of WPDS1 revealed the presence of
primary amine moiety in the paper sponge after addition of
binder. The induction of chemical reactivity in the paper sponge
was achieved through the reaction of the primary amine groups
of the binder with a multifunctional acrylate cross-linker(5Acl)
following the catalyst-free 1,4-conjugate addition reaction
between amine and acrylate groups at ambient conditions
(Scheme 1). The presence of ‘reactive’ acrylate groups in the
waste paper sponge rendered it highly reactive at ambient
conditions towards some specific nucleophiles (Figure 2B). The
post covalent modification (Figure 2C) of the chemically ‘reac-
tive’ waste paper sponge with amine containing small molecule,
octadecylamine (ODA) transformed the hydrophilic sponge into
a superhydrophobic sponge with water contact angle (WCA)
~160° as shown in Figure 2D,E. The successful modification of
residual acrylate groups in the amine functionalized waste
paper derived sponge was further confirmed through standard
FTIR analysis.[43,44] The appearance of the peak at 1408 cm� 1 and
1730 cm� 1 corresponding to the C� H stretching of β carbon of
the vinyl group and the carbonyl stretching respectively
confirmed the presence of the multifunctional acrylate cross-
linker, i. e. 5Acl. (Figure 2F, red). These FTIR signatures were not
observed in the WPDS1 prior to treatment with 5Acl as shown
in Figure 2F (green). Interestingly, after post modification of the
chemically ‘reactive’ waste paper derived sponge with ODA the
FTIR peak intensity at 1408 cm� 1 decreases with respect to the
normalized carbonyl peak at 1730 cm� 1 (which serves as the
internal standard) as shown in Figure 2F (black). Hence, the FTIR
analysis confirms the successful post modification of the paper
sponge with ODA. As shown in Figure S7E,F, 3.25 wt% AEPTMS
w.r.t. 1.96 wt% of waste paper (denoted as waste paper derived
superhydrophobic sponge, WPDSHS1) is the minimum concen-
tration of AEPTMS required to display superhydrophobicity.

However, the waste paper derived chemically ‘reactive’ sponge
with 1.65 wt% AEPTMS (denoted as WPDSHS0.5) after post
modification displayed only hydrophobicity with water contact
angle 144° as shown in Figure S7A,B. The sponges developed
with concentrations above 3.25 wt% of AEPTMS (denoted as
WPDSHS2 and WPDSHS3) successfully displayed the extreme
anti-wetting property with advancing water contact angles
above 150° and contact angle hysteresis below 10° as shown in
Figure S7I, J,M,N and Table S2. Moreover, the presence of
residual chemical reactivity provided a facile basis to tune the
wettability from 25° to 161° following the 1,4-conjugate
addition reaction of residual acrylates with amine containing
lower analogues of ODA as shown in Figure 2G and Figure S8A–
V. After the modification of chemically ‘reactive’ sponge with
ODA, non-adhesive superhydrophobicity was noted, where a
stream of water readily bounced off from the surface of
WPDSHS1 as shown in Figure 2H and Movie 1. Moreover, on
submerging WPDSHS1 underwater, a shiny interface was
observed which confirms the presence of a metastable trapped
air layer that is responsible for the existence of heterogeneous
wettability as shown in Figure 2I. The waste paper derived
superhydrophobic sponge displayed contrasting water and oil
wettability, wherein the oil droplet was soaked immediately
with oil contact angle 0° as shown in Figure 2J,K. Such contrast
in liquid wettability is beneficial for remediation of oil spillages
following both selective absorption and filtration processes.
Moreover, the post treatment with 5Acl and ODA did not alter
the mechanical durability as confirmed from the compressive
modulus of the sponge before and after post chemical
modification as shown in Figure S9A (black line), thus, re-
assuring that AEPTMS is responsible for the enhanced mechan-
ical durability of the sponges. Moreover, the porosity remained
unaltered after post covalent modification as shown in Fig-
ure S9A (red line).

Irrespective of the type of waste paper, this facile fabrication
procedure could be further extended for developing compres-
sible superhydrophobic sponges using different types of waste
papers, including office paper (A4 paper), newspaper and
cardboard paper as shown in Figure 3A,F and Table S3. The
water droplets beaded with contact angles above 150° and
contact angle hysteresis below 10°. Even the mixture (1 : 1 : 1 : 1
weight ratio) of all the different types of waste papers (tissue
paper, cardboard, newspaper and office paper) remained
efficient to provide a superhydrophobic spongy material as
shown in Figure 3G,H and Table S3. The compressive modulus
of the synthesized superhydrophobic sponges varied based on
the nature of the waste paper even though the silanization and
post-covalent modification process remains unchanged. Inter-
estingly, the compressive modulus was noticed to be maximum
(1285 kPa) for the spongy material that was prepared using the
mixture of waste papers. Moreover, the porosity of the different
sponges decreased in the order as i. e. newspaper>office
paper>cardboard paper>mixture of papers. The order of
porosity and compressive modulus followed a completely
opposite order as shown in Figure 3I since increased porosity
reduces the cross-sectional area for stress tolerance. The
maximum compressive modulus (1285 kPa) and minimum
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porosity (85%) was observed for the sponge derived from the
mixture of different papers as shown in Figure 3I.

Examining the Physical and Chemical Durability of the
Embedded Water Repellence

The sustainability of the waste paper derived superhydrophobic
sponges at severe challenging physical and chemical environ-
ments is of utmost importance for real life applicability.
WPDSHS1 with a) 3.25 wt% of AEPTMS, which was the minimum
concentration required to exhibit superhydrophobic property

Figure 2. A) De-convulated XPS spectra of N 2p of the waste paper derived sponge that was covalently associated with AEPTMS. The peak at 400 eV indicates
the presence of primary amines in the fabricated sponge owing to the presence of AEPTMS. B,C) Schematic illustrating the 1,4-conjugate addition reaction of
the chemically ‘reactive’ waste paper derived sponge with amine containing small molecules that provides an avenue to tailor the water wettability of the
sponge. D,E) Digital image (D) and water contact angle image (E) of the beaded water droplet on the waste paper derived sponge, WPDSHS1 that was post
modified with octadecylamine (ODA). F) ATR-FTIR analysis of the chemically ‘reactive’ waste paper derived sponge (red) revealed the presence of peaks at
1408 cm� 1 and 1730 cm� 1 which corresponds to the symmetric deformation of the C� H bond of β carbon of the vinyl group and carbonyl stretching
frequency respectively. However, the AEPTMS modified waste paper derived sponge (WPDS1) did not exhibit the mentioned peaks (green). The reduction in
the peak intensity at 1408 cm� 1 with respect to the normalized carbonyl peak at 1730 cm� 1 confirmed the covalent linkage of the residual acrylate
functionalities with the amine containing small molecule i. e. octadecylamine (black). G) Bar diagram representing the static water contact angles (black) and
contact angle hysteresis (red) of the beaded water droplet on the waste paper derived sponge that was modified with different amine containing small
molecules including butylamine, pentylamine, hexylamine, octylamine, decylamine and octadecylamine. H) Digital image demonstrating the bouncing of a
stream of water from the surface of the waste paper derived superhydrophobic sponge, WPDSHS1. I) The waste paper derived superhydrophobic sponge,
WPDSHS1 displayed a shiny interface on submerging under water which confirms the presence of a metastable air layer that confers the heterogeneous water
wettability. J,K) Digital image (J) and oil contact angle image (K) displaying the presence of contrasting oil and water wettability, where the water droplet is
extremely repelled by the waste paper derived superhydrophobic sponge, WPDSHS1 while the oil droplet is immediately soaked.
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and b) the least compressive modulus (and thus, enhanced
compressibility) was chosen to investigate the durability of its
water repellence behavior. To examine the impact of physical
deformation on the embedded water wettability of the waste
paper derived sponge, WPDSHS1 gradually increasing manual
compressive strain was applied on the as fabricated super-
hydrophobic sponge. Exposure to 60% compressive strain
followed by release of the strain revealed that the sponge
recovered to its original shape without perturbing the em-
bedded extreme water repellence behavior as shown in Fig-
ure 4A. Further, imposing repetitive compressive strain using an
external load of 500 g for 1000 consecutive cycles failed to
perturb the embedded anti-wetting property in the sponge
(WPDSHS1) with advancing contact angles above 150° and
contact angle hysteresises below 10° as shown in Figure 4B.
Moreover, the anti-wetting property is not just limited to the
surface of the sponge but was exhibited by the bulk of the
prepared sponge as well as shown in Figure 4C,D, where
WPDSHS1 (inset image) was arbitrarily sliced into pieces to
randomly expose the interior of the sponge. The freshly
exposed interiors of the waste paper derived superhydrophobic
sponge continued to repel the beaded water with contact
angles above 155°. Next, a standard and widely accepted
abrasive test, i. e., sand paper abrasion was performed on the
waste paper derived superhydrophobic material (Figure 4E). An
abrasive sand paper was rubbed with an applied load of 500 g
in back and forth direction multiple times (Figure 4F) on
WPDSHS1. Although the physical integrity of the sponge was
compromised (Figure 4G), the embedded water repellence on
the physically abraded interface remained intact with advancing
contact angle ~155° and contact angle hysteresis ~8° as shown
in Figure 3G,H. Furthermore, 150 g of sand grains were poured
onto the surface of WPDSHS1 (tilted at 45°) from a height of
25 cm. The sand grains exposed interface of WPDSHS1 displayed
extreme water repellence with water contact angle ~157° and
contact angle hysteresis ~6° as shown in Figure S10A–C. In
addition to various severe physical abrasions, chemical durabil-
ity is also vital for practical applications. In that context,
WPDSHS1 was exposed to severe harsh and practically relevant
complex aqueous media including acidic water (pH 1), basic
water (pH 12), surfactant water (SDS, DTAB), river water and
seawater for a prolonged duration (30 days). The anti-wetting
property was examined at regular intervals, it was concluded

that the embedded bio-inspired water-repellent property
remained intact with advancing water contact angle above
150° and contact angle hysteresis below 10° as shown in
Figure 4I. Moreover, the prolonged (30 days) exposure to both
short (254 nm) and long (365 nm) UV radiation failed to perturb
the embedded water repellence, which is evident with advanc-
ing contact angle greater than 150° and contact angle
hysteresis below 10° as shown in Figure S10D. Furthermore,
WPDSHS1 was exposed to various polar and non-polar organic
solvents for 30 days, however, the embedded water repellence
remained unaltered as shown in Figure S11. Hence, the
abundant and valueless waste paper was successfully recon-
structed into a highly compressible superhydrophobic spongy
material with extremely durable embedded water repellence
property – that would be sustainable for performance at harsh
and hostile practical settings.

Absorption based Oil/Water Separation Performance at
Challenging Environments

In the past, a few approaches were introduced to convert the
valueless and highly abundant waste paper into functional
materials for various applications as included in Table 1.
However, most of the earlier approaches failed to demonstrate
the physical and chemical durability of the waste paper derived
functional materials. Some of the waste paper derived bio-
inspired materials that were prepared following the carbon-
ization process at very high temperatures were successfully
extended to demonstrate the oil/water separation, however,
tolerance of such materials at harsh physical and chemical
settings was not examined as noted in Table 1. In contrast to
the earlier reports, the current design allowed to convert waste
paper into a durable superhydrophobic spongy material as
discussed above. The highly compressible waste paper derived
sponge with an interconnected porous network exhibited high
porosity (above 95%, Figure S9A) and the presence of contrast-
ing water/oil wettability was exploited to demonstrate the
energy efficient and environment friendly separation of oil/oily
contaminants from the aqueous phase.[46,47] The embedded
superhydrophobicity allowed the selective infiltration of the oil
phase, while higher porosity facilitated the absorption and
gravity-driven filtration of the oil/oily phases. The oil absorption

Figure 3. A–H) Digital images (A,C,E,G) and water contact angle images (B,D,F,H) of superhydrophobic sponges that were developed using different types of
waste paper i. e. office paper (A,B), newspaper (C,D), cardboard paper (E, F) and a mixture of the mentioned papers (G,H). I) Plot illustrating the compressive
modulus (black) and porosity (red) of the different types of waste paper derived superhydrophobic sponges.
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capacities were calculated for all the waste paper derived
superhydrophobic sponges (WPDSHS1, WPDSHS2, WPDSHS3)
having different porosities using the formula given below,

Q ¼
M2 � M1

M1

where, M1 and M2 is the weight of the sponge before and after
oil absorption. Irrespective of the density and viscosity of the
used oil/oily phases, the oil absorption capacity of WPDSHS1

was found to be maximum (up to 3960 wt%) in comparison to
both WPDSHS2 and WPDSHS3 as shown in Figure 5A. The
gradual increment of AEPTMS amount in the waste paper

derived superhydrophobic sponges elevated the density of the
prepared sponges as noted in Table S2. The density of WPDSHS1

was found to be minimum ~0.017 g/cm3, whereas the other
superhydrophobic sponges had higher density. The association
of high compressibility, which allows easy compressive defor-
mation is appropriate for repetitive absorption/desorption of
oil/oily phase without compromising the physical integrity.
Compressive modulus and cyclic compressibility analysis re-
vealed that WPDSHS1 is the most compressible variant with
unperturbed embedded water repellence even after 1000 cycles
of compression (as shown in Figure 4B). Therefore, the highly
porous, durable and compressible WPDSHS1 proved to be the
ideal candidate for repetitive collection of the oil phase

Figure 4. A) Plot accounting for the advancing contact angle (black) and contact angle hysteresis (red) of the beaded water droplet on the waste paper
derived superhydrophobic sponge, WPDSHS1 that was subjected to 60% manual compression. The inset images further exhibit that the embedded water
repellence behaviour remains intact before (left), during (middle) and after (right) compression. B) Plot representing the advancing contact angle (black) and
contact angle hysteresis (red) of the beaded water droplet on the waste paper derived superhydrophobic sponge, WPDSHS1 that was repetitively deformed
for 1000 cycles under 60% manual compression. C,D) Digital image (C) and contact angle image (D) of the waste paper derived superhydrophobic sponge,
WPDSHS1 (inset image) that was arbitrarily sliced into pieces to investigate the presence of bulk superhydrophobic property. E–H) Digital images illustrating
the rubbing of a sand paper on the surface of the waste paper derived superhydrophobic sponge, WPDSHS1 with a 500 g load on top (F). The freshly exposed
interior of the superhydrophobic sponge continued to display unperturbed water repellence behaviour (G,H). I) Plot accounting for the advancing contact
angle and contact angle hysteresis of the beaded water droplet on the waste paper derived superhydrophobic sponge, WPDSHS1 that was exposed to
chemically contaminated, harsh aqueous phases including pH 1 (black), pH 12 (green), SDS (yellow), DTAB (red), river water (blue), artificial sea water (violet)
for 30 days.
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selectively from the water phase with a high oil absorption
capacity.

First, floating oil i. e. motor oil was placed in a petri-dish
filled with water and subsequently, WPDSHS1 was placed at the
oil/water interface such that it rapidly and selectively absorbed
only the oil phase while repelling the water phase as shown in
Figure 5B–D and Movie 2. The absorbed oil was collected by
manual squeezing of the sponge as shown in Figure 5D.
Furthermore, the same sponge was extended for selective
removal of various other floating oils including silicone oil,
petrol, diesel, vegetable oil as shown in Figure S12A–P. More-
over, WPDSHS1 was also extended for selective collection of
model sediment oil i. e. dichloromethane (DCM; dyed pink for
visual inspection) as shown in Figure 5E–G and Movie 3. The
absorbed oil was collected, and no trace of water was observed
even though the sponge was first in contact with the aqueous
phase prior to absorption of the model heavy oil phase as
shown in Figure 5G. The oil absorption capacity of WPDSHS1

was further calculated for motor oil and dichloromethane in
chemically harsh aqueous environments including acidic water
(pH 1), basic water (pH 12), surfactant contaminated water (SDS,
DTAB), river water and seawater. Remarkably, the oil absorption
capacity remained unperturbed (i. e. ~2500 wt% for motor oil
and ~3500 wt% for DCM) even at such extreme environments

as shown in Figure 5H. Recyclability of the oil absorbents is an
essential factor for real-life practical applications. The repetitive
absorption-desorption ability of WPDSHS1 was examined with
motor oil and DCM for 25 cycles and it was observed that the
oil absorption capacities remained unaltered as shown in
Figure 5I. The extreme water repellence was examined after
every 5 cycles of absorption-desorption for both floating and
sediment oils and it was found that the anti-wetting property
remained intact for both the oils with advancing water contact
angle above 150° and contact angle hysteresis below 10° as
shown in Figure S13A.

Gravity-driven filtration-based oil/water separation

Furthermore, this design provided a single strategy to fabricate
waste paper derived superhydrophobic membranes of varying
tensile strengths with analogous compositions to that of the
sponges. The waste paper derived superhydrophobic mem-
branes (WPDSHM1, WPDSHM2, WPDSHM3) with varying compo-
sitions of AEPTMS displayed bio-mimicked extreme water
repellence with advancing contact angle above 150° and
contact angle hysteresis below 10° as shown in Figure S14A–F
and Table S4. The tensile strength of the membranes revealed

Figure 5. A) Plot accounting for the oil absorption capacities of the different waste paper derived compressible, superhydrophobic sponges i. e. WPDSHS1,
WPDSHS2, WPDSHS3 for a wide range of oils with varying densities and viscosities. B–G) Digital images illustrating the absorption based selective oil
absorption of light oil i. e. motor oil (B–D) and model heavy oil i. e. dichloromethane (E–G) by the waste paper derived compressible, superhydrophobic
sponge, WPDSHS1 from an oil/water interface, such that the absorbed oil can be re-collected by manually squeezing the sponge (D,G). H) Plot illustrating the
selective oil absorption capacity of WPDSHS1 for both light (red) and heavy (black) oils at practically relevant settings where the water phase was chemically
contaminated with acid, base, surfactants, salt etc. I) Plot illustrating the repetitive oil absorption capacity of WPDSHS1 upto 25 cycles for both light (red) and
heavy (black) oils.

Full Paper

1997Chem Asian J. 2021, 16, 1988–2001 www.chemasianj.org © 2021 Wiley-VCH GmbH

Wiley VCH Dienstag, 06.07.2021

2114 / 208661 [S. 1997/2001] 1

https://doi.org/10.1002/asia.202100475


that the increase in AEPTMS content led to an increase in the
tensile modulus in the order WPDSHM3> WPDSHM2>

WPDSHM1 as shown in Figure S14G,H. To maximize the
utilization of the current design, the waste paper derived
superhydrophobic membranes were extended for gravity-
driven filtration-based oil/water separation. All three super-
hydrophobic membranes (WPDSHM1, WPDSHM2, WPDSHM3),
were individually tied to the open end of a lab made prototype
to demonstrate the gravity driven selective filtration of oil/oily
phase from oil/water mixture as shown in Figure 6A. Firstly,
model sediment oil i. e. dichloromethane (dyed pink for visual
inspection)/water (dyed blue for visual inspection) mixture was
poured through the funnel at the opposite end of the tube. The
oil phase selectively permeated through the WPDSHM1 while
the water phase remained suspended and restricted by the
superhydrophobic membrane as shown in Figure 6A–C and
Movie 4. Furthermore, the same approach was extended for
separation of floating oil i. e. kerosene/water (dyed red for visual
inspection) mixture where the oil phase selectively permeated
through the membrane as shown in Figure 6D–F and Movie 5.
This energy efficient separation technique was also used for

separation of other floating oil/water mixtures including petrol
and diesel (Figure S15A–H). The oil separation efficiency of
WPDSHM1 was calculated for a wide range of oils including
petrol, diesel, kerosene, dichloromethane and chloroform using
the formula given below,

h ¼ ðVr=ViÞ � 100

where, Vr and Vi is the volume of the oil before and after
separation. The oil separation efficiency remained above 97%
irrespective of the densities of the oils used as shown in
Figure 6G. Other membranes (WPDSHM2 & WPDSHM3) were
also efficient for selective filtration of the oil phase but the flux
of the selectively filtrated oil/oily phases was low in comparison
to WPDSHM1 (~25000 Lm� 2h� 1 for dichloromethane and
~13500 Lm� 2h� 1 for kerosene). The porosity of the super-
hydrophobic membranes which decreased (from ~99% to
~96%) in the order: WPDSHM1>WPDSHM2>WPDSHM3 as
tabulated in Table S4 affected the rate of flux of the oils. For a
given oil/oily phase, the flux for the filtrated oil phase decreased
in the similar order as that of porosity i. e. WPDSHM1>

Figure 6. A–F) Digital images illustrating the gravity-driven filtration based selective passage of model sediment oil phase i. e. dichloromethane (A–C) and light
oil i. e. kerosene (D–F) from an oil/water mixture through the waste paper derived superhydrophobic membrane, WPDSHM1 (inset image in A). The water
phase remained restricted by the extreme water-repellent membrane. G) Plot illustrating the oil separation efficiency of WPDSHM1 for a wide range of oils
with varying densities. H) Plot depicting the oil separation efficiency of WPDSHM1 for both light (red) and heavy (black) oils at practically relevant settings
where the water phase was chemically contaminated with acid, base, surfactants, salt etc. I) Plot illustrating the repetitive oil separation efficiency of
WPDSHM1 upto 50 cycles for both light (red) and heavy (black) oils.
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WPDSHM2>WPDSHM3 as shown in Figure S16A. Thus,
WPDSHM1 emerged as the best candidate for gravity-driven
filtration of oil/oily phase from an oil/water mixture. Moreover,
the separation efficiency was calculated at extremes of harsh
aqueous media including acidic water (pH 1), basic water
(pH 12), surfactant contaminated water (SDS, DTAB), river water
and seawater for oil/water mixtures using both heavy (i. e.
dichloromethane) and light (i. e. kerosene) oils as shown in
Figure 6H, Figure S17A–L, Figure S18A–L. The oil/water separa-
tion performance remained merely perturbed even at severe
settings (Figure 6H). The recycling ability of the membrane was
also examined for 50 cycles of separation for both sediment
(dichloromethane) and floating (kerosene) oils and the oil
separation efficiency remained above 95% for 50 consecutive
cycles as shown in Figure 6I. Moreover, the embedded water
repellence of the membrane was examined after every 5 cycles
of separation for both dichloromethane and kerosene and the
anti-wetting property remained intact with advancing contact
angle above 150° and contact angle hysteresis below 10° as
shown in Figure S19A. Thus, such a robust and highly durable
substrate involves facile fabrication and impeccable recyclability
can be applied extensively for applications at practical context.

Conclusion

Here, we have reported the unconventional restructuring of
discarded and valueless waste paper into a highly porous,
compressible and chemically ‘reactive’ sponge embedded with
extreme water repellence behavior. The varying concentration
of the covalently integrated amine functionalized silane binder
with the waste paper provided a basis to tailor the mechanical
property. Further, the catalyst-free 1,4-conjugate addition
reaction at ambient conditions between the labile amines of
the selected binder and a multi-functional acrylate cross-linker
allowed to induce chemical ‘reactivity’ in the waste paper
derived sponge. The strategic post covalent modification of the
residual acrylate functionalities in the waste paper derived
sponge was extended to tailor the water wettability from
hydrophobic to 3D-superhydrophobic. The as developed waste
paper based superhydrophobic sponges could sustain repetitive
compression (60% compressive strain) for 1000 cycles, severe
physical abrasions including sand paper abrasion, sand drop
test, prolonged (30 days) exposure to harsh chemical aqueous
conditions including extremes of pH (1, 12), surfactant contam-
ination (SDS, DTAB), river water, seawater and UV irradiation for
30 days without compromising the embedded anti-wetting
property. These highly compressible, physically and chemically
durable waste paper derived sponges were successfully
extended for repetitive (25 times) absorption-based separation
of viscous oils from the aqueous phase without compromising
the embedded water repellence and physical integrity even at
chemically harsh aqueous settings. Furthermore, the waste
paper derived membranes were utilized for repetitive (50 times)
gravity-driven filtration-based oil/water remediation at chemi-
cally harsh aqueous settings without compromising the
embedded lotus-leaf inspired anti-wetting property. Such an

approach of converting waste paper into functional materials
could be further useful for developing various other functional
interfaces.

Experimental Section
Materials: Dipentaerythritol penta-acrylate (5Acl, MW~524.21 g/
mol), silicone oil (CAS No. 63148-58-3), methylene blue (CAS No.
122965-43-9), rhodamine 6G (CAS No. 989-38-8), Nile red (CAS No.
7385-67-3), octadecylamine, decylamine, octylamine, hexylamine,
pentylamine, butylamine, 3-(2-aminoethylamino)-propyltrimeth-
oxysilane (CAS No. 1760-24-3), sodium dodecyl sulfate (SDS),
dodecyl trimethyl ammonium chloride (DTAB) were obtained from
Sigma-Aldrich (Bangalore, India). Chloroform, tetrahydrofuran, di-
chloromethane was procured from FINAR. Ethyl acetate was
procured from RANKEM (Maharashtra, India). Sodium chloride,
magnesium chloride, calcium chloride, magnesium sulphate, and
sodium hydroxide were purchased from Merck Specialties Private
Limited. Hydrochloric acid was purchased from Fischer Scientific
(Hyderabad, India). Ethanol was purchased from Changshu Hon-
gsheng Fine Chemical Co. Ltd. Adhesive tape, calibration weights,
vegetable oil, tissue paper, sand paper were purchased from
Amazon, India. Motor Oil (Castrol GTX 20 W-50), kerosene oil, petrol
and diesel were purchased from Indian Oil petrol pump. News-
paper, cardboard paper, office paper was purchased from a local
store in IIT Guwahati. Sand grains were collected from a
construction site at IIT Guwahati and rinsed with water, dried prior
to use. River water was procured from Brahmaputra River, Guwahati
(Assam, India).

General Considerations: All the glass wares were washed with
acetone prior to use. Contact angle measurements were carried out
using a KRUSS Drop Shape Analyzer-DSA25 with an automatic
liquid dispenser at ambient conditions. The contact angles were
measured using 5 μl water droplet at three different locations for
each sample. Labconco Freezone Freeze Dryer was used for
lyophilization of the sponges. Scanning electron microscope images
were acquired using the Sigma Carl Zeiss scanning electron
microscope. The samples were sputtered with gold prior to
imaging. ATR-FTIR spectra was recorded using the Perkin Elmer
instrument at ambient conditions. To identify the chemical
oxidation states of the elements, XPS was performed by using an
ESCA probe TPD spectrometer, Omicron Nanotechnology with a
polychromatic Al Kα (hν=1486.6 eV) X-ray source with a step size
of 0.1 eV per second. The binding energy (B.E) of all the elements
was calibrated with respect to C 1s (284.8 eV). Compressive and
tensile measurements were carried out using a 5 kN electro-
mechanical Universal Testing Machine. Digital images were
acquired using a Canon Power shot SX420 IS digital camera. Milli-Q
grade water was used for all experiments.

The porosity measurements were calculated using the widely
adapted standard formula,

Porosity %ð Þ ¼ 1 �
1

1s

� �

� 100

Where, 1 and 1s is the volumetric mass density of the porous
sponge and solid sponge respectively.[49,50]

Fabrication of chemically ‘reactive’ waste paper derived sponges
followed by post covalent chemical modification: To fabricate the
waste-paper derived sponges, 1.96 wt% of waste paper was
shredded into pieces and dispersed in 30 mL of water under
constant stirring for 1 hour followed by addition of 3-(2-amino-
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ethylamino)-propyltrimethoxysilane (AEPTMS) in desired amounts
(1.65 wt%, 3.25 wt%, 4.79 wt%, 6.29 wt%) which are denoted as
WPDS0.5, WPDS1, WPDS2, WPDS3 respectively. Here, tissue paper was
selected as the model waste paper for performing all the experi-
ments. The AEPTMS added waste paper mixture was kept under
continuous stirring at room temperature for 6 hours to ensure
uniform mixing. Thereafter, the mixture was poured into cylindrical
molds and glass petri-dish for fabricating the sponges and
membranes respectively. The molds were frozen in liquid N2 and
subsequently, lyophilized at � 101 °C for 36 hours. Afterwards, the
dried sponges/membranes were further treated with an ethanolic
solution of dipentaerythritol penta-acrylate (1.325 g 5Acl in 10 mL
ethanol) for 3 hours followed by thorough washing in ethanol for
15 mins and THF each. Thereafter, the sponges were subjected to
post covalent modification with amine containing small molecules
i. e. butylamine (30 mg/mL), pentylamine (30 mg/mL), hexylamine
(30 mg/mL), octylamine (30 mg/mL), decylamine (30 mg/mL) and
octadecylamine (5 mg/mL) for 12 hours. Then, the samples were
thoroughly washed with THF and subsequently dried at ambient
conditions.

Physical and Chemical Durability Tests: To examine the durability
of the embedded anti-wetting property of the waste paper derived
superhydrophobic sponges, various harsh physical and chemical
challenges were imposed as described in detail below.

Sand Paper Abrasion: In this test, the waste paper derived
compressible, superhydrophobic sponge, WPDSHS1 (length ~5 cm)
was rubbed manually with a sand paper for 20 times back and forth
with a 500 g load on top to inflict severe damage to the sponge.
Thereafter, the embedded anti-wetting property on the freshly
exposed interior of the sponge was examined through contact
angle measurements and digital images.

Bulk Superhydrophobicity: The presence of three-dimensional
water wettability in the waste paper derived sponge (WPDSHS1)
was examined by arbitrarily slicing the sponge into pieces to
expose the interiors. Subsequently, the anti-wetting property was
examined using contact angle measurements.

Sand Drop Test: In this test, 150 g of sand grains were poured from
a height of 25 cm on the waste paper derived superhydrophobic
sponge, WPDSHS1 (length ~4 cm) which was pre-tilted at 45°.
Thereafter, the embedded anti-wetting property was examined on
the abraded surface of the sponge using contact angle measure-
ments and digital images.

UV Irradiation: The waste paper derived compressible super-
hydrophobic sponge, WPDSHS1 was subjected to both short
(254 nm) and long (365 nm) UV irradiation for 30 days. The
embedded water-repellent property was examined at regular
intervals through contact angle measurements and digital images.

Chemical Durability: The waste paper derived superhydrophobic
sponge, WPDSHS1 was exposed to various harsh chemically
complex aqueous phases including acidic water (pH 1), basic water
(pH 12), surfactant contaminated water (SDS, 1 mM and DTAB,
1 mM), river water (Brahmaputra River, Assam, India) and artificial
seawater. Artificial seawater was prepared by mixing MgCl2
(0.226 g), MgSO4 (0.325 g), NaCl (2.673 g) and CaCl2 (0.112 g) in
100 mL of de-ionized water in a volumetric flask. Similarly, the
waste paper derived superhydrophobic sponge, WPDSHS1 was
exposed to various polar and non-polar organic solvents including
methanol, ethanol, tetrahydrofuran, dimethyl sulfoxide, acetone,
chloroform, hexane, dichloromethane for 30 days and subse-
quently, the embedded water repellence was examined at regular
intervals through contact angle measurements.

Absorption Based Oil/Water Separation: The waste paper derived
compressible superhydrophobic sponges were exploited success-
fully for absorption-based collection of oils of varying densities and
viscosities from an oil/water interface. Briefly, 1 mL of the oil (dyed
with Nile red for petrol, diesel, silicone and vegetable oil for visual
inspection) was placed in a petri-dish filled with water. Then, the
waste paper derived superhydrophobic sponge was placed at the
oil/water interface such that it selectively absorbed only the oil
phase. The absorbed oil was recovered by manually squeezing the
sponge. Furthermore, this absorption-based selective separation
was extended for model heavy oil i. e. dichloromethane, DCM (dyed
with Nile red). Briefly, 5 mL of DCM was poured in a beaker filled
with 15 mL of water followed by immersion of the superhydropho-
bic sponge into the oil/water mixture such that sediment oil phase
was selectively absorbed. The absorbed oil was recovered by
manual squeezing of the sponge.

Gravity-Driven Filtration based Oil/Water Separation: The waste
paper derived superhydrophobic membranes were further ex-
tended for gravity-driven selective filtration of various light and
heavy oils from an oil/water mixture. A lab made proto-type was
developed using a 50 mL falcon tube where one end of the tube
was tied with the waste paper derived superhydrophobic mem-
brane and a hole was made at the closed end of the tube to pour
the oil/water mixture with the help of a funnel. Water was dyed
with methylene blue and rhodamine 6G as required and dichloro-
methane (model heavy oil) was dyed with Nile red. To demonstrate
the gravity-driven filtration-based oil/water separation, an equal
amount of oil and water (20 mL each) was poured through the
funnel at the closed end such that the oil phase selectively
permeated through the superhydrophobic membrane, while the
water phase remained restricted by the water-repellent membrane.
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Movie 1: Video graphic evidence of bouncing of a stream of water jet from the surface of the waste-paper derived 
superhydrophobic sponge 

Movie 2: Demonstration of the absorption based selective separation of light oil (i.e. motor oil) from an oil/water interface 
using the waste-paper derived superhydrophobic sponge 

Movie 3: Demonstration of the absorption based selective separation of model heavy oil (i.e. dichloromethane) from an 
oil/water interface using waste-paper derived superhydrophobic sponge 

Movie 4: Demonstration of the gravity-driven filtration based selective separation of light oil (i.e. kerosene) from an oil/water 
mixture through the waste-paper derived superhydrophobic sponge 

Movie 5: Demonstration of the gravity-driven filtration based selective separation of model heavy oil (i.e. dichloromethane) 
from an oil/water mixture through the waste-paper derived superhydrophobic sponge 

 

 

Table S1 accounting for the concentration of waste paper and AEPTMS used for developing the waste paper derived sponges with 
varying porosities.   
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Figure S1. A-H) FESEM images at low (A, C, E, G) and high (B, D, F, H) magnifications exhibiting the interconnected, fibrous and 
porous morphology of the waste paper derived sponges doped with different concentrations of the binder, AEPTMS. 
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Figure S2. A) XPS spectra of waste paper derived sponge, WPScontrol. B,C) De-convoluted XPS spectra of C 1s (B) and O 2p (C) of 
the waste paper derived sponge, WPScontrol respectively. D) XPS spectra of waste paper derived sponge,WPDS1 E-H) De-convoluted 
XPS spectra of C 1s (E), O 2p (F), N 2p (G) and Si 2p (H) of the waste paper derived sponge,WPDS1 respectively.  
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Figure S3. A-D) Energy dispersive X-ray spectral analysis of the waste paper derived sponges doped with different concentrations of 
the binder (AEPTMS) i.e. WPDS0.5 (A), WPDS1 (B), WPDS2 (C) and WPDS3 (D). 

 

 

 

 

 

 

 

Figure S4.  A-D) Energy dispersive X-ray mapping images of the waste paper derived sponges i.e. WPDS0.5 (A-E), WPDS1 (F-J), 
WPDS2 (K-O) and WPDS3 (P-T). The color codes for the elements are C (red), O (blue), Si (green) and N (yellow).  
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Figure S5. Plot illustrating the cyclic stress-strain analysis of WPDS1 under different percentage of strain. 
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Figure S6. A-E) Plot accounting for the cyclic compression analysis of the waste paper derived sponge, WPScontrol (A) and the waste 
paper derived sponges doped with different concentrations of the binder (AEPTMS) i.e. WPDS0.5 (B), WPDS1 (C), WPDS2 (D) and 
WPDS3 (E). 
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Figure S7. A-N) Digital images (A, E, I, M) and water contact angle images (B, F, J, N) of the beaded water droplet on the waste paper 
derived sponges that was post covalently modified with octadecylamine. C-P) FESEM images at low (C, G, K, O) and high (D, H, L, P) 
magnifications exhibiting the morphology of the waste paper derived sponges (doped with different concentrations of binder, AEPTMS) 
after post covalent modification. 

 

 

 

 

 

 

Table S2. Accounting for the advancing contact angle, contact angle hysteresis and density of the beaded water droplet on the waste 
paper derived sponges after post covalent modification.  

 

Table S2

Sample Advancing Contact
Angle (°)

Contact Angle
Hysteresis (°)

Density 
(g/cm3)

WPDSHS0.5 146.4±1.1 15.3±1.5 0.015 ± 0.9

WPDSHS1 159.4±1.2 7.3±0.4 0.017 ± 1.2

WPDSHS2 158.7±0.6 7.5±0.6 0.018 ± 0.6

WPDSHS3 157.2±0.6 7.6±1.4 0.022 ± 1.5
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Figure S8. A-V) Digital images and contact angle images of the beaded water droplet on the waste paper derived sponge, WPDS1 
that was post covalently modified with butylamine (A-B), pentylamine (C-F), hexylamine (G-J), octylamine (K-N), decylamine (O-R) 
and octadecylamine (S-V).  

 

 

 

 

 

 

 

Figure S9. A) Plot illustrating the compressive modulus (black) and porosity (red) of the waste paper derived superhydrophobic 
sponges before and after post covalent modification to alter the wettability.  
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Table S3 accounting for the advancing contact angle and contact angle hysteresis of the beaded water droplet on the different types 
of waste paper derived superhydrophobic sponges.  

 

 

 

 

 

 

 

 

 

 

 

Figure S10. A-C) Digital image (A, B) and contact angle image (C) illustrating the sand drop test (A) followed by examination of water 
repellence after sand drop test (B-C) on the waste paper derived superhydrophobic sponge, WPDSHS1. D) Plot accounting for the 
advancing contact angle (black) and contact angle hysteresis (red) of the beaded water droplet on the waste paper derived 
superhydrophobic sponge, WPDSHS1 after 30 days exposure to UV radiation. 
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Cardboard Paper 157.8 ± 1.2 7.8 ± 1.1

Mixture of Papers 156.7 ± 0.8 8.21± 1.4

Table S3
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Figure S11. Plot accounting for the advancing contact angle (black) and contact angle hysteresis (red) of the beaded water droplet 
on the waste paper derived superhydrophobic sponge, WPDSHS1 after 30 days exposure to different polar and non-polar organic 
solvents. 

 

 

 

 

 

 

 

 

 

Figure S12. A-P) Digital images illustrating the absorption based selective separation of vegetable oil (A-D), petrol (E-H), diesel (I-L) 
and silicon oil (M-P) using the waste paper derived superhydrophobic sponge, WPDSHS1 from an oil/water interface.  
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Figure S13. A) Plot accounting for the advancing contact angle (black) and contact angle hysteresis (red) of the beaded water droplet 
on the waste paper derived superhydrophobic sponge, WPDSHS1 that was used repetitively for 25 times of selective absorption of both 
light (motor oil) and heavy (dichloromethane) oils from an oil/water mixture. B-I) Digital images (B, D, F, H) and contact angle images 
(C, E, G, I) of the waste paper derived superhydrophobic sponge, WPDSHS1 before (B-E) and after (F-I) 25 times of use for selective 
absorption of light (motor oil) and heavy oils (dichloromethane) from an oil/water mixture.  
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Figure S14. A-F) Digital images (A, C, E) and contact angle images (B, D, F) of the beaded water droplet on the waste paper derived 
superhydrophobic membranes that were developed using different concentrations of the silane binder (AEPTMS). G) Plot illustrating 
the tensile stress-strain analysis of the waste paper derived superhydrophobic membranes. H) Bar diagram accounting for the tensile 
modulus of the waste paper derived superhydrophobic membranes. 

 

 

 

 

Table S4 accounts for the advancing water contact, contact angle hysteresis and porosity of the waste paper derived superhydrophobic 
membranes that were developed with different concentrations of AEPTMS. 
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Hysteresis (°)

Porosity (%)

WPDSHM1 158.4 ± 1.3 7.3 ± 0.7 99.3 ± 1.2

WPDSHM2 156.6 ± 1.5 7.5 ± 0.8 97.5 ± 0.9

WPDSHM3 157.9 ± 0.7 7.4 ± 1.1 96.1 ± 0.5

Table S5
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Figure S15. A-H) Digital images illustrating the gravity-driven filtration based selective separation of diesel (A-D) and petrol (E-H) by 
the waste paper derived superhydrophobic membrane, WPDSHM1 from an oil/water mixture. 

 

 

 

 

 

 

 

 

Figure S16. A) Plot accounting for the rate of flux of model sediment and floating oils through the waste paper derived superhydrophobic 
membranes with varying porosities.  
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Figure S17. A-L) Digital images illustrating the gravity-driven filtration based selective separation of model heavy oil phase i.e. 
dichloromethane (dyed pink for visual inspection) by the waste paper derived superhydrophobic membrane, WPDSHM1 from an 
oil/water mixture where the aqueous phase is chemically contaminated i.e. acidic water (A-B), basic water (C-D), surfactant 
contaminated (E-H), artificial sea water (I-J) and river water (K-L). 

 

 

 

 

 

 

 

 

Figure S18. A-L) Digital images illustrating the gravity-driven filtration based selective separation of the light oil phase i.e. kerosene by 
the waste paper derived superhydrophobic membrane, WPDSHM1 from an oil/water mixture where the aqueous phase is chemically 
contaminated i.e. acidic water (A-B), basic water (C-D), surfactant contaminated (E-H), artificial sea water (I-J) and river water (K-L). 
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Figure S19. A) Plot accounting for the advancing contact angle (black) and contact angle hysteresis (red) of the beaded water droplet 
on the waste paper derived superhydrophobic membrane, WPDSHM1 that was repetitively used (50 times) for separation of both light 
(kerosene) and heavy (dichloromethane) oils from an oil/water mixture. Inset images exhibit the intact water repellence property and 
physical integrity of the membrane after reuse.   
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Kinetics of Intercluster Reactions between Atomically Precise Noble
Metal Clusters [Ag25(DMBT)18]
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ABSTRACT: The kinetics of intercluster metal atom exchange reactions between
solvated [Ag25(DMBT)18]

− and [Au25(PET)18]
− (DMBT and PET are 2,4-

dimethylbenzenethiol and 2-phenylethanethiol, respectively, both C8H10S) were
probed by electrospray ionization mass spectrometry and computer-based modeling.
Anion mass spectra and collision induced dissociation (CID) measurements show
that both cluster monomers and dimers are involved in the reactions. We have
modeled the corresponding kinetics assuming a reaction mechanism in which metal
atom exchange occurs through transient dimers. Our kinetic model contains three
types of generic reactions: dimerization of monomers, metal atom exchange in the
transient dimers, and dissociation of the dimers to monomers. There are correspondingly 377 discrete species connected by in total
1302 reactions (i.e., dimerization, dissociation and atom exchange reactions) leading to the entire series of monomeric and dimeric
products [AgmAu25−m]

− (m = 1−24) and [AgmAu50−m]
2− (m = 0−50), respectively. The rate constants of the corresponding

reactions were fitted to the experimental data, and good agreement was obtained with exchange rate constants which scale with the
probability of finding a silver or gold atom in the respective monomeric subunit of the dimer, i.e., reflecting an entropic driving force
for alloying. Allowing the dimerization rate constant to scale with increasing gold composition of the respective reactants improves
the agreement further. The rate constants obtained are physically plausible, thus strongly supporting dimer-mediated metal atom
exchange in this intercluster reaction system.

■ INTRODUCTION

Intercluster reactions1−8 in homogeneous solution constitute
an emerging area in the field of atomically precise nano-
clusters9−20 with great potential for the controlled formation of
transition metal nanoalloys.21−24 Reactions between different
coinage metal clusters have been studied, focusing on the
identification of intermediates and products via electrospray
ionization mass spectrometry (ESI MS) of liquid reaction
mixtures. In the first documented case, the reaction between
solvated [PPh4

+]4[Ag44(SR)30]
4− and [TOA]+[Au25(SR)18]

−

clusters (TOA refers to tetraoctylammonium cations, SR
refers to thiolate) resulted in the formation of mixed
[AgmAg25−m(SR)18]

−(m = 0−20) nanoalloy clusters (i.e.,
having the same overall metal nuclearity).7 In another example,
reactions between solvated Ag29(BDT)12(PPh3)4 “superatoms”
and Cu12S6(DPPPT)4 clusters (BDT and DPPPT are 1,3-
benzenedithiolate and bis(diphenylphosphino)pentane, respec-
tively) have recently been shown to lead to extensive copper−
silver exchange without significantly changing the structure
type of the various Ag29−xCux species formed as mixing
progressed.4 Intercluster reactions have also been reported
between a coinage metal cluster and other transition metal
cluster species, e.g., between [Au25(SR)18]

− and Ir9(SR)6
clusters leading to the formation of a new bimetallic, neutral

Ir3Au22(SR)18 cluster.
5 Recently, a trimetallic dithiol protected

MAuxAg28−x(BDT)12(PPh3)4 (M = Ni, Pd, or Pt and x = 1−
12) cluster was formed by intercluster reactions.6

On the basis of MS and density functional theory (DFT)
calculations, Pradeep and co-workers proposed that the
reaction between [Ag44(SR)30]

4− and [Au25(SR)18]
− proceeds

via ligand interaction between two solvated clusters in close
proximity.7 Shortly thereafter, Bürgi et al. used a different
approach to support this picture. They showed that in the
“Au38(SR)24 + Au38−xAgx(SR)24” reaction system, separation of
the two reagents by a dialysis membrane impermeable to the
solvated clusters but still permeable to their smaller building
blocks (<1000 Da) prevented the nanoalloying reaction
completely, on the experimental time scale.25 This implies
that metal exchange via oxidative dissolution/readsorption of
small component building blocks, an alternative mechanism,
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was not kinetically competitive with the dimer mediated
process.
What is the driving force for dimer-mediated nanoalloying?

In a recent study, equal amounts of isotopically pure
[107Ag25(SR)18(PPh4)]

− and [109Ag25(SR)18(PPh4)]
− were

reacted in room temperature solution to form a purely
statistical distribution of [107Ag25−x

109Agx(SR)18]
− isotopo-

logue products.26 Here the driving force was clearly entropic
with essentially no enthalpic contributions. By contrast,
enthalpic contributions might be expected to become more

Figure 1. (a) Time dependent changes in the mass spectra of a 1:1 (40:40 nmol L−1) mixture of [Au25(PET)18]
− and [Ag25(DMBT)18]

− over a 54
min time scale after mixing. Pairs of integers m,n label either [AgmAun]

− cluster monoanions (black scale) or [AgmAun]
2− cluster dianions (blue

scale). Gray grid lines are spaced by 89 u (the mass difference of Au and Ag) to guide the eye. The peaks on the gray grid lines correspond to both
monomers [AgmAu25−m]

− and the corresponding doubly charged dimers [Ag2mAu50−2m]
2− with even number of silver and gold atoms of the same

m/z. Note that due to the resolved isotopic patterns, the relative intensities of both species can be deconvoluted. The cyan colored grid lines (also
spaced by 89 u) correspond to doubly charged dimers with odd numbers (total) of silver and gold atoms. The peak labeled with an asterisk in the
mass spectrum taken at 6 min reaction time refers to [Ag49Au]

2−. Peaks marked with a circle at 6 min correspond to triply charged trimers
[AgAu74(SR)54]

3− and [Ag2Au73(SR)54]
3−. The peaks labeled with “b”, “c”, and “d” correspond to the clusters shown in the zoom plots b−d. (b)

Isotopic distribution of [Ag25]
− after a reaction time of 3 min. Only peaks separated by 1 u are observed which shows that doubly charged [Ag50]

2−

clusters are not present. Gray bars refer to the calculated (natural) isotopic pattern of [Ag25]
−. (c) (Ligand-associated) Isotopic distribution of

[Au25]
− after a reaction time of 3 min. In addition to [Au25]

−, [Au50]
2− clusters are also present as indicated by additional peaks between the singly

spaced [Au25]
− signals. Gray bars correspond to the calculated isotopic distribution of [Au25]

−. (d) Isotopic distribution of [Ag12Au13]
− after a

reaction time of 54 min with underlying signal of doubly charged [Ag24Au26]
2−. Gray bars refer to the calculated isotopic distribution of

[Ag12Au13]
−.
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important when alloying two different metals by an intercluster
reaction. We recently found in the “[Au25(PET)18]

− +
[Ag44(FTP)30]

4−” reaction system (FTP is 4-fluorothiophe-
nol), that although metal atom exchange starts from the
outside of the M44 unit, i.e., in the staples, the introduced gold
atoms can subsequently insert themselves into the cluster
cores. Such swapping rearrangement occurs in what is
presumably a thermally activated “nanogymnastic fashion” to
form the most stable isomers in a matter of minutes.27 How
the initial metal exchange between two individual, negatively
charged, ligand-interleaved, and staple-protected clusters starts
is presently an open question. So far the picture is based only
on DFT calculations of plausible intermediates.8,28 To help
clarify this further, it would be useful to provide some first
order kinetic data for the three most important mechanistic
steps in the overall intercluster reaction: dimer formation,
metal atom exchange, and dimer dissociation. This is the
motivation for the present study.
Of particular interest for the mechanistic understanding are

reactions between isostructural clusters. Arguably, the simplest
case concerns the eight-electron superatom29−31 species
[Au25(SR)18]

− and [Ag25(SR)18]
−. Their reaction leads to

the formation of all possible alloy clusters while always
preserving 25 metal atoms and 18 ligands in the mixed
monomer clusters.28 Here we show systematic, time-resolved
anion mass spectrometry measurements for the intercluster
exchange reaction between [Ag25(DMBT)18]

− and
[Au25(PET)18]

− in solution on a time scale of up to 60 min
after mixing−resolving both the changing monomer compo-
sitions and concentrations and also probing those of the
transiently formed dimers. Additional CID studies as a
function of reaction time reveal that the fragmentation
behavior of dimers qualitatively changes as the reaction
proceeds and that the stability of the mixed dimers increases
with mixing degree within the component monomers.
Note that specific electrospray conditions can also lead to

some dimer formation in gas phase. In fact, the formation of
dimers of [Au25(SR)18]

− clusters was first studied under
controlled electrospray conditions.32 However, there are
meanwhile multiple reports strongly indicating the existence
of such dimers in solution and solid phase too. For example,
Liu et al. reported Ag2Au50(PET)36 dimers in solution which
showed distinct optical and electronic properties, compared to
those of the Au25(SR)18 clusters also present.33 The crystal
structure of this dimer was also solved. Linear polymers of
Au25(SBu)18 clusters were also observed in the crystalline
state.34 Cations are known to induce dimerization of
Ag29(BDT)12 clusters as well.

35 All such studies clearly indicate
that the formation of dimers of clusters is not limited to
selected mass spectrometric conditions but that extensive
dimerization may occur spontaneously in solution or solid state
as well.
In this study we have used mass spectrometry to probe

dimerization induced intercluster reactions in room temper-
ature solutions under conditions in which ion densities were
too low to allow for additional dimer formation in gas phase.
On the basis of the mass spectrometric data, we have modeled
the kinetics of this intercluster reaction using several different
mechanistic schemes which require the exchange reaction to
take place exclusively within transiently formed dimers. The
best fitting model was able to qualitatively and quantitatively
describe the experimental observations. The resulting rate

constants turned out to provide physically reasonable
constraints on the time scales of the underlying processes.
To our knowledge this is the first quantitative kinetics study

for any intercluster/nanoalloying reaction in solution. The
level of agreement between best fitting simulation and
experimental data extending over time scales of more than
50 min following mixing strongly supports the dimer mediated
reaction hypothesis. We demonstrate that multiple, sequential
dimerization and dissociation steps are involved in the
chemistry, and we determine the magnitudes of the associated
rate constants and from this obtain insights into the underlying
atomic scale rearrangements.

■ RESULTS AND DISCUSSION
Mass Spectrometry and Collision Induced Dissocia-

t ion . ES I -MS . Bo th [Au 2 5 (PET) 1 8 ]
− 3 6 , 3 7 and

[Ag25(DMBT)18]
− 38 were synthesized following previously

reported methods (see the Supporting Information). The
kinetics of the “[Ag25(DMBT)18]

− + [Au25(PET)18]
−” reaction

system was monitored using a high resolution Bruker timsTOF
mass spectrometer system equipped with an ESI source. This
ensures a typical mass resolution exceeding 25 000 which is
sufficient to resolve the isotopic patterns of both singly
negatively charged monomers and doubly negatively charged
dimers (m/z 5000−7500; see Figure 1), which are the only
metal containing species observable by ESI-MS with significant
abundance. Prior to the kinetics measurements, ESI conditions
were optimized such that intensities of [Au25(PET)18]

− and
[Ag25(DMBT)18]

− were comparable for similar cluster
concentrations for quantitative analyses. As dimers are more
prone to fragmentation than monomers, mild electrospray
conditions were chosen. The optimized measurement con-
ditions and parameters are given in the Supporting Information
(which also includes a description of the cluster synthesis and
ESI mass spectra of the pure cluster solutions in Figure S1).
A typical series of averaged mass spectra of a 1:1 (40:40

nmol L−1) mixture of [Ag25(DMBT)18]
− and [Au25(PET)18]

−

taken at different reaction times is shown in Figure 1a. From
previous studies it is known that in addition to metal atom
exchanges, ligand exchange reactions can also occur in
monothiolate-protected clusters reactions.39−43 As the isomeric
ligands DMBT and PET share the same mass and as the same
number of 18 and 36 ligands is always maintained in the
monomers and dimers, respectively, the DMBT-PET exchange
cannot be followed by MS alone.
However, the energy changes upon ligand exchange are

rather small. For the hypothetical ligand exchange reaction
[Ag25(DMBT)18]

− + [Au25(PET)18]
− → [Au25(DMBT)18]

− +
[Ag25(PET)18]

− we calculate (DFT, BP-86) an endothermicity
of 1.26 eV, i.e., less than 0.1 eV per ligand. In similar test
calculations for the single-metal exchanged clusters
[AgAu24(DMBT/PET)18]

− and [Ag24Au(DMBT/PET)18]
−

we found a negligible ligand influence on the respective
isomer order (see Supporting Information for more details and
Tables S1 and S2).
Therefore, in the following we will ignore the role of the

ligands and from this point on we will label all species only
according to the number of their silver and gold atoms. The
dominant peaks visible in the spectrum after 3 min shown in
Figure 1a belong to the monomers [Ag25]

− (m/z 5167) and
[Au25]

− (m/z 7394) and to the dimer [Ag25Au25]
2− (m/z

6280). Note that several isomers of [Ag25Au25]
2− can exist in

principle. For example, smaller amounts of both [AgAu24]
−
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and [Ag24Au]
− monomers are already present after short

reaction times. Therefore, a fraction of the [Ag25Au25]
2− signal

is also due to [(Ag24Au)(AgAu24)]
2−. Note that the round

brackets refer to the two monomeric subunits of the
corresponding doubly charged dimer.
Expanding on previous reports1,28,32 of the initially formed

dimer [(Ag25)(Au25)]
2−, we have recorded the time-dependent

intensities of all dimers [AgmAu50−m]
2− with m = 0−49

together with those of the singly charged reaction products
[AgmAu25−m]

− (m = 1−24), i.e., up to the fully mixed
[Ag13Au12]

− (m/z 6236) and [Ag12Au13]
− (m/z 6325) clusters.

Note that we use the notation [AgmAu50−m]
2− with m = 0−49

(i.e., without round brackets) to indicate all possible isomeric
dimer dianions each of which comprises only monomers with
25 metal atom nuclearity. Closer inspection of the mass spectra
shows that dimerization is clearly favored when gold is present
in the monomers (note that dimerization is also observed in
comparably concentrated pure [Au25(PET)18]

− solutions (data
not shown)). While [Ag50]

2− dimers are not present after 3
min (Figure 1b), [Au50]

2− dimers are clearly detected (Figure
1c) with comparable intensities to [Ag25Au25]

2−. In addition,
the dianion [AgAu49]

2− shows a ∼15-fold higher intensity
compared to [Ag49Au]

2− (peak labeled with an asterisk in

Figure 1a). Dianionic species with an even number of gold and
silver atoms [Ag2mAu50−2m]

2− share the same m/z ratio as
monoanionic species [AgmAu25−m]

−, and their peaks overlap.
Therefore, only dimers [Ag2m−1Au50−(2m−1)]

2− with odd
numbers of silver and gold atoms (i.e., peaks lying on the
cyan colored grid lines) are directly visible in Figure 1a. We
note, however, that in all cases we can clearly differentiate
between monomers and dimers due to the resolved isotopic
patterns (Figure 1b−d). On the gold side also less intense
signals of triply charged trimers are visible, i.e.,
[AgmAu75−m(SR)54]

3− with m = 1−5, which however were
not further taken into account in this analysis due to their low
intensity (see Figure S2).
After a longer reaction time, the dimer distribution centered

around [Ag25Au25]
2− broadens and other dimers such as

[Ag27Au23]
2− (m/z 6191) and [Ag23Au27]

2−(m/z 6370) appear
(Figure 1a, 12 min). At the same time, more mixed monomers
grow successively from the silver and gold sides of the mass
spectra until an equilibrium state is reached after ∼45 min with
[Ag11Au14]

− and [Ag12Au13]
− (Figure 1a and Figure 1d) being

the dominant monomer species plus smaller contributions of
monomers [AgmAu25−m]

− with m = 8−15 and dimers
[AgmAu50−m]

2− with m = 18−28 (Figure 1a). The slight

Figure 2. Collision induced dissociation of [Au25Ag25]
2− (m/z = 6280) clusters at 30 eV laboratory collision energy after different reaction times

measured on a Waters Synapt G2Si HDMS mass spectrometer. After short reaction times of up to 5 min, the formed [Au25Ag25]
2− isomers

dissociate primarily to [Ag25]
− and [Au25]

− as well as to a lesser degree to more mixed monomer [AgmAu25−m]
− anions, e.g., [Ag21Au4]

− and
[Ag4Au21]

−. After long reaction times of up to 60 min, the main fragments are well mixed [Ag13Au12]
− and [Ag12Au13]

− ions pointing to a higher
mixing degree of the formed [Au25Ag25]

2− isomers. The integrated intensity of the fragments decreases with reaction time which can be explained
with a higher stability of the more mixed [Au25Ag25]

2− cluster isomers like [(Ag12Au13)(Ag13Au12)]
2−. The concentration and mixing ratio of the

[Ag25]
− and [Au25]

− clusters were chosen like in the kinetics experiment, i.e., 40:40 nmol L−1.
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asymmetry toward a higher gold content with respect to a
perfect 1:1 cluster ratio where [Ag12Au13]

− and [Ag13Au12]
−

should be the dominant species can be most likely traced back
to weighing and dilution errors (the concentrations of 40 nmol
L−1 were reached by a two-step dilution). For [Ag25]

−:[Au25]
−

mixing ratios differing from 1:1 the equilibrium distribution is
shifted according to the silver:gold atom ratio. Hence, for a
mixing ratio of [Ag25]

−:[Au25]
− = 5:3 (100:60 nmol L−1) the

equilibrium distribution is approximately centered at around
[Ag16Au9]

−, i.e., · ≈·
· + · 25 165 25
3 25 5 25

Ag and · ≈·
· + · 25 93 25
3 25 5 25

Au atoms (Figure S9b). As monoanion:dianion ratios (e.g.,
[Ag12Au13]

−:[Ag24Au26]
2−) stay constant after ∼25 min, we

conclude that from then on dimers and monomers are in
dynamic equilibrium. Consequently, formation of stable
dianions consisting of coalesced monomeric subunits (not
able to dissociate back to monomers) can be ruled out.
Otherwise, all monomers would end up in these stable dimers
or in even higher oligomers, which is clearly not the case on a
time scale of up to ∼60 min.
Collision Induced Dissociation (CID). CID measurements

were carried out using a Waters Synapt G2Si HDMS mass
spectrometer equipped with an ESI source. To obtain a first
order measure of reaction-time-dependent changes in the
constituents of dimers with a given m/z ratio, we collided mass
selected ions with nitrogen in a collision cell held at 0.02 mbar
keeping the collision energy (Elab = 30 eV) constant while
measuring the corresponding fragment ion mass spectra. The
fragments always contain 25 metal atoms indicating that the
dimers consist of two weakly bound monomeric subunits with
25 metal atoms each. As an example, the CID of [Ag25Au25]

2−

(m/z 6280; see Figure 2) at different reaction times results in
different fragmentation patterns. Initially, the dominant
fragments are [Ag25]

−, [Au25]
− plus smaller contributions of

mixed clusters with up to about six exchanged metal atoms.
After longer reaction times the fully mixed monomers
[Ag13Au12]

− and [Au12Ag13]
− dominate. Obviously, for a

given dimer composition, various isomers coexist confirming

that the dimers are active participants in the reaction. The
decreased fragmentation efficiency of [Ag25Au25]

2− after longer
reaction times points to a higher stability of late [Ag25Au25]

2−

species (e.g., [(Ag12Au13)(Ag13Au12)]
2−) compared to

[Ag25Au25]
2− species that are formed in the beginning of the

reaction (e.g., [(Ag25)(Au25)]
2− or [(Ag24Au)(AgAu24)]

2−).
Nevertheless, these “more mixed” dimers such as [(Ag12Au13)-
(Ag13Au12)]

2− are apparently still able to dissociate back to the
respective monomers in solution (for which a dynamic dimer−
monomer equilibrium is observed).

Kinetic Model. Next we fit the experimental data, which
comprises reaction-time-dependent mass spectral signal
intensities (assumed to be directly proportional to solution
concentrations of the corresponding anionic species) for
several initial [Ag25]

−:[Au25]
− composition ratios. For this,

we use three related kinetics models (simulations 1−3) that
have common key mechanistic assumptions. Due to the
complexity and the large number of reactions involved, we
stress at the outset that we do not aim to simulate the
experiment quantitatively. Instead, we want to compare the
model with the experimental findings, narrow down the range
of rate constants which still provide a reasonable description,
and finally check the physical plausibility.

Key Assumptions. All simulations are based on the
sequence of events shown in Scheme 1. We start with the
most simple assumptions and then continuously improve the
agreement with the experiment by refining the input
parameters. The exchange kinetics was modeled by standard
matrix algebra suites in MATLAB (see the Supporting
Information, Scheme S1, and Figure S4 for more details)
and by solving all kinetic differential equations numerically.
The key assumptions of our model are the following.

(1) Monomers always contain 25 metal atoms, and dimers
contain 50 metal atoms reflecting the experimental
findings.

(2) Two monomers [AgmAu25−m]
− and [AgnAu25−n]

− can
dimerize with a bimolecular rate constant kdim, and the

Scheme 1. Illustration of the Different Reactions Considereda

aAny combination of two monomers [AgmAu25−m]
− and [AgnAu25−n]

− can react to form a dimer with the sum formula [Agm+nAu50−m−n]
2− but still

consisting of the well-defined monomeric subunits [(AgmAu25−m)]
− and [(AgnAu25−n)]

−. Each dimer can isomerize via (multiple) metal atom
exchanges between the monomeric subunits and separate into the respective monomers potentially at any time. Exchange rate constants kf and kb
refer to reactions that increase (kf) or decrease (kb) the entropy in the dimers, respectively. As an example, we show the m,n combinations 22,3 and
4,21 for illustration. The two monomers [Ag22Au3]

− and [Ag4Au21]
− dimerize to form initially [(Ag22Au3)(Ag4Au21)]

2−. This dimer can isomerize
by metal exchange either to [(Ag21Au4)(Ag5Au20)]

2− or to [(Ag23Au2)(Ag3Au22)]
2−. The isomerized dimers can undergo further metal exchange or

dissociate to monomers.
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formed dimers can dissociate back with a unimolecular
rate constant kdiss.

(3) Dimers always comprise two monomeric subunits
consisting of 25 atoms which can exchange single
metal atoms with a unimolecular rate constant kex (and

can eventually dissociate). As a consequence, for each
dimeric species with composition [Agm+nAu50−m−n]

2−,
there are several topologically different isomers:
[(Agm−xAu25−m+x)(Agn+xAu25−n−x)]

2− (where m and n
each range from 0−25, x ≤ m, and x ≤ (25 − n)). We

Figure 3. Contour plots of monoanionic monomer and dianionic dimer intensities for the exchange reaction between [Ag25]
− and [Au25]

−. (a)
Experiment (mixing ratio 40:40 nmol L−1). (b) Simulation 1 (best fitting rate constants): kdim = 3.2 × 10−3 L nmol−1 s−1, kdiss = 3.2 × 10 −2 s−1, and
kex = 3.2 × 10−2 s−1. (c) Simulation 2 (best fit): kdim = 1 × 10−2 L nmol−1s−1, kdiss = 1 × 10−1 s−1, and kex = 3.2 × 10−2 s−1 (scaled by the probability
factors from eqs 2 and 3). (d) Simulation 3 (like simulation 2 but additionally kdim was scaled by the factor fAu): optimum rate constants are kdim = 1
× 10−2 L nmol−1s−1, kdiss = 5.6 × 10−2 s−1, and kex = 3.2 × 10−2 s−1. Starting concentrations of all simulations were chosen as in the experiment, i.e.,
c([Au25]

−
t=0) = 40 nmol L−1, c([Au25]

−
t=0) = 40 nmol L−1 (all other species were set to concentration zero). Note that in the case of pure gold

cluster solutions, dimers were already present at time zero. However, as the dimerization proceeds much faster than the metal exchange, the
presence of dimers at zero time can be neglected in the simulations.
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allow exchange of metal atoms only within these
transient dimers.

In order to compare experiment and simulation, we
deconvolute the mass spectra into monomers and dimers,
respectively (see the Supporting Information and Figure S3 for
more details). The experimental ion intensities of monoanions
and dianions for a 40:40 nmol L−1 mixing ratio of [Ag25]

− and
[Au25]

− clusters are shown as a contour plot in Figure 3a. Each
ion intensity was normalized to the total ion signal in order to
account for instabilities of the ion source (see Supporting
Information).
Simulation 1. In a first step we assume that the rate

constants for dimerization, dissociation, and metal atom
exchange are independent of the cluster composition; i.e.,
the kinetics is defined by only three rate constants kdim, kdiss,
and kex. Note that this is somewhat unphysical since the
exchange rate constant is independent of the relative gold/
silver content, but it is the most basic assumption that we can
make. Simulated concentrations were treated like the
experimental data (see Supporting Information) and have
therefore been normalized to the sum of all ion concentrations.
For all simulations a “dead time” of 20 s was chosen; i.e., at
time zero in Figure 3a the reaction is assumed to have already
proceeded for 20 s after mixing. Note that the choice of this
“dead time” is not critical with respect to the overall kinetics as
it mainly affects the time dependence of the starting species
[Ag25]

−, [Au25]
−, and [(Ag25)(Au25)]

2−.
To find the best possible agreement between simulation and

experiment, we simulated the kinetics for 13 exponentially
equidistant rate constants in the range of 10−4 to 1 (in units of
s−1 or L nmol−1 s−1, respectively) resulting in 2197 (13 × 13 ×
13) possible combinations.
As the dimer:monomer ratios can be affected to some degree

by the mass spectrometer settings, we have chosen not the
relative ion intensities but the time tmax,i when each species i
passes through its maximum concentration (as measured by
ESI-MS signal) as the most robust target feature that has to be
reproduced by the model. Therefore, the mean squared
deviation between model and experiment was calculated with
eq 1 for each simulation,

∑χ = −
=

t t( )
i

i i
2

1

77

max,
sim

max,
exp 2

(1)

where 77 is the total number of ion species (26 monoanions:
[AgmAu25−m]

−, m = 0−25 and 51 dianions [AgmAu50−m]2−, m =
0−50). Note that in the simulation all possible 351 dimer
isomers [(Agm−xAu25−m+x)(Agn+xAu25−n−x)]

2− (m and n each
range from 0−25, x ≤ m, and x ≤ (25 − n)) have been taken
into account and summed up afterward to the corresponding
[Agm+nAu50−m−n]

2− (m + n = 0−50) species to allow
comparison with the experiment. The number of possible
dimers (351) can be determined by calculating all possible
combinations of the 26 monomer species (see Supporting

Information). The simulations with the lowest χ2 values were
further inspected by eye to choose the simulation with the best
possible agreement in terms of both tmax,i and relative ion
intensities.
For simulation 1, a rather poor agreement was found

independent of the choice of rate constants. The best possible
level of agreement is shown in Figure 3b for the parameters
kdim = 3.2 × 10−3 L nmol−1 s−1, kdiss = 3.2 × 10−2 s−1, and kex =
3.2 × 10−2 s−1 (see Table 1). Compared to the experiment, the
predicted cluster distributions at long reaction times are much
broader and the distribution widens early. For very long
reaction times (>3000 s, not shown), the monomers become
evenly distributed and the dimer distribution is only
determined by the number of possible isomers with a
maximum of 13 for [Ag25Au25]

2−. The reason is the
composition independent exchange rate constant kex, which
leads to an even partitioning of all clusters in the equilibrium.
The experimental data show that this is clearly not the case.
Obviously, the model lacks a “driving force” that drags the
clusters toward a narrower composition distribution.

Simulation 2. In simulation 2, we continue to keep the rate
constants for the dimerization and dissociation steps constant
(i.e., independent of Ag:Au composition of the respective
species) but now scale the exchange rate constant according to
the probability of finding a silver or gold atom in the respective
monomer subunit of the dimer. We assume that all metal
atoms can be exchanged independent of their position in the
subunit (i.e., core, icosahedral shell, or staple atoms can be
exchanged with the same probability). As an example, for a
[(Ag25)(Au25)]

2− dimer consisting of the two monoanionic
subunits [Ag25]

− and [Au25]
−, the probability factor for silver/

gold exchange according to the scheme [(Ag25)(Au25)]
2− →

[(Ag24Au)(AgAu24)]
2− is 1. If the [Ag25Au25]

2− dimer consists
of the subunits [Ag24Au]

− and [AgAu24]
−, the combined

probability factor is · = 0.921624
25

24
25

in the direction where the

dimer becomes more mixed, [(Ag24Au)(AgAu24)]
2− →

[(Ag23Au2)(Ag2Au23)]
2−, and · = 0.00161

25
1
25

in the direction

[(Ag24Au)(AgAu24)]
2− → [(Ag25)(Au25)]

2− where the dimer
becomes less mixed. The remaining probability of 0.0768
corresponds to the “null” reaction where two gold or two silver
atoms are swapped between the monomeric subunits. The
differences in the probability factors can be interpreted as an
entropic driving force that drags the cluster distribution toward
a state with higher entropy, while the composition of the
clusters in equilibrium is controlled by the mixing ratio of
[Ag25]

− and [Au25]
−, i.e., [Ag13Au12]

− and [Ag12Au13]
− for a

1:1 mixture. For the general case, [(AgmAu25−m)-
(AgnAu25−n)]

2− (with m > n), the combined probabilities for
the forward and backward metal exchange reactions are given
by

= · −
P

m n
25

25
25f

ex

(2)

Table 1. Summary of Simulations 1−3 As Discussed in the Texta

simulation Pex fAu kdim, L nmol−1 s−1 kdiss, s
−1 kex, s

−1 kdim:kdiss

1 constant constant (=1) 3.2 × 10−3 3.2 × 10−2 3.2 × 10−2 0.10
2 variable constant (=1) 1 × 10−2 1 × 10−1 3.2 × 10−2 0.10
3 variable variable 1 × 10−2 5.6 × 10−2 3.2 × 10−2 0.18

aThe respective rate constants are obtained from a least squares fit. Overall, simulation 3 agrees best with experiment. This simulation includes an
increased dimerization rate for gold rich clusters (via fAu). See text for details.
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= · −
P

n m
25

25
25b

ex

(3)

We define the forward reaction, occurring with kf, where the
silver atom is always transferred from the silver richer subunit
of the dimer to the silver poorer subunit. Accordingly, the gold
atom is transferred from the gold richer subunit to the gold
poorer subunit. Note that by that definition the forward mixing
reaction always leads to a higher total entropy in the products
compared to the educts while the opposite is true for the
backward reaction. As an example, for the dimer [(Ag22Au3)-
(Ag4Au21)]

2− the forward reaction produces [(Ag21Au4)-
(Ag5Au20)]

2− and the backward reaction leads to [(Ag23Au2)-
(Ag3Au22)]

2−. For a quantitative calculation of the reaction
entropy and the apparently less significant reaction energies as
determined by explorative DFT calculations, see the
Supporting Information.
Accordingly, in simulation 2 we scale the exchange rate

constant kex by Pf
ex and Pb

ex, resulting in 600 individual rate
constants for the metal atom exchange reactions.
Analogous to simulation 1, the best fitting parameter set was

determined which is shown in Figure 3c for kdim = 1 × 10−2 L
nmol−1 s−1, kdiss = 1 × 10−1 s−1, and kex = 3.2 × 10−2 s−1 (see
Table 1). The exchange rate constant kex has the biggest
influence on the kinetic development of the clusters
determining tmax,i

exp while kdim and kdiss mainly determine the
intensities of monoanions and dianions. This holds true as long
as kdim does not become too small and rate determining.
Therefore, χ2 values of simulations with kex = 3.2 × 10−2 s−1,
kdim:kdiss ratio of 0.1, and kdim in the range of 1.8 × 10−3 to 1 ×
10−1 L nmol−1 s−1 agree well within a standard deviation of 1%.
In Figure S5 we contrast the experimentally observed kinetics
of [Ag25Au25]

2− to the integrated [Ag25Au25]
2− concentration

of the model. In addition, we show the normalized
concentrations of all 13 [(Ag25−xAux)(AgxAu25−x)]

2− isomers
(not individually accessible to MS) from simulation 2. The
experiment and the simulation have in common that the
integrated signal of [Ag25Au25]

2− traverses a minimum with
[(Ag25)(Au25)]

2− being the dominant species in the beginning
of the reaction and [(Ag13Au12)(Ag12Au13)]

2− close to the
equilibrium.
Given the few assumptions in the model, the qualitative

agreement with the experiment is surprisingly good and allows
the conclusion that the metal atom exchange proceeds more
slowly in higher entropy dimers. Because of the statistical
Bernoulli approach (eqs 2 and 3) the equilibrium distributions
of the monomers and dimers of simulation 2 equal a binomial
distribution. As shown in Figure S6, the experimental
equilibrium distributions are somewhat narrower than the
binomial distributions.
In contrast to the experimental data, the kinetics of the silver

and gold sides in simulation 2 is exactly equal and symmetric.
In the experiment, the monoanions generally show higher
intensities on the silver side, especially at the beginning of the
reaction, which can partially be explained by the better ability
of gold clusters to form dimers.
Simulation 3 is based on simulation 2, but we now account

for the unequal ability of the monomers to form dimers based
on their composition. In contrast to [Au25]

−, we do not
observe (homo)dimers of [Ag25]

−. It is still an open question
which parameters dominate the ability to form dimers (e.g.,
attractive van der Waals forces between the clusters,28,32 π−π
interactions28 or metallophilic44−46 interactions between the

metal atoms in the staples28,32 (including possibly gold dimer
and/or gold nanowire formation via a “twist-and-lock”
mechanism8,34). On the basis of recent DFT-based calcu-
lations, including relativistic semicore pseudopotentials, the
dimer binding energies of [Au50]

2− and [(Ag25)(Au25)]
2− are

2.5 and 2.1 eV, respectively, while [Ag50]
2− exhibits a

significantly lower binding energy of only 0.97 eV.8 This
generally points to a better dimerization ability if gold is
present in the monomers. On the other hand, the isotope
exchange experiment of pure [Ag25(DMBT)18]

− clusters26 can
only be explained by silver homo dimers as reaction
intermediates. Possibly they are too weakly bound to survive
the ionization process in our experiment. Recent NMR studies
by Salassa et al. have shown that DMBT ligand exchange is
occurring in room temperature [Ag25(DMBT)18]

− solutions.47

This intercluster ligand exchange can only take place through
the formation of transient dimers, strongly supporting the
assumption that intercluster metal exchange through transient
dimers occurs in pure [Ag25(DMBT)18]

− solutions as well.
In order to account for the asymmetry between gold and

silver, in simulation 3 we loosely scale the dimerization rate
constant kdim by a factor fAu, which accounts for the fraction of
gold atoms in the reactants. As an example, for [Ag8Au17]

− +
[Ag15Au10]

−, fAu amounts to +17 10
50

= 0.54. The best agreement

for simulation 3 with the experiment is obtained for the rate
constants kdim = 1 × 10−2 L nmol−1 s−1, kdiss = 5.6 × 10−2 s−1,
and kex = 3.2 × 10−2 s−1 (see Table 1 and Figure 3d). Other
values of kdim and kdiss give almost identical results as long the
kdim:kdiss ratio is kept at around ∼0.2. With the rate constants
from simulation 2, the dimer-to-monomer ratio deviates by
40% between simulation and experiment. Simulation 3 is
almost identical to simulation 2, except that (like in the
experiment) the cluster distribution is now asymmetric with
respect to the silver and gold sides, which is most obvious at
short reaction times. In simulation 3 there are more gold rich
dimers present, [Ag50]

2− is not formed, and there are less gold
rich monomers present as a larger fraction of these is converted
to dimers. Overall, the qualitative agreement with the
experimental data has improved. Note that the choice of fAu
regarding the dimerization of pure [Ag25]

− clusters (for which
fAu equals zero in simulation 3) is uncritical with respect to the
overall kinetics which is most obvious when comparing
simulation 3 with simulation 2 ( fAu = 1 for all dimerization
steps). A comparison of other measured and simulated mixing
ratios based on simulation 3 showing consistently good
agreement is presented in Figures S7−S9. In Figure S10 we
show the composition of the modeled [Ag25Au25]

2− isomers at
five time intervals including the three time intervals from the
CID experiment (Figure 2) and contrast the findings to the
experimental CID data where [Ag25Au25]

2− was brought to
collision with nitrogen to further support our modeling. Note
that for all simulations shown, the optimized rate constants
from simulation 3 were applied.
We next discuss our findings (based on simulation 3) in

more detail and try to constrain the rate constants to narrower
limits.
The exchange rate constant kex has the strongest impact on

the kinetic development of the intercluster reaction defining
tmax,i
exp , whereas kdim and kdiss mainly determine the intensities of
monoanions and dianions. Hence, on the basis of our model,
kex can be roughly restricted to the range 2 × 10−2 s−1 < kex < 5
× 10−2 s−1. For a good agreement with the experimental data,
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the rate constants for dimerization and dissociation can be
varied to some extent, but preferably, the kdim:kdiss ratio must
lie in the range 0.1−0.3. Only then the experimentally
observed equilibrium monomer-to-dimer ratio of ∼1 is
reproduced.
The dimerization rate constant cannot be arbitrarily small as

it then becomes rate determining and the formation of mixed
clusters proceeds too slowly. For good agreement with the
experiment, kdim·c([M25]

−) must be at least of the order of the
exchange rate constant kex. Hence, for a cluster concentration
of 40 nmol L−1 and kex = 3.2 × 10−2 s−1, kdim should be higher
than ∼1 × 10−3 L nmol−1 s−1. In contrast to this lower limit,
there exists no upper limit for kdim kineticswise, i.e., in terms of
tmax,i. If kdim is increased, the predicted dimer-to-monomer ratio
increases and deviates from the experimentally observed
approximately 1:1 ratio (Figure 3a). Therefore, kdiss has to
be adjusted bearing in mind the kdim:kdiss ratio from Table 1.
Similar considerations apply to the dissociation rate constant

kdiss. If kdiss is too small, early dimers like [(Ag25)(Au25)]
2− or

[Au50]
2− are almost frozen out and monomeric product ions

are formed insufficiently and on time scales that are not in line
with the experimental findings. Hence, within our model, kdiss
must be greater than or equal to ∼1 × 10−2 s−1. Similar to the
case of kdim, an upper limit for kdiss cannot really be given (as it
also depends on kdim).
Plausibility of Rate Constant Values. The physical upper

limit for the dimerization rate constant of near-spherical,
neutral molecules in solution is the diffusion limited case for
which the rate constant is given by

η
=k

k T
N

8
3D

B
A

(4)

where kB is the Boltzmann constant, T is the temperature, NA is
the Avogadro constant, and η is the dynamic viscosity of the
solvent (DMF).48 With η = 0.799 × 10−3 Pa·s 49 and T = 298
K, kD amounts to 8.3 L nmol−1 s−1, which is approximately 3
orders of magnitude larger than typical dimerization rate
constants from our simulations. In the case of charged
molecules the diffusion limited rate constant of eq 4 must be
multiplied by the Debye factor f Debye which accounts for the
Coulomb interaction between the ions.50−52
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Here qA and qB are the charges of the ions, ε0 is the vacuum
permittivity, εr is the relative permittivity of the solvent (DMF,
εr = 38.4),53 and R is the reaction distance which we assume to
be twice the radius of the [Au25]

− cluster (r = 6.35 Å).37 As
shown in Figure S11, f Debye equals 0.53 at a distance of 12.7 Å
and the diffusion limited rate constant reduces to 4.4 L nmol−1

s−1 which is still a factor of ∼500 higher than the deduced
dimerization rate constant estimated from our model (a
deviation that we rationalize as due to finite activation energies
for dimerization).
There is very little experimental data on the dimerization of

other solvated, equicharged, aryl-terminated clusters in the 1
nm size range to compare with. Biopolymer anions whose
dimerization may also involve π−π interactions are better
studied in this regard. For example, oligoribonucleotides with a
chain length between four and seven nucleotides combine with
a bimolecular rate constant of 2 × 10−3 L nmol−1 s−1, and

typical dissociation rates of double stranded dye-labeled
oligomers consisting of 10 base pairs were determined to ∼1
× 10−2 s−1.54,55 The (dimer) dissociation rate decreases
strongly with increasing oligomer size at a given temperature.54

Gotoh et al. found a dissociation rate constant of 1.2 × 10−4

s−1 for a 20-mer oligonucleotide.56 Our determined rate
constants for dimerization and dimer dissociation are in
surprisingly good agreement with these numbers, despite the
different systems, concentrations, and solvents (perhaps
fortuitously).
According to eq 6, kdiss directly determines the average

lifetime τ of the cluster dimers for which we may estimate an
upper limit of ∼100 s.

τ =
k
1

diss (6)

The number of exchange reactions during the lifetime τ of the
dimer dianion can be estimated by Poisson statistics,

τ
=

!

τ−
P k

k
k

( )
( ) ek k

ex
( )ex

(7)

where P(k) is the probability of k exchange reactions to occur
during the lifetime τ of the dimer and kex is the exchange rate
constant. With τ = 0.056−1 s ≈ 18 s, on average 0.5 exchanges
occur in the dimers, and with the upper limit τ = 0.01−1 s =
100 s, on average 3.2 exchanges occur.
Although the overall agreement between the simulations and

experiment is good in terms of kinetics, the observed
experimental equilibrium distributions are somewhat narrower
compared to the corresponding binomial distributions from
the simulation. Similar observations have been made by Zhang
et al. when doping silver atoms into Au38(SC2H4Ph)24
clusters.25 It was found that a cluster distribution centered
around Ag6.5Au38−6.5 became significantly sharper over a time
scale of 3 h. The authors argued that not all possible 38
positions in the cluster are occupied by silver atoms with the
same probability. On the basis of our own DFT calculations
(see the Supporting Information) and on the basis of findings
by Krishnadas et al.,28 the staple and icosahedral center
positions in a M25(SR18) cluster are preferentially occupied by
gold atoms while the 12 icosahedron core positions are
preferentially occupied by silver atoms. These results are
largely in line with the X-ray structure analysis of
Au18.8Ag6.2(SCH2CH2Ph)18 where approximately equal parti-
tioning of silver and gold in the icosahedral core was found,
while gold atoms clearly favored the staple and the icosahedron
central position.57

In a recent study it was proposed on the basis of DFT
calculations that the metal atom exchange in the
“[Au25(PET)18]

− + [Ag25(DMBT)18]
−” system takes place in

a two-step fashion where first exchange of staple metal atoms
takes place followed by swapping of heterometal atoms into
the icosahedral M13-kernel.

8 Conceivably, such stabilizing
intracluster rearrangement processes occur on a time scale
that is (significantly) longer than that of metal exchange as
inferred here. This could explain why the kinetics and (near)
equilibrium composition distributions observed on time scales
of >30 min appear mainly entropically driven but are narrower
than binomial distributions in detail.
Note that if no intracluster rearrangement took place at all,

only the staple atoms could participate in metal atom
exchange, i.e., only 48% (= ·100%12

25
) of the silver atoms of
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Ag25
− would be available for the doping of the Au25

− cluster.
Hence, for a mixing ratio of Ag25:Au25 of 3:5, the cluster
equilibrium distribution would be centered around Ag4.5Au20.5

−

( · ≈·
· + · 25 4.53 12
3 25 5 25

) and not around Ag9Au16
− as observed in

the experiment. This simple consideration clearly shows that
also metal atoms in the icosahedral shell (and center) must
participate in the reaction over the 60 min time scale probed.

■ CONCLUSIONS
We have explored the kinetics of intercluster metal exchange
reactions between [Ag25(DMBT)18]

− and [Au25(PET)18]
− in

room temperature solutions by probing the solution
composition with high resolution electrospray ionization
mass spectrometry over a time scale of 60 min from the
beginning of the reaction. For the cluster concentrations
probed (40−100 nmol L−1), anion mass spectra show
significant amounts of both cluster monomers and dimers,
with changing overall Ag:Au compositions that track
synchronously with reaction time before finally approaching
a dynamic equilibrium. We have modeled the corresponding
kinetics assuming that the mass spectra essentially reflect the
solution composition. Consistent with previous literature on
related intercluster reactions, we have assumed a reaction
mechanism in which metal atom exchange can only occur
during transient dimer formation. Specifically, our simple
kinetic model contains three generic reactions: dimerization of
monomers, metal atom exchange in the transient dimer, and
dimer dissociation. In detail, there are multiple isomeric forms
to consider. If one takes this accurately into account, there are
potentially 377 species involved and 1302 reactions occurring
for which the rate constants are unknown a priori. We have
therefore attempted to constrain the range of possible rate
constants by comparing the predictions of our kinetic model
with experiment under a number of further simplifying
assumptions (simulations 1−3). Best agreement with measure-
ments for several different starting composition ratios was
obtained by simulation 3, where

(i) metal atom exchange rates were allowed to scale with
the probability of finding a silver or gold atom in the
respective subunit of the dimer, where this is equivalent
to an entropic driving force (by way of assuming all
possible substitutional isomers in the 50 atom dimers
contribute equally to the exchange process), and

(ii) the dimerization rate constants were allowed to scale
with increasing gold composition of the respective
educts.

The rate constants then obtained are physically plausible also
when compared to measurements of the dimerization and
dimer dissociation rates of oligoribonucleotides. Like the aryl-
ligand interleaved transient dimer formation invoked here,
these solution reactions also involve association/dissociation of
two negatively charged educts. Altogether, our kinetic study
strongly supports dimer mediated metal atom exchange in this
intercluster reaction system. It points to future research using
structure sensitive gas-phase methods such as energy resolved
CID, high resolution ion mobility spectrometry, or trapped ion
electron diffraction to explore a range of remaining issues, e.g.,
(i) What is the detailed reaction path leading to a transient
dimer configuration able to exchange metal atoms? (ii) How
does this depend on the type of terminating ligands? (iii) To
what extent are the ligands then involved in mediating the
actual metal atom exchange? (iv) Once the exchange has

occurred, what is the kinetics of site-specific metal atom
interdiffusion processes between staple, icosahedral core and
center positions?
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Materials and synthesis of clusters 
 

Materials. Silver nitrate (AgNO3), dichloromethane (DCM), phenylethanethiol (PET), 2,4-

dimethylbenzenethiol (DMBT), 1,3-benzenedithiol (BDT) and sodium borohydride (NaBH4) 

were purchased from Sigma Aldrich. Chloroauric acid (HAuCl4.3H2O) was prepared in the lab 

from pure gold and aqua regia.  

 

Synthesis of [TOA]+[Au25(PET)18]–. The cluster was synthesized following the previously 

reported method.1–3 About 40 mg of HAuCl4.3H2O was dissolved in 7.5 mL tetrahydrofuran 

(THF) and 65 mg of tetraoctylammoniumbromide (TOABr) was added. The mixture was stirred 

for 15 min. The color changed from golden yellow to orange red confirming successful 

complexation. 68 µL of PET was directly added and the mixture was stirred for another hour 

for Au-PET thiolate formation. The yellow thiolates were then reduced using 39 mg of NaBH4 

in ice-cold water. The color of the mixture changed to brown indicating reduction of the 

thiolates. The solution was stirred for another 5 h for complete conversion and size focusing to 

achieve high yield of [Au25(PET)18]–. After 5 h, the as-synthesized cluster was dried using a 

rotary evaporator and excess methanol was added to precipitate the clusters and to remove the 

free thiol and excess thiolates. The procedure was repeated several times to get a clean cluster 

sample. The resulting sample contains a small quantity of larger clusters. To remove the larger 

clusters, the methanol washed clusters were extracted in acetone and centrifuged for a few 

times. The supernatant solution was collected leaving behind a smaller quantity of precipitate 

consisting of larger clusters. The acetone solution was then vacuum dried and the cluster was 

dissolved in DCM and centrifuged at 10000 rpm. The supernatant solution was collected which 

consisted of pure [TOA]+[Au25(PET)18]– clusters. The purified cluster was characterized by UV-

vis absorption spectroscopy, where characteristic peaks at 675 nm and 450 nm confirmed the 
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formation of Au25 clusters. The sample was crystallized from solution in a mixture of 

toluene/ethanol kept at room temperature. This sample was used for detailed characterization 

by ESI-MS and intercluster reactions. 

 

Synthesis of [PPh4]+[Ag25(DMBT)18]–. The synthesis followed a reported method with slight 

modification.4 A quantity of 38 mg AgNO3 was dissolved in a mixture of 2 mL methanol and 

17 mL DCM. About 90 μL of 2,4-DMBT was added to the mixture to form yellow insoluble 

thiolates (Ag-S complex) and the mixture was kept at 0 oC for 15–17 min while stirring. 

Afterwards 6 mg of PPh4Br dissolved in 0.5 mL of methanol was added followed by the 

dropwise addition of 15 mg of NaBH4 in 0.5 mL of ice–cold water. The reaction mixture was 

kept for 7–8 h while stirring. After that, stirring was discontinued and the solution was held at 

4 oC for about two days. For purification of the cluster, the sample was centrifuged to remove 

any insoluble impurities and DCM was removed by rotary evaporation. The precipitate was 

washed twice with methanol. After that, the cluster was redissolved in DCM and again 

centrifuged to remove any further insoluble contaminants. DCM was again removed by rotary 

evaporation and the purified cluster was obtained in the powder form. Dark black crystals of 

the cluster were obtained from a DCM/hexane mixture kept at 4oC over a period of around 

seven days. The cluster was redissolved in DCM, characterized by UV-vis and then used for 

ESI-MS (see Figure S1).  
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Figure S1. Mass spectra of pure [Au25(PET)18]– and [Ag25(DMBT)18]–
  clusters with isotopically 

resolved patterns and the corresponding calculated isotope distributions. Note that for [Au25(PET)18]– 

dimers are present also in the pure cluster solution.  
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Figure S2. Integrated signal between 0 – 6 min reaction time ([Ag25]–:[Au25]–

  ratio = 40:40 nmol L–1). 

Next to the dianion [AgAu49(SR)36]2–
 trimer signals are apparent with about tenfold less  intensity 

compared to [AgAu49(SR)36]2–
 . The inset shows the calculated spectrum of the triply charged trimer 

[AgAu74(SR)54]3– 
  ion (blue bars) together with the experimental signal.   
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Mass spectrometry and collision induced dissociation 
High resolution mass spectra as a function of reaction time after mixing were recorded on a 

Bruker timsTOF-MS in Karlsruhe at a mass resolution exceeding 25000.  Briefly, the timsTOF 

comprises an electrospray ion source (ESI), a trapped ion mobility spectrometer (TIMS), a 

quadrupole mass filter (QMS), a collision cell (which is a second quadrupole) as well as an 

orthogonally accelerated time-of-flight mass spectrometer with a reflectron (oa-ReTOF). TIMS 

is a high resolution variant of ion mobility spectrometry allowing isomer separation based on 

collision cross section. For (low) intensity reasons we operated the timsTOF in the “TIMS-off” 

mode in this study, i.e. without isomer separation. Typical measurement conditions were as 

follows: sample concentration: 40–100 nmol L–1
  in DMF, flow rate: 3 µL min–1, capillary 

voltage: 4.5 kV, nebulizer: 0.3 bar, dry gas: 2 L min–1, dry temperature: 300 °C, ion energy:  

1 eV, collision energy: 1 eV, transfer time: 200 µs, pre-pulse storage time: 20 µs and scan time: 

1 ms. Different mixing ratios of [Au25(PET)18]– and [Ag25(DMBT)18]– were mixed and injected 

directly into the mass spectrometer to avoid delay in the measurement. Considering the sample 

transfer time, a “dead time” of about 20 – 40 s between starting the reaction by mixing and 

completing the first mass spectral scan is possible in all experiments. 

 

Collision induced dissociation (CID) studies were carried out in Chennai using a Waters Synapt 

G2Si mass spectrometer system, comprising an ESI source, a quadrupole mass filter for mass-

preselection, a travelling wave ion mobility spectrometer (not used in this study), a collision 

cell and a ReTOF mass analyzer with a specified resolution of 50000. For the CID studies, the 

[Ag25Au25]2– parent ions were mass selected in the QMS and collided with nitrogen at 0.02 

mbar with a laboratory frame collision energy of 30 eV. The fragments were analyzed in the 

ReTOF. Again, the mass resolution is high enough to allow isotopic resolution of all species.  

 
Data analysis 
For best accuracy each mass spectrum was smoothed by a 5 point moving average procedure 

and recalibrated linearly with respect to calculated m/z values of [Ag25(SR)]18
– and 

[Au25(SR)]18
–. As monoanions [AgmAu25–m]– share the same m/z ratio as dianions  

[Ag2mAu50–2m]2–, their intensities have to be deconvoluted, see Figure S1 as an example. The 

integer (larger) peaks correspond to both monoanion and dianion isotopologues while the 

(smaller) half integer peaks (marked with an asterisk) correspond to dianionic dimers only. 

Therefore, we integrate first the half integer peaks and multiply the result by a factor of 2 to get 

the dianion intensity (using the fact that the isotopologue distribution is quite wide and almost 

Gaussian-shaped). The monoanion intensities are obtained by integrating the integer peaks and 
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subtracting the corresponding dianion intensities.  Each ion intensity was normalized to the sum 

of all ions (strictly speaking the sum of all monomers and the monomeric subunits in the dimers) 

Itotal : 

������ =  ∑ �	
�����	�� + 2 ∙ ∑ ���	��	�� �����  ��	��            (1) 

No systematic behavior of ������ was found and for some measurement series ������  was constant 

within ~10% on a timescale of up to 60 min. On this basis we can rule out significant dark 

reaction channels not accessible to mass spectrometry and conclude that the kinetics followed 

by mass spectrometry largely resemble the kinetics in solution.  

 

Figure S3. Isotopic distribution for [Ag12Au13]– with underlying dianion signal of [Ag24Au26]2–. The 

spectrum was taken for a [Ag25]–:[Au25]–
  ratio of 40:40 nmol L–1

 and after a reaction time of 54 min. 

Peaks marked with an asterisk belong to the dianion  [Ag24Au26]2– only.  

 

Kinetic Model 
The exchange kinetics was modeled by standard matrix algebra suites in MATLAB and solving 

all kinetic differential equations numerically. According to reaction scheme 1 (see main text for 

details) all 26 monoanions can form dimers which in turn can dissociate to the monomers. The 

number of possible dimerization and dissociation steps is given by the number of possible 

combinations of monoanions with repetition 
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���, ��  =  �������!
�!�����!  = 351             (2)

                      
 
where n=26 is the number of monoanions and r=2 is the sample size, i.e. reaction partners. Note 

that for dianions aside from [Ag50]
2– and [Au50]

2– several constitutional isomers exist with 

[Ag25Au25]
2–

 being the dimer with a maximum of 13 possible isomers ranging from 

[(Ag25)(Au25)]
2–, over   [(Ag18Au7)(Ag7Au18)]

2–,  to fully mixed [(Ag12Au13)(Ag13Au12)]
2–. In 

total there exist 351 different dianionic species. Note that different isomers of the monomeric 

subunits (i.e. with well-defined structures where e.g. gold atoms preferably occupy the staple 

and core positions and silver atoms the icosahedral shell) were not taken into account.   

When we allow metal atom exchange exclusively in the dianions the number of physically 

meaningful exchange reactions amounts to 600. Therefore, the reaction is determined by 1302 

(=351+351+600) elementary reactions in total and can be written as 

 

 

 
 
Scheme S1. Reaction scheme based on the kinetic model. The kinetics of the intercluster 

reaction between [Ag25]– and [Au25]–  is described by 1302 reactions. 
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From the reactions in scheme S1 the stoichiometric matrix α can be calculated. 

 

Figure S4. Stoichiometric matrix α according to the reactions in scheme S1. Number of columns 

correspond to the number of elementary reactions (=1302) and number of rows equals the number of 

species participating in the reaction (=377). The matrix elements represent stoichiometric factors, which 

are -1 if one unit of the corresponding species is consumed in the reaction, 1 if one unit of the species is 

produced and 0 if the species does not participate in the reaction. The blue and yellow columns represent 

the 351 dimerization and dissociation reactions, respectively. The red columns represent the 600 intra-

cluster exchange reactions. 

 

The number of columns in α correspond to the number of elementary reactions (=1302) and the 

number of rows equal the number of participating species (=377). The matrix elements in α 

represent stoichiometric factors of a definite species at a given elementary step which are 

positive in case of products, negative in case of reactants and zero if the species does not 

participate in the reaction. 

By introducing the rate vector �⃗ with the corresponding concentrations c of the clusters 
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�⃗ =  

⎝
⎜⎜
⎜⎜
⎜⎜
⎛

$�	
 ∙ %�[Ag��  ]�� · %�[Au��  ]��  $�	
 ∙ %�[Ag��  ]�� · %�[AgAu�,  ]��  ⋮$�	.. ∙ %�[�Ag�� ��Au��  �]���$�	.. ∙ %�[�Ag�� ��AgAu�,  �]���⋮$/01/0,� ∙ %�[�Ag�� ��Au��  �]���
$/01/0,� ∙ %�[�Ag�� ��AgAu�,  �]���⋮ ⎠

⎟⎟
⎟⎟
⎟⎟
⎞

                    (3) 

 

the 377 differential reaction equations are given by 

 

�5���
�� = 6 ∙ �⃗                                                                       (4)

     

and are solved numerically in MATLAB by using the Ordinary Differential Equations (ODE) 

solver ODE45. Simulated concentrations were treated like the experimental data (to allow easy 

comparison) and have been normalized to the sum of all ion concentrations (counting the 

dianions twice to account for the monomeric subunits, see above). Time zero was assumed to 

equal the “dead time” of ~20 s of the experiment.  

 

Calculation of mixing entropy 
For the dimer [(Ag22Au3)(Ag4Au21)]2– the forward mixing reaction produces 

[(Ag21Au4)(Ag5Au20)]2– and the backward mixing reaction leads to [(Ag23Au2)(Ag3Au22)]2–. 

Based on equation 5 and the number of structural isomers W for each monomeric subunit (SU), 

the configurational entropy change for the forward reaction is 1.04 J·K–1·mol–1 and for the 

backward reaction it is  -1.24 J·K–1·mol–1.  

∆8 = �
�� ∙ 9 ∙ :ln=>?�,@���AB� + ln=>?�,@���AB� −  ln=>?�,/�AB�  −  ln=>?�,/�AB�  D                 (5) 

The number of structural isomers W can be calculated from the binomial coefficient E�$F where 

n is the number of metal atoms per subunit (n=25) and k is the number of silver or gold atoms 

in the respective subunit (k=0–25). The total mixing entropy for the formation of 

[(Ag12Au13)(Ag13Au12)]2– is 10.28 J·K–1·mol–1. 
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DFT Calculations 
Method. The quantum chemical calculations were performed with the TURBOMOLE 

package5 with the BP86-functional6,7 and def-SVP basis set8. We used the published crystal 

structure coordinates4,9 of Ag25(DMBT)18  and Au25(PET)18 as starting points, removed the 

counterions  and optimized the geometries without symmetry restrictions. The mixed clusters 

were obtained by exchanging gold and silver atoms and reoptimizing the structure. 

Results.  

(A) Metal atom exchange 

In a first step we investigated the exchange of one metal atom, i.e. the reaction 

[Ag�� �DMBT��K ]�+[Au�� �PET��K  ]�  →  [Ag�, Au�DMBT��K ]�+[Ag  Au�,�PET��K  ]�            (6) 

In both pure [Au25(PET)18]– and [Ag25(DMBT)18]– clusters, the metal atoms have topologically 

the same arrangements: 12 atoms form an icosahedron, one atom is in its core and another 12 

atoms form 6 “staples” and are bound to the DMBT and PET molecules covering the cluster. 

Therefore, we assume that the mixed clusters also have these topologies. For the mixed 

[AgAu24(PET)18]– clusters 3 isomers have to be considered: The extra metal atom can either be 

in the core, in the icosahedron or on the staple. It turns out that in the most stable structure of 

[AgAu24(PET)18]– the silver atom replaces one gold atom on the icosahedron (core: +0.31 eV, 

staple: +0.20 eV). In [AuAg24(DMBT)18]– the gold atom is in the core (icosahedron: +0.27 eV, 

staple: +0.28 eV). With these optimized isomers the mixing reaction (7) is exothermic by 0.5 

eV. These findings are in line with the calculations by Krishnadas et al.10 Since the number of 

possible isomers quickly increases with the number of exchanged metal atoms we did not try 

to follow all steps but focused on the limiting case of complete mixing, i.e. exchange of 12 

atoms:  

[Ag�� �DMBT��K ]�+[Au�� �PET��K ]�  →  [Ag�O Au���DMBT��K ]�+[Ag�� Au�O�PET��K ]�     (7)      

Even so, there are still a large number of isomers possible for the mixed clusters 

[Ag13Au12(DMBT)18]– and [Ag12Au13(PET)18]–. The obvious limiting cases are the isomers with 

12 atoms of the same element on staple and icosahedron, respectively (see Table S1, isomers I 

and II). In the case [Ag12Au13(PET)18]– the isomer with a Au atom in the core, 12 Ag atoms on 

the icosahedron and the remaining 12 Au atoms on the staples is the lowest energy isomer that 

we found. Swapping the elements in icosahedron and staple is highly unfavourable (isomer II, 

+1.04 eV), moving the Au atom from the core to the icosahedron (isomer III) increases the 

energy by 0.11 eV. We also calculated several isomers with a “statistical” distribution, i.e. 
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similar numbers of Au and Ag atoms in icosahedron and staples (isomers IV-VII). They are 

between 0.41 eV and 0.87 eV higher in energy. Therefore we are confident that isomer I 

represents the global minimum for [Ag12Au13(PET)18]–. For [Ag13Au12(DMBT)18]– we 

performed similar calculations. We found that the isomer with one Au atom in the core, 12 Ag 

atoms on the icosahedron and one Ag plus 11 Au atoms on the staples (isomer III) to be the 

lowest in energy. With these lowest energy structures we obtain for reaction (7) an 

exothermicity of 1.69 eV.  

 

Table S1. Relative energies for isomers of [Ag12Au13(PET)18]– and [Ag13Au12(DMBT)18]–. 

[Ag12Au13(PET)18]– core icosahedron staple relative Energy [eV] 
I Au 12 Ag 12 Au 0 
II Au 12 Au 12 Ag 1.27 
III Ag 11 Ag, 1Au 12 Au 0.11 
IV Au 6 Ag, 6 Au 6 Ag, 6 Au 0.41 
V Au 6 Ag, 6 Au 6 Ag, 6 Au 0.56 
VI Au 6 Ag, 6 Au 6 Ag, 6 Au 0.63 
VII Ag 5 Ag, 7Au 6 Ag, 6 Au 0.87 
     
[Ag13Au12(DMBT)18]–     
I Ag 12 Ag  12 Au 0.40 
II Ag 12 Au 12 Ag 1.04 
III Au 12 Ag 1 Ag, 11 Au 0 
IV Ag 6 Ag, 6 Au 6 Ag, 6 Au 0.56 
V Ag 6 Ag, 6 Au 6 Ag, 6 Au 0.72 
VI Ag 6 Ag, 6 Au 6 Ag, 6 Au 0.66 
VII Au 6Ag, 6 Au 7 Ag, 5 Au 0.34 

   

(B) Ligand exchange 

What role do the different ligands DMBT vs. PET play in the nanoalloying chemistry? 

In order to shed some light into this issue we compared the DFT-energies of [Ag25(DMBT)18]– 

and [Au25(PET)18]– with those of the (experimentally not accessible) ligand-exchanged clusters 

[Au25(DMBT)18]– and [Ag25(PET)18]– (obtained by replacing all Ag by Au atoms and vice versa 

and optimizing the geometries).  

For the hypothetical exchange reaction:   

[Ag25(DMBT)18]– + [Au25(PET)18]–  → [Au25(DMBT)18]– + [Ag25(PET)18]–          (8) 
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we calculate an endothermicity of 1.26 eV, i.e. less than 0.1 eV for each ligand exchange. Note 

that in reaction (8) we assumed the most basic ligand exchange being well aware that there can 

be partial ligand exchange or ligand exchange at some specific sites on the cluster surface 

favouring the formation of the dimers.  

Does the ligand shell alter the order of topological isomers?  

As a test case we reinvestigated the three isomers of [Ag24Au(SR)18]– and [AgAu24(SR)18]– 

(SR=PET and DMBT), now as function of the ligand. The relative energies are summarized in 

Table S2. 

Table S2. Relative energies for isomers of [Ag24Au(SR)18]– and [AgAu24(SR)18]– (SR=PET and DMBT) 

as function of the ligand.  

 [AgAu24PET18]– [AgAu24DMBT18]– 
Ag icosahedron 0.00 eV 0.00 eV  
Ag staple 0.20 eV 0.20 eV  
Ag core 0.31 eV 0.29 eV  
   
 [Ag24AuPET18]– [Ag24AuDMBT18]– 
Au core 0.00 eV 0.00 eV  
Au icosahedron 0.30 eV 0.27 eV  
Au staple 0.31 eV 0.28 eV  

 

From this we conclude that the impact of the ligands on the relative energies of the isomers is 

negligible in this case. We assume that this is the case for all mixed clusters.  
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Figure S5. Time dependence of normalized [Ag25Au25]2– solution concentration as observed in  

a) experiment by ESI-MS (40:40 nmol L–1 ratio of Ag25:Au25) and b) in simulation 2. The intensity of 

[Ag25Au25]2– in the experiment was normalized to 1 at time zero. In the simulation the integrated signal 

[Ag25Au25]2– was normalized to 1 after a reaction time of 20s, which is the estimated “dead time” of the 

experiment. Colored lines in b) refer to isomers of [Ag25Au25]2– starting from [(Ag25)(Au25)]2– (purple) 

to fully mixed [(Ag13Au12)(Ag12Au13)]2– (pink) clusters. The experiment and the simulation have in 

common that the integrated signal of [Ag25Au25]2– shows a minimum before an equilibrium is reached 

after ~2500 s in the experiment and after ~3500 s (not shown) in the simulation. 
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Figure S6. Experimental equilibrium distributions  after 54 min  for a) monoanions and b) dianions for 

three different mixing ratios of [Ag25]–:[Au25]– clusters.  The dashed lines show the expected binomial 

distributions.



S16 

 

Figure S7. Contour plots of monomers and dimers for the exchange reaction between [Ag25]– and 

[Au25]–  for a mixing ratio of [Ag25]– : [Au25]– of a) 40:80 nmol L–1 and b) 80:40 nmol L–1 for experiment 

(top) and simulation (bottom). For all simulations the optimized rate constants from simulation 3 were 

applied, i.e. kdim = 1∙10–2 L nmol–1s–1 , kdiss = 5.6∙10–2  s–1 and kex = 3.2∙10–2  s–1. Starting conditions 

of all simulations were chosen as in the experiment.  
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Figure S8. Contour plots of monomers and dimers for the exchange reaction between [Ag25]– and 

[Au25]–  for a mixing ratio of [Ag25]– : [Au25]–  of 60:100 nmol L–1 for experiment (top) and simulation 

(bottom). For all simulations the optimized rate constants from simulation 3 were applied,  

i.e. kdim = 1∙10–2 L nmol–1 s–1, kdiss = 5.6∙10–2  s–1 and kex = 3.2∙10–2  s–1. Starting conditions of all 

simulations were chosen as in the experiment.  
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Figure S9. Contour plots of monomers and dimers for the exchange reaction between [Ag25]– and 

[Au25]–  for a mixing ratio of [Ag25]– : [Au25]– of a) 50:50 nmol L–1 and b) 100:60 nmol L–1 for experiment 

(top) and simulation (bottom). For all simulations the optimized rate constants from simulation 3 were 

applied, i.e. kdim = 1∙10–2 L nmol–1 s–1, kdiss = 5.6∙10–2  s–1 and kex = 3.2∙10–2  s–1. Starting conditions 

of all simulations were chosen as in the experiment.  
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Figure S10. a) Modelled composition of [Ag25Au25]2–  isomers (bar plots) based on simulation 3 at  five 

different time intervals (kdim = 1∙10–2  L nmol–1 s–1, kdiss = 5.6∙10–2 s–1 and kex = 3.2∙10–2 s–1, mixing 

ratio 40:40 nmol L–1) together with experimental data (spectrum in the 0–5 min, 15–20 min and 55–60 

min time interval) from the CID experiment. Bars correspond to the simulated monomeric subunit 

constituents of the [Ag25Au25]2–  dimers at the respective reaction time intervals. As an example, during 

the 0–5 min reaction time window, the dominant [Ag25Au25]2– isomer consists of [Ag25]– and [Au25]– 

subunits in good agreement with the experimental data. After a reaction time of 15–20 min the dominant 

[Ag25Au25]2– isomer in simulation 3 is [(Ag18Au7)(Au7Ag18)]2–, while in the experiment  

[(Ag13Au12)(Au12Ag13)]2– is already present, i.e. the experimental kinetics proceeds somewhat faster. b) 

The same plot as in a) but with  kex = 5∙10–2 s–1 (which is still within our estimated range of kex). This 

leads to a better agreement for the 15–20 min CID experiment. Note however that the CID data were 

recorded on a different instrument (Synapt mass spectrometer; IIT Madras) compared to the kinetics 

data (tims-TOFMS; KIT) which serve as the basis for our determined rate constants. Another reason for 

the deviation could be further Ag/Au mixing as a result of collisional heating before dissociation. 

 

 

 

 

 



S20 

 

 

Figure S11: Debye factor fDebye according to equation 6 as a function of the reaction distance R. For 

[M 25]– (M = Ag or Au) clusters the reaction distance is assumed to be twice the radius of [Au25]– which 

corresponds to R=12.7Å (denoted by the black vertical line). 
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Coordinates of calculated structures 
Ag25DMBT18 
349 
 
Ag        14.77088       17.52654       14.62452 
Ag        17.62927       18.71260       15.20890 
Ag        19.37684       16.09222       16.20866 
Ag        17.24119       13.69534       16.39037 
Ag        13.35763       16.46562       17.01561 
Ag        11.72964       18.55536       15.20580 
Ag        13.25717       18.51471       12.34170 
Ag        14.84712       15.26213       12.43878 
Ag        16.37838       16.53777       16.89824 
Ag        14.74882       16.74503       19.71691 
Ag        11.62638       15.12354       19.16660 
Ag        12.48428       13.60533       16.40057 
Ag        14.91248       12.01770       16.00589 
Ag        12.14393       10.66326       15.11291 
Ag        10.25314       13.59989       14.45172 
Ag        12.46410       15.83023       14.13095 
Ag        16.26599       13.03004       13.56693 
Ag        17.72246       10.89783       15.22844 
Ag        16.66401       11.17241       18.22891 
Ag        14.87257       14.22570       18.08871 
Ag        13.28942       12.99775       13.63178 
Ag        15.16096       12.78332       10.64406 
Ag        17.89549       14.33145       11.46449 
Ag        17.20397       15.86994       14.15633 
Ag        14.82993       14.76511       15.28109 
S         15.52127       19.94647       14.98741 
S         20.02788       18.36357       15.49282 
S         19.74915       13.68417       16.59394 
S         11.84279       20.19258       13.39085 
S         14.84878       17.33234       10.94898 
S         11.09278       17.61057       17.37163 
S         17.08783       17.26126       19.23114 
S         12.56534       16.68157       20.79200 
S         10.23230       13.84401       17.61336 
S         14.36533        9.65168       15.24029 
S          9.80069       11.20861       14.78894 
S          9.94310       15.97029       13.87075 
S         17.95302        9.39982       17.16070 
S         15.11024       12.27024       19.74628 
S         18.34550       11.68726       12.98022 
S         12.84830       12.27881       11.22646 
S         17.32419       12.90566        9.52898 
S         19.34415       15.83688       12.77224 
C         19.67593        9.50833       17.66575 
C         20.67545        9.87342       16.73947 
C         20.05222        9.10827       18.97996 
C         22.03145        9.84907       17.09343 
C         21.42370        9.09880       19.30271 
C         19.02716        8.70399       20.01185 
C         22.43218        9.46402       18.38806 
C         23.88834        9.47101       18.79864 
C         14.39267        8.19599       16.29724 
C         15.15395        7.11283       15.80542 
C         13.71384        8.06889       17.54074 
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C         15.25146        5.91318       16.52345 
C         13.83043        6.84525       18.23273 
C         12.89722        9.18753       18.12798 
C         14.58840        5.75601       17.75629 
C         14.68988        4.47496       18.55650 
C         18.00693       10.30981       11.87153 
C         16.72859        9.72868       11.75906 
C         19.07605        9.82073       11.06763 
C         16.49192        8.67943       10.85808 
C         18.80483        8.76284       10.17837 
C         20.46086       10.41952       11.14342 
C         17.52831        8.17750       10.04725 
C         17.28942        7.05728        9.05750 
C         12.71573       10.54159       10.76529 
C         12.42568       10.20678        9.41197 
C         12.84777        9.51041       11.71625 
C         12.28658        8.84317        9.07799 
C         12.27462       11.26567        8.34720 
C         12.69931        8.16540       11.35347 
C         12.41653        7.80376       10.01995 
C         12.27909        6.35152        9.61609 
C          9.32586       10.47232       13.21835 
C          9.02864        9.08091       13.16555 
C          9.15002       11.26518       12.06528 
C          8.56123        8.54972       11.94665 
C          9.20480        8.18630       14.36935 
C          8.68185       10.70436       10.86960 
C          8.38006        9.33024       10.78710 
C          7.91607        8.70507        9.48978 
C          9.36510       15.97063       12.16948 
C          8.05008       15.51052       11.87390 
C         10.15855       16.50397       11.13135 
C          7.60261       15.59126       10.53774 
C          7.14342       14.95005       12.94292 
C          9.68087       16.57970        9.81744 
C          8.38801       16.11753        9.49372 
C          7.86097       16.20631        8.07747 
C         10.23652       20.19167       12.58105 
C         10.11100       20.71299       11.26277 
C          9.08171       19.77489       13.27751 
C          8.82000       20.78366       10.69924 
C         11.31040       21.17257       10.47023 
C          7.81473       19.85937       12.68680 
C          7.66006       20.36421       11.37956 
C          6.29970       20.41982       10.71919 
C         10.86488       18.98478       18.51111 
C          9.61302       19.02458       19.16407 
C         11.83270       19.98975       18.78853 
C          9.30601       20.04229       20.07744 
C         11.48854       20.99942       19.71172 
C         13.18879       20.00085       18.13854 
C         10.24152       21.05622       20.36634 
C          9.91786       22.18419       21.32298 
C         17.10559       19.01946       19.62546 
C         16.89765       20.00357       18.64090 
C         17.37574       19.41974       20.96771 
C         16.94127       21.36810       18.96109 
C         17.41178       20.79821       21.25533 
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C         17.60975       18.40811       22.06451 
C         17.19558       21.79341       20.27921 
C         17.22036       23.26114       20.64865 
C         20.50410       19.52847       16.77990 
C         20.20875       20.89477       16.57008 
C         21.26750       19.14704       17.91874 
C         20.65089       21.87754       17.46387 
C         21.69096       20.16338       18.80139 
C         21.64079       17.71324       18.19937 
C         21.40058       21.52734       18.60567 
C         21.84900       22.57199       19.60405 
C         20.39750       13.57909       18.26506 
C         19.56287       13.34020       19.37737 
C         21.80354       13.69085       18.45937 
C         20.09337       13.21735       20.66794 
C         22.30457       13.57321       19.77282 
C         22.74545       13.91923       17.30167 
C         21.48118       13.33604       20.89066 
C         22.06228       13.18894       22.28040 
C         15.88246       11.96438       21.35058 
C         15.86484       10.62837       21.81300 
C         16.44924       12.97739       22.17198 
C         16.40035       10.28492       23.06191 
C         16.97762       12.59639       23.42428 
C         16.50017       14.41823       21.74126 
C         16.96958       11.26830       23.89630 
C         17.53002       10.92367       25.25940 
C         12.88924       15.98051       22.41722 
C         13.13323       16.87265       23.49916 
C         12.86648       14.59033       22.65459 
C         13.34164       16.31856       24.78019 
C         13.16780       18.36992       23.30099 
C         13.07739       14.07355       23.93932 
C         13.31963       14.93288       25.03169 
C         13.56244       14.37835       26.41869 
C         15.79173       21.03259       13.57735 
C         15.20547       22.32926       13.60678 
C         16.59412       20.65751       12.47806 
C         15.45792       23.19629       12.52160 
C         14.34088       22.78807       14.75652 
C         16.82735       21.54661       11.42118 
C         16.26031       22.83878       11.42132 
C         16.51920       23.80436       10.28432 
C         19.67289       17.20538       11.64898 
C         21.00359       17.71174       11.57519 
C         18.67961       17.74091       10.80386 
C         21.27252       18.73573       10.64453 
C         22.10794       17.17260       12.45251 
C         18.98680       18.75366        9.88229 
C         20.29344       19.27166        9.78302 
C         20.64971       20.34327        8.77452 
C         17.16411       13.84597        8.00726 
C         18.24533       14.63620        7.52196 
C         16.00695       13.69850        7.21013 
C         18.09453       15.26793        6.26945 
C         19.52807       14.80304        8.29812 
C         15.89107       14.33833        5.97001 
C         16.93609       15.14724        5.47746 
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C         16.80593       15.87872        4.15937 
C         14.16406       17.67376        9.31281 
C         14.39885       18.96913        8.79560 
C         13.44818       16.72814        8.53233 
C         13.93139       19.33670        7.52739 
C         12.99303       17.13260        7.25762 
C         13.17338       15.33404        9.02556 
C         13.21610       18.41908        6.72942 
C         12.73289       18.79422        5.34485 
C          9.39136       12.43501       18.34880 
C          8.08979       12.18166       17.85747 
C          9.91630       11.61324       19.38260 
C          7.31378       11.13477       18.36785 
C          9.10440       10.56910       19.87739 
C         11.28675       11.83370       19.95800 
C          7.80874       10.30448       19.39502 
C          6.96573        9.19105       19.97836 
H         20.37978       10.17837       15.72140 
H         22.78961       10.13552       16.34421 
H         21.71532        8.78700       20.32194 
H         18.36806        7.88878       19.63807 
H         18.35318        9.55461       20.26961 
H         19.51715        8.36180       20.94860 
H         24.56198        9.42335       17.91552 
H         24.13270        8.61383       19.46457 
H         24.14323       10.40156       19.35807 
H         15.67948        7.22285       14.84312 
H         15.85808        5.08648       16.11535 
H         13.29945        6.74534       19.19663 
H         13.52204       10.09071       18.31124 
H         12.43764        8.88582       19.09262 
H         12.07189        9.50448       17.44394 
H         15.20870        3.67659       17.98325 
H         13.68544        4.08944       18.84429 
H         15.25921        4.62835       19.50259 
H         15.90521       10.09341       12.39498 
H         15.47579        8.25592       10.78817 
H         19.63428        8.38514        9.55322 
H         20.86938       10.38013       12.17830 
H         20.44841       11.49467       10.85342 
H         21.16343        9.88472       10.46829 
H         16.25701        6.65522        9.14243 
H         17.99864        6.21230        9.21326 
H         17.42685        7.40486        8.00740 
H         13.08019        9.76385       12.76336 
H         12.06254        8.58606        8.02685 
H         11.49579       12.01057        8.62264 
H         12.00673       10.81411        7.36793 
H         13.22028       11.84160        8.21682 
H         12.80911        7.38740       12.12854 
H         11.82979        6.24875        8.60464 
H         11.64179        5.78681       10.33279 
H         13.26892        5.83846        9.59314 
H          9.38737       12.34204       12.10940 
H          8.32528        7.47111       11.90561 
H          8.64717        8.57164       15.25204 
H         10.27466        8.13374       14.68052 
H          8.85895        7.15249       14.15392 
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H          8.55344       11.35253        9.98635 
H          7.26330        7.82252        9.66838 
H          8.78340        8.35595        8.88171 
H          7.35021        9.43077        8.86529 
H         11.17128       16.87443       11.36874 
H          6.58472       15.22717       10.30782 
H          7.57080       14.02551       13.39943 
H          6.14413       14.69747       12.52788 
H          7.00945       15.66997       13.78108 
H         10.33039       17.00647        9.03422 
H          6.89590       15.66626        7.96562 
H          8.57954       15.77382        7.34525 
H          7.69017       17.26478        7.77154 
H          9.18424       19.37719       14.30096 
H          8.72166       21.18861        9.67589 
H         11.91704       21.91625       11.03332 
H         11.00018       21.62535        9.50425 
H         11.99763       20.32314       10.24171 
H          6.93158       19.52136       13.25542 
H          6.27825       21.15330        9.88365 
H          5.50347       20.70033       11.44367 
H          6.01805       19.42736       10.29577 
H          8.87432       18.23621       18.94632 
H          8.31976       20.04585       20.57340 
H         12.24116       21.77846       19.92805 
H         13.11900       20.07488       17.02817 
H         13.74737       19.05635       18.34566 
H         13.80943       20.84510       18.50353 
H          9.04081       21.93947       21.96045 
H          9.67695       23.12635       20.77620 
H         10.77558       22.41144       21.99452 
H         16.69279       19.69988       17.60134 
H         16.77538       22.11021       18.16151 
H         17.62261       21.10613       22.29563 
H         16.71075       17.76839       22.22363 
H         17.85177       18.91018       23.02585 
H         18.43926       17.71287       21.80767 
H         17.25357       23.90696       19.74503 
H         18.10237       23.51152       21.28004 
H         16.31470       23.55140       21.23120 
H         19.62707       21.18489       15.67935 
H         20.40740       22.93615       17.26800 
H         22.28283       19.86673       19.68581 
H         22.22003       17.26834       17.35959 
H         20.73671       17.07274       18.33455 
H         22.25209       17.63128       19.12280 
H         22.01373       23.55875       19.11822 
H         22.79332       22.27644       20.11172 
H         21.08252       22.72290       20.40014 
H         18.47447       13.24961       19.21926 
H         19.41017       13.02598       21.51297 
H         23.39529       13.66863       19.92403 
H         22.68357       13.08709       16.56477 
H         23.79714       14.00178       17.65137 
H         22.48775       14.84458       16.73793 
H         21.49196       13.78479       23.02790 
H         23.12286       13.52016       22.31830 
H         22.03268       12.12850       22.62393 
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H         15.42254        9.84839       21.17174 
H         16.37579        9.23117       23.38982 
H         17.41942       13.38573       24.05836 
H         15.47447       14.82979       21.59568 
H         17.03180       14.54363       20.77339 
H         17.01221       15.04685       22.49860 
H         17.73963        9.83592       25.35136 
H         16.81748       11.19241       26.07434 
H         18.47617       11.47230       25.46473 
H         12.69170       13.90434       21.81068 
H         13.52676       17.01087       25.62136 
H         13.96752       18.66929       22.58534 
H         13.34896       18.89538       24.26338 
H         12.21513       18.74581       22.86619 
H         13.05833       12.98077       24.08975 
H         13.61344       15.18700       27.17954 
H         14.52048       13.81085       26.46645 
H         12.75658       13.67337       26.72452 
H         17.05255       19.65556       12.45216 
H         15.00663       24.20438       12.54845 
H         13.41681       22.17056       14.83253 
H         14.03420       23.84835       14.62595 
H         14.87110       22.69164       15.73072 
H         17.47494       21.22286       10.58871 
H         15.98631       24.76761       10.43699 
H         16.18489       23.38628        9.30730 
H         17.60513       24.03245       10.18122 
H         17.64747       17.35661       10.85906 
H         22.30472       19.12680       10.58877 
H         22.23159       16.07374       12.32179 
H         21.87788       17.33934       13.52971 
H         23.07635       17.66661       12.22137 
H         18.18809       19.13425        9.22272 
H         21.27691       21.14271        9.22935 
H         19.74068       20.82268        8.35149 
H         21.23029       19.92391        7.91933 
H         15.18876       13.05512        7.57378 
H         18.93260       15.88407        5.89773 
H         19.98753       13.82021        8.54644 
H         19.35230       15.32138        9.27097 
H         20.26667       15.40374        7.72613 
H         14.97211       14.20265        5.37426 
H         17.79929       16.15763        3.74561 
H         16.22129       16.82126        4.27708 
H         16.27722       15.26265        3.39828 
H         14.95410       19.69497        9.41255 
H         14.12591       20.35733        7.15445 
H         12.43369       16.39743        6.65182 
H         14.12347       14.77933        9.20433 
H         12.57396       14.75551        8.29284 
H         12.62576       15.33360        9.99270 
H         12.37139       19.84569        5.30798 
H         11.90337       18.13519        5.00776 
H         13.54994       18.70514        4.59044 
H          7.68917       12.82361       17.05682 
H          6.30454       10.95999       17.95586 
H          9.51432        9.93224       20.68203 
H         11.37226       12.85307       20.40754 
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H         12.08109       11.78106       19.18220 
H         11.52541       11.08966       20.74641 
H          6.36926        8.67430       19.19385 
H          6.24071        9.57935       20.73256 
H          7.59195        8.42775       20.48929 
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Au25PET18 

349 
 
Au        12.52666       15.34445       12.15412 
Au        15.65562       16.52948       13.03461 
Au        17.43579       13.43367       13.75694 
Au        14.82838       11.10913       13.53645 
Au        11.05591       14.02736       14.46309 
Au         9.57283       16.70357       12.81880 
Au        10.99696       16.36594        9.44567 
Au        12.66229       13.38418        9.80075 
Au        14.11908       13.94307       14.37415 
Au        12.46893       14.10836       17.42111 
Au         9.37719       12.30827       16.62987 
Au         9.98117       11.36342       13.33849 
Au        12.48070        9.61323       12.86629 
Au         9.34980        8.42692       11.99139 
Au         7.57009       11.52426       11.27080 
Au        10.17583       13.84840       11.49552 
Au        13.94922       10.93516       10.55846 
Au        15.42887        8.25663       12.20738 
Au        14.00859        8.59703       15.58163 
Au        12.34363       11.57952       15.22761 
Au        10.89120       11.01650       10.64978 
Au        12.53614       10.85272        7.60107 
Au        15.63052       12.64791        8.39279 
Au        15.02984       13.58656       11.68643 
Au        12.50387       12.47936       12.51372 
S         13.51522       17.53363       12.77953 
S         17.88107       15.69055       13.14125 
S         17.18338       11.14302       14.36268 
S          9.64588       17.85116       10.73054 
S         12.42067       15.09342        8.01605 
S          9.34388       15.74417       14.98149 
S         14.69048       14.57228       16.70833 
S         10.26253       13.80981       18.26278 
S          8.26912       10.88259       15.08395 
C         13.66167       18.59030       11.25738 
H         14.34578       18.10028       10.53477 
H         12.64532       18.60026       10.80815 
C         14.10653       20.03297       11.56840 
H         13.39404       20.47686       12.29853 
H         13.99490       20.60945       10.62014 
C         15.52726       20.18356       12.07779 
C         16.62246       20.10081       11.18932 
H         16.44186       19.93669       10.11248 
C         17.94074       20.22746       11.65659 
H         18.78001       20.15949       10.94414 
C         18.18959       20.44376       13.02392 
H         19.22459       20.54976       13.39080 
C         17.10949       20.52680       13.91931 
H         17.28840       20.68988       14.99528 
C         15.79193       20.39612       13.44728 
H         14.95065       20.45781       14.15802 
C         18.65069       16.48288       14.63469 
H         18.61225       17.57745       14.44769 
H         18.03365       16.26349       15.52982 
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C         20.10097       16.00296       14.83156 
H         20.09579       14.89834       14.97212 
H         20.67807       16.20766       13.90274 
C         20.76157       16.67838       16.01892 
C         21.48635       17.88003       15.86192 
H         21.60328       18.31098       14.85227 
C         22.06443       18.52739       16.96686 
H         22.63057       19.46275       16.81967 
C         21.92591       17.98299       18.25552 
H         22.38060       18.48818       19.12422 
C         21.20794       16.78651       18.42815 
H         21.09846       16.34609       19.43343 
C         20.63211       16.14317       17.31959 
H         20.07668       15.20024       17.46385 
C         17.02613       11.24137       16.20743 
H         16.19518       11.93299       16.45497 
H         16.73805       10.21979       16.54097 
C         18.34025       11.68850       16.87324 
H         19.17000       11.03660       16.52257 
H         18.57095       12.71946       16.51584 
C         18.27442       11.66455       18.38990 
C         19.06428       10.76434       19.13772 
H         19.74465       10.07668       18.60632 
C         18.99873       10.73444       20.54193 
H         19.62659       10.02317       21.10473 
C         18.13435       11.60609       21.22582 
H         18.07930       11.58390       22.32723 
C         17.33975       12.50731       20.49389 
H         16.65922       13.19758       21.02048 
C         17.40914       12.53669       19.09089 
H         16.77920       13.24873       18.52827 
C          7.93916       17.59974       10.04157 
H          7.98359       17.93578        8.98349 
H          7.70957       16.51394       10.06355 
C          6.88754       18.39249       10.83783 
H          7.16508       19.46962       10.84903 
H          6.90922       18.03967       11.89446 
C          5.49529       18.21738       10.25969 
C          4.88192       19.24018        9.50526 
H          5.41782       20.19367        9.35448 
C          3.60138       19.06520        8.95231 
H          3.13963       19.88084        8.37018 
C          2.91076       17.85679        9.14387 
H          1.90422       17.71754        8.71455 
C          3.51065       16.82735        9.89157 
H          2.97497       15.87655       10.05265 
C          4.79000       17.00608       10.44284 
H          5.25227       16.19110       11.02619 
C         11.31672       14.36938        6.70735 
H         11.75311       13.37159        6.47763 
H         10.31063       14.19735        7.13692 
C         11.24536       15.22321        5.42767 
H         12.27622       15.38510        5.04104 
H         10.71261       14.60556        4.66673 
C         10.53238       16.55491        5.56874 
C         11.24983       17.76901        5.60150 
H         12.34926       17.74648        5.51624 
C         10.58544       19.00011        5.73726 
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H         11.16734       19.93710        5.75987 
C          9.18531       19.03824        5.84370 
H          8.66145       20.00328        5.94935 
C          8.45659       17.83574        5.81031 
H          7.35631       17.85258        5.88461 
C          9.12455       16.60776        5.67193 
H          8.53837       15.67324        5.63298 
C         10.04831       17.03255       16.11661 
H         10.21647       16.51156       17.08397 
H         11.02932       17.37463       15.72953 
C          9.06489       18.20649       16.28666 
H          8.90420       18.68501       15.29483 
H          8.08148       17.79871       16.61105 
C          9.55022       19.23893       17.28739 
C          9.43376       19.00820       18.67690 
H          8.97142       18.07050       19.03132 
C          9.89086       19.95405       19.60904 
H          9.78638       19.75425       20.68901 
C         10.47342       21.15622       19.16845 
H         10.82661       21.90257       19.89968 
C         10.59953       21.39829       17.78969 
H         11.05180       22.33849       17.43110 
C         10.14466       20.44602       16.86095 
H         10.24481       20.64394       15.77982 
C         14.85962       16.41719       16.82645 
H         15.73969       16.67249       16.19656 
H         13.97413       16.89810       16.36458 
C         15.06346       16.87727       18.28258 
H         14.14704       16.63081       18.86492 
H         15.89835       16.29337       18.73002 
C         15.36562       18.36175       18.38121 
C         16.69881       18.82767       18.37939 
H         17.52765       18.10004       18.33381 
C         16.98651       20.20171       18.44123 
H         18.03650       20.53972       18.44553 
C         15.94006       21.13880       18.50367 
H         16.16265       22.21805       18.55446 
C         14.60797       20.68914       18.50369 
H         13.77575       21.41082       18.55397 
C         14.32511       19.31426       18.44284 
H         13.27485       18.97629       18.44843 
C         10.43667       12.80079       19.81316 
H         10.96172       11.85270       19.57530 
H         11.08034       13.39253       20.49885 
C          9.06301       12.52363       20.45179 
H          8.55134       13.49282       20.64409 
H          8.43637       11.96604       19.71991 
C          9.19382       11.73351       21.74083 
C          9.22540       10.32167       21.72336 
H          9.11320        9.78982       20.76277 
C          9.38734        9.58703       22.90996 
H          9.40458        8.48496       22.87192 
C          9.52214       10.25341       24.14028 
H          9.64764        9.67796       25.07276 
C          9.49173       11.65833       24.17369 
H          9.59186       12.19137       25.13444 
C          9.32954       12.38843       22.98429 
H          9.30155       13.49161       23.01946 
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C          8.71401        9.17673       15.65944 
H          8.30460        8.49290       14.88392 
H          9.81897        9.07499       15.65968 
C          8.12610        8.85632       17.04531 
H          8.59175        9.54747       17.78631 
H          7.03588        9.07593       17.04213 
C          8.36220        7.41363       17.45374 
C          7.29238        6.49825       17.55247 
H          6.26555        6.84713       17.34707 
C          7.51425        5.15704       17.91122 
H          6.66102        4.46166       17.98686 
C          8.81859        4.70314       18.17090 
H          8.99611        3.65072       18.44947 
C          9.89537        5.60308       18.07301 
H         10.92429        5.25910       18.27241 
C          9.66948        6.94431       17.72068 
H         10.52292        7.64276       17.65476 
S         11.49107        7.42353       12.24180 
S          7.12492        9.26772       11.88787 
S          7.82292       13.81489       10.66538 
S         15.35747        7.11018       14.29633 
S         12.58573        9.86996       17.01186 
S         15.65802        9.21396       10.04379 
S         10.31481       10.39129        8.31597 
S         14.74212       11.15018        6.75785 
S         16.74084       14.07010        9.94047 
C         11.34999        6.36609       13.76379 
H         10.66847        6.85549       14.48927 
H         12.36805        6.35617       14.20907 
C         10.90455        4.92334       13.45383 
H         11.61262        4.48127       12.71831 
H         11.02322        4.34557       14.40046 
C          9.48044        4.77179       12.95426 
C          8.39187        4.84783       13.85145 
H          8.58023        5.00760       14.92763 
C          7.07034        4.71995       13.39382 
H          6.23649        4.78250       14.11311 
C          6.81148        4.50915       12.02751 
H          5.77392        4.40222       11.66822 
C          7.88485        4.43289       11.12348 
H          7.69806        4.27399       10.04824 
C          9.20572        4.56494       11.58585 
H         10.04161        4.50855       10.86832 
C          6.35075        8.47555       10.39673 
H          6.38683        7.38111       10.58492 
H          6.96656        8.69230        9.50011 
C          4.90126        8.95886       10.20239 
H          4.90915       10.06321       10.05975 
H          4.32596        8.75758       11.13305 
C          4.23557        8.28310        9.01809 
C          3.50329        7.08670        9.18016 
H          3.38481        6.66010       10.19147 
C          2.91973        6.43916        8.07821 
H          2.34774        5.50802        8.22942 
C          3.06018        6.97809        6.78749 
H          2.60113        6.47284        5.92112 
C          3.78569        8.16929        6.60977 
H          3.89670        8.60547        5.60281 
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C          4.36695        8.81285        7.71536 
H          4.92813        9.75176        7.56707 
C          7.98138       13.71739        8.82062 
H          8.80994       13.02290        8.57304 
H          8.27331       14.73819        8.48803 
C          6.66551       13.27593        8.15463 
H          5.83871       13.93188        8.50466 
H          6.42985       12.24637        8.51292 
C          6.73068       13.29773        6.63788 
C          5.93928       14.19592        5.88927 
H          5.25937       14.88438        6.42021 
C          6.00202       14.22220        4.48487 
H          5.37261       14.93163        3.92147 
C          6.86536       13.34910        3.80152 
H          6.91820       13.36842        2.69995 
C          7.66209       12.45044        4.53427 
H          8.34196       11.75916        4.00814 
C          7.59544       12.42463        5.93747 
H          8.22670       11.71417        6.50059 
C         17.06501        7.36096       14.98333 
H         17.02179        7.02414       16.04121 
H         17.29448        8.44681       14.96189 
C         18.11600        6.56922       14.18521 
H         17.83998        5.49169       14.17509 
H         18.09165        6.92157       13.12849 
C         19.50911        6.74676       14.76055 
C         20.12427        5.72653       15.51704 
H         19.58935        4.77301       15.67112 
C         21.40547        5.90402       16.06767 
H         21.86868        5.09037       16.65142 
C         22.09499        7.11234       15.87152 
H         23.10203        7.25354       16.29903 
C         21.49325        8.13922       15.12181 
H         22.02801        9.08995       14.95726 
C         20.21322        7.95803       14.57296 
H         19.74945        8.77099       13.98802 
C         13.69077       10.59463       18.31932 
H         13.25376       11.59181       18.55039 
H         14.69573       10.76818       17.88777 
C         13.76609        9.74056       19.59858 
H         12.73667        9.58191       19.99039 
H         14.30449       10.35676       20.35672 
C         14.47376        8.40632       19.45476 
C         13.75218        7.19445       19.43201 
H         12.65358        7.22086       19.52649 
C         14.41141        5.96076       19.29454 
H         13.82635        5.02558       19.27990 
C         15.81044        5.91773       19.17625 
H         16.33026        4.95064       19.06938 
C         16.54331        7.11796       19.19983 
H         17.64289        7.09721       19.11644 
C         15.88052        8.34853       19.34009 
H         16.47003        9.28123       19.37163 
C         14.95065        7.92625        8.90980 
H         14.78200        8.44726        7.94252 
H         13.96963        7.58547        9.29803 
C         15.93243        6.75110        8.73858 
H         16.09295        6.27176        9.73006 
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H         16.91619        7.15771        8.41389 
C         15.44506        5.72010        7.73739 
C         15.56598        5.94945        6.34804 
H         16.03331        6.88491        5.99424 
C         15.10705        5.00505        5.41533 
H         15.21530        5.20364        4.33551 
C         14.51788        3.80585        5.85520 
H         14.16303        3.06069        5.12356 
C         14.38726        3.56520        7.23380 
H         13.92998        2.62721        7.59183 
C         14.84401        4.51602        8.16310 
H         14.74021        4.31921        9.24409 
C         10.14214        8.54681        8.19700 
H          9.26319        8.29278        8.82898 
H         11.02791        8.06402        8.65634 
C          9.93365        8.08802        6.74112 
H         10.84904        8.33306        6.15656 
H          9.09874        8.67378        6.29617 
C          9.62833        6.60420        6.64237 
C          8.29418        6.14103        6.64413 
H          7.46686        6.87038        6.68993 
C          8.00362        4.76760        6.58203 
H          6.95294        4.43175        6.57773 
C          9.04811        3.82838        6.51945 
H          8.82327        2.74960        6.46851 
C         10.38112        4.27527        6.51949 
H         11.21182        3.55184        6.46902 
C         10.66686        5.64954        6.58061 
C         14.56737       12.16275        5.20984 
H         14.04353       13.11075        5.45067 
H         13.92237       11.57337        4.52338 
C         15.94059       12.44047        4.57053 
H         16.44983       11.47135        4.37151 
H         16.56960       12.99238        5.30471 
C         15.80928       13.23896        3.28672 
C         15.78228       14.65076        3.31322 
H         15.89865       15.17613        4.27688 
C         15.61951       15.39350        2.13179 
H         15.60580       16.49534        2.17703 
C         15.47931       14.73541        0.89763 
H         15.35312       15.31716       -0.03082 
C         15.50525       13.33064        0.85520 
H         15.40087       12.80409       -0.10867 
C         15.66829       12.59242        2.03948 
H         15.69272       11.48940        1.99708 
C         16.29588       15.77741        9.36944 
H         16.70863       16.45921       10.14495 
H         15.19105       15.88039        9.37319 
C         16.87929       16.10040        7.98222 
H         16.40842       15.41328        7.24082 
H         17.96885       15.87746        7.98033 
C         16.64612       17.54538        7.58027 
C         17.71806       18.45857        7.48400 
H         18.74439       18.10608        7.68565 
C         17.49879       19.80225        7.13302 
H         18.35359       20.49590        7.05943 
C         16.19506       20.26079        6.87849 
H         16.01957       21.31522        6.60632 
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C         15.11625       19.36296        6.97346 
H         14.08784       19.71054        6.77764 
C         15.33952       18.01927        7.31807 
H         14.48454       17.32251        7.38198 
H         11.71783        5.98531        6.57513 
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Ag1Au24PET18_Ag_in_core 

349 
 
Au        12.51257       15.33570       12.15114 
Au        15.66944       16.51337       13.02760 
Au        17.43849       13.43126       13.75032 
Au        14.81156       11.10482       13.53072 
Au        11.06620       14.01726       14.46669 
Au         9.57365       16.70528       12.80733 
Au        10.99444       16.37304        9.45101 
Au        12.66117       13.36821        9.80472 
Au        14.12037       13.93966       14.35677 
Au        12.46194       14.10908       17.42208 
Au         9.38140       12.32316       16.64026 
Au         9.98667       11.36491       13.33335 
Au        12.48572        9.62291       12.87280 
Au         9.33052        8.44279       11.99883 
Au         7.56134       11.52577       11.27718 
Au        10.18584       13.85357       11.49856 
Au        13.93247       10.94427       10.55871 
Au        15.42198        8.25329       12.22045 
Au        14.00720        8.59090       15.57774 
Au        12.33814       11.59442       15.22359 
Au        10.88138       11.01994       10.66889 
Au        12.53535       10.85035        7.60270 
Au        15.61691       12.63321        8.38374 
Au        15.01512       13.58888       11.69286 
Ag        12.49958       12.47979       12.51387 
S         13.53222       17.52056       12.78298 
S         17.89783       15.68306       13.12949 
S         17.17617       11.14771       14.36567 
S          9.63860       17.86199       10.72513 
S         12.41938       15.10167        8.02657 
S          9.34472       15.74582       14.96684 
S         14.68203       14.56383       16.70772 
S         10.25954       13.82369       18.27711 
S          8.27638       10.89522       15.09877 
C         13.67677       18.57897       11.26209 
H         14.35712       18.08823       10.53639 
H         12.65907       18.59202       10.81588 
C         14.12614       20.02040       11.57286 
H         13.41843       20.46459       12.30741 
H         14.01091       20.59864       10.62606 
C         15.54990       20.16699       12.07477 
C         16.63973       20.08928       11.17924 
H         16.45265       19.93222       10.10244 
C         17.96087       20.21283       11.63925 
H         18.79581       20.14770       10.92147 
C         18.21799       20.42193       13.00617 
H         19.25514       20.52732       13.36710 
C         17.14337       20.49907       13.90866 
H         17.32883       20.65544       14.98450 
C         15.82293       20.37079       13.44400 
H         14.98610       20.42727       14.16040 
C         18.66024       16.47362       14.62789 
H         18.62451       17.56836       14.44145 
H         18.03710       16.25460       15.51888 
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C         20.10852       15.99147       14.83368 
H         20.10043       14.88690       14.97482 
H         20.69205       16.19470       13.90862 
C         20.76231       16.66595       16.02535 
C         21.50729       17.85540       15.87086 
H         21.64598       18.27709       14.86005 
C         22.07839       18.50213       16.97988 
H         22.65955       19.42855       16.83477 
C         21.91309       17.96879       18.26994 
H         22.36314       18.47283       19.14175 
C         21.17454       16.78448       18.44015 
H         21.04276       16.35340       19.44678 
C         20.60595       16.14177       17.32759 
H         20.03479       15.20802       17.47012 
C         17.01669       11.25326       16.20959 
H         16.18421       11.94428       16.45397 
H         16.73010       10.23227       16.54622 
C         18.32923       11.70445       16.87599 
H         19.16101       11.05520       16.52528 
H         18.55694       12.73605       16.51832 
C         18.26428       11.68067       18.39269 
C         19.06088       10.78603       19.14006 
H         19.74798       10.10531       18.60839 
C         18.99401       10.75328       20.54412 
H         19.62873       10.04784       21.10659 
C         18.12083       11.61586       21.22837 
H         18.05963       11.58660       22.32930 
C         17.32271       12.51454       20.49714 
H         16.64030       13.20248       21.02437 
C         17.39277       12.54619       19.09420 
H         16.75820       13.25456       18.53212 
C          7.93317       17.60167       10.03566 
H          7.97537       17.94286        8.97914 
H          7.71114       16.51418       10.05251 
C          6.87620       18.38321       10.83585 
H          7.14823       19.46165       10.85520 
H          6.89778       18.02294       11.88993 
C          5.48600       18.20545       10.25361 
C          4.87074       19.22968        9.50261 
H          5.40434       20.18514        9.35617 
C          3.59152       19.05335        8.94708 
H          3.12870       19.86973        8.36684 
C          2.90395       17.84231        9.13300 
H          1.89683       17.70343        8.70494 
C          3.50687       16.81051        9.87496 
H          2.97512       15.85623       10.02833 
C          4.78476       16.99071       10.42916 
H          5.24905       16.17422       11.00877 
C         11.31916       14.38536        6.71085 
H         11.76015       13.39182        6.47201 
H         10.31393       14.20406        7.13865 
C         11.24302       15.24958        5.43827 
H         12.27308       15.41975        5.05307 
H         10.71331       14.63553        4.67231 
C         10.52348       16.57648        5.58979 
C         11.23582       17.79285        5.64414 
H         12.33596       17.77560        5.56726 
C         10.56561       19.01957        5.79035 
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H         11.14370       19.95835        5.82980 
C          9.16451       19.05102        5.88580 
H          8.63616       20.01247        6.00115 
C          8.44071       17.84638        5.82977 
H          7.33974       17.85820        5.89414 
C          9.11456       16.62281        5.68088 
H          8.53215       15.68697        5.62180 
C         10.04854       17.03454       16.10179 
H         10.22169       16.51221       17.06759 
H         11.02754       17.37996       15.71253 
C          9.06325       18.20583       16.27862 
H          8.90079       18.68983       15.28980 
H          8.08073       17.79418       16.60107 
C          9.54661       19.23350       17.28537 
C          9.46129       18.97967       18.67323 
H          9.02789       18.02615       19.02193 
C          9.91364       19.92212       19.61104 
H          9.83194       19.70487       20.68960 
C         10.46177       21.14318       19.17822 
H         10.81405       21.88540       19.91407 
C         10.55586       21.40873       17.80129 
H         10.97848       22.36495       17.44886 
C         10.10626       20.45964       16.86661 
H         10.18348       20.67493       15.78694 
C         14.85529       16.40821       16.82591 
H         15.74608       16.65911       16.20943 
H         13.97899       16.89119       16.34873 
C         15.03816       16.87329       18.28332 
H         14.11256       16.63052       18.85256 
H         15.86507       16.28965       18.74547 
C         15.34141       18.35763       18.38028 
C         16.67528       18.82092       18.40591 
H         17.50334       18.09122       18.38623 
C         16.96450       20.19488       18.46275 
H         18.01481       20.53085       18.48968 
C         15.91891       21.13453       18.49212 
H         16.14264       22.21390       18.53495 
C         14.58614       20.68745       18.46747 
H         13.75462       21.41115       18.49561 
C         14.30173       19.31268       18.41168 
H         13.25084       18.97688       18.39766 
C         10.43884       12.80742       19.82261 
H         10.96052       11.85946       19.57713 
H         11.08740       13.39406       20.50805 
C          9.06781       12.52944       20.46647 
H          8.56023       13.49845       20.67044 
H          8.43540       11.98012       19.73331 
C          9.20351       11.72655       21.74711 
C          9.22467       10.31476       21.71562 
H          9.09977        9.79317       20.75096 
C          9.39228        9.56722       22.89333 
H          9.40066        8.46550       22.84416 
C          9.54390       10.22052       24.12867 
H          9.67557        9.63510       25.05405 
C          9.52329       11.62523       24.17617 
H          9.63590       12.14795       25.14120 
C          9.35483       12.36826       22.99564 
H          9.33334       13.47119       23.04237 
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C          8.71996        9.18981       15.67588 
H          8.31263        8.50600       14.89918 
H          9.82497        9.08802       15.67885 
C          8.12926        8.86791       17.06033 
H          8.59240        9.55936       17.80264 
H          7.03879        9.08612       17.05479 
C          8.36655        7.42529       17.46853 
C          7.29785        6.50826       17.56476 
H          6.27073        6.85603       17.35888 
C          7.52122        5.16674       17.92152 
H          6.66872        4.47040       17.99659 
C          8.82599        4.71408       18.18113 
H          9.00536        3.66017       18.45285 
C          9.90130        5.61631       18.08833 
H         10.93006        5.27403       18.29143 
C          9.67402        6.95770       17.73760 
H         10.52649        7.65760       17.67385 
S         11.46837        7.43636       12.24119 
S          7.10244        9.27411       11.89898 
S          7.82223       13.80954       10.66216 
S         15.35945        7.09836       14.30392 
S         12.58382        9.86304       17.00287 
S         15.65237        9.21352       10.06157 
S         10.31549       10.39732        8.31868 
S         14.73733       11.13399        6.74635 
S         16.72458       14.05815        9.92600 
C         11.32795        6.37827       13.76262 
H         10.64964        6.86906       14.49020 
H         12.34692        6.36558       14.20586 
C         10.87832        4.93649       13.45383 
H         11.58304        4.49295       12.71602 
H         10.99853        4.35833       14.40007 
C          9.45234        4.78824       12.95875 
C          8.36674        4.86697       13.85933 
H          8.55887        5.02609       14.93494 
C          7.04345        4.74216       13.40589 
H          6.21194        4.80731       14.12767 
C          6.77985        4.53101       12.04053 
H          5.74096        4.42566       11.68464 
C          7.85023        4.45207       11.13317 
H          7.65977        4.29241       10.05869 
C          9.17286        4.58167       11.59122 
H         10.00630        4.52359       10.87101 
C          6.33851        8.48474       10.40070 
H          6.37350        7.38986       10.58646 
H          6.96128        8.70381        9.50947 
C          4.89056        8.96825       10.19582 
H          4.89900       10.07374       10.06208 
H          4.30551        8.75890       11.11855 
C          4.23873        8.30205        8.99844 
C          3.49734        7.10904        9.14251 
H          3.36061        6.67764       10.14948 
C          2.92788        6.47059        8.02788 
H          2.34871        5.54168        8.16493 
C          3.09174        7.01560        6.74251 
H          2.64341        6.51775        5.86628 
C          3.82661        8.20362        6.58273 
H          3.95660        8.64425        5.58001 
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C          4.39344        8.83811        7.70087 
H          4.96195        9.77469        7.56657 
C          7.98404       13.70505        8.81841 
H          8.81654       13.01375        8.57487 
H          8.27166       14.72611        8.48283 
C          6.67245       13.25470        8.14971 
H          5.84068       13.90559        8.49742 
H          6.44262       12.22390        8.50826 
C          6.74133       13.27602        6.63315 
C          5.94871       14.17099        5.88197 
H          5.26092       14.85356        6.41039 
C          6.01933       14.20079        4.47801 
H          5.39075       14.90943        3.91270 
C          6.89033       13.33297        3.79761 
H          6.94990       13.35555        2.69644 
C          7.68668       12.43601        4.53287 
H          8.37188       11.74824        4.00906 
C          7.61273       12.40718        5.93564 
H          8.24326       11.69762        6.50077 
C         17.06648        7.35892       14.98962 
H         17.02600        7.02180       16.04751 
H         17.28974        8.44609       14.96822 
C         18.12109        6.57327       14.19025 
H         17.84988        5.49451       14.17827 
H         18.09546        6.92732       13.13415 
C         19.51332        6.75590       14.76614 
C         20.13180        5.73803       15.52313 
H         19.60022        4.78263       15.67725 
C         21.41234        5.92003       16.07375 
H         21.87744        5.10889       16.65951 
C         22.09845        7.13000       15.87582 
H         23.10591        7.27395       16.30143 
C         21.49310        8.15475       15.12612 
H         22.02492        9.10698       14.96067 
C         20.21321        7.96952       14.57829 
H         19.74593        8.78142       13.99468 
C         13.68540       10.58484       18.31445 
H         13.24267       11.57813       18.55116 
H         14.68940       10.76719       17.88415 
C         13.76597        9.72479       19.58956 
H         12.73695        9.55001       19.97545 
H         14.29242       10.34383       20.35380 
C         14.49336        8.40176       19.44136 
C         13.79007        7.17943       19.40690 
H         12.69090        7.18871       19.49780 
C         14.46830        5.95659       19.26468 
H         13.89719        5.01303       19.23985 
C         15.86849        5.93510       19.15414 
H         16.40324        4.97663       19.04355 
C         16.58325        7.14590       19.18945 
H         17.68342        7.14228       19.11193 
C         15.90141        8.36555       19.33366 
H         16.47690        9.30665       19.37399 
C         14.94725        7.92641        8.92565 
H         14.77529        8.44966        7.96013 
H         13.96746        7.58248        9.31429 
C         15.93018        6.75326        8.74813 
H         16.09541        6.27117        9.73743 
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H         16.91218        7.16251        8.42100 
C         15.44075        5.72447        7.74547 
C         15.51688        5.97717        6.35687 
H         15.95194        6.92855        6.00438 
C         15.05180        5.03697        5.42303 
H         15.12175        5.25545        4.34390 
C         14.50322        3.81779        5.86057 
H         14.14762        3.07426        5.12765 
C         14.41753        3.55371        7.23833 
H         13.98883        2.60163        7.59457 
C         14.88051        4.50026        8.16903 
H         14.81348        4.28445        9.24927 
C         10.14217        8.55275        8.20197 
H          9.25365        8.30174        8.82169 
H         11.02030        8.07046        8.67646 
C          9.95478        8.08654        6.74553 
H         10.87890        8.32812        6.17338 
H          9.12681        8.67012        6.28518 
C          9.65075        6.60219        6.65126 
C          8.31672        6.13914        6.62972 
H          7.48883        6.86900        6.65022 
C          8.02720        4.76509        6.57683 
H          6.97678        4.42908        6.55478 
C          9.07255        3.82521        6.54642 
H          8.84851        2.74587        6.50430 
C         10.40544        4.27205        6.56755 
H         11.23683        3.54821        6.53992 
C         10.69015        5.64690        6.61944 
C         14.55757       12.15070        5.20121 
H         14.03847       13.09983        5.44762 
H         13.90651       11.56551        4.51690 
C         15.92812       12.42528        4.55497 
H         16.43237       11.45497        4.34902 
H         16.56363       12.97198        5.28742 
C         15.79227       13.22975        3.27535 
C         15.77369       14.64155        3.30832 
H         15.90001       15.16189        4.27347 
C         15.60708       15.39061        2.13143 
H         15.60004       16.49228        2.18183 
C         15.45429       14.73887        0.89540 
H         15.32467       15.32549       -0.02950 
C         15.47147       13.33417        0.84657 
H         15.35686       12.81263       -0.11886 
C         15.63867       12.58961        2.02631 
H         15.65714       11.48668        1.97855 
C         16.28395       15.76488        9.35081 
H         16.69665       16.44694       10.12619 
H         15.17929       15.87039        9.35214 
C         16.87084       16.08533        7.96439 
H         16.39535       15.40272        7.22174 
H         17.95859       15.85385        7.96325 
C         16.64985       17.53264        7.56385 
C         17.73067       18.43480        7.46287 
H         18.75439       18.07115        7.65771 
C         17.52362       19.78116        7.11479 
H         18.38515       20.46610        7.03842 
C         16.22350       20.25340        6.86698 
H         16.05747       21.31016        6.59793 
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C         15.13604       19.36643        6.96546 
H         14.11050       19.72485        6.77425 
C         15.34702       18.02011        7.30767 
H         14.48533       17.33193        7.37444 
H         11.74109        5.98269        6.63026 
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Ag1Au24PET18_Ag_in_icosahedron 
349 
 
Ag        12.46424       15.33834       12.14229 
Au        15.54410       16.54944       13.06282 
Au        17.38598       13.46559       13.73962 
Au        14.80708       11.09648       13.54235 
Au        11.03963       14.01553       14.44116 
Au         9.60432       16.69409       12.80234 
Au        11.02410       16.34437        9.41578 
Au        12.60959       13.36342        9.81423 
Au        14.09092       13.96114       14.34869 
Au        12.43965       14.09604       17.40937 
Au         9.35422       12.28825       16.62562 
Au         9.98426       11.32159       13.35768 
Au        12.49679        9.57731       12.88870 
Au         9.31009        8.44065       12.00417 
Au         7.52050       11.54841       11.26881 
Au        10.12670       13.75463       11.52559 
Au        13.94527       10.92751       10.57963 
Au        15.42186        8.24162       12.22234 
Au        13.99417        8.57997       15.59973 
Au        12.34254       11.57298       15.23137 
Au        10.89236       10.96060       10.66265 
Au        12.52688       10.80686        7.61230 
Au        15.60469       12.65421        8.38852 
Au        14.96903       13.62829       11.66810 
Au        12.48345       12.46761       12.51614 
S         13.40892       17.57404       12.89160 
S         17.78159       15.72211       13.09297 
S         17.16102       11.17504       14.35306 
S          9.70023       17.83927       10.71327 
S         12.42408       15.04556        7.99183 
S          9.35296       15.75734       14.97216 
S         14.66386       14.54411       16.70293 
S         10.23070       13.80464       18.24828 
S          8.25927       10.84544       15.08671 
C         13.53116       18.70352       11.42197 
H         14.18091       18.23701       10.65339 
H         12.50152       18.75554       11.00708 
C         14.01102       20.12503       11.77664 
H         13.33875       20.54341       12.55818 
H         13.86466       20.74674       10.86189 
C         15.45494       20.23855       12.22609 
C         16.50835       20.17289       11.28698 
H         16.27823       20.04611       10.21453 
C         17.84779       20.27213       11.69728 
H         18.65329       20.21407       10.94597 
C         18.16021       20.44793       13.05745 
H         19.21159       20.53789       13.37943 
C         17.12258       20.51210       14.00319 
H         17.35159       20.64355       15.07390 
C         15.78385       20.40424       13.58827 
H         14.97634       20.44707       14.33845 
C         18.60446       16.53417       14.54656 
H         18.54792       17.62665       14.35141 
H         18.02714       16.31812       15.46860 
C         20.06604       16.06841       14.68641 
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H         20.07864       14.96187       14.81049 
H         20.60765       16.29323       13.74100 
C         20.76086       16.73442       15.85936 
C         21.45482       17.95341       15.69664 
H         21.51968       18.40668       14.69208 
C         22.06677       18.59058       16.78913 
H         22.60794       19.53988       16.63722 
C         21.99362       18.01867       18.07123 
H         22.47540       18.51568       18.92997 
C         21.30653       16.80506       18.24962 
H         21.24856       16.34301       19.24957 
C         20.69669       16.17190       17.15337 
H         20.16619       15.21516       17.30139 
C         17.01338       11.26825       16.19903 
H         16.17980       11.95413       16.45353 
H         16.73442       10.24389       16.53143 
C         18.32869       11.72230       16.85768 
H         19.16146       11.08037       16.49585 
H         18.54770       12.75789       16.50646 
C         18.27485       11.68633       18.37465 
C         19.08395       10.79303       19.11004 
H         19.76840       10.11735       18.56864 
C         19.03205       10.75481       20.51464 
H         19.67779       10.05211       21.06791 
C         18.15996       11.60854       21.21124 
H         18.11426       11.57838       22.31290 
C         17.34468       12.50119       20.49161 
H         16.65659       13.17616       21.02812 
C         17.40242       12.54076       19.08837 
H         16.75841       13.24746       18.53503 
C          7.98957       17.61651       10.02292 
H          8.03944       17.95623        8.96628 
H          7.74349       16.53426       10.04089 
C          6.95007       18.42166       10.82249 
H          7.23912       19.49579       10.83109 
H          6.97199       18.06991       11.87944 
C          5.55382       18.26028       10.24986 
C          4.94864       19.28775        9.49513 
H          5.49347       20.23559        9.34081 
C          3.66453       19.12448        8.94684 
H          3.20950       19.94309        8.36359 
C          2.96190       17.92392        9.14433 
H          1.95218       17.79449        8.71947 
C          3.55373       16.89000        9.89220 
H          3.00882       15.94528       10.05776 
C          4.83685       17.05671       10.43835 
H          5.29307       16.23801       11.02127 
C         11.30115       14.32943        6.69476 
H         11.72121       13.32349        6.46996 
H         10.29487       14.17580        7.13080 
C         11.23642       15.17625        5.41016 
H         12.26765       15.32167        5.01807 
H         10.69209       14.56105        4.65546 
C         10.54268       16.51876        5.54490 
C         11.27591       17.72386        5.55311 
H         12.37423       17.68614        5.45921 
C         10.62839       18.96537        5.67548 
H         11.22221       19.89509        5.67714 
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C          9.22990       19.02322        5.79375 
H          8.71917       19.99661        5.88644 
C          8.48577       17.82971        5.78731 
H          7.38644       17.86225        5.87060 
C          9.13695       16.59121        5.66360 
H          8.53923       15.66335        5.65019 
C         10.08476       17.04036       16.09658 
H         10.25877       16.51838       17.06238 
H         11.06477       17.37046       15.69630 
C          9.11648       18.22513       16.27709 
H          8.96283       18.71608       15.29032 
H          8.12754       17.82692       16.59675 
C          9.61385       19.24046       17.28954 
C          9.50339       18.98987       18.67617 
H          9.04333       18.04685       19.01927 
C          9.96609       19.92162       19.61966 
H          9.85887       19.71010       20.69711 
C         10.55467       21.12615       19.19352 
H         10.91689       21.85923       19.93374 
C         10.67626       21.38705       17.81786 
H         11.13360       22.32903       17.47062 
C         10.21217       20.45056       16.87775 
H         10.30904       20.66324       15.79919 
C         14.86607       16.38211       16.85995 
H         15.75944       16.63207       16.24690 
H         13.99683       16.88936       16.39557 
C         15.05915       16.81041       18.32725 
H         14.13054       16.57026       18.89261 
H         15.87699       16.20228       18.77422 
C         15.38754       18.28674       18.45906 
C         16.72881       18.72888       18.47222 
H         17.54495       17.98772       18.41607 
C         17.04073       20.09599       18.56323 
H         18.09655       20.41497       18.57654 
C         16.01085       21.04996       18.64251 
H         16.25222       22.12372       18.71774 
C         14.67105       20.62421       18.62787 
H         13.85159       21.35963       18.68846 
C         14.36404       19.25612       18.53728 
H         13.30789       18.93702       18.53122 
C         10.40742       12.80345       19.80375 
H         10.93100       11.85368       19.56937 
H         11.05359       13.39832       20.48431 
C          9.03542       12.53168       20.44814 
H          8.53301       13.50325       20.65242 
H          8.39959       11.98586       19.71534 
C          9.16786       11.72905       21.72930 
C          9.18710       10.31720       21.69924 
H          9.06416        9.79480       20.73481 
C          9.35052        9.57076       22.87825 
H          9.35850        8.46899       22.83025 
C          9.49899       10.22508       24.11347 
H          9.62415        9.64037       25.04023 
C          9.48187       11.62987       24.15927 
H          9.59428       12.15355       25.12379 
C          9.31789       12.37178       22.97745 
H          9.29996       13.47480       23.02256 
C          8.70275        9.14706       15.68450 
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H          8.30174        8.45428       14.91243 
H          9.80783        9.04824       15.69554 
C          8.10444        8.83942       17.06877 
H          8.56167        9.53986       17.80630 
H          7.01351        9.05499       17.05473 
C          8.34308        7.40176       17.49306 
C          7.27571        6.48395       17.59604 
H          6.24885        6.82718       17.38142 
C          7.50022        5.14723       17.96963 
H          6.64884        4.45003       18.04906 
C          8.80488        4.70023       18.23942 
H          8.98464        3.65106       18.52856 
C          9.87923        5.60254       18.13704 
H         10.90846        5.26345       18.34316 
C          9.65063        6.93950       17.77061 
H         10.50223        7.63981       17.70077 
S         11.43965        7.41642       12.26395 
S          7.08781        9.28915       11.87932 
S          7.77581       13.83871       10.65314 
S         15.34628        7.09603       14.31303 
S         12.58044        9.86988       17.02638 
S         15.66361        9.21381       10.06496 
S         10.31465       10.31624        8.33661 
S         14.72824       11.13310        6.76940 
S         16.69906       14.09159        9.93102 
C         11.28680        6.36356       13.78802 
H         10.61210        6.86302       14.51287 
H         12.30483        6.34226       14.23294 
C         10.82319        4.92583       13.48152 
H         11.53128        4.46960       12.75477 
H         10.92487        4.35168       14.43233 
C          9.40193        4.79178       12.96907 
C          8.30513        4.89466       13.85349 
H          8.48434        5.06642       14.92937 
C          6.98683        4.77921       13.38337 
H          6.14632        4.86098       14.09291 
C          6.73937        4.55561       12.01698 
H          5.70426        4.45831       11.64802 
C          7.82098        4.45392       11.12540 
H          7.64346        4.28467       10.05017 
C          9.13864        4.57296       11.60028 
H          9.98109        4.49635       10.89238 
C          6.33564        8.50088       10.37490 
H          6.36897        7.40603       10.56118 
H          6.96532        8.72033        9.48856 
C          4.88913        8.98394       10.15906 
H          4.89839       10.08978       10.02750 
H          4.29683        8.77286       11.07671 
C          4.24661        8.31934        8.95580 
C          3.48936        7.13583        9.09530 
H          3.33534        6.71019       10.10222 
C          2.92535        6.49998        7.97637 
H          2.33540        5.57736        8.10981 
C          3.10934        7.03909        6.69129 
H          2.66275        6.54510        5.81200 
C          3.86145        8.21689        6.53578 
H          4.00765        8.65268        5.53319 
C          4.42431        8.84776        7.65796 
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H          5.00868        9.77493        7.52638 
C          7.96096       13.72099        8.81197 
H          8.79420       13.02521        8.58438 
H          8.25690       14.73812        8.47165 
C          6.65620       13.27084        8.12989 
H          5.82590       13.93737        8.45021 
H          6.40960       12.24998        8.50496 
C          6.75164       13.26068        6.61474 
C          5.99078       14.15617        5.83202 
H          5.31217       14.86675        6.33483 
C          6.08163       14.15223        4.42888 
H          5.47743       14.86187        3.83880 
C          6.94207       13.24973        3.78106 
H          7.01342       13.24188        2.68041 
C          7.71051       12.35506        4.54811 
H          8.39116       11.64382        4.05035 
C          7.61549       12.35927        5.94994 
H          8.22276       11.64929        6.53947 
C         17.05178        7.35844       15.00175 
H         17.00900        7.02409       16.06043 
H         17.27569        8.44535       14.97859 
C         18.10794        6.57002       14.20715 
H         17.84130        5.49007       14.20667 
H         18.07762        6.91347       13.14766 
C         19.50078        6.76429       14.77748 
C         20.12231        5.75941       15.54925 
H         19.59272        4.80553       15.71881 
C         21.40278        5.95271       16.09614 
H         21.87166        5.15024       16.69075 
C         22.08478        7.16222       15.88172 
H         23.09043        7.31655       16.30797 
C         21.47700        8.17362       15.11601 
H         22.00639        9.12458       14.93614 
C         20.19789        7.97639       14.57047 
H         19.72951        8.77710       13.97243 
C         13.68867       10.59397       18.33105 
H         13.25095       11.59073       18.56254 
H         14.69267       10.76844       17.89751 
C         13.76733        9.74108       19.61088 
H         12.73853        9.57814       20.00253 
H         14.30287       10.36016       20.36872 
C         14.48173        8.41035       19.46810 
C         13.76592        7.19520       19.43886 
H         12.66632        7.21678       19.52242 
C         14.43189        5.96450       19.30730 
H         13.85135        5.02657       19.28900 
C         15.83196        5.92800       19.19956 
H         16.35707        4.96333       19.09682 
C         16.55903        7.13166       19.22786 
H         17.65931        7.11598       19.15346 
C         15.88948        8.35922       19.36216 
H         16.47423        9.29488       19.39576 
C         14.96847        7.93207        8.91693 
H         14.79907        8.46025        7.95375 
H         13.98856        7.58145        9.29905 
C         15.95844        6.76507        8.73863 
H         16.10509        6.26614        9.72254 
H         16.94557        7.18283        8.43885 
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C         15.49284        5.75197        7.70902 
C         15.60099        6.02558        6.32659 
H         16.03648        6.98553        5.99875 
C         15.16714        5.09537        5.36803 
H         15.26893        5.32686        4.29416 
C         14.61248        3.86815        5.77422 
H         14.27503        3.13546        5.02205 
C         14.49331        3.58403        7.14551 
H         14.06217        2.62424        7.47729 
C         14.92738        4.51958        8.10096 
H         14.83430        4.28810        9.17600 
C         10.16395        8.46925        8.22412 
H          9.28128        8.20906        8.84857 
H         11.05019        7.99832        8.69486 
C          9.97504        8.00029        6.76886 
H         10.90216        8.23154        6.19727 
H          9.15321        8.59003        6.30535 
C          9.65643        6.51873        6.67872 
C          8.31757        6.07027        6.64999 
H          7.49774        6.80929        6.66622 
C          8.01325        4.69953        6.59522 
H          6.95934        4.37508        6.56670 
C          9.04837        3.74822        6.57107 
H          8.81280        2.67152        6.52485 
C         10.38586        4.18039        6.60288 
H         11.20928        3.44720        6.58355 
C         10.68552        5.55207        6.65615 
C         14.54635       12.12888        5.21148 
H         14.01504       13.07520        5.44241 
H         13.90699       11.52794        4.52981 
C         15.91879       12.41098        4.57225 
H         16.43459       11.44367        4.38135 
H         16.54284       12.97209        5.30366 
C         15.78557       13.19961        3.28261 
C         15.76137       14.61161        3.29817 
H         15.88249       15.14400        4.25738 
C         15.59638       15.34540        2.11146 
H         15.58438       16.44759        2.14797 
C         15.45184       14.67795        0.88284 
H         15.32304       15.25269       -0.04962 
C         15.47639       13.27285        0.85112 
H         15.37101       12.73906       -0.10865 
C         15.64061       12.54359        2.04074 
H         15.66262       11.44022        2.00705 
C         16.25404       15.79700        9.35506 
H         16.65073       16.47893       10.13862 
H         15.14862       15.89505        9.34099 
C         16.85717       16.12772        7.97833 
H         16.40124       15.44209        7.22623 
H         17.94777       15.91054        7.99220 
C         16.62115       17.57376        7.58189 
C         17.68805       18.49477        7.50779 
H         18.71303       18.14923        7.72769 
C         17.46495       19.83862        7.15978 
H         18.31668       20.53712        7.09703 
C         16.16156       20.29051        6.89177 
H         15.98184       21.34718        6.63122 
C         15.08788       19.38435        6.96311 
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H         14.06060       19.72476        6.74964 
C         15.31528       18.04067        7.30446 
H         14.46370       17.33904        7.35694 
H         11.74007        5.87590        6.67573 
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Ag1Au24PET18_Ag_in_staple 

349 
 
Au        12.51750       15.36443       12.14137 
Au        15.65579       16.53770       13.05010 
Au        17.43970       13.43561       13.75916 
Au        14.82335       11.16484       13.54420 
Au        11.05654       14.04567       14.45841 
Au         9.57852       16.71967       12.79196 
Au        11.00689       16.37535        9.42536 
Au        12.67015       13.38665        9.78793 
Au        14.11021       13.98511       14.37072 
Au        12.47140       14.13445       17.42420 
Au         9.37598       12.33974       16.63484 
Au         9.98823       11.38560       13.34415 
Au        12.47394        9.63690       12.87940 
Au         9.37891        8.43166       11.99998 
Au         7.58550       11.52282       11.25659 
Au        10.18395       13.85990       11.47212 
Au        13.96352       10.92832       10.55655 
Ag        15.26298        8.49289       12.18837 
Au        14.01308        8.60199       15.55507 
Au        12.34099       11.61805       15.24106 
Au        10.89561       11.02508       10.65183 
Au        12.55205       10.87179        7.59853 
Au        15.63958       12.68363        8.39090 
Au        15.01891       13.61624       11.67525 
Au        12.50815       12.49493       12.50665 
S         13.51886       17.54504       12.77427 
S         17.88196       15.70155       13.17980 
S         17.18636       11.13661       14.33557 
S          9.65043       17.86286       10.70158 
S         12.43221       15.09746        8.00291 
S          9.34398       15.76517       14.95555 
S         14.69147       14.60407       16.70814 
S         10.26509       13.83976       18.26703 
S          8.26811       10.91513       15.08687 
C         13.68158       18.60135       11.25351 
H         14.37393       18.11160       10.53870 
H         12.67033       18.61108       10.79289 
C         14.12281       20.04379       11.57078 
H         13.40003       20.48825       12.29034 
H         14.02575       20.62016       10.62090 
C         15.53598       20.19263       12.10135 
C         16.64422       20.11067       11.22916 
H         16.47940       19.94969       10.14934 
C         17.95551       20.23428       11.71649 
H         18.80538       20.16670       11.01669 
C         18.18410       20.44676       13.08794 
H         19.21365       20.55007       13.47060 
C         17.09080       20.52931       13.96725 
H         17.25388       20.68974       15.04613 
C         15.78032       20.40167       13.47516 
H         14.92851       20.46307       14.17321 
C         18.62516       16.47174       14.69787 
H         18.59338       17.56879       14.52480 
H         17.99005       16.24193       15.57764 
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C         20.06979       15.98483       14.91753 
H         20.05827       14.87801       15.04011 
H         20.66764       16.20265       14.00504 
C         20.70592       16.63842       16.13023 
C         21.45479       17.82906       16.00701 
H         21.60860       18.26789       15.00574 
C         22.01039       18.45584       17.13518 
H         22.59623       19.38280       17.01427 
C         21.82468       17.90133       18.41348 
H         22.26173       18.39024       19.30039 
C         21.08218       16.71543       18.55255 
H         20.93561       16.26699       19.54947 
C         20.52919       16.09266       17.42095 
H         19.95431       15.15784       17.53937 
C         17.04982       11.20672       16.18383 
H         16.22950       11.90423       16.44961 
H         16.75230       10.18384       16.50473 
C         18.37567       11.62953       16.84181 
H         19.19154       10.96208       16.48801 
H         18.62369       12.65577       16.48255 
C         18.31626       11.60981       18.35888 
C         19.08915       10.69395       19.10528 
H         19.75160        9.99009       18.57253 
C         19.03040       10.66972       20.50987 
H         19.64453        9.94571       21.07154 
C         18.18999       11.56301       21.19565 
H         18.14040       11.54537       22.29738 
C         17.41186       12.47962       20.46523 
H         16.74961       13.18638       20.99321 
C         17.47450       12.50316       19.06180 
H         16.85779       13.22804       18.50102 
C          7.94532       17.60266       10.01166 
H          7.98904       17.93900        8.95365 
H          7.72120       16.51571       10.03314 
C          6.88895       18.38969       10.80730 
H          7.16160       19.46806       10.81992 
H          6.91064       18.03590       11.86358 
C          5.49857       18.20879       10.22653 
C          4.88480       19.22701        9.46619 
H          5.41867       20.18131        9.31326 
C          3.60632       19.04653        8.91031 
H          3.14409       19.85869        8.32371 
C          2.91824       17.83713        9.10485 
H          1.91342       17.69347        8.67297 
C          3.51858       16.81227        9.85842 
H          2.98476       15.86084       10.02196 
C          4.79595       16.99643       10.41249 
H          5.25878       16.18496       11.00023 
C         11.32869       14.37379        6.69377 
H         11.76796       13.37794        6.46128 
H         10.32385       14.19731        7.12448 
C         11.25205       15.23041        5.41629 
H         12.28169       15.39654        5.02816 
H         10.71997       14.61277        4.65492 
C         10.53501       16.55936        5.56188 
C         11.24889       17.77536        5.60225 
H         12.34858       17.75630        5.51961 
C         10.58068       19.00389        5.74229 
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H         11.15983       19.94241        5.77064 
C          9.18020       19.03750        5.84573 
H          8.65338       20.00050        5.95510 
C          8.45495       17.83312        5.80477 
H          7.35445       17.84656        5.87644 
C          9.12678       16.60771        5.66220 
H          8.54347       15.67163        5.61716 
C         10.04592       17.05374       16.09204 
H         10.22168       16.53016       17.05666 
H         11.02312       17.40302       15.70188 
C          9.05575       18.22055       16.27067 
H          8.88805       18.70292       15.28191 
H          8.07612       17.80459       16.59643 
C          9.53674       19.25175       17.27499 
C          9.45500       18.99977       18.66338 
H          9.02499       18.04560       19.01448 
C          9.90591       19.94532       19.59878 
H          9.82869       19.72883       20.67782 
C         10.44725       21.16834       19.16292 
H         10.79575       21.91413       19.89698 
C         10.53854       21.43167       17.78538 
H         10.95828       22.38826       17.43057 
C         10.09043       20.47952       16.85315 
H         10.16354       20.69388       15.77302 
C         14.85235       16.44905       16.83912 
H         15.73802       16.71201       16.22041 
H         13.96978       16.92905       16.37072 
C         15.03846       16.90242       18.29970 
H         14.11704       16.64810       18.87079 
H         15.87146       16.32052       18.75309 
C         15.33172       18.38798       18.40843 
C         16.66243       18.86037       18.43172 
H         17.49555       18.13695       18.39892 
C         16.94204       20.23570       18.50216 
H         17.99007       20.57896       18.52631 
C         15.88998       21.16745       18.54791 
H         16.10629       22.24768       18.60503 
C         14.56032       20.71130       18.52308 
H         13.72378       21.42873       18.56036 
C         14.28549       19.33521       18.45409 
H         13.23697       18.99204       18.44064 
C         10.44013       12.83253       19.81859 
H         10.96290       11.88310       19.58106 
H         11.08658       13.42422       20.50167 
C          9.06714       12.56021       20.46065 
H          8.55718       13.53110       20.64890 
H          8.43848       11.99993       19.73257 
C          9.19845       11.77654       21.75362 
C          9.22690       10.36458       21.74381 
H          9.11226        9.82770       20.78634 
C          9.38869        9.63614       22.93425 
H          9.40357        8.53385       22.90225 
C          9.52648       10.30895       24.16073 
H          9.65177        9.73833       25.09620 
C          9.49937       11.71410       24.18648 
H          9.60192       12.25217       25.14416 
C          9.33733       12.43798       22.99329 
H          9.31177       13.54139       23.02248 
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C          8.70686        9.21024       15.67013 
H          8.29475        8.52418       14.89810 
H          9.81146        9.10475       15.67107 
C          8.11817        8.89862       17.05770 
H          8.58663        9.59176       17.79509 
H          7.02877        9.12228       17.05394 
C          8.34911        7.45715       17.47331 
C          7.27548        6.54720       17.58051 
H          6.24951        6.89977       17.37712 
C          7.49259        5.20665       17.94456 
H          6.63643        4.51567       18.02702 
C          8.79580        4.74801       18.20152 
H          8.96974        3.69572       18.48277 
C          9.87623        5.64272       18.09619 
H         10.90424        5.29531       18.29429 
C          9.65514        6.98339       17.73864 
H         10.51161        7.67756       17.66693 
S         11.51664        7.42282       12.27876 
S          7.15340        9.26750       11.88669 
S          7.82996       13.81257       10.64473 
S         15.31520        7.12639       14.21447 
S         12.60612        9.88640       16.99660 
S         15.67575        9.26551        9.90288 
S         10.33521       10.39161        8.31896 
S         14.75355       11.19015        6.75121 
S         16.74518       14.09877        9.94805 
C         11.35486        6.39197       13.81750 
H         10.66308        6.89506       14.52354 
H         12.36641        6.38951       14.27759 
C         10.91140        4.94492       13.52602 
H         11.62773        4.48895       12.80716 
H         11.01779        4.38377       14.48396 
C          9.49303        4.78754       13.01212 
C          8.39437        4.87623       13.89576 
H          8.57080        5.04931       14.97187 
C          7.07803        4.74392       13.42459 
H          6.23605        4.81659       14.13336 
C          6.83467        4.51600       12.05818 
H          5.80123        4.40535       11.68827 
C          7.91826        4.42700       11.16757 
H          7.74358        4.25446       10.09239 
C          9.23388        4.56331       11.64340 
H         10.07785        4.49654       10.93632 
C          6.38101        8.45890       10.40357 
H          6.42539        7.36627       10.60024 
H          6.99273        8.67309        9.50357 
C          4.92753        8.93039       10.21020 
H          4.92693       10.03332       10.05673 
H          4.35722        8.73413       11.14498 
C          4.26235        8.23805        9.03523 
C          3.53984        7.03784        9.21224 
H          3.42887        6.62032       10.22819 
C          2.95698        6.37486        8.11914 
H          2.39266        5.44099        8.28196 
C          3.08844        6.90178        6.82253 
H          2.63016        6.38420        5.96308 
C          3.80402        8.09666        6.63002 
H          3.90766        8.52357        5.61830 
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C          4.38466        8.75570        7.72679 
H          4.93834        9.69717        7.56685 
C          7.99177       13.70991        8.80050 
H          8.82761       13.02286        8.55684 
H          8.27400       14.73233        8.46463 
C          6.68209       13.25227        8.13331 
H          5.84770       13.90123        8.47835 
H          6.45615       12.22174        8.49501 
C          6.75238       13.26884        6.61675 
C          5.95994       14.16071        5.86179 
H          5.27413       14.84744        6.38739 
C          6.02912       14.18301        4.45760 
H          5.39903       14.88776        3.88913 
C          6.89973       13.31186        3.78099 
H          6.95748       13.32790        2.67961 
C          7.69735       12.41927        4.52019 
H          8.38299       11.72967        3.99938 
C          7.62436       12.39750        5.92312 
H          8.25629       11.69179        6.49145 
C         17.04600        7.35015       14.84644 
H         17.06397        6.94611       15.88103 
H         17.27296        8.43622       14.88593 
C         18.06736        6.62418       13.95205 
H         17.78979        5.54990       13.87033 
H         18.00720        7.05488       12.92611 
C         19.48038        6.75746       14.48999 
C         20.10753        5.69154       15.16980 
H         19.56801        4.73531       15.28664 
C         21.40566        5.82773       15.69162 
H         21.87772        4.97895       16.21525 
C         22.10098        7.03961       15.54307 
H         23.12139        7.14820       15.94781 
C         21.48778        8.11156       14.86989 
H         22.02663        9.06570       14.74272 
C         20.19061        7.97149       14.34978 
H         19.71769        8.81979       13.82539 
C         13.70994       10.60248       18.30988 
H         13.28332       11.60559       18.53453 
H         14.72076       10.76116       17.88625 
C         13.76358        9.75193       19.59252 
H         12.72869        9.60477       19.97416 
H         14.29988       10.36550       20.35437 
C         14.45981        8.41033       19.46134 
C         13.72790        7.20465       19.44716 
H         12.62930        7.24140       19.53848 
C         14.37699        5.96418       19.32320 
H         13.78408        5.03389       19.31546 
C         15.77587        5.90817       19.20940 
H         16.28773        4.93588       19.11181 
C         16.51879        7.10224       19.22402 
H         17.61835        7.07131       19.14325 
C         15.86625        8.33950       19.35104 
H         16.46362        9.26735       19.37583 
C         14.91632        7.93511        8.85469 
H         14.71836        8.39451        7.86228 
H         13.94558        7.61673        9.28679 
C         15.88784        6.74531        8.72222 
H         16.06337        6.31057        9.73138 
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H         16.86844        7.13283        8.36502 
C         15.38816        5.66915        7.77620 
C         15.43957        5.85915        6.37639 
H         15.85836        6.79813        5.97437 
C         14.97495        4.87076        5.49354 
H         15.02849        5.03927        4.40456 
C         14.45077        3.66528        5.99456 
H         14.09249        2.88548        5.30167 
C         14.38993        3.46299        7.38400 
H         13.98363        2.52089        7.78959 
C         14.85117        4.45824        8.26335 
H         14.80216        4.29098        9.35324 
C         10.17783        8.54490        8.21463 
H          9.29542        8.29011        8.84142 
H         11.06342        8.07329        8.68597 
C          9.98539        8.06921        6.76209 
H         10.90726        8.30644        6.18461 
H          9.15570        8.64971        6.30088 
C          9.67951        6.58445        6.68042 
C          8.34468        6.12339        6.66665 
H          7.51796        6.85462        6.68576 
C          8.05264        4.74954        6.62350 
H          7.00154        4.41538        6.60692 
C          9.09644        3.80784        6.59590 
H          8.87068        2.72862        6.56024 
C         10.43010        4.25260        6.61139 
H         11.26066        3.52772        6.58833 
C         10.71727        5.62732        6.65311 
C         14.57105       12.20064        5.20312 
H         14.04541       13.14787        5.44327 
H         13.92712       11.60921        4.51731 
C         15.94333       12.48091        4.56258 
H         16.45523       11.51259        4.36642 
H         16.57076       13.03613        5.29566 
C         15.81140       13.27557        3.27658 
C         15.78315       14.68742        3.29863 
H         15.89823       15.21576        4.26082 
C         15.62124       15.42636        2.11469 
H         15.60683       16.52835        2.15639 
C         15.48298       14.76438        0.88238 
H         15.35765       15.34316       -0.04805 
C         15.50987       13.35949        0.84440 
H         15.40709       12.82982       -0.11794 
C         15.67211       12.62513        2.03116 
H         15.69752       11.52200        1.99231 
C         16.31190       15.80933        9.37773 
H         16.71534       16.48838       10.16057 
H         15.20740       15.91438        9.36643 
C         16.91435       16.13439        7.99924 
H         16.45701       15.44522        7.25132 
H         18.00467       15.91576        8.01322 
C         16.68060       17.57831        7.59421 
C         17.74881       18.49786        7.51877 
H         18.77321       18.15116        7.73941 
C         17.52819       19.84062        7.16506 
H         18.38006       20.53940        7.10826 
C         16.22679       20.29157        6.88616 
H         16.05019       21.34515        6.61147 
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C         15.15167       19.38732        6.96007 
H         14.12519       19.72913        6.74489 
C         15.37640       18.04476        7.30797 
H         14.52446       17.34308        7.35631 
H         11.76897        5.96086        6.65989 
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Ag12Au13PET18_I 
349 
 
Ag        12.52056       15.30216       12.14424 
Au        15.50937       16.52431       13.06865 
Au        17.37204       13.40093       13.74501 
Ag        14.83860       11.20121       13.52054 
Ag        11.05634       14.03487       14.40502 
Au         9.60057       16.60829       12.84168 
Au        11.09187       16.25818        9.40496 
Ag        12.62399       13.35812        9.82271 
Ag        14.08056       13.96432       14.35276 
Au        12.49593       14.11103       17.34321 
Au         9.38406       12.23503       16.55008 
Ag        10.03544       11.37451       13.39261 
Ag        12.48410        9.66145       12.88583 
Au         9.49635        8.43819       11.96148 
Au         7.63415       11.56109       11.28431 
Ag        10.16695       13.76201       11.51105 
Ag        13.95033       10.92975       10.62651 
Au        15.40206        8.35394       12.18960 
Au        13.91158        8.70648       15.62662 
Ag        12.38239       11.60696       15.20944 
Ag        10.92710       10.99955       10.67778 
Au        12.51150       10.85547        7.68765 
Au        15.62402       12.73209        8.48160 
Ag        14.97154       13.58777       11.63817 
Au        12.50312       12.48195       12.51590 
S         13.38013       17.56025       12.94335 
S         17.72970       15.65919       13.06965 
S         17.23676       11.12449       14.41192 
S          9.78440       17.73273       10.74566 
S         12.46012       15.02298        7.90203 
S          9.26240       15.72913       15.01943 
S         14.74294       14.57037       16.73620 
S         10.26387       13.81192       18.11653 
S          8.23969       10.75420       15.09744 
C         13.49329       18.74402       11.51632 
H         14.11332       18.29546       10.71320 
H         12.45375       18.82999       11.13262 
C         14.00980       20.14173       11.91155 
H         13.36838       20.54143       12.72802 
H         13.84889       20.80146       11.02610 
C         15.46829       20.21320       12.32089 
C         16.49129       20.15168       11.34824 
H         16.22669       20.05390       10.28079 
C         17.84420       20.21898       11.71898 
H         18.62492       20.17026       10.94137 
C         18.20127       20.35463       13.07282 
H         19.26352       20.41785       13.36397 
C         17.19444       20.41276       14.05161 
H         17.45840       20.51333       15.11753 
C         15.84159       20.33917       13.67602 
H         15.05835       20.38160       14.45140 
C         18.57487       16.46860       14.51388 
H         18.50875       17.56194       14.32715 
H         18.01572       16.24112       15.44443 
C         20.04114       16.00932       14.62205 
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H         20.06095       14.90418       14.75782 
H         20.55848       16.22547       13.66125 
C         20.76265       16.68943       15.77062 
C         21.46615       17.89784       15.57414 
H         21.51960       18.33159       14.56034 
C         22.10268       18.54826       16.64461 
H         22.65055       19.48910       16.46653 
C         22.04556       18.00011       17.93777 
H         22.54671       18.50742       18.77922 
C         21.34964       16.79689       18.14958 
H         21.30438       16.35298       19.15834 
C         20.71519       16.15053       17.07534 
H         20.17846       15.20171       17.24950 
C         17.08306       11.25126       16.25466 
H         16.23485       11.92180       16.50275 
H         16.82573       10.22721       16.60599 
C         18.38365       11.74199       16.91812 
H         19.23118       11.11530       16.56442 
H         18.58156       12.77910       16.55909 
C         18.32172       11.71605       18.43479 
C         19.11813       10.81902       19.17955 
H         19.80239       10.13699       18.64578 
C         19.05453       10.78530       20.58373 
H         19.68735       10.07656       21.14417 
C         18.18577       11.65024       21.27066 
H         18.13354       11.62636       22.37219 
C         17.38329       12.54693       20.54170 
H         16.69822       13.23080       21.07079 
C         17.45049       12.57973       19.13866 
H         16.81409       13.28757       18.57776 
C          8.07985       17.58886       10.02149 
H          8.16032       17.95061        8.97407 
H          7.79681       16.51571       10.01008 
C          7.05552       18.41046       10.82384 
H          7.38594       19.47151       10.87141 
H          7.04053       18.02654       11.86972 
C          5.66600       18.32189       10.21938 
C          5.11157       19.39998        9.49691 
H          5.69245       20.33274        9.39013 
C          3.83275       19.30531        8.92058 
H          3.41747       20.16296        8.36439 
C          3.08476       18.12358        9.05610 
H          2.07944       18.04801        8.60847 
C          3.62560       17.03983        9.77147 
H          3.04491       16.10939        9.88873 
C          4.90328       17.13830       10.34641 
H          5.31904       16.28131       10.90415 
C         11.29806       14.32436        6.63109 
H         11.71252       13.32464        6.37201 
H         10.30729       14.15478        7.09662 
C         11.17752       15.18813        5.36104 
H         12.19282       15.34729        4.93419 
H         10.60926       14.58039        4.61805 
C         10.47955       16.52214        5.54332 
C         11.20821       17.72946        5.58671 
H         12.30534       17.69989        5.47881 
C         10.55704       18.96279        5.76110 
H         11.14727       19.89447        5.78956 
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C          9.15961       19.01038        5.89738 
H          8.64620       19.97741        6.03205 
C          8.41993       17.81486        5.85491 
H          7.32161       17.83954        5.95221 
C          9.07464       16.58455        5.67763 
H          8.48008       15.65561        5.63074 
C          9.94668       17.05587       16.12319 
H         10.07971       16.56865       17.11326 
H         10.94484       17.37007       15.75545 
C          8.98481       18.25546       16.22881 
H          8.86027       18.70380       15.21805 
H          7.98477       17.87956       16.54036 
C          9.46934       19.30916       17.20742 
C          9.28859       19.14052       18.59899 
H          8.77194       18.23829       18.97025 
C          9.74839       20.10375       19.51184 
H          9.59259       19.95263       20.59355 
C         10.39936       21.26170       19.04915 
H         10.75355       22.02283       19.76459 
C         10.59043       21.44196       17.66831 
H         11.09867       22.34618       17.29268 
C         10.13161       20.47263       16.75957 
H         10.28295       20.62236       15.67661 
C         14.92500       16.40826       16.91866 
H         15.84134       16.67017       16.34555 
H         14.07415       16.91649       16.42183 
C         15.05755       16.83684       18.39266 
H         14.11226       16.58132       18.92277 
H         15.86668       16.23894       18.86788 
C         15.35807       18.31758       18.53810 
C         16.69117       18.78178       18.58656 
H         17.52027       18.05404       18.54731 
C         16.97778       20.15359       18.68920 
H         18.02726       20.49071       18.73185 
C         15.93057       21.09038       18.74318 
H         16.15252       22.16786       18.82500 
C         14.59875       20.64287       18.69341 
H         13.76608       21.36455       18.73593 
C         14.31716       19.27012       18.59137 
H         13.26723       18.93279       18.55728 
C         10.41491       12.86369       19.70830 
H         10.94145       11.90667       19.51296 
H         11.04920       13.48070       20.38014 
C          9.03133       12.61203       20.33587 
H          8.52139       13.58845       20.49177 
H          8.41211       12.03492       19.61287 
C          9.14088       11.86042       21.64973 
C          9.18083       10.44886       21.67318 
H          9.09154        9.88986       20.72579 
C          9.32247        9.74958       22.88343 
H          9.34667        8.64699       22.87777 
C          9.42821       10.45181       24.09665 
H          9.53776        9.90396       25.04763 
C          9.38941       11.85685       24.08917 
H          9.46707       12.41772       25.03601 
C          9.24750       12.55157       22.87622 
H          9.21272       13.65506       22.87882 
C          8.75159        9.06221       15.65674 



S60 

 

H          8.30970        8.37062       14.90661 
H          9.85633        8.97077       15.59458 
C          8.25176        8.72214       17.07308 
H          8.76160        9.40310       17.79320 
H          7.16294        8.93867       17.13731 
C          8.51537        7.27358       17.44109 
C          7.46009        6.34078       17.53463 
H          6.42432        6.68176       17.36319 
C          7.70774        4.99209       17.84490 
H          6.86567        4.28294       17.91840 
C          9.02370        4.54855       18.06072 
H          9.22146        3.49024       18.30091 
C         10.08593        5.46624       17.96862 
H         11.12352        5.13113       18.13518 
C          9.83425        6.81471       17.66456 
H         10.67603        7.52766       17.60266 
S         11.62555        7.40218       12.08764 
S          7.27583        9.30265       11.95834 
S          7.76990       13.83731       10.61717 
S         15.21532        7.22925       14.28522 
S         12.54588        9.94293       17.13085 
S         15.74203        9.23268       10.01203 
S         10.26364       10.39791        8.29345 
S         14.74364       11.15583        6.91476 
S         16.76777       14.21264        9.93509 
C         11.51147        6.21929       13.51536 
H         10.89085        6.66844       14.31770 
H         12.55072        6.13348       13.89987 
C         10.99511        4.82131       13.12088 
H         11.63655        4.42136       12.30454 
H         11.15627        4.16211       14.00665 
C          9.53665        4.74926       12.71159 
C          8.51361        4.80997       13.68423 
H          8.77816        4.90691       14.75177 
C          7.16074        4.74246       13.31335 
H          6.37997        4.79046       14.09096 
C          6.80379        4.60737       11.95943 
H          5.74156        4.54445       11.66813 
C          7.81067        4.54984       10.98065 
H          7.54676        4.44941        9.91471 
C          9.16346        4.62369       11.35638 
H          9.94678        4.58179       10.58104 
C          6.43462        8.49386       10.51144 
H          6.50149        7.40039       10.69716 
H          6.99579        8.72279        9.58245 
C          4.96810        8.95157       10.39988 
H          4.94762       10.05581       10.25707 
H          4.45034        8.74104       11.36170 
C          4.24820        8.26363        9.25497 
C          3.54544        7.05592        9.45831 
H          3.49128        6.62850       10.47476 
C          2.91089        6.39807        8.39120 
H          2.36334        5.45807        8.57465 
C          2.96958        6.93773        7.09454 
H          2.47000        6.42458        6.25570 
C          3.66495        8.14005        6.87587 
H          3.71157        8.57725        5.86425 
C          4.29727        8.79392        7.94679 
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H          4.83401        9.74171        7.76714 
C          7.92564       13.70949        8.77474 
H          8.77676       13.04210        8.52804 
H          8.17928       14.73426        8.42287 
C          6.62790       13.21289        8.10997 
H          5.77640       13.83232        8.46688 
H          6.43727       12.17287        8.46450 
C          6.68943       13.24645        6.59344 
C          5.88605       14.14074        5.85286 
H          5.19574       14.81421        6.38969 
C          5.95037       14.18241        4.44891 
H          5.31207       14.88880        3.89174 
C          6.82679       13.32838        3.75806 
H          6.88053       13.35943        2.65678 
C          7.63560       12.43398        4.48281 
H          8.32629       11.75822        3.95061 
C          7.56764       12.39316        5.88559 
H          8.20918       11.68740        6.44325 
C         16.92044        7.36500       15.00955 
H         16.83856        7.00116       16.05614 
H         17.20811        8.43689       15.02325 
C         17.94065        6.54031       14.20511 
H         17.60811        5.47978       14.16089 
H         17.95238        6.92199       13.15839 
C         19.33255        6.62694       14.80438 
C         19.88717        5.54832       15.52589 
H         19.30362        4.61781       15.63768 
C         21.16935        5.63961       16.09522 
H         21.58450        4.78165       16.65102 
C         21.92068        6.81848       15.95351 
H         22.92903        6.89099       16.39478 
C         21.37955        7.90298       15.23945 
H         21.96267        8.83131       15.11768 
C         20.09838        7.80793       14.67164 
H         19.68222        8.66553       14.11512 
C         13.71042       10.63958       18.40061 
H         13.29994       11.64153       18.65742 
H         14.70212       10.80403       17.93524 
C         13.82659        9.77753       19.67221 
H         12.81039        9.62281       20.09852 
H         14.39661       10.38412       20.41480 
C         14.51980        8.44070       19.49214 
C         13.78708        7.23575       19.45152 
H         12.69026        7.26902       19.56143 
C         14.43394        6.00005       19.27787 
H         13.84058        5.07030       19.25189 
C         15.83097        5.94767       19.13934 
H         16.34093        4.97887       19.00428 
C         16.57469        7.14078       19.17928 
H         17.67283        7.11229       19.08088 
C         15.92429        8.37348       19.35581 
H         16.52198        9.30052       19.40031 
C         15.05345        7.90822        8.90822 
H         14.92171        8.39625        7.91838 
H         14.05443        7.59684        9.27604 
C         16.01175        6.70588        8.80155 
H         16.13390        6.25516        9.81154 
H         17.01323        7.07932        8.49172 
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C         15.52503        5.65590        7.82003 
C         15.71135        5.82576        6.42934 
H         16.23332        6.72622        6.06126 
C         15.25012        4.86613        5.51343 
H         15.41108        5.01779        4.43255 
C         14.59159        3.71086        5.97208 
H         14.23502        2.95315        5.25422 
C         14.39495        3.52945        7.35199 
H         13.88161        2.62682        7.72453 
C         14.85530        4.49516        8.26383 
H         14.69906        4.34475        9.34600 
C         10.07738        8.56063        8.10932 
H          9.16062        8.30070        8.68267 
H         10.92713        8.04970        8.60525 
C          9.94222        8.13392        6.63498 
H         10.88774        8.38678        6.10404 
H          9.13461        8.73510        6.16132 
C          9.63571        6.65456        6.48814 
C          8.30056        6.19643        6.43836 
H          7.47477        6.92797        6.47682 
C          8.00759        4.82600        6.33537 
H          6.95655        4.49390        6.29223 
C          9.05051        3.88443        6.28197 
H          8.82373        2.80798        6.19997 
C         10.38435        4.32589        6.33263 
H         11.21352        3.60016        6.29025 
C         10.67234        5.69729        6.43513 
C         14.59076       12.10526        5.32384 
H         14.06270       13.06123        5.52023 
H         13.95718       11.48789        4.65166 
C         15.97362       12.35987        4.69588 
H         16.48804       11.38500        4.54517 
H         16.58980       12.94340        5.41633 
C         15.86124       13.10449        3.37829 
C         15.81416       14.51569        3.34790 
H         15.89877       15.07974        4.29272 
C         15.67077       15.20832        2.13406 
H         15.64122       16.31079        2.13428 
C         15.57010       14.49967        0.92415 
H         15.45949       15.04234       -0.02968 
C         15.61549       13.09488        0.93857 
H         15.54181       12.52902       -0.00562 
C         15.75903       12.40681        2.15511 
H         15.79829       11.30346        2.15809 
C         16.25651       15.90494        9.37625 
H         16.69844       16.59648       10.12639 
H         15.15176       15.99653        9.43835 
C         16.75598       16.24491        7.95976 
H         16.24901       15.56101        7.24041 
H         17.84562       16.03234        7.89629 
C         16.48644       17.69182        7.58953 
C         17.53705       18.63003        7.49807 
H         18.57399       18.29514        7.67448 
C         17.28330       19.97672        7.18402 
H         18.12181       20.69024        7.11185 
C         15.96576       20.41276        6.96261 
H         15.76323       21.46934        6.71882 
C         14.90809       19.48971        7.05329 
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H         13.86929       19.81896        6.88268 
C         15.16585       18.14328        7.36121 
H         14.32757       17.42617        7.42279 
H         11.72384        6.02968        6.46944 
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Ag12Au13PET18_II 
349 
 
Au        12.56519       15.33962       12.14111 
Ag        15.54364       16.37676       13.00758 
Ag        17.22941       13.43408       13.66401 
Au        14.82658       11.12556       13.56857 
Au        11.07049       14.07541       14.44262 
Ag         9.78143       16.55305       12.78465 
Ag        11.08999       16.15704        9.57454 
Au        12.65596       13.35870        9.76672 
Au        14.14319       13.95659       14.37653 
Ag        12.44639       14.02682       17.21910 
Ag         9.52658       12.42286       16.47772 
Au         9.98908       11.38907       13.38443 
Au        12.43543        9.62106       12.88737 
Ag         9.45805        8.58271       12.02092 
Ag         7.77233       11.52497       11.36437 
Au        10.17464       13.83528       11.46085 
Au        13.93098       10.88558       10.58647 
Ag        15.21931        8.40781       12.24443 
Ag        13.91107        8.80433       15.45400 
Au        12.34535       11.60279       15.26285 
Au        10.85869       11.00378       10.65260 
Ag        12.55576       10.93466        7.81008 
Ag        15.47423       12.53853        8.55097 
Au        15.01262       13.57057       11.64457 
Au        12.50069       12.48033       12.51473 
S         13.43562       17.58182       12.68525 
S         17.87869       15.72251       13.15971 
S         17.18620       11.07345       14.32604 
S          9.78902       17.86713       10.73272 
S         12.45837       14.96887        7.89930 
S          9.33836       15.72239       15.04906 
S         14.75785       14.62712       16.66907 
S         10.30208       13.79753       18.34504 
S          8.17233       10.99839       15.01573 
C         13.66200       18.52440       11.09882 
H         14.37199       17.98014       10.44286 
H         12.67002       18.53547       10.59822 
C         14.13077       19.97309       11.34258 
H         13.39395       20.47942       12.00492 
H         14.08541       20.49203       10.35664 
C         15.52712       20.11327       11.91779 
C         16.66288       19.97530       11.08921 
H         16.53154       19.78001       10.01054 
C         17.95908       20.08707       11.61830 
H         18.83090       19.97544       10.95222 
C         18.14435       20.34294       12.98862 
H         19.16205       20.43498       13.40420 
C         17.02335       20.48158       13.82508 
H         17.15275       20.67770       14.90264 
C         15.72807       20.36601       13.29151 
H         14.85407       20.47367       13.95553 
C         18.53381       16.46818       14.72751 
H         18.47944       17.57119       14.60422 
H         17.88022       16.18699       15.57913 
C         19.98567       16.02340       14.99527 
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H         20.00638       14.91480       15.09789 
H         20.60794       16.27609       14.10840 
C         20.56002       16.67435       16.23969 
C         21.29082       17.87989       16.15925 
H         21.47699       18.33151       15.16917 
C         21.78832       18.50532       17.31500 
H         22.36125       19.44407       17.22689 
C         21.56144       17.93442       18.57943 
H         21.95339       18.42184       19.48802 
C         20.83576       16.73401       18.67652 
H         20.65659       16.27252       19.66207 
C         20.34118       16.11286       17.51731 
H         19.77961       15.16658       17.60454 
C         17.10401       11.20639       16.17449 
H         16.26127       11.87352       16.44867 
H         16.88126       10.18811       16.56287 
C         18.42582       11.73235       16.76509 
H         19.26752       11.10577       16.39711 
H         18.59542       12.76222       16.37146 
C         18.41899       11.74702       18.28319 
C         19.20705       10.83952       19.02386 
H         19.85150       10.12298       18.48594 
C         19.18478       10.83936       20.42967 
H         19.80989       10.12174       20.98739 
C         18.36773       11.74925       21.12214 
H         18.34856       11.75150       22.22495 
C         17.57522       12.65793       20.39731 
H         16.93110       13.37728       20.93074 
C         17.60028       12.65654       18.99233 
H         16.97110       13.37285       18.43404 
C          8.07101       17.64175       10.07186 
H          8.08739       17.98340        9.01455 
H          7.82169       16.55888       10.08855 
C          7.03339       18.43466       10.88892 
H          7.32999       19.50644       10.92004 
H          7.05352       18.06154       11.93852 
C          5.63558       18.29692       10.31437 
C          5.05372       19.33082        9.54960 
H          5.61746       20.26727        9.39352 
C          3.77055       19.18857        8.99338 
H          3.33438       20.01264        8.40334 
C          3.04414       18.00233        9.19239 
H          2.03520       17.88926        8.76097 
C          3.61165       16.96213        9.95047 
H          3.04776       16.02884       10.11772 
C          4.89427       17.10835       10.50413 
H          5.33195       16.28506       11.09483 
C         11.25766       14.23501        6.68356 
H         11.65064       13.22745        6.42083 
H         10.27781       14.08836        7.17891 
C         11.11196       15.08424        5.40605 
H         12.11543       15.21783        4.94336 
H         10.50842       14.47870        4.69025 
C         10.44659       16.43370        5.59784 
C         11.20545       17.62198        5.65312 
H         12.30114       17.56501        5.54166 
C         10.58567       18.86905        5.84229 
H         11.19869       19.78522        5.88292 
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C          9.18977       18.94976        5.97941 
H          8.70119       19.92761        6.12674 
C          8.42008       17.77407        5.92406 
H          7.32292       17.82549        6.02345 
C          9.04384       16.52950        5.73407 
H          8.42680       15.61579        5.67813 
C         10.05901       17.02679       16.15676 
H         10.24779       16.53866       17.13717 
H         11.02903       17.37547       15.74738 
C          9.06508       18.19505       16.30865 
H          8.89120       18.65161       15.30894 
H          8.08828       17.78267       16.64803 
C          9.53946       19.25631       17.28452 
C          9.49789       19.02463       18.67834 
H          9.10716       18.06341       19.05518 
C          9.93750       20.00064       19.58745 
H          9.89301       19.79957       20.67125 
C         10.42572       21.23412       19.11953 
H         10.76463       22.00360       19.83333 
C         10.47626       21.47752       17.73632 
H         10.85426       22.44186       17.35655 
C         10.04079       20.49482       16.83003 
H         10.08129       20.69399       15.74524 
C         14.82911       16.48239       16.74434 
H         15.70834       16.78668       16.13589 
H         13.92812       16.91098       16.26023 
C         14.97564       16.97632       18.19699 
H         14.04898       16.72098       18.75910 
H         15.81060       16.42159       18.67987 
C         15.24425       18.46876       18.27034 
C         16.56845       18.95985       18.28740 
H         17.41179       18.24768       18.27992 
C         16.82832       20.34033       18.32021 
H         17.87135       20.69874       18.34015 
C         15.76303       21.25811       18.33420 
H         15.96407       22.34247       18.36175 
C         14.44010       20.78298       18.31614 
H         13.59307       21.48867       18.32954 
C         14.18462       19.40166       18.28471 
H         13.14075       19.04433       18.27702 
C         10.56640       12.62644       19.75964 
H         11.02887       11.68979       19.38237 
H         11.28235       13.10892       20.46020 
C          9.23893       12.31852       20.48114 
H          8.76456       13.27822       20.78459 
H          8.54618       11.83023       19.75905 
C          9.44317       11.43201       21.69542 
C          9.46458       10.02511       21.57186 
H          9.29084        9.56500       20.58373 
C          9.69304        9.20355       22.68865 
H          9.69977        8.10732       22.56743 
C          9.90632        9.77590       23.95474 
H         10.08328        9.13231       24.83275 
C          9.88766       11.17449       24.09388 
H         10.04906       11.63422       25.08375 
C          9.65852       11.99149       22.97401 
H          9.63976       13.08911       23.09267 
C          8.48843        9.27494       15.62720 
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H          7.99394        8.59407       14.90088 
H          9.57963        9.07541       15.60109 
C          7.93084        9.05814       17.04585 
H          8.46748        9.74599       17.73978 
H          6.85759        9.34967       17.06699 
C          8.08763        7.62124       17.50789 
C          6.97924        6.74981       17.57382 
H          5.97811        7.13221       17.31001 
C          7.13143        5.41034       17.97284 
H          6.24946        4.74941       18.02077 
C          8.40273        4.91488       18.30988 
H          8.52508        3.86416       18.62210 
C          9.51713        5.77087       18.24709 
H         10.51977        5.39353       18.50975 
C          9.36071        7.11004       17.85111 
H         10.24245        7.77438       17.80968 
S         11.56623        7.37804       12.34417 
S          7.12293        9.23622       11.86689 
S          7.81517       13.88581       10.70334 
S         15.21158        7.09355       14.29623 
S         12.54262        9.99189       17.12966 
S         15.66377        9.23917        9.98055 
S         10.24424       10.33357        8.35977 
S         14.69981       11.16365        6.68337 
S         16.82819       13.96364       10.01246 
C         11.33938        6.43597       13.93081 
H         10.62957        6.98068       14.58661 
H         12.33134        6.42460       14.43145 
C         10.87004        4.98743       13.68729 
H         11.60679        4.48062       13.02524 
H         10.91498        4.46869       14.67336 
C          9.47375        4.84763       13.11184 
C          8.33785        4.98592       13.94018 
H          8.46899        5.18118       15.01886 
C          7.04173        4.87451       13.41080 
H          6.16981        4.98632       14.07671 
C          6.85669        4.61872       12.04044 
H          5.83905        4.52706       11.62463 
C          7.97782        4.47974       11.20423 
H          7.84859        4.28365       10.12664 
C          9.27302        4.59489       11.73809 
H         10.14714        4.48688       11.07427 
C          6.46980        8.49120       10.29800 
H          6.52426        7.38815       10.42090 
H          7.12436        8.77287        9.44729 
C          5.01817        8.93570       10.02855 
H          4.99725       10.04433        9.92630 
H          4.39480        8.68245       10.91448 
C          4.44576        8.28494        8.78312 
C          3.71528        7.07911        8.86216 
H          3.52704        6.62763        9.85191 
C          3.22058        6.45330        7.70542 
H          2.64781        5.51435        7.79243 
C          3.44994        7.02412        6.44140 
H          3.06058        6.53616        5.53200 
C          4.17503        8.22500        6.34574 
H          4.35585        8.68660        5.36054 
C          4.66678        8.84656        7.50594 
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H          5.22772        9.79331        7.41983 
C          7.89876       13.75404        8.85486 
H          8.74173       13.08709        8.58095 
H          8.12192       14.77259        8.46739 
C          6.57749       13.22866        8.26260 
H          5.73534       13.85435        8.63108 
H          6.40796       12.19805        8.65429 
C          6.58553       13.21678        6.74447 
C          5.79705       14.12477        6.00486 
H          5.15079       14.83907        6.54358 
C          5.82145       14.12847        4.59909 
H          5.19576       14.84622        4.04220 
C          6.64101       13.22161        3.90560 
H          6.66257       13.22278        2.80283 
C          7.43348       12.31205        4.62936 
H          8.07897       11.59453        4.09511 
C          7.40623       12.30986        6.03430 
H          8.03542       11.59288        6.59173 
C         16.92959        7.31926       14.95695 
H         16.91328        6.97761       16.01426 
H         17.17867        8.40218       14.94026 
C         17.96740        6.52654       14.13994 
H         17.67167        5.45449       14.10988 
H         17.94643        6.89878       13.09005 
C         19.36539        6.66585       14.71370 
C         19.94872        5.63285       15.47857 
H         19.38619        4.69574       15.63501 
C         21.23184        5.77686       16.03446 
H         21.66928        4.95339       16.62440 
C         21.95670        6.96398       15.83506 
H         22.96544        7.07857       16.26655 
C         21.38779        8.00323       15.07675 
H         21.95052        8.93713       14.90901 
C         20.10526        7.85523       14.52335 
H         19.66652        8.67772       13.93230 
C         13.74265       10.72566       18.34607 
H         13.34921       11.73295       18.60907 
H         14.72267       10.87283       17.85122 
C         13.88797        9.87590       19.62328 
H         12.88390        9.73901       20.08371 
H         14.48823       10.48262       20.34083 
C         14.55781        8.52862       19.43169 
C         13.80274        7.33802       19.37375 
H         12.70662        7.39152       19.48257 
C         14.42683        6.09304       19.18488 
H         13.81678        5.17498       19.14232 
C         15.82328        6.01681       19.05073 
H         16.31524        5.04063       18.90356 
C         16.58916        7.19486       19.10868 
H         17.68668        7.14695       19.01154 
C         15.96113        8.43729       19.29845 
H         16.57516        9.35288       19.35626 
C         14.94386        7.93487        8.87222 
H         14.75486        8.42332        7.89200 
H         13.97399        7.58555        9.28141 
C         15.93829        6.76713        8.71978 
H         16.11337        6.31094        9.71945 
H         16.91455        7.17990        8.37929 
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C         15.46325        5.70545        7.74467 
C         15.50354        5.93663        6.35073 
H         15.89289        6.89815        5.97324 
C         15.06384        4.95999        5.44235 
H         15.10705        5.16080        4.35845 
C         14.57698        3.72630        5.91111 
H         14.23868        2.95604        5.19786 
C         14.52759        3.48344        7.29446 
H         14.15066        2.51894        7.67490 
C         14.96299        4.46684        8.20003 
H         14.92265        4.26840        9.28495 
C         10.17376        8.47831        8.28403 
H          9.29553        8.17330        8.89356 
H         11.07567        8.05013        8.76679 
C         10.02576        7.98480        6.83139 
H         10.95133        8.24153        6.26813 
H          9.18941        8.53862        6.34986 
C          9.75915        6.49200        6.75786 
C          8.43565        5.99898        6.74274 
H          7.59125        6.70987        6.75216 
C          8.17778        4.61814        6.70937 
H          7.13522        4.25830        6.69116 
C          9.24439        3.70194        6.69277 
H          9.04495        2.61731        6.66460 
C         10.56666        4.17900        6.70892 
H         11.41465        3.47449        6.69333 
C         10.82014        5.56068        6.74109 
C         14.43505       12.33481        5.26891 
H         13.97211       13.27120        5.64624 
H         13.71938       11.85205        4.56826 
C         15.76238       12.64351        4.54748 
H         16.23713       11.68410        4.24368 
H         16.45497       13.13186        5.26968 
C         15.55763       13.53031        3.33349 
C         15.53518       14.93714        3.45757 
H         15.70878       15.39702        4.44584 
C         15.30586       15.75894        2.34113 
H         15.29830       16.85512        2.46276 
C         15.09279       15.18690        1.07487 
H         14.91505       15.83068        0.19716 
C         15.11260       13.78838        0.93520 
H         14.95145       13.32889       -0.05483 
C         15.34258       12.97114        2.05471 
H         15.36224       11.87357        1.93563 
C         16.50989       15.68709        9.40212 
H         17.00431       16.36805       10.12840 
H         15.41850       15.88550        9.42930 
C         17.06597       15.90534        7.98309 
H         16.53001       15.21675        7.28937 
H         18.13974       15.61582        7.96099 
C         16.90611       17.34214        7.52177 
C         18.01275       18.21577        7.45550 
H         19.01491       17.83504        7.71783 
C         17.85754       19.55531        7.05788 
H         18.73817       20.21801        7.00969 
C         16.58496       20.04859        6.72251 
H         16.46022       21.09941        6.41156 
C         15.47232       19.19032        6.78547 
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H         14.46870       19.56591        6.52403 
C         15.63174       17.85111        7.18006 
H         14.75136       17.18496        7.22161 
H         11.86350        5.91950        6.74768 
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Ag12Au13PET18_III 
349 
 
Ag        12.52287       15.31799       12.17197 
Au        15.51968       16.52082       13.10237 
Au        17.38203       13.40364       13.76969 
Ag        14.84046       11.19392       13.54771 
Ag        11.00936       14.00358       14.39132 
Au         9.60385       16.60757       12.81228 
Au        11.11635       16.26440        9.38241 
Ag        12.68848       13.43757        9.83867 
Ag        14.03993       13.94151       14.38166 
Au        12.48697       14.10008       17.34808 
Au         9.39576       12.23039       16.52482 
Ag        10.02990       11.33347       13.30477 
Ag        12.49881        9.65488       12.85235 
Au         9.46849        8.44669       11.95901 
Au         7.59534       11.55891       11.30754 
Ag        10.17834       13.78466       11.48967 
Ag        14.03358       10.96746       10.64491 
Au        15.43238        8.36921       12.17282 
Au        13.90889        8.69550       15.59984 
Ag        12.34109       11.57396       15.18956 
Au        11.02913       11.05745       10.58209 
Ag        12.52192       10.94957        7.83935 
Au        15.63453       12.75949        8.48152 
Ag        15.00217       13.61487       11.67126 
Au        12.51924       12.48884       12.51141 
S         13.38854       17.55688       13.00971 
S         17.74194       15.66009       13.08952 
S         17.23687       11.12988       14.44137 
S          9.80165       17.73514       10.71801 
S         12.48657       15.03590        7.87126 
S          9.24605       15.73689       14.99148 
S         14.74024       14.53828       16.74829 
S         10.24834       13.81331       18.10110 
S          8.27455       10.74359       15.06350 
C         13.48427       18.75526       11.59351 
H         14.09142       18.31334       10.77704 
H         12.43953       18.84762       11.22581 
C         14.01017       20.14748       11.99558 
H         13.38599       20.53745       12.83004 
H         13.83114       20.81845       11.12216 
C         15.47698       20.21437       12.37529 
C         16.47918       20.16806       11.38040 
H         16.19236       20.08466       10.31755 
C         17.83951       20.23342       11.72321 
H         18.60348       20.19768       10.92849 
C         18.22504       20.35157       13.07086 
H         19.29314       20.41321       13.34011 
C         17.23919       20.39410       14.07155 
H         17.52550       20.48185       15.13280 
C         15.87878       20.32239       13.72381 
H         15.11228       20.35288       14.51621 
C         18.58544       16.46923       14.53543 
H         18.51902       17.56260       14.34898 
H         18.02537       16.24165       15.46537 
C         20.05182       16.01089       14.64598 



S72 

 

H         20.07266       14.90620       14.78474 
H         20.57003       16.22520       13.68519 
C         20.77039       16.69528       15.79385 
C         21.45778       17.91314       15.59858 
H         21.50136       18.35109       14.58610 
C         22.09013       18.56806       16.66871 
H         22.62566       19.51615       16.49155 
C         22.04475       18.01521       17.96039 
H         22.54253       18.52624       18.80158 
C         21.36515       16.80251       18.17090 
H         21.32967       16.35469       19.17832 
C         20.73476       16.15166       17.09693 
H         20.21010       15.19590       17.27006 
C         17.08151       11.25410       16.28422 
H         16.23210       11.92309       16.53238 
H         16.82554       10.22893       16.63311 
C         18.38012       11.74566       16.95069 
H         19.22996       11.12315       16.59517 
H         18.57538       12.78504       16.59670 
C         18.31608       11.71236       18.46721 
C         19.12136       10.82126       19.20950 
H         19.81487       10.14992       18.67414 
C         19.05456       10.77969       20.61333 
H         19.69455       10.07590       21.17185 
C         18.17355       11.63043       21.30235 
H         18.11805       11.59960       22.40354 
C         17.36249       12.52139       20.57589 
H         16.66796       13.19431       21.10665 
C         17.43307       12.56219       19.17325 
H         16.78973       13.26506       18.61410 
C          8.10043       17.58975        9.98525 
H          8.18600       17.94939        8.93753 
H          7.81735       16.51669        9.97495 
C          7.07305       18.41346       10.78153 
H          7.39909       19.47622       10.82041 
H          7.05980       18.03790       11.83045 
C          5.68373       18.31423       10.17826 
C          5.12658       19.38233        9.44317 
H          5.70533       20.31503        9.32482 
C          3.84756       19.27793        8.86896 
H          3.42984       20.12802        8.30310 
C          3.10228       18.09630        9.01931 
H          2.09693       18.01303        8.57311 
C          3.64598       17.02235        9.74724 
H          3.06746       16.09209        9.87601 
C          4.92391       17.13043       10.31998 
H          5.34206       16.28117       10.88775 
C         11.30754       14.29680        6.63756 
H         11.72519       13.29605        6.38684 
H         10.32700       14.12852        7.12465 
C         11.15905       15.13282        5.35169 
H         12.16477       15.27950        4.89856 
H         10.57268       14.51049        4.63546 
C         10.46928       16.47276        5.52116 
C         11.20495       17.67661        5.53843 
H         12.30076       17.63955        5.42035 
C         10.56202       18.91585        5.70050 
H         11.15726       19.84470        5.70696 
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C          9.16635       18.97289        5.85100 
H          8.65938       19.94462        5.97598 
C          8.42001       17.78091        5.83499 
H          7.32296       17.81301        5.94382 
C          9.06635       16.54448        5.66947 
H          8.46638       15.61827        5.64252 
C          9.95521       17.05736       16.08702 
H         10.04897       16.58469       17.08853 
H         10.97189       17.32818       15.73496 
C          9.03609       18.29338       16.14878 
H          8.94712       18.72059       15.12491 
H          8.01748       17.96299       16.45057 
C          9.54413       19.35172       17.10963 
C          9.23039       19.29201       18.48600 
H          8.58866       18.47385       18.85688 
C          9.71340       20.25929       19.38272 
H          9.45107       20.19505       20.45239 
C         10.52218       21.31155       18.91760 
H         10.89616       22.07618       19.61920 
C         10.84674       21.38247       17.55143 
H         11.47791       22.20481       17.17426 
C         10.36410       20.40956       16.65954 
H         10.62184       20.47243       15.58826 
C         14.94396       16.37271       16.94174 
H         15.86368       16.62685       16.37061 
H         14.09933       16.89482       16.44884 
C         15.08213       16.78681       18.41945 
H         14.13138       16.54533       18.94615 
H         15.87866       16.16899       18.89064 
C         15.41280       18.25961       18.57922 
C         16.75538       18.69617       18.62486 
H         17.56944       17.95255       18.57086 
C         17.07065       20.06031       18.74386 
H         18.12709       20.37513       18.78323 
C         16.04310       21.01720       18.81821 
H         16.28722       22.08865       18.91419 
C         14.70225       20.59728       18.77127 
H         13.88489       21.33520       18.82966 
C         14.39182       19.23208       18.65203 
H         13.33497       18.91692       18.61928 
C         10.37928       12.86764       19.69654 
H         10.91221       11.91230       19.51084 
H         11.00127       13.48788       20.37688 
C          8.98718       12.61179       20.30320 
H          8.46945       13.58616       20.44532 
H          8.38277       12.02726       19.57361 
C          9.07961       11.86788       21.62279 
C          9.12696       10.45676       21.65446 
H          9.05666        9.89221       20.70876 
C          9.25221        9.76470       22.87061 
H          9.28208        8.66224       22.87131 
C          9.33392       10.47395       24.08159 
H          9.43027        9.93173       25.03722 
C          9.28800       11.87871       24.06590 
H          9.34709       12.44499       25.01086 
C          9.16259       12.56622       22.84705 
H          9.12196       13.66950       22.84303 
C          8.77657        9.05288       15.63532 
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H          8.34009        8.35976       14.88344 
H          9.88157        8.95811       15.58441 
C          8.26143        8.72186       17.04825 
H          8.76923        9.40216       17.77060 
H          7.17356        8.94602       17.10150 
C          8.51138        7.27307       17.42521 
C          7.44796        6.34968       17.51902 
H          6.41592        6.69812       17.34042 
C          7.68291        5.00078       17.83819 
H          6.83467        4.29892       17.91087 
C          8.99406        4.54754       18.06307 
H          9.18174        3.48929       18.31148 
C         10.06427        5.45584       17.97064 
H         11.09828        5.11264       18.14313 
C          9.82527        6.80458       17.65782 
H         10.67303        7.51038       17.59597 
S         11.60515        7.41989       12.05399 
S          7.23951        9.29622       11.97135 
S          7.77178       13.83114       10.63476 
S         15.23402        7.23497       14.26198 
S         12.51837        9.90465       17.10442 
S         15.78763        9.25388        9.99849 
S         10.19668       10.39307        8.30484 
S         14.74694       11.19382        6.90907 
S         16.77929       14.23810        9.94435 
C         11.52271        6.21690       13.46664 
H         10.91013        6.64936       14.28415 
H         12.56796        6.13315       13.83479 
C         11.01141        4.82042       13.05957 
H         11.63661        4.44242       12.22031 
H         11.20185        4.14672       13.92853 
C          9.54375        4.73863       12.68597 
C          8.54613        4.75868       13.68626 
H          8.83756        4.83182       14.74862 
C          7.18493        4.68156       13.34950 
H          6.42462        4.69813       14.14840 
C          6.79399        4.57730       12.00232 
H          5.72532        4.50677       11.73751 
C          7.77526        4.56030       10.99638 
H          7.48517        4.48351        9.93533 
C          9.13650        4.64379       11.33816 
H          9.89900        4.63361       10.54150 
C          6.41312        8.49424       10.51243 
H          6.48759        7.39960       10.68839 
H          6.97827        8.73692        9.58939 
C          4.94330        8.93989       10.39493 
H          4.91390       10.04515       10.26229 
H          4.42079        8.71542       11.35106 
C          4.23772        8.25581        9.23886 
C          3.54928        7.03715        9.42550 
H          3.49490        6.59848       10.43715 
C          2.92930        6.38242        8.34798 
H          2.39333        5.43331        8.51839 
C          2.98811        6.93644        7.05736 
H          2.49968        6.42585        6.21041 
C          3.66922        8.14974        6.85528 
H          3.71625        8.59796        5.84851 
C          4.28710        8.80039        7.93657 
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H          4.81292        9.75659        7.76982 
C          7.92153       13.68127        8.79290 
H          8.74803       12.98096        8.55354 
H          8.20871       14.69308        8.42950 
C          6.60559       13.22225        8.13685 
H          5.77716       13.87692        8.48506 
H          6.37887       12.19512        8.50710 
C          6.66434       13.22987        6.61988 
C          5.88634       14.13586        5.86654 
H          5.21849       14.83877        6.39395 
C          5.94763       14.15255        4.46188 
H          5.32946       14.86896        3.89484 
C          6.79555       13.26107        3.78295 
H          6.84663       13.27213        2.68116 
C          7.57880       12.35439        4.52046 
H          8.24636       11.64868        3.99755 
C          7.51404       12.33862        5.92394 
H          8.13543       11.62331        6.49225 
C         16.93215        7.37432       15.00155 
H         16.84208        7.00653       16.04611 
H         17.21601        8.44720       15.02164 
C         17.96179        6.55540       14.20323 
H         17.63105        5.49473       14.14995 
H         17.98406        6.94258       13.15870 
C         19.34738        6.64020       14.81720 
C         19.89358        5.56001       15.54281 
H         19.30864        4.62942       15.64618 
C         21.16937        5.64984       16.12650 
H         21.57842        4.79041       16.68455 
C         21.92248        6.82886       15.99563 
H         22.92553        6.90048       16.44896 
C         21.38966        7.91490       15.27769 
H         21.97450        8.84316       15.16391 
C         20.11484        7.82127       14.69549 
H         19.70508        8.67987       14.13582 
C         13.66790       10.61950       18.37783 
H         13.24115       11.61476       18.63426 
H         14.65818       10.79973       17.91525 
C         13.79385        9.75824       19.64919 
H         12.77863        9.58561       20.07099 
H         14.35031       10.37378       20.39465 
C         14.51081        8.43393       19.46978 
C         13.79840        7.21746       19.41417 
H         12.70001        7.23210       19.51175 
C         14.46722        5.99359       19.23992 
H         13.88946        5.05448       19.20173 
C         15.86634        5.96491       19.11614 
H         16.39356        5.00545       18.98087 
C         16.58996        7.16969       19.17138 
H         17.68931        7.15994       19.08395 
C         15.91762        8.39051       19.34840 
H         16.49966        9.32679       19.40536 
C         15.08553        7.94104        8.88852 
H         14.95830        8.43442        7.90051 
H         14.08491        7.63498        9.25680 
C         16.03601        6.73289        8.77700 
H         16.15259        6.27612        9.78491 
H         17.04052        7.10205        8.47197 
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C         15.54659        5.69078        7.78847 
C         15.74107        5.86523        6.39947 
H         16.27243        6.76277        6.03775 
C         15.27762        4.91260        5.47734 
H         15.44474        5.06773        4.39791 
C         14.60935        3.75983        5.92795 
H         14.25023        3.00807        5.20515 
C         14.40543        3.57358        7.30617 
H         13.88556        2.67223        7.67265 
C         14.86751        4.53247        8.22433 
H         14.70602        4.37791        9.30512 
C         10.07953        8.54539        8.16916 
H          9.19225        8.24710        8.76922 
H         10.96481        8.07701        8.64466 
C          9.92532        8.09859        6.70172 
H         10.85504        8.36150        6.14783 
H          9.09790        8.67953        6.23675 
C          9.64022        6.61306        6.57400 
C          8.31140        6.13498        6.54725 
H          7.47571        6.85477        6.59167 
C          8.03738        4.75961        6.45939 
H          6.99084        4.41175        6.43362 
C          9.09321        3.83297        6.39836 
H          8.88119        2.75273        6.32750 
C         10.42083        4.29445        6.42625 
H         11.26017        3.58096        6.37752 
C         10.68994        5.67079        6.51365 
C         14.55511       12.15956        5.33429 
H         14.04499       13.12086        5.55303 
H         13.89251       11.55780        4.67531 
C         15.91542       12.41035        4.65601 
H         16.41661       11.43276        4.48057 
H         16.56077       12.98363        5.35872 
C         15.76134       13.16484        3.34857 
C         15.70465       14.57613        3.33100 
H         15.81394       15.13302        4.27760 
C         15.52121       15.27790        2.12779 
H         15.48557       16.38018        2.13803 
C         15.38887       14.57868        0.91539 
H         15.24586       15.12838       -0.03006 
C         15.44351       13.17414        0.91678 
H         15.34574       12.61555       -0.02960 
C         15.62721       12.47704        2.12283 
H         15.67379       11.37399        2.11529 
C         16.26238       15.93163        9.39495 
H         16.71429       16.62238       10.13978 
H         15.15848       16.02431        9.47100 
C         16.74346       16.27295        7.97224 
H         16.22740       15.58967        7.25900 
H         17.83226       16.06063        7.89499 
C         16.46882       17.72001        7.60664 
C         17.51584       18.66282        7.52045 
H         18.55403       18.33101        7.69548 
C         17.25705       20.00991        7.21229 
H         18.09271       20.72724        7.14482 
C         15.93802       20.44163        6.99081 
H         15.73179       21.49821        6.75010 
C         14.88394       19.51398        7.07593 
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H         13.84392       19.83960        6.90576 
C         15.14687       18.16723        7.37804 
H         14.31157       17.44624        7.43371 
H         11.73698        6.01827        6.53072 
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Ag12Au13PET18_IV 
349 
 
Ag        12.51620       15.32963       12.12487 
Au        15.62540       16.53644       13.04230 
Ag        17.23621       13.38460       13.53941 
Au        14.85819       11.20629       13.48496 
Ag        11.16761       14.11649       14.47421 
Au         9.70335       16.70284       12.78843 
Ag        11.10887       16.03882        9.49401 
Au        12.53527       13.30613        9.79285 
Ag        14.18620       14.03976       14.28952 
Au        12.55403       14.21114       17.35008 
Ag         9.61613       12.35740       16.46706 
Au        10.06518       11.41905       13.48213 
Ag        12.48714        9.63185       12.90276 
Au         9.37870        8.42360       11.98538 
Ag         7.76791       11.57462       11.49001 
Au        10.14566       13.75483       11.54513 
Ag        13.83665       10.84622       10.55478 
Au        15.29920        8.25801       12.24077 
Ag        13.89487        8.92457       15.53457 
Au        12.46934       11.65730       15.23686 
Ag        10.81932       10.92197       10.73924 
Au        12.45035       10.75091        7.67846 
Ag        15.38947       12.60291        8.56167 
Au        14.94020       13.54049       11.54639 
Au        12.50235       12.48104       12.51474 
S         13.48059       17.54007       12.87552 
S         17.85222       15.70129       13.10017 
S         17.22379       11.04579       14.26938 
S          9.88616       17.78859       10.66973 
S         12.42279       14.82449        7.80767 
S          9.35149       15.79410       14.95636 
S         14.78212       14.67434       16.66557 
S         10.35872       13.90217       18.21603 
S          8.23822       10.88146       15.08658 
C         13.59713       18.70239       11.42972 
H         14.25950       18.26175       10.65644 
H         12.56824       18.75282       11.01205 
C         14.05801       20.12034       11.82187 
H         13.36501       20.51791       12.59590 
H         13.92699       20.75845       10.91603 
C         15.49044       20.23312       12.30641 
C         16.56524       20.20020       11.39014 
H         16.35920       20.10088       10.30988 
C         17.89441       20.29468       11.83356 
H         18.71755       20.26591       11.09987 
C         18.17482       20.42881       13.20527 
H         19.21830       20.50949       13.55388 
C         17.11567       20.46089       14.12844 
H         17.31916       20.56044       15.20772 
C         15.78707       20.36137       13.67998 
H         14.96246       20.38242       14.41208 
C         18.59408       16.39742       14.65442 
H         18.55779       17.50310       14.55381 
H         17.96932       16.11039       15.52532 
C         20.04444       15.91221       14.84063 
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H         20.04553       14.80120       14.91751 
H         20.63199       16.17296       13.93261 
C         20.68819       16.52168       16.07241 
C         21.45337       17.70492       15.98332 
H         21.61560       18.16828       14.99449 
C         22.01419       18.29381       17.12925 
H         22.61237       19.21596       17.03459 
C         21.81713       17.70808       18.39178 
H         22.25783       18.16730       19.29268 
C         21.05821       16.52910       18.49690 
H         20.90167       16.05587       19.48070 
C         20.50060       15.94417       17.34766 
H         19.91287       15.01466       17.44172 
C         17.15430       11.22633       16.11486 
H         16.31240       11.89705       16.38269 
H         16.93456       10.21686       16.52785 
C         18.48016       11.76218       16.68733 
H         19.31993       11.13870       16.30982 
H         18.63932       12.79091       16.28628 
C         18.49604       11.78143       18.20546 
C         19.31083       10.88842       18.93507 
H         19.95815       10.18138       18.38811 
C         19.30988       10.88911       20.34098 
H         19.95579       10.18299       20.88963 
C         18.48805       11.78567       21.04511 
H         18.48430       11.78755       22.14810 
C         17.66969       12.68026       20.33161 
H         17.02164       13.38939       20.87379 
C         17.67317       12.67785       18.92634 
H         17.02144       13.38222       18.37877 
C          8.16836       17.63242        9.98175 
H          8.23926       17.91544        8.90930 
H          7.86072       16.56687       10.05105 
C          7.16242       18.52796       10.72806 
H          7.50915       19.58431       10.69192 
H          7.15314       18.22408       11.79962 
C          5.76713       18.41356       10.14249 
C          5.23618       19.42294        9.31090 
H          5.83919       20.32507        9.10737 
C          3.95395       19.29944        8.74783 
H          3.55780       20.10384        8.10488 
C          3.17779       18.15715        9.00728 
H          2.16975       18.05913        8.57017 
C          3.69441       17.14179        9.83262 
H          3.09122       16.24346       10.04721 
C          4.97603       17.26901       10.39309 
H          5.37381       16.46565       11.03706 
C         11.18044       14.09508        6.63443 
H         11.54055       13.06808        6.39904 
H         10.20541       13.98948        7.15006 
C         11.03191       14.91383        5.33762 
H         12.03042       15.01797        4.85697 
H         10.40662       14.30190        4.64617 
C         10.39324       16.27951        5.50490 
C         11.17107       17.45688        5.50793 
H         12.26296       17.38050        5.37351 
C         10.57435       18.71849        5.67433 
H         11.20158       19.62596        5.67021 
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C          9.18350       18.82529        5.84246 
H          8.71307       19.81471        5.97097 
C          8.39520       17.66055        5.84032 
H          7.30157       17.73192        5.96367 
C          8.99569       16.40152        5.67150 
H          8.36375       15.49642        5.65702 
C          9.97378       17.10868       16.10923 
H         10.11551       16.60002       17.08726 
H         10.96243       17.47075       15.76107 
C          8.96487       18.26649       16.23355 
H          8.82888       18.73215       15.23217 
H          7.97832       17.84467       16.52971 
C          9.40046       19.31694       17.23861 
C          9.26129       19.08995       18.62666 
H          8.81632       18.14229       18.97679 
C          9.67426       20.05164       19.56306 
H          9.55262       19.85407       20.64166 
C         10.23505       21.26625       19.12844 
H         10.55341       22.02506       19.86295 
C         10.38341       21.50510       17.75138 
H         10.81908       22.45488       17.39744 
C          9.97247       20.53698       16.81852 
H         10.09025       20.73207       15.73864 
C         14.93654       16.51682       16.83528 
H         15.84073       16.79763       16.25254 
H         14.06938       17.00477       16.34662 
C         15.07084       16.94836       18.30808 
H         14.14427       16.65042       18.84922 
H         15.91157       16.38633       18.77186 
C         15.30520       18.44091       18.45318 
C         16.61517       18.96498       18.51377 
H         17.47669       18.27552       18.48398 
C         16.83713       20.34880       18.61768 
H         17.86948       20.73427       18.67064 
C         15.74769       21.23682       18.66025 
H         15.91966       22.32333       18.74317 
C         14.43813       20.72905       18.59935 
H         13.57262       21.41126       18.63434 
C         14.22116       19.34482       18.49680 
H         13.18840       18.95885       18.45508 
C         10.57420       12.83398       19.72054 
H         11.10097       11.89958       19.43194 
H         11.21935       13.39406       20.43074 
C          9.21085       12.51371       20.36318 
H          8.68652       13.46789       20.59380 
H          8.58335       11.97149       19.62017 
C          9.36301       11.68349       21.62438 
C          9.41909       10.27369       21.56103 
H          9.31259        9.77078       20.58433 
C          9.59851        9.50366       22.72254 
H          9.63380        8.40386       22.64822 
C          9.72740       10.13191       23.97333 
H          9.86638        9.52880       24.88617 
C          9.67366       11.53429       24.05230 
H          9.76915       12.03759       25.02945 
C          9.49346       12.29980       22.88797 
H          9.44680       13.40061       22.95918 
C          8.66979        9.16561       15.64567 
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H  8.19074  8.47739  14.91605 
H  9.76827  9.02522  15.57472 
C  8.17465  8.87794  17.07546 
H  8.70543  9.56550  17.77374 
H  7.09060  9.11726  17.14439 
C  8.41494  7.43477  17.47913 
C  7.35470  6.50474  17.53372 
H  6.32900  6.84417  17.30792 
C  7.58559  5.15995  17.87231 
H  6.74024  4.45217  17.91297 
C  8.88887  4.71844  18.15856 
H  9.07298  3.66354  18.42315 
C  9.95591  5.63348  18.10598 
H  10.98346  5.29911  18.32735 
C  9.72067  6.97751  17.77110 
H  10.56590  7.68818  17.73699 
S  11.52422  7.42125  12.15014 
S  7.15161  9.25808  11.92920 
S  7.77998  13.91351  10.76072 
S  15.11610  7.17302  14.35977 
S  12.58036  10.13790  17.22135 
S  15.65059  9.16626  10.07264 
S  10.22231  10.28850  8.36327 
S  14.64539  11.05999  6.81189 
S  16.76766  14.07828  9.94250 
C  11.40910  6.25659  13.59415 
H  10.74658  6.69549  14.36829 
H  12.43816  6.20638  14.01142 
C  10.94930  4.83885  13.19996 
H  11.64230  4.44314  12.42497 
H  11.08137  4.19938  14.10471 
C  9.51674  4.72552  12.71596 
C  8.44239  4.75589  13.63284 
H  8.64894  4.85359  14.71315 
C  7.11307  4.66096  13.18998 
H  6.29029  4.68775  13.92416 
C  6.83205  4.52894  11.81819 
H  5.78846  4.44794  11.46999 
C  7.89073  4.49936  10.89439 
H  7.68674  4.40148  9.81506 
C  9.21948  4.59930  11.34233 
H  10.04372  4.58027  10.60976 
C  6.40859  8.56246  10.37528 
H  6.44406  7.45675  10.47584 
H  7.03318  8.84897  9.50409 
C  4.95858  9.04893  10.18970 
H  4.95839  10.16001  10.11368 
H  4.37096  8.78796  11.09762 
C  4.31419  8.44098  8.95751 
C  3.54919  7.25754  9.04565 
H  3.38744  6.79312  10.03406 
C  2.98824  6.66961  7.89930 
H  2.39030  5.74723  7.99323 
C  3.18478  7.25667  6.63730 
H  2.74398  6.79820  5.73607 
C  3.94330  8.43598  6.53314 
H  4.09933  8.91028  5.54978 
C  4.50107  9.01993  7.68282 
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H          5.08855        9.94969        7.58954 
C          7.85104       13.73448        8.91518 
H          8.69134       13.06162        8.64772 
H          8.07420       14.74371        8.50343 
C          6.52425       13.20315        8.34062 
H          5.68596       13.82920        8.71716 
H          6.36115       12.17477        8.74098 
C          6.51055       13.18455        6.82245 
C          5.69821       14.07916        6.09205 
H          5.05133       14.78707        6.63839 
C          5.70143       14.07930        4.68614 
H          5.05749       14.78674        4.13687 
C          6.52289       13.18179        3.98279 
H          6.52834       13.18047        2.87982 
C          7.33891       12.28570        4.69709 
H          7.98679       11.57593        4.15552 
C          7.33313       12.28725        6.10234 
H          7.98322       11.58184        6.65053 
C         16.83389        7.32784       15.04798 
H         16.76246        7.04481       16.12041 
H         17.14252        8.39311       14.97881 
C         17.83909        6.43116       14.30203 
H         17.48949        5.37568       14.33553 
H         17.85143        6.73693       13.23105 
C         19.23337        6.54056       14.89100 
C         19.75989        5.52745       15.72085 
H         19.15423        4.62617       15.92021 
C         21.04104        5.64618       16.28741 
H         21.43369        4.83891       16.92890 
C         21.82051        6.78746       16.03340 
H         22.82765        6.88179       16.47340 
C         21.30839        7.80647       15.20975 
H         21.91425        8.70399       14.99937 
C         20.02786        7.68393       14.64569 
H         19.63363        8.49007       14.00301 
C         13.82192       10.86699       18.39560 
H         13.46128       11.89369       18.63142 
H         14.79721       10.97325       17.88058 
C         13.96991       10.04746       19.69200 
H         12.97064        9.94011       20.17037 
H         14.59195       10.66052       20.38535 
C         14.61297        8.68381       19.52499 
C         13.83825        7.50441       19.51611 
H         12.74553        7.57771       19.64538 
C         14.43910        6.24464       19.35075 
H         13.81425        5.33551       19.35034 
C         15.83105        6.14179       19.18931 
H         16.30479        5.15381       19.06183 
C         16.61620        7.30862       19.19678 
H         17.71055        7.24033       19.07827 
C         16.01159        8.56581       19.36457 
H         16.64101        9.47258       19.38321 
C         15.02514        7.85310        8.91989 
H         14.88392        8.36232        7.94208 
H         14.03593        7.49290        9.26843 
C         16.03166        6.69335        8.79450 
H         16.16580        6.22561        9.79516 
H         17.01936        7.11356        8.49991 
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C         15.59480        5.64575        7.78699 
C         15.73820        5.87425        6.39962 
H         16.18717        6.82094        6.05200 
C         15.32454        4.91522        5.46080 
H         15.44968        5.11390        4.38281 
C         14.75859        3.70189        5.89227 
H         14.43973        2.94510        5.15589 
C         14.60559        3.46175        7.26860 
H         14.16576        2.51297        7.62006 
C         15.01730        4.42720        8.20389 
H         14.89596        4.23104        9.28318 
C         10.06572        8.44634        8.19249 
H          9.16089        8.16666        8.77479 
H         10.93196        7.95683        8.68123 
C          9.93092        8.01580        6.71941 
H         10.85966        8.30883        6.17931 
H          9.09380        8.58259        6.25487 
C          9.68801        6.52468        6.57346 
C          8.37492        6.00868        6.51083 
H          7.51761        6.70341        6.53990 
C          8.14449        4.62634        6.40587 
H          7.10982        4.24742        6.35137 
C          9.22848        3.73164        6.36426 
H          9.04997        2.64625        6.28046 
C         10.54106        4.23132        6.42722 
H         11.40228        3.54364        6.39293 
C         10.76652        5.61413        6.53086 
C         14.42935       12.12967        5.30851 
H         13.90251       13.06367        5.59823 
H         13.78411       11.57017        4.59792 
C         15.79247       12.45085        4.66582 
H         16.31690       11.49703        4.43397 
H         16.42008       12.99236        5.40925 
C         15.63980       13.28248        3.40560 
C         15.58366       14.69221        3.47056 
H         15.69044       15.19404        4.44780 
C         15.40379       15.46355        2.31000 
H         15.36847       16.56326        2.38559 
C         15.27449       14.83670        1.05854 
H         15.13516       15.44084        0.14643 
C         15.32827       13.43443        0.97797 
H         15.23247       12.93223        0.00028 
C         15.50895       12.66760        2.14136 
H         15.55565       11.56687        2.06887 
C         16.33624       15.79407        9.38310 
H         16.81577       16.48243       10.11226 
H         15.23781       15.93467        9.45454 
C         16.83066       16.08118        7.95295 
H         16.29987       15.39301        7.25529 
H         17.91478       15.84227        7.88367 
C         16.58954       17.52401        7.54855 
C         17.64925       18.45461        7.49340 
H         18.67515       18.11591        7.71938 
C         17.41759       19.79906        7.15396 
H         18.26251       20.50731        7.11286 
C         16.11405       20.23963        6.86742 
H         15.92933       21.29425        6.60215 
C         15.04754       19.32401        6.92061 



S84 

 

H         14.01979       19.65763        6.69905 
C         15.28354       17.98033        7.25634 
H         14.43870       17.26920        7.29087 
H         11.80162        5.99358        6.57416 
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Ag12Au13PET18_V 
349 
 
Au        12.63307       15.29503       12.12585 
Ag        15.43051       16.37622       13.09502 
Au        17.39431       13.40175       13.77503 
Ag        14.77150       11.09480       13.65296 
Au        10.95998       14.03491       14.32630 
Ag         9.74096       16.51930       12.81360 
Au        11.05533       16.31308        9.42350 
Ag        12.79447       13.38539        9.79710 
Au        14.03501       13.85725       14.44761 
Ag        12.42986       14.02612       17.17087 
Au         9.34121       12.24650       16.54939 
Ag         9.93431       11.40862       13.27493 
Au        12.37245        9.66818       12.89874 
Ag         9.57703        8.58436       11.93016 
Au         7.61202       11.55811       11.25235 
Ag        10.23445       13.86794       11.37313 
Au        14.04714       10.92897       10.69952 
Ag        15.26425        8.44346       12.21217 
Au        13.95029        8.65059       15.60265 
Ag        12.21218       11.57881       15.22935 
Au        10.97237       11.10588       10.57810 
Ag        12.57794       10.93832        7.85485 
Au        15.66677       12.71749        8.47745 
Ag        15.07272       13.55339       11.75061 
Au        12.50332       12.48164       12.51311 
S         13.32894       17.59227       12.77651 
S         17.76119       15.67014       13.14184 
S         17.19805       11.11512       14.40934 
S          9.73816       17.79693       10.74375 
S         12.47389       15.08443        7.95650 
S          9.30260       15.72835       15.08206 
S         14.76731       14.57066       16.71888 
S         10.22393       13.78090       18.15175 
S          8.20450       10.81332       15.03817 
C         13.60326       18.60697       11.24449 
H         14.34343       18.10028       10.59230 
H         12.63198       18.62429       10.70522 
C         14.04438       20.04903       11.56605 
H         13.27981       20.51860       12.22425 
H         14.02734       20.60943       10.60253 
C         15.41844       20.17802       12.19485 
C         16.58235       20.11495       11.39681 
H         16.48795       19.98896       10.30401 
C         17.85899       20.21611       11.97435 
H         18.75373       20.16683       11.33121 
C         17.99548       20.38492       13.36403 
H         18.99706       20.47116       13.81853 
C         16.84587       20.44701       14.17084 
H         16.93746       20.57341       15.26271 
C         15.57100       20.34302       13.58819 
H         14.67448       20.39032       14.22825 
C         18.52699       16.46989       14.63211 
H         18.44054       17.56553       14.46596 
H         17.94000       16.21149       15.53721 
C         20.00079       16.05229       14.80188 
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H         20.04489       14.94688       14.92835 
H         20.55273       16.29198       13.86635 
C         20.65138       16.74121       15.98684 
C         21.33521       17.96682       15.83117 
H         21.42842       18.40736       14.82323 
C         21.90257       18.62598       16.93479 
H         22.43679       19.58006       16.78830 
C         21.79413       18.06968       18.22129 
H         22.24101       18.58382       19.08882 
C         21.11725       16.84921       18.39285 
H         21.03227       16.39887       19.39615 
C         20.55230       16.19431       17.28545 
H         20.02962       15.23263       17.42892 
C         17.08273       11.23190       16.25638 
H         16.26317       11.93159       16.51985 
H         16.79635       10.21598       16.60808 
C         18.40994       11.67773       16.89813 
H         19.22773       11.00979       16.55016 
H         18.64788       12.69947       16.52002 
C         18.35652       11.68238       18.41529 
C         19.11639       10.76595       19.17419 
H         19.76867       10.04541       18.65119 
C         19.05632       10.76082       20.57898 
H         19.66046       10.03617       21.15061 
C         18.22773       11.67436       21.25242 
H         18.17702       11.67159       22.35425 
C         17.46292       12.59212       20.50946 
H         16.81046       13.31493       21.02799 
C         17.52675       12.59629       19.10591 
H         16.91965       13.32039       18.53360 
C          8.01692       17.60710       10.07714 
H          8.03031       18.01095        9.04244 
H          7.77017       16.52567       10.03355 
C          6.99325       18.35385       10.95098 
H          7.29169       19.42195       11.04020 
H          7.02331       17.92078       11.97729 
C          5.58851       18.25153       10.38498 
C          4.99411       19.33516        9.70377 
H          5.55347       20.28199        9.60526 
C          3.70319       19.22828        9.15762 
H          3.25678       20.09048        8.63342 
C          2.98250       18.02858        9.28272 
H          1.96775       17.94318        8.85872 
C          3.56312       16.93921        9.95696 
H          3.00424       15.99445       10.06588 
C          4.85322       17.04986       10.50134 
H          5.30072       16.18798       11.02607 
C         11.35628       14.33231        6.67481 
H         11.80271       13.34274        6.43108 
H         10.36224       14.14231        7.12503 
C         11.23776       15.17622        5.39098 
H         12.25625       15.34635        4.97624 
H         10.69095       14.54830        4.64867 
C         10.51549       16.50088        5.54464 
C         11.22521       17.71922        5.59174 
H         12.32475       17.70470        5.50828 
C         10.55236       18.94413        5.73999 
H         11.12797       19.88467        5.77341 
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C          9.15179       18.97178        5.84545 
H          8.62136       19.93209        5.96069 
C          8.43106       17.76506        5.79888 
H          7.33073       17.77379        5.87316 
C          9.10739       16.54310        5.64790 
H          8.52754       15.60510        5.59822 
C         10.10700       17.03630       16.12766 
H         10.30336       16.56806       17.11626 
H         11.07867       17.33684       15.68407 
C          9.16273       18.24606       16.27691 
H          8.99138       18.69419       15.27296 
H          8.17603       17.87625       16.63583 
C          9.68998       19.30192       17.23092 
C          9.63568       19.10151       18.62920 
H          9.19522       18.16943       19.02413 
C         10.12270       20.07231       19.51954 
H         10.06615       19.89642       20.60716 
C         10.67231       21.27014       19.02765 
H         11.04769       22.03642       19.72647 
C         10.73630       21.48242       17.63985 
H         11.16226       22.41885       17.24140 
C         10.25305       20.50457       16.75281 
H         10.30442       20.67979       15.66433 
C         14.88735       16.42230       16.80344 
H         15.78440       16.70278       16.20932 
H         14.00737       16.88130       16.30877 
C         15.03025       16.90581       18.26067 
H         14.08480       16.68565       18.80608 
H         15.83295       16.31399       18.75408 
C         15.36008       18.38488       18.35011 
C         16.70353       18.81962       18.38983 
H         17.51622       18.07260       18.38449 
C         17.02181       20.18723       18.44168 
H         18.07886       20.49997       18.47813 
C         15.99636       21.14936       18.45223 
H         16.24240       22.22381       18.49523 
C         14.65482       20.73089       18.41069 
H         13.83856       21.47209       18.42063 
C         14.34102       19.36208       18.36018 
H         13.28289       19.05028       18.33358 
C         10.41666       12.80913       19.72180 
H         10.93005       11.84999       19.50177 
H         11.07568       13.40975       20.38558 
C          9.05401       12.55353       20.39395 
H          8.54895       13.52990       20.56555 
H          8.41407       11.97848       19.68776 
C          9.20081       11.80059       21.70305 
C          9.24414       10.38898       21.72467 
H          9.13058        9.83044       20.77956 
C          9.41888        9.68884       22.93015 
H          9.44445        8.58625       22.92301 
C          9.55542       10.39007       24.14088 
H          9.69069        9.84163       25.08820 
C          9.51410       11.79510       24.13552 
H          9.61530       12.35534       25.08055 
C          9.33902       12.49044       22.92726 
H          9.30202       13.59390       22.93177 
C          8.66694        9.10292       15.58597 
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H          8.22896        8.42695       14.81939 
H          9.77094        8.99215       15.55467 
C          8.12148        8.76526       16.98605 
H          8.61234        9.44489       17.72042 
H          7.03263        8.98907       17.01594 
C          8.36482        7.31649       17.36631 
C          7.30440        6.38565       17.41062 
H          6.27882        6.72805       17.18850 
C          7.53423        5.03751       17.73666 
H          6.68852        4.32976       17.76989 
C          8.83710        4.59289       18.01951 
H          9.02074        3.53544       18.27410 
C          9.90438        5.50840       17.97654 
H         10.93165        5.17182       18.19610 
C          9.67037        6.85611       17.65537 
H         10.51576        7.56718       17.63178 
S         11.67924        7.36968       12.24908 
S          7.24644        9.28993       11.88674 
S          7.80780       13.84472       10.61804 
S         15.26627        7.16600       14.28213 
S         12.53226        9.87957       17.06983 
S         15.70269        9.23380        9.94354 
S         10.23981       10.39608        8.30595 
S         14.78452       11.18265        6.87523 
S         16.80249       14.15187        9.98835 
C         11.40502        6.35599       13.78177 
H         10.66531        6.86342       14.43393 
H         12.37648        6.33860       14.32069 
C         10.96326        4.91388       13.46140 
H         11.72724        4.44368       12.80295 
H         10.98090        4.35410       14.42527 
C          9.58871        4.78457       12.83374 
C          8.42545        4.84880       13.63265 
H          8.52075        4.97636       14.72519 
C          7.14834        4.74657       13.05635 
H          6.25415        4.79667       13.70019 
C          7.01068        4.57554       11.66705 
H          6.00874        4.48835       11.21354 
C          8.15962        4.51252       10.85935 
H          8.06707        4.38447        9.76776 
C          9.43498        4.61760       11.44076 
H         10.33098        4.56942       10.80002 
C          6.47545        8.48891       10.39985 
H          6.56213        7.39342       10.56688 
H          7.05922        8.74609        9.49232 
C          5.00119        8.90705       10.23561 
H          4.95717       10.01231       10.10786 
H          4.45330        8.66908       11.17396 
C          4.34440        8.21705        9.05471 
C          3.66164        6.99146        9.21528 
H          3.57466        6.55150       10.22403 
C          3.08724        6.33178        8.11563 
H          2.55388        5.37783        8.26601 
C          3.18747        6.88748        6.82820 
H          2.73488        6.37304        5.96382 
C          3.86344        8.10774        6.65174 
H          3.94198        8.55760        5.64769 
C          4.43549        8.76317        7.75518 
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H          4.95713        9.72485        7.60795 
C          7.92005       13.72806        8.77081 
H          8.73983       13.02921        8.50573 
H          8.20454       14.74430        8.41859 
C          6.59182       13.28093        8.13212 
H          5.77375       13.94621        8.48453 
H          6.35722       12.25777        8.50855 
C          6.63968       13.28030        6.61477 
C          5.87163       14.19442        5.86134 
H          5.21759       14.90999        6.38893 
C          5.92580       14.20343        4.45637 
H          5.31527       14.92614        3.88908 
C          6.75670       13.29626        3.77718 
H          6.80282       13.30211        2.67516 
C          7.52964       12.38085        4.51462 
H          8.18388       11.66298        3.99150 
C          7.47163       12.37274        5.91843 
H          8.08470       11.65026        6.48638 
C         16.98767        7.35362       14.94880 
H         16.97362        6.95004       15.98360 
H         17.23604        8.43470       14.99207 
C         18.01010        6.60490       14.07521 
H         17.70943        5.53745       13.98580 
H         17.98121        7.03812       13.04893 
C         19.41495        6.70405       14.64151 
C         20.00719        5.61854       15.32161 
H         19.44592        4.67275       15.41920 
C         21.29844        5.72220       15.86761 
H         21.74317        4.85853       16.39082 
C         22.02161        6.92052       15.74355 
H         23.03663        7.00336       16.16739 
C         21.44307        8.01181       15.07062 
H         22.00386        8.95553       14.96260 
C         20.15265        7.90436       14.52637 
H         19.70686        8.76766       14.00251 
C         13.65034       10.63078       18.35176 
H         13.20653       11.62200       18.59358 
H         14.64540       10.81717       17.90238 
C         13.76503        9.78845       19.63697 
H         12.74583        9.62387       20.05219 
H         14.31495       10.41503       20.37811 
C         14.48067        8.45995       19.48547 
C         13.76490        7.24500       19.44247 
H         12.66559        7.26517       19.52769 
C         14.43148        6.01644       19.29609 
H         13.85123        5.07865       19.26600 
C         15.83171        5.98164       19.18837 
H         16.35721        5.01845       19.07451 
C         16.55845        7.18490       19.23105 
H         17.65862        7.17044       19.15511 
C         15.88837        8.41053       19.38016 
H         16.47285        9.34580       19.42678 
C         14.89602        7.92655        8.89875 
H         14.69987        8.39474        7.91007 
H         13.92411        7.62752        9.34288 
C         15.83852        6.71544        8.74942 
H         16.00927        6.26705        9.75336 
H         16.82572        7.08383        8.39045 
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C         15.30977        5.66035        7.79539 
C         15.36554        5.86015        6.39709 
H         15.80811        6.79125        6.00219 
C         14.87754        4.88989        5.50670 
H         14.93541        5.06523        4.41906 
C         14.32534        3.69324        5.99858 
H         13.94925        2.92733        5.29974 
C         14.25968        3.48166        7.38641 
H         13.83167        2.54616        7.78486 
C         14.74399        4.45895        8.27349 
H         14.69143        4.28421        9.36199 
C         10.11693        8.54469        8.22039 
H          9.22009        8.26535        8.81539 
H         10.99675        8.08408        8.71382 
C          9.97159        8.06222        6.76307 
H         10.91666        8.28146        6.21662 
H          9.16905        8.65537        6.27098 
C          9.63975        6.58363        6.67317 
C          8.29576        6.15061        6.63334 
H          7.48403        6.89867        6.63903 
C          7.97570        4.78341        6.58102 
H          6.91825        4.47205        6.54455 
C          8.99992        3.81998        6.57009 
H          8.75251        2.74587        6.52666 
C         10.34201        4.23673        6.61177 
H         11.15729        3.49445        6.60156 
C         10.65755        5.60511        6.66277 
C         14.59285       12.15402        5.30478 
H         14.07985       13.11348        5.52429 
H         13.93382       11.55350        4.64093 
C         15.95592       12.40870        4.63315 
H         16.46047       11.43202        4.46191 
H         16.59590       12.98346        5.33954 
C         15.81020       13.16157        3.32389 
C         15.76748       14.57320        3.30211 
H         15.88057       15.13177        4.24727 
C         15.59391       15.27331        2.09645 
H         15.56883       16.37591        2.10348 
C         15.45794       14.57203        0.88568 
H         15.32362       15.12045       -0.06179 
C         15.49861       13.16699        0.89120 
H         15.39781       12.60671       -0.05385 
C         15.67251       12.47167        2.09965 
H         15.70900       11.36820        2.09527 
C         16.33908       15.86170        9.43971 
H         16.77606       16.53827       10.20634 
H         15.23498       15.97178        9.47009 
C         16.88570       16.19880        8.03993 
H         16.39441       15.51979        7.30527 
H         17.97424       15.97344        8.01078 
C         16.64499       17.64789        7.65923 
C         17.70718       18.57676        7.61564 
H         18.73185       18.23253        7.83909 
C         17.48025       19.92514        7.28862 
H         18.32733       20.63126        7.25593 
C         16.17853       20.37199        7.00396 
H         15.99717       21.42961        6.74845 
C         15.10950       19.45852        7.04627 
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H         14.08317       19.79695        6.82517 
C         15.34062       18.11055        7.36850 
H         14.49391       17.40103        7.39150 
H         11.71608        5.91554        6.68948 
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Ag12Au13PET18_VI 
349 
 
Ag        12.53225       15.31120       12.12741 
Ag        15.44817       16.38981       13.00410 
Ag        17.20532       13.42206       13.62092 
Ag        14.79399       11.10038       13.51519 
Ag        11.03740       14.04789       14.37850 
Ag         9.70420       16.46779       12.82670 
Ag        11.05861       16.17581        9.54558 
Ag        12.63257       13.35809        9.74498 
Ag        14.10414       13.91648       14.33865 
Ag        12.49371       13.95390       17.18647 
Ag         9.47753       12.45331       16.44638 
Ag         9.93428       11.40515       13.31524 
Au        12.34845        9.64947       12.87677 
Au         9.30717        8.45130       12.02843 
Au         7.53999       11.58098       11.21955 
Au        10.16770       13.79820       11.43361 
Au        13.92160       10.87943       10.61684 
Au        15.42217        8.28346       12.16607 
Au        13.94508        8.63922       15.55625 
Au        12.31486       11.60038       15.18365 
Au        10.92513       11.02022       10.59592 
Au        12.48517       10.82048        7.58163 
Au        15.61068       12.62684        8.38578 
Au        14.94305       13.57312       11.60744 
Au        12.47542       12.49018       12.49044 
S         13.32623       17.56821       12.86488 
S         17.77663       15.71010       13.04150 
S         17.18138       11.09654       14.32348 
S          9.74433       17.80265       10.78993 
S         12.47392       15.05891        7.90441 
S          9.25030       15.65566       15.08138 
S         14.80106       14.52975       16.66443 
S         10.33822       13.79742       18.29483 
S          8.12740       11.02726       15.01714 
C         13.49249       18.66250       11.36983 
H         14.18060       18.19027       10.63893 
H         12.48367       18.71041       10.90638 
C         13.95812       20.08936       11.72317 
H         13.24513       20.52417       12.45818 
H         13.86716       20.69506       10.79093 
C         15.37494       20.19879       12.25193 
C         16.47790       20.14518       11.37075 
H         16.30465       20.03474       10.28588 
C         17.79361       20.23540       11.85438 
H         18.63864       20.19155       11.14696 
C         18.03155       20.38602       13.23232 
H         19.06394       20.46460       13.61304 
C         16.94401       20.43772       14.12133 
H         17.11513       20.54917       15.20510 
C         15.62949       20.34237       13.63269 
H         14.78218       20.38016       14.33758 
C         18.52301       16.48143       14.55618 
H         18.45928       17.58189       14.41588 
H         17.92006       16.21535       15.44882 
C         19.98837       16.04033       14.74330 
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H         20.01633       14.93375       14.86417 
H         20.55506       16.27696       13.81563 
C         20.63753       16.71351       15.93813 
C         21.34792       17.92530       15.79306 
H         21.46201       18.36519       14.78692 
C         21.91524       18.57136       16.90437 
H         22.47020       19.51476       16.76582 
C         21.78032       18.01543       18.18846 
H         22.22678       18.51934       19.06223 
C         21.07645       16.80895       18.34975 
H         20.96987       16.35895       19.35113 
C         20.51154       16.16724       17.23462 
H         19.96753       15.21651       17.37107 
C         17.10180       11.24222       16.17009 
H         16.25340       11.90018       16.44960 
H         16.88859       10.22234       16.56059 
C         18.41676       11.78046       16.76572 
H         19.26663       11.17658       16.37897 
H         18.56596       12.82029       16.39001 
C         18.42235       11.76511       18.28376 
C         19.26058       10.88295       18.99977 
H         19.93452       10.20990       18.44208 
C         19.25016       10.85215       20.40544 
H         19.91567       10.15593       20.94338 
C         18.39412       11.70496       21.12303 
H         18.38281       11.68214       22.22579 
C         17.55206       12.58835       20.42301 
H         16.87818       13.26434       20.97617 
C         17.56609       12.61827       19.01824 
H         16.89820       13.31411       18.47899 
C          8.03126       17.61905       10.10316 
H          8.06188       18.00432        9.06127 
H          7.76949       16.54003       10.07069 
C          6.99277       18.38789       10.94146 
H          7.29927       19.45449       11.01850 
H          6.99870       17.97305       11.97548 
C          5.59968       18.28740       10.34776 
C          5.03165       19.36117        9.62899 
H          5.60283       20.30007        9.52311 
C          3.75249       19.25498        9.05567 
H          3.32692       20.10988        8.50290 
C          3.01660       18.06547        9.19021 
H          2.01091       17.98077        8.74497 
C          3.57046       16.98569        9.90149 
H          2.99932       16.04922       10.01836 
C          4.84888       17.09610       10.47296 
H          5.27515       16.24227       11.02748 
C         11.31438       14.35566        6.63325 
H         11.71367       13.35210        6.36519 
H         10.31670       14.19721        7.08820 
C         11.20457       15.22815        5.36729 
H         12.22255       15.37931        4.94335 
H         10.62984       14.63443        4.61823 
C         10.52293       16.56833        5.56487 
C         11.26751       17.76316        5.65735 
H         12.36593       17.71894        5.57048 
C         10.63108       19.00055        5.85475 
H         11.23385       19.92176        5.92484 
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C          9.23191       19.06526        5.96424 
H          8.73034       20.03538        6.11901 
C          8.47601       17.88287        5.87236 
H          7.37649       17.92157        5.94967 
C          9.11672       16.64834        5.67334 
H          8.51057       15.72948        5.58967 
C          9.94814       16.98761       16.17241 
H         10.11804       16.51986       17.16622 
H         10.92795       17.32597       15.77738 
C          8.96176       18.16667       16.28753 
H          8.80218       18.60018       15.27525 
H          7.97853       17.76943       16.62575 
C          9.43658       19.24635       17.24243 
C          9.33527       19.06890       18.64105 
H          8.89386       18.13750       19.03648 
C          9.77912       20.06059       19.53104 
H          9.68622       19.90219       20.61890 
C         10.33291       21.25615       19.03820 
H         10.67403       22.03901       19.73640 
C         10.44478       21.44521       17.64997 
H         10.87617       22.37882       17.25079 
C         10.00340       20.44719       16.76384 
H         10.09217       20.60380       15.67487 
C         14.89720       16.37719       16.83672 
H         15.79372       16.69860       16.26296 
H         14.01580       16.84675       16.35474 
C         15.01899       16.80464       18.31240 
H         14.08953       16.50653       18.84845 
H         15.85658       16.23981       18.77875 
C         15.25811       18.29607       18.46289 
C         16.57128       18.81469       18.50194 
H         17.42963       18.12229       18.45333 
C         16.80118       20.19694       18.60730 
H         17.83615       20.57729       18.64242 
C         15.71634       21.08924       18.67363 
H         15.89429       22.17471       18.75802 
C         14.40388       20.58716       18.63370 
H         13.54157       21.27233       18.68571 
C         14.17906       19.20418       18.52901 
H         13.14364       18.82391       18.50292 
C         10.56675       12.63813       19.72621 
H         10.99436       11.67920       19.36540 
H         11.30293       13.10579       20.41571 
C          9.23414       12.38710       20.45967 
H          8.79949       13.36631       20.75974 
H          8.51718       11.92052       19.74688 
C          9.41729       11.50161       21.67812 
C          9.39886       10.09404       21.56120 
H          9.20653        9.63414       20.57641 
C          9.61154        9.27162       22.68041 
H          9.58760        8.17510       22.56411 
C          9.84809        9.84377       23.94253 
H         10.01294        9.19962       24.82250 
C          9.86865       11.24296       24.07515 
H         10.04868       11.70262       25.06183 
C          9.65563       12.06087       22.95269 
H          9.66841       13.15915       23.06611 
C          8.47025        9.31690       15.64728 
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H          7.94225        8.62513       14.95537 
H          9.55731        9.10550       15.57306 
C          7.97775        9.11220       17.09254 
H          8.55515        9.79709       17.75635 
H          6.91114        9.42043       17.16166 
C          8.13494        7.67610       17.55615 
C          7.01793        6.82172       17.67961 
H          6.01129        7.21890       17.46265 
C          7.16814        5.48153       18.07689 
H          6.27919        4.83495       18.17110 
C          8.44634        4.96708       18.35442 
H          8.56723        3.91576       18.66536 
C          9.56928        5.80575       18.23483 
H         10.57735        5.41383       18.45165 
C          9.41487        7.14585       17.84085 
H         10.30346        7.79682       17.75579 
S         11.41630        7.40042       12.36099 
S          7.10381        9.33012       11.85857 
S          7.77971       13.86593       10.59246 
S         15.27482        7.15086       14.25414 
S         12.57089        9.91522       17.03404 
S         15.69643        9.24303       10.00875 
S         10.26571       10.32905        8.29176 
S         14.69245       11.14001        6.75703 
S         16.76099       14.02794        9.92309 
C         11.20779        6.43162       13.93385 
H         10.52373        6.97895       14.61388 
H         12.21460        6.41668       14.40453 
C         10.72387        4.98867       13.68882 
H         11.43256        4.48641       12.99368 
H         10.80382        4.45825       14.66674 
C          9.30602        4.85697       13.16600 
C          8.20239        5.02146       14.03243 
H          8.37356        5.23465       15.10213 
C          6.88707        4.91352       13.55242 
H          6.04134        5.04566       14.24787 
C          6.64958        4.63468       12.19451 
H          5.61663        4.54332       11.81812 
C          7.73818        4.46992       11.32108 
H          7.56830        4.25569       10.25262 
C          9.05304        4.58206       11.80542 
H          9.90113        4.45447       11.11172 
C          6.36942        8.51997       10.35557 
H          6.39862        7.42811       10.55889 
H          7.01002        8.72568        9.47376 
C          4.92643        9.00131       10.11460 
H          4.93906       10.10330        9.95429 
H          4.32546        8.81545       11.03207 
C          4.29337        8.30692        8.92309 
C          3.54574        7.12018        9.08538 
H          3.39051        6.71546       10.10070 
C          2.99275        6.45494        7.97818 
H          2.40788        5.53186        8.12944 
C          3.17987        6.96620        6.68217 
H          2.74469        6.44712        5.81168 
C          3.92117        8.14760        6.50422 
H          4.06858        8.56242        5.49296 
C          4.47172        8.80893        7.61499 
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H          5.04557        9.74000        7.46576 
C          7.93295       13.75419        8.74800 
H          8.77289       13.07249        8.50213 
H          8.20277       14.77680        8.40229 
C          6.62548       13.28226        8.08520 
H          5.78880       13.93233        8.42200 
H          6.40403       12.25490        8.45795 
C          6.70181       13.28288        6.56894 
C          5.94717       14.19754        5.80272 
H          5.28301       14.91224        6.31873 
C          6.02755       14.20812        4.39902 
H          5.42722       14.93110        3.82137 
C          6.87116       13.30171        3.73458 
H          6.93760       13.30858        2.63362 
C          7.63074       12.38585        4.48513 
H          8.29525       11.66903        3.97379 
C          7.54701       12.37644        5.88758 
H          8.15002       11.65313        6.46504 
C         16.97777        7.35369       14.96871 
H         16.91053        7.00623       16.02181 
H         17.22783        8.43565       14.95914 
C         18.01903        6.54647       14.17368 
H         17.71796        5.47590       14.14592 
H         18.01685        6.91291       13.12139 
C         19.41011        6.68222       14.76553 
C         19.99785        5.63194       15.50239 
H         19.44147        4.68706       15.63151 
C         21.27923        5.76874       16.06429 
H         21.72081        4.93220       16.63226 
C         21.99642        6.96557       15.89910 
H         23.00385        7.07437       16.33503 
C         21.42194        8.02215       15.16939 
H         21.97862        8.96409       15.02908 
C         20.14149        7.88187       14.60955 
H         19.69859        8.71770       14.04063 
C         13.73656       10.62034       18.30048 
H         13.29792       11.60126       18.58815 
H         14.71339       10.82410       17.81998 
C         13.89567        9.73336       19.55024 
H         12.88931        9.52462       19.97691 
H         14.44094       10.34790       20.30422 
C         14.64930        8.43480       19.33621 
C         13.96814        7.20620       19.20344 
H         12.86707        7.19255       19.26530 
C         14.67115        6.00642       18.99894 
H         14.11743        5.05778       18.89712 
C         16.07414        6.01478       18.92449 
H         16.62852        5.07426       18.76738 
C         16.76665        7.23180       19.05643 
H         17.86809        7.25097       19.00585 
C         16.05999        8.42870       19.26063 
H         16.61746        9.37465       19.37480 
C         15.01929        7.94504        8.86647 
H         14.85146        8.46500        7.89858 
H         14.04025        7.58849        9.24505 
C         16.02133        6.78597        8.70377 
H         16.18291        6.31000        9.69655 
H         17.00089        7.20857        8.38618 
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C         15.55948        5.74495        7.70043 
C         15.63976        5.99480        6.31164 
H         16.05453        6.95500        5.95865 
C         15.20655        5.03949        5.37786 
H         15.28152        5.25484        4.29847 
C         14.68533        3.80861        5.81565 
H         14.34995        3.05560        5.08297 
C         14.59705        3.54661        7.19360 
H         14.19517        2.58292        7.54990 
C         15.02690        4.50861        8.12448 
H         14.95614        4.29525        9.20497 
C         10.15971        8.47588        8.23607 
H          9.27121        8.21473        8.85147 
H         11.04724        8.04163        8.73912 
C         10.01121        7.95346        6.79454 
H         10.93933        8.19745        6.22993 
H          9.17776        8.49863        6.29868 
C          9.74520        6.45950        6.75215 
C          8.42335        5.96372        6.71799 
H          7.57842        6.67352        6.69044 
C          8.16789        4.58201        6.71246 
H          7.12666        4.21932        6.67840 
C          9.23557        3.66763        6.74388 
H          9.03802        2.58233        6.73785 
C         10.55659        4.14735        6.77946 
H         11.40511        3.44355        6.80052 
C         10.80746        5.52971        6.78324 
C         14.52035       12.16422        5.21626 
H         14.00815       13.11542        5.46957 
H         13.86697       11.58524        4.52899 
C         15.89464       12.42998        4.57448 
H         16.39949       11.45690        4.38382 
H         16.52650       12.98562        5.30339 
C         15.76813       13.21652        3.28272 
C         15.73136       14.62824        3.29614 
H         15.83398       15.16348        4.25583 
C         15.57676       15.35861        2.10595 
H         15.55597       16.46069        2.14050 
C         15.45408       14.68810        0.87658 
H         15.33457       15.26039       -0.05860 
C         15.48901       13.28323        0.84752 
H         15.39854       12.74699       -0.11239 
C         15.64402       12.55728        2.04040 
H         15.67616       11.45411        2.00875 
C         16.40308       15.74969        9.33244 
H         16.84342       16.41608       10.10568 
H         15.30447       15.90741        9.31959 
C         17.01490       16.03140        7.94839 
H         16.53215       15.34874        7.21108 
H         18.09690       15.77516        7.96713 
C         16.82964       17.47686        7.52487 
C         17.91694       18.37661        7.50423 
H         18.92218       18.01219        7.77804 
C         17.73860       19.72240        7.13855 
H         18.60434       20.40608        7.12572 
C         16.46164       20.19494        6.79025 
H         16.31833       21.25059        6.50437 
C         15.36816       19.31016        6.80907 
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H         14.36100       19.67034        6.53955 
C         15.55051       17.96506        7.17137 
H         14.68466       17.27872        7.18126 
H         11.84972        5.89115        6.80474 
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Ag12Au13PET18_VII 
349 
 
Au        12.64198       15.26386       12.14164 
Au        15.64980       16.52734       13.00122 
Au        17.41357       13.42929       13.79401 
Au        14.79076       11.09341       13.59015 
Au        11.09327       14.04029       14.42152 
Au         9.58288       16.64663       12.85414 
Au        11.05285       16.30173        9.47759 
Au        12.67111       13.31640        9.83861 
Au        14.07160       13.90741       14.39945 
Au        12.50559       14.08535       17.44282 
Au         9.38598       12.31188       16.64626 
Au        10.02408       11.40878       13.39002 
Au        12.48209        9.62624       12.86000 
Ag         9.44182        8.60280       12.05282 
Ag         7.75963       11.56978       11.39977 
Ag        10.18809       13.82911       11.51636 
Ag        13.94231       10.89960       10.61152 
Ag        15.32171        8.46190       12.18354 
Ag        13.95185        8.71405       15.43354 
Ag        12.33841       11.57524       15.26571 
Ag        10.87126       11.03294       10.68719 
Ag        12.48580       10.98227        7.82040 
Ag        15.50194       12.47704        8.56149 
Ag        15.04179       13.52495       11.70960 
Ag        12.50760       12.45038       12.52521 
S         13.52479       17.54335       12.68198 
S         17.86336       15.67397       13.14426 
S         17.17365       11.14645       14.41097 
S          9.72737       17.79617       10.77638 
S         12.42270       15.03490        7.99416 
S          9.31338       15.69443       15.01159 
S         14.73160       14.54156       16.74169 
S         10.29522       13.80579       18.27187 
S          8.23900       10.90205       15.11910 
C         13.72382       18.53475       11.12230 
H         14.41248       18.00288       10.43441 
H         12.71661       18.54666       10.65254 
C         14.19301       19.97960       11.38499 
H         13.48274       20.46383       12.09120 
H         14.10090       20.52280       10.41517 
C         15.61256       20.12109       11.90044 
C         16.71207       19.98527       11.02387 
H         16.53615       19.78579        9.95228 
C         18.02926       20.10418       11.49614 
H         18.87155       19.99467       10.79264 
C         18.27273       20.36541       12.85650 
H         19.30702       20.46592       13.22689 
C         17.18836       20.50085       13.74024 
H         17.36328       20.70029       14.81076 
C         15.87168       20.37781       13.26349 
H         15.02686       20.48233       13.96504 
C         18.61625       16.48877       14.63550 
H         18.58305       17.58013       14.43009 
H         17.98775       16.28518       15.52636 
C         20.06265       16.00855       14.85774 
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H         20.05339       14.90649       15.01727 
H         20.65159       16.19588       13.93277 
C         20.71026       16.70227       16.04181 
C         21.44187       17.89811       15.87326 
H         21.57386       18.31083       14.85788 
C         22.00799       18.56247       16.97429 
H         22.57985       19.49286       16.81824 
C         21.85050       18.04114       18.27025 
H         22.29616       18.55951       19.13584 
C         21.12569       16.85051       18.45434 
H         21.00196       16.42776       19.46552 
C         20.56175       16.19014       17.34968 
H         20.00108       15.25174       17.50320 
C         17.02727       11.23489       16.25723 
H         16.18778       11.91248       16.51569 
H         16.76097       10.20685       16.58912 
C         18.33797       11.69990       16.91819 
H         19.17548       11.06282       16.55912 
H         18.54996       12.73669       16.56653 
C         18.27711       11.66465       18.43486 
C         19.05709       10.74798       19.17282 
H         19.72843       10.05700       18.63436 
C         18.99303       10.70650       20.57677 
H         19.61293        9.98276       21.13237 
C         18.14044       11.58271       21.26968 
H         18.08692       11.55146       22.37095 
C         17.35519       12.49961       20.54728 
H         16.68316       13.19258       21.08116 
C         17.42275       12.54023       19.14455 
H         16.79964       13.26324       18.58842 
C          8.02492       17.60511       10.05836 
H          8.09554       17.95883        9.00756 
H          7.77112       16.52378       10.06157 
C          6.98536       18.41149       10.85642 
H          7.29167       19.48028       10.89398 
H          6.98173       18.03641       11.90562 
C          5.59581       18.28775       10.25817 
C          5.01404       19.34909        9.53251 
H          5.57374       20.29381        9.41726 
C          3.73452       19.22316        8.96377 
H          3.29764       20.06815        8.40474 
C          3.01325       18.02640        9.11074 
H          2.00748       17.92601        8.66903 
C          3.58161       16.95906        9.82950 
H          3.02174       16.01703        9.95566 
C          4.86011       17.08851       10.39636 
H          5.29846       16.24410       10.95607 
C         11.25483       14.34743        6.72016 
H         11.68305       13.36254        6.43019 
H         10.27389       14.15283        7.19595 
C         11.10944       15.23977        5.47244 
H         12.11865       15.43089        5.04429 
H         10.55137       14.63710        4.71820 
C         10.38129       16.55198        5.69088 
C         11.08602       17.76829        5.81286 
H         12.18636       17.76148        5.73876 
C         10.40735       18.98116        6.02207 
H         10.97930       19.91984        6.11499 
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C          9.00541       18.99860        6.11233 
H          8.47014       19.94943        6.27372 
C          8.28937       17.79410        5.99105 
H          7.18833       17.79562        6.05344 
C          8.97183       16.58404        5.78171 
H          8.39621       15.64807        5.67547 
C          9.99663       16.99897       16.14320 
H         10.16237       16.48576       17.11510 
H         10.97730       17.34763       15.76129 
C          9.00116       18.16488       16.29794 
H          8.84198       18.63415       15.30160 
H          8.01936       17.75038       16.61909 
C          9.46940       19.21094       17.29298 
C          9.37950       18.97627       18.68382 
H          8.95170       18.02466       19.04447 
C          9.81818       19.93652       19.60999 
H          9.73516       19.73333       20.69115 
C         10.35533       21.15695       19.16218 
H         10.69436       21.91415       19.88889 
C         10.45409       21.40347       17.78207 
H         10.86957       22.35841       17.41795 
C         10.01855       20.43659       16.85903 
H         10.09694       20.63809       15.77676 
C         14.86800       16.39137       16.82515 
H         15.76533       16.64653       16.22026 
H         13.99190       16.84710       16.32119 
C         15.01395       16.89419       18.27401 
H         14.08138       16.64954       18.83096 
H         15.84117       16.33680       18.76671 
C         15.28946       18.38573       18.33664 
C         16.61431       18.87328       18.37396 
H         17.45536       18.15850       18.38881 
C         16.87795       20.25326       18.39819 
H         17.92146       20.60910       18.43375 
C         15.81558       21.17422       18.38293 
H         16.01952       22.25816       18.40388 
C         14.49161       20.70287       18.34413 
H         13.64710       21.41176       18.33508 
C         14.23271       19.32219       18.32137 
H         13.18836       18.96704       18.29699 
C         10.45682       12.79209       19.82117 
H         10.96748       11.83751       19.57807 
H         11.10933       13.37404       20.50674 
C          9.07923       12.53548       20.45949 
H          8.57712       13.51154       20.64188 
H          8.44800       11.97719       19.73210 
C          9.19896       11.75703       21.75682 
C          9.23363       10.34522       21.75228 
H          9.13400        9.80436       20.79543 
C          9.38318        9.62201       22.94743 
H          9.40280        8.51971       22.91981 
C          9.50265       10.29998       24.17304 
H          9.61825        9.73330       25.11214 
C          9.46949       11.70504       24.19332 
H          9.55760       12.24707       25.15018 
C          9.31966       12.42380       22.99544 
H          9.28921       13.52720       23.02007 
C          8.63346        9.18520       15.69855 
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H          8.19692        8.51333       14.92738 
H          9.73498        9.04861       15.69915 
C          8.04184        8.88574       17.08781 
H          8.53261        9.56302       17.82495 
H          6.95893        9.13864       17.08697 
C          8.23554        7.43683       17.49604 
C          7.14179        6.54770       17.57052 
H          6.12772        6.92285       17.34880 
C          7.32446        5.19951       17.92503 
H          6.45347        4.52470       17.98058 
C          8.61247        4.71288       18.20619 
H          8.75931        3.65500       18.48171 
C          9.71240        5.58683       18.13382 
H         10.72816        5.21619       18.35199 
C          9.52600        6.93500       17.78446 
H         10.39708        7.61337       17.73694 
S         11.55380        7.40650       12.24081 
S          7.12264        9.29650       11.97425 
S          7.80086       13.88945       10.67410 
S         15.31931        7.11113       14.21004 
S         12.52305        9.82861       17.06630 
S         15.76776        9.30964        9.94119 
S         10.18712       10.39312        8.35977 
S         14.63790       11.14239        6.70740 
S         16.84578       13.90136        9.99629 
C         11.38678        6.40091       13.79623 
H         10.71104        6.92257       14.50468 
H         12.39914        6.36508       14.25314 
C         10.89828        4.96525       13.51741 
H         11.60372        4.48030       12.80682 
H         10.98015        4.40949       14.48076 
C          9.47901        4.85211       12.99489 
C          8.37800        4.97490       13.87153 
H          8.55294        5.14026       14.94912 
C          7.06091        4.88383       13.39209 
H          6.21738        4.98267       14.09558 
C          6.81928        4.66308       12.02440 
H          5.78529        4.58523       11.64800 
C          7.90515        4.54043       11.14043 
H          7.73155        4.37222       10.06439 
C          9.22152        4.63615       11.62417 
H         10.06751        4.54058       10.92285 
C          6.41727        8.54024       10.43197 
H          6.45647        7.43862       10.57178 
H          7.05687        8.79748        9.56244 
C          4.96754        9.00671       10.19251 
H          4.96336       10.11398       10.07466 
H          4.36214        8.77707       11.09717 
C          4.35325        8.34851        8.97116 
C          3.59770        7.16121        9.08619 
H          3.42165        6.73001       10.08718 
C          3.06308        6.52853        7.95113 
H          2.47173        5.60425        8.06624 
C          3.27673        7.07380        6.67324 
H          2.85616        6.58046        5.78078 
C          4.02651        8.25605        6.54182 
H          4.19546        8.69767        5.54539 
C          4.55828        8.88443        7.68041 
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H          5.13903        9.81617        7.56652 
C          7.90103       13.72741        8.83041 
H          8.74621       13.05865        8.56699 
H          8.13046       14.74188        8.43467 
C          6.58838       13.19901        8.22095 
H          5.74089       13.81854        8.58752 
H          6.41977       12.16592        8.60664 
C          6.60574       13.19600        6.70288 
C          5.79345       14.08345        5.96382 
H          5.12294       14.77452        6.50337 
C          5.82445       14.09650        4.55814 
H          5.17899       14.79739        4.00216 
C          6.67544       13.21979        3.86366 
H          6.70266       13.22820        2.76097 
C          7.49210       12.33117        4.58675 
H          8.16211       11.63690        4.05184 
C          7.45794       12.31940        5.99146 
H          8.10630       11.61901        6.54838 
C         17.02423        7.34862       14.90093 
H         17.00211        6.96635       15.94417 
H         17.25328        8.43503       14.93146 
C         18.08883        6.60904       14.06878 
H         17.81606        5.53296       13.99653 
H         18.07246        7.01849       13.03281 
C         19.47629        6.75651       14.66535 
C         20.06867        5.71142       15.40648 
H         19.52144        4.76007       15.52722 
C         21.34170        5.86146       15.98348 
H         21.78658        5.02835       16.55402 
C         22.04710        7.06699       15.82988 
H         23.04810        7.18630       16.27779 
C         21.46886        8.11851       15.09607 
H         22.01636        9.06709       14.96406 
C         20.19654        7.96429       14.52119 
H         19.75118        8.79611       13.94858 
C         13.65516       10.52695       18.36367 
H         13.23480       11.51839       18.64381 
H         14.65477       10.71161       17.92306 
C         13.76680        9.63702       19.61725 
H         12.74651        9.45575       20.02342 
H         14.31667       10.23182       20.38404 
C         14.48276        8.31639       19.41005 
C         13.76890        7.10487       19.29594 
H         12.66887        7.12094       19.37206 
C         14.43767        5.88578       19.09131 
H         13.85847        4.95093       19.00423 
C         15.83905        5.85663       18.99606 
H         16.36594        4.90102       18.83550 
C         16.56452        7.05608       19.10949 
H         17.66534        7.04573       19.04308 
C         15.89163        8.27210       19.31567 
H         16.47441        9.20432       19.41594 
C         15.09362        7.97905        8.83434 
H         14.93206        8.45089        7.84103 
H         14.11118        7.63180        9.21471 
C         16.08801        6.80630        8.72344 
H         16.24402        6.37187        9.73594 
H         17.07086        7.21032        8.39207 
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C         15.62481        5.72568        7.76396 
C         15.72253        5.91065        6.36607 
H         16.15345        6.84854        5.97447 
C         15.28748        4.91886        5.47193 
H         15.37660        5.08379        4.38473 
C         14.74648        3.71542        5.95955 
H         14.41127        2.93301        5.25805 
C         14.63935        3.51818        7.34699 
H         14.21948        2.57764        7.74231 
C         15.07154        4.51650        8.23751 
H         14.98621        4.35351        9.32584 
C         10.10909        8.54167        8.22212 
H          9.21413        8.22348        8.80023 
H         10.99365        8.09061        8.71592 
C          9.99552        8.07948        6.75636 
H         10.92430        8.37195        6.21595 
H          9.15482        8.62590        6.27427 
C          9.76891        6.58281        6.64403 
C          8.46015        6.05371        6.59901 
H          7.59658        6.74118        6.61158 
C          8.24156        4.66717        6.53376 
H          7.21000        4.27813        6.49298 
C          9.33336        3.78118        6.51452 
H          9.16414        2.69230        6.46202 
C         10.64157        4.29383        6.56008 
H         11.50918        3.61367        6.54313 
C         10.85521        5.68099        6.62419 
C         14.41443       12.30711        5.27986 
H         13.98385       13.26409        5.64224 
H         13.68235       11.84095        4.58501 
C         15.75087       12.56176        4.55464 
H         16.18939       11.58351        4.25694 
H         16.46242       13.02946        5.27207 
C         15.57398       13.44683        3.33498 
C         15.59379       14.85446        3.45075 
H         15.78179       15.31491        4.43611 
C         15.38820       15.67610        2.32960 
H         15.41319       16.77270        2.44490 
C         15.15742       15.10310        1.06683 
H         14.99827       15.74664        0.18537 
C         15.13533       13.70380        0.93543 
H         14.95984       13.24345       -0.05174 
C         15.34130       12.88668        2.05975 
H         15.32756       11.78832        1.94729 
C         16.49780       15.61534        9.37877 
H         17.02220       16.30295       10.07744 
H         15.40986       15.82277        9.45247 
C         16.99345       15.83347        7.93655 
H         16.41655       15.15603        7.26477 
H         18.05987       15.52471        7.86678 
C         16.83959       17.27449        7.48721 
C         17.95866       18.12756        7.37405 
H         18.96407       17.72598        7.58856 
C         17.81210       19.47199        6.98992 
H         18.70270       20.11735        6.90313 
C         16.53541       19.99214        6.71596 
H         16.41729       21.04678        6.41537 
C         15.41039       19.15494        6.82614 



S105 

 

H         14.40344       19.55138        6.61235 
C         15.56116       17.81056        7.20671 
H         14.67093       17.16091        7.28485 
H         11.88749        6.06949        6.65473 
 
  



S106 

 

Ag13Au12DMBT18_I 
349 
 
Ag        14.64468       17.63002       14.54625 
Au        17.70070       19.07714       15.20382 
Au        19.82240       16.19061       16.04418 
Ag        17.37079       13.94795       16.24338 
Ag        13.33908       16.46652       16.98509 
Au        11.55714       18.84425       15.21899 
Au        13.29878       18.64676       12.08123 
Ag        14.82053       15.34125       12.38565 
Ag        16.36715       16.72387       16.76451 
Au        14.70898       16.87891       19.74989 
Au        11.54867       15.00828       19.26451 
Ag        12.58784       13.58364       16.30844 
Ag        15.14365       12.13656       15.95327 
Au        12.32252       10.54664       15.03853 
Au        10.12598       13.42785       14.27858 
Ag        12.44637       15.84638       14.13616 
Ag        16.40781       13.21925       13.43655 
Au        18.04864       10.85527       15.23914 
Au        16.41444       11.25235       18.52247 
Ag        14.99815       14.33118       17.99593 
Ag        13.39809       13.01817       13.58307 
Au        14.99375       12.82867       10.49605 
Au        18.10229       14.60014       11.13332 
Ag        17.20653       16.10600       14.08422 
Ag        14.88591       14.86358       15.19682 
S         15.52238       20.02198       15.06788 
S         20.00079       18.45098       15.26592 
S         19.89870       13.89424       16.66384 
S         11.94573       20.20216       13.29820 
S         14.80558       17.36748       10.77131 
S         11.04186       17.64033       17.18733 
S         16.96075       17.42839       19.15652 
S         12.53224       16.61748       20.71930 
S         10.35348       13.77785       17.63240 
S         14.57771        9.78563       14.99816 
S         10.00913       11.12673       14.93320 
S          9.89808       15.76662       13.87729 
S         17.76217        9.69566       17.30235 
S         14.99692       12.53667       19.93668 
S         18.44120       11.70489       13.06044 
S         12.75412       12.36008       11.15634 
S         17.22105       12.94949        9.64728 
S         19.26887       16.12163       12.52481 
C         19.35720        9.61686       18.14524 
C         20.51649       10.18311       17.57809 
C         19.44571        8.88247       19.35907 
C         21.76264       10.02698       18.19743 
C         20.71665        8.75112       19.95695 
C         18.23033        8.26800       20.01057 
C         21.88581        9.30826       19.40460 
C         23.22709        9.16316       20.08970 
C         14.71043        8.16144       15.76871 
C         15.42772        7.20634       15.01421 
C         14.18102        7.80315       17.03797 
C         15.62704        5.90723       15.49885 
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C         14.39035        6.48178       17.48776 
C         13.42986        8.78247       17.89747 
C         15.10772        5.51869       16.75064 
C         15.34163        4.12857       17.30173 
C         18.12533       10.27533       12.00101 
C         16.81816        9.81768       11.74253 
C         19.23440        9.63030       11.38878 
C         16.59396        8.73407       10.88189 
C         18.97391        8.54333       10.52820 
C         20.65563       10.07520       11.64665 
C         17.67243        8.07936       10.25204 
C         17.43878        6.93680        9.28713 
C         12.57625       10.64683       10.60485 
C         12.19561       10.38859        9.25881 
C         12.76034        9.57018       11.49440 
C         12.01236        9.04489        8.86804 
C         12.00672       11.50067        8.25530 
C         12.56966        8.24729       11.07430 
C         12.18955        7.95884        9.74708 
C         11.98415        6.53087        9.28889 
C          9.34928       10.16840       13.55208 
C          8.97957        8.81682       13.78722 
C          9.12330       10.75253       12.28961 
C          8.38117        8.10537       12.72635 
C          9.22069        8.14654       15.11862 
C          8.52378       10.01630       11.26034 
C          8.13998        8.67425       11.46080 
C          7.51133        7.87078       10.34325 
C          9.24095       15.96455       12.21284 
C          7.93543       15.49521       11.89067 
C          9.96434       16.71154       11.26074 
C          7.43515       15.76797       10.60002 
C          7.08605       14.74214       12.88500 
C          9.43063       16.97851        9.99313 
C          8.15509       16.49778        9.63357 
C          7.58769       16.74454        8.25231 
C         10.38451       20.39566       12.41110 
C         10.37818       21.14953       11.20626 
C          9.17549       19.89999       12.93984 
C          9.13425       21.37289       10.57851 
C         11.64798       21.69141       10.59537 
C          7.95917       20.14619       12.29140 
C          7.91608       20.89031       11.09411 
C          6.60401       21.14675       10.38524 
C         10.66428       18.83826       18.48082 
C          9.41625       18.65878       19.11685 
C         11.52735       19.88394       18.90504 
C          9.01009       19.50187       20.15899 
C         11.08068       20.72107       19.95001 
C         12.88350       20.10180       18.29390 
C          9.83618       20.55966       20.59047 
C          9.38947       21.50953       21.68117 
C         17.02271       19.17622       19.60763 
C         16.53213       20.17950       18.74775 
C         17.61423       19.54107       20.84945 
C         16.61186       21.53318       19.10196 
C         17.67171       20.91245       21.17790 
C         18.17115       18.50841       21.80048 
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C         17.18015       21.92676       20.33152 
C         17.23601       23.38437       20.73553 
C         20.81595       19.37769       16.59017 
C         20.08628       20.10725       17.54823 
C         22.23659       19.39730       16.61632 
C         20.74464       20.84988       18.53683 
C         22.86693       20.15124       17.62885 
C         23.06579       18.64757       15.60080 
C         22.15327       20.88224       18.59797 
C         22.86755       21.66659       19.67749 
C         20.40288       13.88415       18.39343 
C         19.50715       13.45798       19.39503 
C         21.74659       14.19872       18.73991 
C         19.91875       13.34619       20.72982 
C         22.12375       14.09073       20.09496 
C         22.75385       14.63942       17.70660 
C         21.23829       13.67098       21.10663 
C         21.67944       13.58319       22.55188 
C         15.72899       12.21397       21.56159 
C         15.57654       10.90713       22.07902 
C         16.37289       13.20512       22.34831 
C         16.05970       10.56851       23.34953 
C         16.84622       12.83030       23.62583 
C         16.55741       14.61681       21.86159 
C         16.70724       11.53126       24.15192 
C         17.20521       11.19031       25.54015 
C         12.83374       15.91636       22.35325 
C         13.20886       16.80041       23.40154 
C         12.63991       14.54634       22.62105 
C         13.37343       16.25590       24.69243 
C         13.43586       18.27288       23.15616 
C         12.80998       14.04120       23.91598 
C         13.18124       14.89040       24.97947 
C         13.38119       14.34276       26.37578 
C         15.63280       21.23999       13.74213 
C         14.95037       22.47594       13.90561 
C         16.38258       21.00354       12.57061 
C         15.05304       23.43005       12.86995 
C         14.14237       22.78620       15.14309 
C         16.47060       21.97783       11.56915 
C         15.80289       23.21410       11.69859 
C         15.89947       24.26818       10.61682 
C         19.59261       17.52614       11.43520 
C         20.94594       17.93122       11.25851 
C         18.56464       18.19713       10.74631 
C         21.20480       19.01744       10.39867 
C         22.08519       17.21168       11.94141 
C         18.86275       19.26382        9.88458 
C         20.18917       19.70079        9.69919 
C         20.52443       20.86239        8.78817 
C         17.22625       13.68107        7.99572 
C         18.47456       13.83267        7.32958 
C         16.03132       14.00555        7.32547 
C         18.45946       14.32236        6.00730 
C         19.78294       13.48923        7.99921 
C         16.05390       14.48701        6.00951 
C         17.27383       14.66067        5.32533 
C         17.31198       15.21994        3.91952 
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C         14.18603       17.64603        9.09291 
C         14.65048       18.81034        8.44129 
C         13.29836       16.76947        8.41710 
C         14.24647       19.11896        7.13654 
C         12.91565       17.10806        7.09918 
C         12.76427       15.51979        9.06076 
C         13.36666       18.26594        6.43712 
C         12.93838       18.58058        5.01981 
C          9.48564       12.38660       18.37575 
C          8.11051       12.30300       18.06480 
C         10.08162       11.39233       19.19686 
C          7.32218       11.25391       18.55536 
C          9.25663       10.35504       19.68120 
C         11.54117       11.43016       19.54941 
C          7.88289       10.25897       19.38246 
C          7.03525        9.14510       19.95869 
H         20.43169       10.75642       16.63997 
H         22.65428       10.48126       17.73243 
H         20.78997        8.18043       20.90014 
H         17.65017        7.64704       19.29205 
H         17.53119        9.05624       20.37816 
H         18.51859        7.63484       20.87685 
H         24.01862        8.84068       19.37650 
H         23.18747        8.42007       20.91553 
H         23.56192       10.13224       20.52668 
H         15.83232        7.49807       14.03129 
H         16.19384        5.18346       14.88757 
H         13.97155        6.19717       18.46999 
H         14.07341        9.65589       18.15857 
H         13.08344        8.30988       18.84079 
H         12.54303        9.20067       17.36555 
H         15.43589        3.37659       16.48768 
H         14.51431        3.80772       17.97207 
H         16.28294        4.08091       17.89860 
H         15.96404       10.31214       12.23181 
H         15.55742        8.40349       10.69830 
H         19.83431        8.03615       10.05514 
H         20.90568       10.02359       12.73028 
H         20.81299       11.13451       11.34390 
H         21.37811        9.44045       11.08930 
H         16.55229        6.33142        9.57757 
H         18.31793        6.25766        9.23344 
H         17.24958        7.31207        8.25380 
H         13.06185        9.77290       12.53485 
H         11.71662        8.84255        7.82260 
H         11.28675       12.26492        8.62272 
H         11.64338       11.10468        7.28263 
H         12.96551       12.04031        8.07439 
H         12.71895        7.42914       11.79978 
H         11.62555        6.48594        8.23789 
H         11.23901        6.00233        9.92587 
H         12.92914        5.94318        9.34651 
H          9.42860       11.79845       12.11932 
H          8.08723        7.05530       12.90559 
H          8.77630        8.72804       15.95702 
H         10.31169        8.06997       15.33824 
H          8.79517        7.12044       15.13304 
H          8.35795       10.49753       10.28138 
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H          7.10314        6.90508       10.71227 
H          8.25533        7.63847        9.54653 
H          6.68048        8.42863        9.85552 
H         10.96074       17.10364       11.53068 
H          6.42481       15.39914       10.34555 
H          7.55112       13.76723       13.16645 
H          6.07388       14.53867       12.47404 
H          6.97958       15.30982       13.83642 
H         10.02296       17.57028        9.27475 
H          6.48513       16.60138        8.22982 
H          8.02545       16.04561        7.50113 
H          7.80818       17.77625        7.89921 
H          9.19767       19.31211       13.87246 
H          9.12382       21.95766        9.64112 
H         12.24013       22.28153       11.32990 
H         11.42545       22.33622        9.71844 
H         12.31720       20.86573       10.25536 
H          7.02815       19.74282       12.72495 
H          6.72457       21.86839        9.54858 
H          5.83667       21.55593       11.08061 
H          6.18406       20.20607        9.96016 
H          8.76248       17.83728       18.78141 
H          8.03224       19.33358       20.64307 
H         11.74919       21.53642       20.28065 
H         12.81956       20.26847       17.19330 
H         13.53004       19.20230       18.42833 
H         13.40137       20.96747       18.75674 
H          8.75584       20.99579       22.43755 
H          8.78434       22.35016       21.26603 
H         10.25602       21.96225       22.21067 
H         16.08502       19.89894       17.78141 
H         16.22383       22.29291       18.40192 
H         18.12684       21.19799       22.14357 
H         17.38085       17.79837       22.13344 
H         18.60996       18.99125       22.70025 
H         18.95705       17.88908       21.31388 
H         17.51040       24.03686       19.87697 
H         17.97493       23.55744       21.54778 
H         16.24676       23.74048       21.10782 
H         18.98503       20.09018       17.52079 
H         20.14086       21.40507       19.27447 
H         23.97135       20.16597       17.65364 
H         22.85154       18.99410       14.56515 
H         22.84225       17.55643       15.61732 
H         24.15157       18.78136       15.79583 
H         22.50225       22.71720       19.72886 
H         23.96491       21.69592       19.50456 
H         22.69878       21.21829       20.68402 
H         18.47304       13.19309       19.11546 
H         19.19682       12.99676       21.48738 
H         23.16514       14.34197       20.36644 
H         22.82721       13.90715       16.87190 
H         23.76079       14.77038       18.15803 
H         22.45118       15.60541       17.23763 
H         21.25730       14.41911       23.15753 
H         22.78611       13.63265       22.64695 
H         21.33567       12.63694       23.02608 
H         15.06700       10.14872       21.46284 
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H         15.93181        9.53666       23.72080 
H         17.35148       13.60089       24.23507 
H         15.57630       15.12032       21.70026 
H         17.08811       14.65302       20.88622 
H         17.13368       15.22045       22.59335 
H         17.56587       10.13983       25.59927 
H         16.39737       11.30012       26.30202 
H         18.03891       11.85692       25.85153 
H         12.35663       13.87345       21.79589 
H         13.66363       16.93911       25.51080 
H         14.29241       18.44076       22.46159 
H         13.65159       18.80825       24.10560 
H         12.55264       18.74633       22.67238 
H         12.65804       12.96364       24.09736 
H         13.57544       15.15385       27.11000 
H         14.24545       13.64005       26.41295 
H         12.48886       13.77466       26.72403 
H         16.91262       20.04537       12.44902 
H         14.52575       24.39274       12.99624 
H         13.28511       22.08424       15.25207 
H         13.73553       23.81947       15.10376 
H         14.75706       22.68338       16.06573 
H         17.07737       21.76713       10.67181 
H         15.29028       25.16438       10.86393 
H         15.54511       23.88035        9.63443 
H         16.95096       24.60620       10.46858 
H         17.51868       17.86911       10.86684 
H         22.25478       19.33514       10.26302 
H         22.11793       16.13831       11.64758 
H         21.96993       17.22608       13.04731 
H         23.06120       17.67661       11.68258 
H         18.04053       19.75598        9.33684 
H         20.91889       21.73213        9.36333 
H         19.63027       21.21100        8.22814 
H         21.30581       20.58824        8.04340 
H         15.07088       13.87671        7.84912 
H         19.42706       14.43834        5.48676 
H         19.78054       12.44661        8.38900 
H         19.96867       14.14864        8.88001 
H         20.63458       13.60273        7.29506 
H         15.10145       14.73768        5.51260 
H         18.23189       14.90802        3.37835 
H         17.29776       16.33531        3.92738 
H         16.43328       14.88869        3.32326 
H         15.33307       19.48418        8.98375 
H         14.62219       20.03904        6.65579 
H         12.22354       16.42822        6.57062 
H         13.58571       14.83568        9.37334 
H         12.09492       14.96300        8.37292 
H         12.19192       15.74202        9.98736 
H         12.59730       19.63571        4.92010 
H         12.10713       17.92176        4.68766 
H         13.77914       18.44445        4.30018 
H          7.66315       13.07879       17.42255 
H          6.25143       11.21081       18.29012 
H          9.71907        9.58209       20.32118 
H         11.80726       12.37296       20.08227 
H         12.18067       11.42281       18.63862 
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H         11.83278       10.57194       20.18987 
H          6.17789        8.89796       19.29485 
H          6.60945        9.42876       20.95032 
H          7.62758        8.21652       20.11301 
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Ag13Au12DMBT18_II 

349 
 
Au        14.76234       17.59661       14.64375 
Ag        17.72588       18.74599       15.24811 
Ag        19.35770       16.18015       16.29109 
Au        17.24740       13.62997       16.40906 
Au        13.35407       16.40948       17.04916 
Ag        11.82508       18.63778       15.16395 
Ag        13.25881       18.50779       12.30001 
Au        14.92882       15.32500       12.34057 
Au        16.41170       16.54599       16.90696 
Ag        14.71548       16.69112       19.72681 
Ag        11.84454       15.07330       19.31181 
Au        12.46470       13.51241       16.27536 
Au        14.94264       11.97254       15.89437 
Ag        12.03223       10.72354       15.04025 
Ag        10.34299       13.48559       14.21180 
Au        12.51501       15.93852       14.01023 
Au        16.32717       13.08841       13.43475 
Ag        17.70548       10.88508       15.19497 
Ag        16.64100       11.10650       18.15228 
Au        14.83898       14.16819       18.08717 
Au        13.31028       13.00811       13.51056 
Ag        15.19134       12.84216       10.56848 
Ag        17.88114       14.40977       11.31164 
Au        17.26028       15.97809       14.16904 
Ag        14.85560       14.77422       15.22682 
S         15.58912       19.95416       14.99137 
S         20.13136       18.43432       15.59968 
S         19.71088       13.73905       16.59099 
S         11.84408       20.23039       13.29921 
S         14.89748       17.37361       10.88810 
S         11.14908       17.61017       17.29291 
S         17.06979       17.22560       19.21618 
S         12.60918       16.69713       20.97207 
S         10.42362       13.87251       17.70342 
S         14.24161        9.64934       15.24554 
S          9.66564       11.15637       14.62745 
S         10.03345       15.90059       13.78263 
S         17.97714        9.34464       17.10026 
S         15.04037       12.18445       19.66632 
S         18.34803       11.68828       12.93935 
S         12.85418       12.32273       11.14497 
S         17.34582       12.93634        9.40458 
S         19.30963       15.85962       12.71196 
C         19.69327        9.48358       17.61338 
C         20.69093        9.88115       16.69778 
C         20.07132        9.07427       18.92475 
C         22.04530        9.87659       17.05814 
C         21.44114        9.08476       19.25407 
C         19.04775        8.64241       19.94679 
C         22.44708        9.48064       18.34939 
C         23.90090        9.50965       18.76704 
C         14.29176        8.33421       16.47026 
C         15.12024        7.24075       16.13461 
C         13.54590        8.30600       17.68161 
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C         15.21944        6.12475       16.97618 
C         13.67141        7.16637       18.50381 
C         12.64382        9.43489       18.09799 
C         14.49330        6.06671       18.18203 
C         14.59468        4.87796       19.11350 
C         17.97841       10.33273       11.81511 
C         16.68611        9.78827       11.68421 
C         19.04521        9.81940       11.02362 
C         16.43457        8.74817       10.77723 
C         18.75836        8.77025       10.12929 
C         20.44403       10.38245       11.11870 
C         17.46845        8.22000        9.97980 
C         17.21308        7.10819        8.98482 
C         12.74590       10.56666       10.75884 
C         12.49838       10.18255        9.40976 
C         12.85354        9.57205       11.74933 
C         12.37397        8.80737        9.12227 
C         12.37632       11.20256        8.30432 
C         12.71849        8.21448       11.43255 
C         12.47735        7.80326       10.10528 
C         12.35592        6.33674        9.75119 
C          9.24380       10.38871       13.05944 
C          8.93564        8.99863       13.03022 
C          9.11204       11.15344       11.88105 
C          8.50050        8.44110       11.81117 
C          9.06938        8.13300       14.26035 
C          8.67795       10.56648       10.68522 
C          8.36372        9.19367       10.62742 
C          7.93196        8.54130        9.33234 
C          9.43418       16.00683       12.09165 
C          8.09998       15.59728       11.80828 
C         10.22163       16.56182       11.06184 
C          7.62754       15.74659       10.48702 
C          7.20003       15.02197       12.87535 
C          9.71825       16.70591        9.76346 
C          8.40572       16.29540        9.44945 
C          7.85181       16.46183        8.05070 
C         10.21359       20.18882       12.54687 
C         10.03666       20.69106       11.22686 
C          9.08844       19.76181       13.28499 
C          8.72717       20.73593       10.70535 
C         11.20371       21.15791       10.39136 
C          7.80190       19.81962       12.73514 
C          7.59654       20.30797       11.42850 
C          6.21420       20.33680       10.81361 
C         10.95561       18.87777       18.55276 
C          9.76251       18.79324       19.30508 
C         11.88182       19.92426       18.81844 
C          9.47048       19.73257       20.30275 
C         11.55512       20.85090       19.83052 
C         13.17667       20.05739       18.06631 
C         10.36487       20.78579       20.58306 
C         10.05446       21.82919       21.63542 
C         17.07833       18.99110       19.57452 
C         16.84630       19.96203       18.58406 
C         17.36172       19.40551       20.90986 
C         16.87956       21.32966       18.89109 
C         17.38621       20.78662       21.18384 
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C         17.61930       18.40582       22.01250 
C         17.14666       21.77037       20.20149 
C         17.15549       23.24154       20.55773 
C         20.57206       19.57940       16.91321 
C         20.25916       20.94621       16.73332 
C         21.32856       19.18267       18.05216 
C         20.68017       21.91387       17.65328 
C         21.72962       20.18334       18.96241 
C         21.71381       17.74662       18.30323 
C         21.42388       21.54775       18.79419 
C         21.84994       22.57574       19.81947 
C         20.33941       13.55742       18.26355 
C         19.49733       13.28843       19.36204 
C         21.74562       13.65138       18.46414 
C         20.02384       13.11344       20.64828 
C         22.24098       13.48430       19.77409 
C         22.69117       13.91673       17.31719 
C         21.41164       13.21381       20.87988 
C         21.98621       13.01449       22.26580 
C         15.83839       11.94619       21.27339 
C         15.81780       10.61801       21.76012 
C         16.41909       12.96978       22.06937 
C         16.35849       10.29494       23.01184 
C         16.95341       12.60812       23.32547 
C         16.47976       14.40178       21.61438 
C         16.93756       11.29069       23.82478 
C         17.49305       10.97064       25.19573 
C         12.98953       15.97833       22.57440 
C         13.22217       16.86065       23.66747 
C         13.01445       14.58458       22.79229 
C         13.46075       16.29499       24.93796 
C         13.21717       18.36063       23.48868 
C         13.25637       14.05572       24.06651 
C         13.48317       14.90585       25.16944 
C         13.75195       14.33887       26.54672 
C         15.78952       20.98493       13.53017 
C         15.17510       22.26900       13.52662 
C         16.57841       20.58557       12.42995 
C         15.38569       23.10020       12.40525 
C         14.32646       22.75488       14.67738 
C         16.76501       21.43771       11.33464 
C         16.16936       22.71675       11.30031 
C         16.38210       23.64399       10.12257 
C         19.66625       17.25981       11.63613 
C         20.99133       17.78616       11.62944 
C         18.70601       17.78086       10.74473 
C         21.28690       18.81995       10.71753 
C         22.06634       17.25453       12.54675 
C         19.03970       18.80491        9.84597 
C         20.34135       19.34440        9.81307 
C         20.72833       20.42658        8.82769 
C         17.18951       13.87929        7.88567 
C         18.28228       14.64968        7.39314 
C         16.02156       13.76165        7.09929 
C         18.13231       15.29303        6.14660 
C         19.57625       14.78266        8.15745 
C         15.90697       14.41126        5.86415 
C         16.96363       15.20142        5.36577 
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C         16.83440       15.94570        4.05468 
C         14.17879       17.62979        9.24816 
C         14.41714       18.90852        8.69096 
C         13.43992       16.67128        8.50759 
C         13.92892       19.24717        7.42300 
C         12.96525       17.04694        7.23076 
C         13.16505       15.29169        9.03694 
C         13.19113       18.31533        6.66275 
C         12.69026       18.65608        5.27566 
C          9.53509       12.45436       18.36504 
C          8.30390       12.16980       17.73021 
C          9.93409       11.67812       19.48766 
C          7.47988       11.13018       18.17533 
C          9.07797       10.63767       19.91019 
C         11.20235       11.95106       20.25058 
C          7.85451       10.33897       19.28061 
C          6.96043        9.22951       19.78992 
H         20.39316       10.19551       15.68327 
H         22.80209       10.18695       16.31702 
H         21.73394        8.76365       20.27009 
H         18.40469        7.82000       19.56113 
H         18.35718        9.47906       20.20640 
H         19.53815        8.29990       20.88333 
H         24.57983        9.46149       17.88790 
H         24.15237        8.66253       19.44298 
H         24.14152       10.44905       19.31807 
H         15.69449        7.27472       15.19491 
H         15.88023        5.28871       16.68963 
H         13.09262        7.14315       19.44455 
H         13.20696       10.39050       18.18783 
H         12.16225        9.22384       19.07539 
H         11.82996        9.61425       17.35315 
H         15.15225        4.03932       18.64392 
H         13.58965        4.49810       19.40623 
H         15.12567        5.14391       20.05711 
H         15.86528       10.18081       12.30659 
H         15.40929        8.35017       10.69365 
H         19.58619        8.37075        9.51562 
H         20.84755       10.31259       12.15415 
H         20.45994       11.46255       10.84801 
H         21.13720        9.84230       10.43823 
H         16.16978        6.73273        9.05658 
H         17.89863        6.24516        9.14718 
H         17.37208        7.45407        7.93718 
H         13.05322        9.86764       12.79161 
H         12.18335        8.51160        8.07482 
H         11.58419       11.95147        8.52724 
H         12.14231       10.71567        7.33348 
H         13.32342       11.77880        8.18365 
H         12.80559        7.46640       12.23924 
H         11.93745        6.19510        8.73119 
H         11.69867        5.79664       10.46876 
H         13.34724        5.82678        9.77673 
H          9.35599       12.22925       11.90684 
H          8.25510        7.36395       11.78966 
H          8.47425        8.53380       15.11119 
H         10.12598        8.09863       14.61509 
H          8.73905        7.09196       14.05551 
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H          8.58445       11.19222        9.78143 
H          7.27926        7.65926        9.51339 
H          8.81355        8.18453        8.74957 
H          7.37676        9.25184        8.68125 
H         11.24958       16.89051       11.29463 
H          6.59614       15.41779       10.26419 
H          7.62046       14.08042       13.30207 
H          6.19119       14.79594       12.46823 
H          7.08594       15.72215       13.73326 
H         10.36438       17.14414        8.98386 
H          6.86157       15.96870        7.94124 
H          8.53416       16.02729        7.28572 
H          7.72160       17.53773        7.78962 
H          9.23213       19.37846       14.30913 
H          8.58867       21.12697        9.68109 
H         11.80964       21.92530       10.92265 
H         10.85767       21.58452        9.42556 
H         11.90236       20.31796       10.16404 
H          6.94293       19.47445       13.33584 
H          6.15680       21.05346        9.96531 
H          5.43958       20.62373       11.55889 
H          5.92876       19.33336       10.41922 
H          9.06015       17.96946       19.09900 
H          8.53229       19.64012       20.87682 
H         12.27322       21.66475       20.03512 
H         13.00552       20.19281       16.97127 
H         13.80043       19.13763       18.16087 
H         13.77553       20.91630       18.43381 
H          9.26019       21.48290       22.33176 
H          9.69730       22.77994       21.17387 
H         10.95368       22.08142       22.24021 
H         16.63377       19.64288       17.55125 
H         16.69365       22.06233       18.08713 
H         17.60656       21.10617       22.21865 
H         16.72750       17.76037       22.18908 
H         17.86833       18.91875       22.96625 
H         18.45335       17.71641       21.75340 
H         17.17768       23.87948       19.64824 
H         18.03700       23.50790       21.18314 
H         16.24861       23.52662       21.14110 
H         19.67840       21.24717       15.84575 
H         20.42377       22.97343       17.48001 
H         22.31535       19.87409       19.84669 
H         22.31522       17.33119       17.46383 
H         20.81358       17.09291       18.39975 
H         22.30635       17.64699       19.23722 
H         22.00971       23.57424       19.35646 
H         22.79154       22.27952       20.33191 
H         21.07314       22.70242       20.60993 
H         18.40928       13.21931       19.19395 
H         19.33637       12.89517       21.48324 
H         23.33177       13.56755       19.93171 
H         22.62269       13.11626       16.54626 
H         23.74318       13.97346       17.67079 
H         22.44556       14.86907       16.79372 
H         21.42037       13.59251       23.03055 
H         23.05047       13.33181       22.31788 
H         21.94287       11.94387       22.57431 
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H         15.37081        9.82707       21.13534 
H         16.33026        9.24747       23.35897 
H         17.40408       13.40752       23.94019 
H         15.45657       14.82810       21.49819 
H         16.97908       14.50281       20.62741 
H         17.02619       15.03342       22.34450 
H         17.70893        9.88577       25.30586 
H         16.77372       11.24706       26.00219 
H         18.43415       11.52868       25.39809 
H         12.85351       13.90600       21.93951 
H         13.63471       16.98039       25.78721 
H         13.99331       18.68643       22.75915 
H         13.40620       18.87812       24.45399 
H         12.24683       18.71932       23.07872 
H         13.27115       12.96072       24.20076 
H         13.80520       15.13983       27.31557 
H         14.71620       13.78064       26.57567 
H         12.95756       13.62255       26.85691 
H         17.06280       19.59564       12.43685 
H         14.91565       24.09997       12.40585 
H         13.42521       22.11385       14.80754 
H         13.98159       23.79698       14.50350 
H         14.88383       22.72505       15.64032 
H         17.40065       21.09799       10.49974 
H         15.83154       24.60068       10.25102 
H         16.03605       23.18207        9.16970 
H         17.46040       23.89058        9.98701 
H         17.68036       17.37535       10.74796 
H         22.31408       19.22772       10.71194 
H         22.22243       16.16161       12.40254 
H         21.78621       17.39926       13.61530 
H         23.03228       17.77421       12.36782 
H         18.26860       19.17661        9.14949 
H         21.31294       21.23735        9.31773 
H         19.83358       20.88812        8.35714 
H         21.36346       20.02204        8.00476 
H         15.19382       13.13377        7.46811 
H         18.97887       15.89480        5.77033 
H         20.01877       13.78810        8.38934 
H         19.41968       15.29000        9.13979 
H         20.32039       15.37633        7.58499 
H         14.97904       14.29938        5.27742 
H         17.82876       16.20957        3.63339 
H         16.26837       16.89800        4.18490 
H         16.28725       15.34554        3.29386 
H         14.99068       19.64630        9.27660 
H         14.12295       20.25683        7.02093 
H         12.38628       16.30105        6.65732 
H         14.11656       14.73417        9.20206 
H         12.54156       14.70331        8.33283 
H         12.64640       15.31419       10.01935 
H         12.34111       19.71059        5.21373 
H         11.84739       17.99815        4.97108 
H         13.49390       18.53448        4.51147 
H          7.99794       12.78095       16.86610 
H          6.53210       10.92851       17.64668 
H          9.38926       10.03230       20.78080 
H         11.16796       12.96255       20.72298 
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H         12.10312       11.94215       19.60037 
H         11.35428       11.20580       21.05991 
H          6.46852        8.68446       18.95405 
H          6.14614        9.62838       20.44018 
H          7.52903        8.48904       20.39349 
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Ag13Au12DMBT18_III 

349 
 
Ag        14.71274       17.65497       14.59615 
Au        17.74146       19.05457       15.25209 
Au        19.80111       16.13550       16.14181 
Ag        17.32028       13.89782       16.37744 
Ag        13.32501       16.54925       17.02212 
Au        11.46562       18.84743       15.24478 
Au        13.27334       18.62498       12.16756 
Ag        14.87963       15.32043       12.42872 
Ag        16.39540       16.72867       16.84571 
Au        14.69038       16.92731       19.81841 
Au        11.50611       15.07161       19.31185 
Ag        12.50282       13.69939       16.37663 
Ag        15.00943       12.14633       16.04839 
Au        12.28884       10.55399       15.08229 
Au        10.13963       13.44066       14.26922 
Ag        12.46756       15.92309       14.12946 
Ag        16.34067       13.13894       13.58581 
Au        18.05772       10.91493       15.18029 
Au        16.46881       11.27090       18.50204 
Ag        14.93739       14.38816       18.08806 
Ag        13.32251       13.06387       13.66783 
Au        15.04750       12.83314       10.56469 
Ag        17.81480       14.55716       11.39626 
Ag        17.23871       16.04988       14.14925 
Au        14.86823       14.88935       15.27467 
S         15.57914       20.03544       15.07489 
S         20.02822       18.39143       15.35915 
S         19.84128       13.84054       16.76797 
S         11.78320       20.14017       13.26785 
S         14.87186       17.41583       10.89995 
S         11.03215       17.69775       17.26282 
S         16.94543       17.46716       19.22968 
S         12.50981       16.66088       20.77594 
S         10.27558       13.85958       17.68886 
S         14.54907        9.80034       15.03799 
S          9.98453       11.17097       15.02309 
S          9.95345       15.75139       13.71078 
S         17.78971        9.73005       17.22994 
S         15.03971       12.52655       19.93184 
S         18.43796       11.78667       13.00239 
S         12.77563       12.51392       11.21757 
S         17.24824       12.92166        9.62717 
S         19.30954       16.02704       12.65257 
C         19.40116        9.61047       18.03477 
C         20.56039       10.14335       17.43627 
C         19.50175        8.87284       19.24597 
C         21.81791        9.95262       18.02269 
C         20.78363        8.70683       19.81022 
C         18.28847        8.28674       19.92660 
C         21.95295        9.23185       19.22706 
C         23.30539        9.05529       19.88195 
C         14.68350        8.17072       15.79708 
C         15.38356        7.21384       15.02862 
C         14.17425        7.81201       17.07417 
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C         15.58422        5.91257       15.50634 
C         14.38505        6.48854       17.51770 
C         13.44247        8.79344       17.94787 
C         15.08406        5.52346       16.76598 
C         15.31831        4.12950       17.30704 
C         18.11893       10.38272       11.91028 
C         16.83497        9.81779       11.78029 
C         19.19827        9.87682       11.13696 
C         16.60401        8.76418       10.88524 
C         18.93087        8.81585       10.24683 
C         20.59272       10.44882       11.24508 
C         17.65088        8.24750       10.09405 
C         17.40114        7.14409        9.08848 
C         12.45986       10.82139       10.66850 
C         11.88624       10.61278        9.38434 
C         12.73921        9.71547       11.49573 
C         11.61977        9.28506        8.98591 
C         11.57288       11.76136        8.45469 
C         12.45861        8.41031       11.07118 
C         11.89196        8.17007        9.80183 
C         11.59040        6.76070        9.33968 
C          9.25583       10.17351       13.70495 
C          8.85424        8.84565       14.01287 
C          9.00951       10.70585       12.42356 
C          8.20453        8.10457       13.00357 
C          9.11409        8.23039       15.36701 
C          8.35987        9.94117       11.44648 
C          7.94307        8.62191       11.71995 
C          7.25964        7.78655       10.65909 
C          9.43800       15.79601       11.98597 
C          8.12851       15.37015       11.62463 
C         10.28101       16.36151       11.00761 
C          7.73711       15.50885       10.27598 
C          7.16788       14.79347       12.63567 
C          9.85355       16.50137        9.68058 
C          8.57159       16.06551        9.28659 
C          8.11689       16.18086        7.84733 
C         10.23607       20.14392       12.33516 
C         10.19695       20.82839       11.09017 
C          9.06269       19.56652       12.86099 
C          8.95786       20.89909       10.41901 
C         11.42944       21.45278       10.48159 
C          7.84997       19.66048       12.16758 
C          7.77526       20.32936       10.92810 
C          6.47019       20.41013       10.16659 
C         10.69017       18.93335       18.53048 
C          9.45425       18.78444       19.19681 
C         11.57402       19.97953       18.90824 
C          9.07964       19.65977       20.22433 
C         11.16046       20.84716       19.94182 
C         12.91643       20.16837       18.25804 
C          9.92804       20.71679       20.61242 
C          9.51892       21.69631       21.69175 
C         17.00883       19.22138       19.65411 
C         16.54747       20.21349       18.76600 
C         17.57072       19.60212       20.90482 
C         16.62704       21.57226       19.10037 
C         17.62841       20.97801       21.21306 
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C         18.09632       18.58080       21.88560 
C         17.16467       21.98157       20.33852 
C         17.21871       23.44484       20.72169 
C         20.83574       19.32053       16.68613 
C         20.10507       20.08555       17.61531 
C         22.25569       19.30500       16.74291 
C         20.76093       20.82943       18.60476 
C         22.88347       20.06028       17.75593 
C         23.08581       18.51508       15.75912 
C         22.16821       20.82596       18.69693 
C         22.87953       21.60922       19.77924 
C         20.38382       13.82589       18.48583 
C         19.49261       13.47007       19.51795 
C         21.75113       14.07339       18.79215 
C         19.93188       13.36306       20.84451 
C         22.15691       13.97192       20.13923 
C         22.75309       14.43659       17.72394 
C         21.27635       13.62250       21.18146 
C         21.74940       13.54091       22.61694 
C         15.75696       12.20491       21.56332 
C         15.63541       10.88678       22.05988 
C         16.36388       13.20236       22.37121 
C         16.11472       10.54291       23.33023 
C         16.83376       12.82161       23.64844 
C         16.51545       14.62595       21.90772 
C         16.72623       11.51146       24.15379 
C         17.21873       11.16362       25.54223 
C         12.80402       15.94050       22.40307 
C         13.17844       16.81095       23.46283 
C         12.60898       14.56731       22.65359 
C         13.34416       16.24961       24.74635 
C         13.40189       18.28709       23.23722 
C         12.78024       14.04522       23.94159 
C         13.15273       14.88044       25.01570 
C         13.35242       14.31484       26.40484 
C         15.69891       21.20374       13.70698 
C         14.96621       22.41837       13.79799 
C         16.51059       20.95841       12.57937 
C         15.08500       23.34367       12.73824 
C         14.09129       22.73743       14.98719 
C         16.61154       21.90418       11.55157 
C         15.89680       23.11972       11.61066 
C         16.01119       24.14576       10.50375 
C         19.63634       17.39147       11.52515 
C         20.99538       17.76522       11.30929 
C         18.61486       18.06534       10.82670 
C         21.26366       18.80748       10.40001 
C         22.12865       17.05609       12.01183 
C         18.92039       19.09159        9.91879 
C         20.25275       19.48724        9.68948 
C         20.59884       20.60166        8.72470 
C         17.11309       13.66890        7.99487 
C         18.17231       14.46136        7.46862 
C         16.00728       13.35566        7.17438 
C         18.05135       14.92860        6.14278 
C         19.40092       14.80397        8.27401 
C         15.92306       13.83360        5.86071 
C         16.94520       14.64058        5.32004 
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C         16.84516       15.20171        3.91844 
C         14.39604       17.84418        9.20518 
C         14.70375       19.15478        8.77483 
C         13.77242       16.93733        8.30903 
C         14.40051       19.57667        7.47342 
C         13.48751       17.39474        7.00283 
C         13.41251       15.53340        8.71302 
C         13.78666       18.69709        6.55721 
C         13.48663       19.12777        5.13750 
C          9.45474       12.44255       18.43635 
C          8.06997       12.34716       18.17619 
C         10.09422       11.44022       19.21344 
C          7.31408       11.27829       18.67496 
C          9.30198       10.38107       19.70522 
C         11.56538       11.49077       19.51180 
C          7.91897       10.27307       19.45754 
C          7.10797        9.13604       20.04129 
H         20.46720       10.71726       16.49933 
H         22.70947       10.38058       17.53313 
H         20.86599        8.13401       20.75136 
H         17.67735        7.67893       19.22250 
H         17.61654        9.09099       20.31022 
H         18.58250        7.64727       20.78623 
H         24.09123        8.79971       19.13679 
H         23.28732        8.25221       20.65058 
H         23.63195        9.99349       20.38795 
H         15.77420        7.50549       14.04010 
H         16.13711        5.18761       14.88385 
H         13.98242        6.20384       18.50659 
H         14.08948        9.66959       18.19049 
H         13.11909        8.32359       18.90075 
H         12.54283        9.20790       17.43513 
H         15.34396        3.37328       16.49155 
H         14.52649        3.83041       18.02807 
H         16.29370        4.06063       17.84405 
H         16.00708       10.20314       12.39679 
H         15.58476        8.35121       10.79665 
H         19.76739        8.42016        9.64301 
H         20.97088       10.40693       12.29113 
H         20.61449       11.52209       10.94947 
H         21.30136        9.89440       10.59245 
H         16.61508        6.44018        9.43970 
H         18.32353        6.55742        8.88402 
H         17.05196        7.55907        8.11371 
H         13.18453        9.88105       12.49005 
H         11.17652        9.12010        7.98710 
H         10.89592       12.50377        8.93273 
H         11.09728       11.39755        7.51833 
H         12.49614       12.32235        8.18220 
H         12.68398        7.56731       11.74684 
H         11.08811        6.75365        8.34838 
H         10.92866        6.22913       10.06070 
H         12.52025        6.15290        9.24966 
H          9.33790       11.73367       12.19612 
H          7.88528        7.07353       13.24026 
H          8.71392        8.86423       16.18973 
H         10.20829        8.12817       15.55760 
H          8.65705        7.22042       15.44212 
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H          8.17991       10.38149       10.45104 
H          6.81701        6.86158       11.08791 
H          7.97791        7.47703        9.86472 
H          6.44538        8.35283       10.15377 
H         11.28535       16.71192       11.30141 
H          6.72324       15.17304        9.99174 
H          7.54766       13.83246       13.05713 
H          6.17238       14.60338       12.17990 
H          7.03953       15.47488       13.50608 
H         10.53349       16.95964        8.94250 
H          7.01918       16.03289        7.75057 
H          8.61195       15.41856        7.20116 
H          8.36788       17.17695        7.41891 
H          9.10968       19.03513       13.82591 
H          8.92227       21.42984        9.45073 
H         11.95396       22.11853       11.20262 
H         11.17221       22.04312        9.57624 
H         12.17188       20.67434       10.18470 
H          6.94678       19.19656       12.59963 
H          6.54160       21.10579        9.30266 
H          5.63708       20.75812       10.81803 
H          6.17416       19.41164        9.77002 
H          8.78551       17.96077       18.89868 
H          8.10946       19.51770       20.73149 
H         11.84583       21.66159       20.23777 
H         12.82484       20.31661       17.15699 
H         13.55469       19.26299       18.39130 
H         13.45772       21.03504       18.69132 
H          8.88373       21.21130       22.46551 
H          8.92852       22.54373       21.26943 
H         10.40339       22.13725       22.20112 
H         16.12315       19.91979       17.79333 
H         16.26343       22.32301       18.37795 
H         18.06183       21.27632       22.18484 
H         17.29328       17.88088       22.20985 
H         18.51611       19.07462       22.78851 
H         18.88976       17.94896       21.42810 
H         17.50778       24.08389       19.85793 
H         17.94548       23.62810       21.54262 
H         16.22479       23.80832       21.07397 
H         19.00446       20.09389       17.56572 
H         20.15619       21.41485       19.31781 
H         23.98719       20.04835       17.80389 
H         22.89116       18.83699       14.71171 
H         22.84263       17.42861       15.80108 
H         24.17101       18.63507       15.96594 
H         22.51603       22.66037       19.82928 
H         23.97777       21.63590       19.61124 
H         22.70602       21.16094       20.78515 
H         18.43908       13.25809       19.26863 
H         19.21138       13.06919       21.62677 
H         23.21754       14.16927       20.37891 
H         22.76565       13.68319       16.90497 
H         23.77704       14.52304       18.14688 
H         22.48995       15.40630       17.23948 
H         21.39715       14.41599       23.21202 
H         22.85916       13.52262       22.68288 
H         21.36026       12.62946       23.12327 
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H         15.15393       10.12351       21.42730 
H         16.01166        9.50255       23.68501 
H         17.31185       13.59658       24.27369 
H         15.52320       15.11011       21.75582 
H         17.04464       14.69028       20.93300 
H         17.07806       15.23082       22.64900 
H         17.61476       10.12529       25.58794 
H         16.39815       11.23193       26.29529 
H         18.02493       11.85298       25.87556 
H         12.32377       13.90536       21.82022 
H         13.63393       16.92222       25.57360 
H         14.25856       18.46606       22.54560 
H         13.61551       18.81039       24.19380 
H         12.51800       18.76479       22.75892 
H         12.62906       12.96526       24.10890 
H         13.54994       15.11606       27.14888 
H         14.21453       13.60904       26.43224 
H         12.45879       13.74505       26.74695 
H         17.07809       20.01635       12.51228 
H         14.52001       24.29040       12.80971 
H         13.25320       22.01001       15.08069 
H         13.65096       23.75354       14.89567 
H         14.66535       22.68525       15.93971 
H         17.26908       21.68798       10.69190 
H         15.39284       25.04495       10.71458 
H         15.67801       23.73134        9.52466 
H         17.06398       24.48420       10.36776 
H         17.56199       17.77607       10.98177 
H         22.31852       19.09460       10.23539 
H         22.15358       15.97390       11.74987 
H         22.01000       17.10227       13.11697 
H         23.10906       17.50491       11.74110 
H         18.09737       19.58228        9.37113 
H         21.01912       21.48768        9.25531 
H         19.70366       20.94393        8.16223 
H         21.36394       20.28065        7.98141 
H         15.20693       12.71554        7.58089 
H         18.86987       15.55029        5.73796 
H         19.92069       13.89147        8.64289 
H         19.14394       15.40396        9.17972 
H         20.12098       15.39712        7.67158 
H         15.04659       13.56897        5.24382 
H         17.84909       15.39529        3.48145 
H         16.29139       16.16981        3.91024 
H         16.30149       14.50999        3.23772 
H         15.17977       19.85025        9.48551 
H         14.64650       20.60837        7.16741 
H         13.00224       16.68995        6.30461 
H         14.31868       14.93224        8.95302 
H         12.86604       15.01036        7.90075 
H         12.78150       15.51307        9.62725 
H         13.20695       20.20326        5.08633 
H         12.65521       18.53590        4.69649 
H         14.37383       18.99083        4.47523 
H          7.58858       13.12966       17.56754 
H          6.23394       11.22797       18.45253 
H          9.79886        9.60003       20.30842 
H         11.83965       12.42653       20.05269 
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H         12.17017       11.50905       18.57726 
H         11.89181       10.62447       20.12381 
H          6.23326        8.88633       19.40137 
H          6.71023        9.39633       21.05078 
H          7.71931        8.21473       20.16018 
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Ag13Au12DMBT18_IV 

349 
 
Ag        14.73669       17.65561       14.58387 
Au        17.80124       19.10035       15.21880 
Ag        19.53118       16.12455       16.04021 
Au        17.35048       13.83743       16.32896 
Ag        13.45873       16.59781       17.03896 
Au        11.43414       18.83933       15.28589 
Ag        13.03539       18.45541       12.33330 
Au        14.85362       15.32454       12.42311 
Ag        16.50159       16.75066       16.79165 
Au        14.82216       16.95987       19.76043 
Ag        11.78261       15.06729       19.11993 
Au        12.59696       13.68246       16.38255 
Ag        15.05120       12.10687       15.96601 
Au        12.07262       10.55733       14.97769 
Ag        10.25020       13.51649       14.52400 
Au        12.48846       15.94506       14.16006 
Ag        16.27188       13.07508       13.46281 
Au        17.98894       10.84225       15.26954 
Ag        16.54074       11.51748       18.42404 
Au        15.02232       14.35454       18.05388 
Ag        13.27708       13.03656       13.64250 
Au        15.05772       12.83240       10.56530 
Ag        17.75264       14.64793       11.43009 
Au        17.23501       16.03637       14.11362 
Ag        14.90698       14.87396       15.25384 
S         15.61549       20.01819       14.96464 
S         20.08177       18.47348       15.52121 
S         19.85060       13.72478       16.50250 
S         11.55288       20.14582       13.29600 
S         14.79081       17.44550       10.99321 
S         11.15289       17.70693       17.35150 
S         17.07767       17.49337       19.15259 
S         12.64607       16.69147       20.72362 
S         10.30836       13.90441       17.54120 
S         14.35186        9.85283       15.01566 
S          9.76107       11.11996       14.83888 
S          9.99506       15.87012       13.86208 
S         17.75005        9.68961       17.34350 
S         14.97864       12.59017       19.96484 
S         18.35919       11.67007       13.06805 
S         12.78240       12.45478       11.19376 
S         17.28404       12.95793        9.68570 
S         19.35460       16.05040       12.70524 
C         19.37984        9.55066       18.09752 
C         20.54987        9.92002       17.40497 
C         19.48252        8.95587       19.38775 
C         21.81496        9.70804       17.97119 
C         20.76961        8.76193       19.92629 
C         18.25935        8.54566       20.17089 
C         21.95001        9.12601       19.24650 
C         23.30704        8.91798       19.88316 
C         14.52493        8.26487       15.84964 
C         15.23943        7.28482       15.12869 
C         14.02764        7.96615       17.14756 
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C         15.46354        6.01255       15.67330 
C         14.26296        6.67340       17.65837 
C         13.28807        8.98370       17.97206 
C         14.97361        5.68129       16.95144 
C         15.20346        4.31483       17.56042 
C         18.11151       10.20206       12.04454 
C         16.82783        9.76893       11.66513 
C         19.26046        9.49725       11.58658 
C         16.66351        8.65118       10.83301 
C         19.05996        8.37839       10.75445 
C         20.65890        9.91721       11.97588 
C         17.78024        7.93543       10.35984 
C         17.62575        6.73520        9.45021 
C         12.53289       10.74787       10.65402 
C         11.95180       10.51542        9.37714 
C         12.88194        9.65482       11.47147 
C         11.75239        9.17772        8.97442 
C         11.56226       11.64972        8.45922 
C         12.66541        8.33833       11.04249 
C         12.09755        8.07428        9.77877 
C         11.88368        6.65375        9.30173 
C          9.15872       10.43311       13.28544 
C          8.85508        9.04522       13.20878 
C          8.88256       11.27082       12.18633 
C          8.27853        8.56114       12.01703 
C          9.13845        8.10613       14.35642 
C          8.30379       10.75713       11.01782 
C          7.99270        9.38677       10.91108 
C          7.40755        8.81266        9.63924 
C          9.42169       15.83136       12.16105 
C          8.06986       15.46798       11.89778 
C         10.24841       16.23680       11.09267 
C          7.61655       15.51844       10.56256 
C          7.13225       15.04368       13.00243 
C          9.76312       16.28817        9.78021 
C          8.43176       15.92501        9.48827 
C          7.89860       15.99210        8.07313 
C          9.95590       20.05034       12.46790 
C          9.84019       20.58367       11.15445 
C          8.81259       19.55058       13.12483 
C          8.56431       20.58654       10.55356 
C         11.03508       21.12216       10.40526 
C          7.56111       19.57087       12.49652 
C          7.41281       20.08882       11.19357 
C          6.06935       20.07788       10.49706 
C         10.84072       18.96489       18.60588 
C          9.62635       18.82782       19.31069 
C         11.72636       20.03061       18.92405 
C          9.27434       19.73215       20.32258 
C         11.33684       20.92494       19.94261 
C         13.04490       20.21127       18.22453 
C         10.12513       20.80516       20.65405 
C          9.75110       21.81303       21.72041 
C         17.15017       19.25951       19.52259 
C         16.68265       20.22693       18.61486 
C         17.71365       19.67165       20.76443 
C         16.75422       21.59457       18.91959 
C         17.76819       21.05217       21.03945 
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C         18.23793       18.67449       21.77070 
C         17.29427       22.03394       20.14341 
C         17.35743       23.50319       20.50237 
C         20.73647       19.39944       16.92049 
C         20.17757       20.64306       17.28249 
C         21.89755       18.93027       17.59626 
C         20.74453       21.41808       18.30131 
C         22.43958       19.73554       18.61966 
C         22.54569       17.61195       17.25470 
C         21.88921       20.97595       18.99545 
C         22.48449       21.78772       20.12532 
C         20.48452       13.70144       18.18396 
C         19.63459       13.67847       19.30906 
C         21.89533       13.65950       18.37010 
C         20.15880       13.62487       20.60687 
C         22.38936       13.61659       19.69048 
C         22.84927       13.64899       17.19860 
C         21.55241       13.59773       20.82292 
C         22.12223       13.52142       22.22306 
C         15.82736       12.31613       21.54090 
C         15.70189       11.01490       22.07987 
C         16.52598       13.30886       22.27992 
C         16.26037       10.68506       23.32287 
C         17.08040       12.94110       23.52448 
C         16.67298       14.71805       21.77736 
C         16.96695       11.64713       24.07165 
C         17.56242       11.31992       25.42422 
C         12.95229       15.97996       22.34879 
C         13.32028       16.84744       23.41475 
C         12.76771       14.60449       22.59743 
C         13.48569       16.28289       24.69673 
C         13.53591       18.32574       23.19679 
C         12.93944       14.07746       23.88367 
C         13.30394       14.91121       24.96128 
C         13.51338       14.34208       26.34754 
C         15.68569       21.14133       13.55654 
C         14.91086       22.33209       13.61338 
C         16.50013       20.88621       12.43370 
C         14.98795       23.22285       12.52074 
C         14.03417       22.66184       14.79805 
C         16.55904       21.79915       11.37318 
C         15.79859       22.98796       11.39458 
C         15.86498       23.97652       10.25020 
C         19.61387       17.46500       11.62350 
C         20.93181       17.99811       11.51769 
C         18.58090       18.00268       10.82857 
C         21.14955       19.04908       10.60423 
C         22.07671       17.45730       12.34088 
C         18.83785       19.04266        9.92268 
C         20.13109       19.58671        9.79073 
C         20.43217       20.68829        8.79688 
C         17.19397       13.69616        8.04741 
C         18.30724       14.41406        7.52671 
C         16.07174       13.46165        7.22262 
C         18.22458       14.89103        6.20128 
C         19.55110       14.66903        8.34189 
C         16.02528       13.94835        5.91068 
C         17.10365       14.68292        5.37471 
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C         17.04573       15.24646        3.97157 
C         14.22730       17.82451        9.31450 
C         14.46196       19.15157        8.88294 
C         13.61244       16.89966        8.43106 
C         14.09217       19.56948        7.59800 
C         13.25582       17.35573        7.14198 
C         13.34378       15.47468        8.82765 
C         13.48019       18.67273        6.69683 
C         13.10600       19.10355        5.29499 
C          9.49386       12.46636       18.24509 
C          8.13779       12.30210       17.87948 
C         10.09654       11.53406       19.13111 
C          7.37991       11.23640       18.37786 
C          9.30293       10.47167       19.61484 
C         11.53091       11.66171       19.55573 
C          7.95153       10.29618       19.26090 
C          7.13374        9.15619       19.82834 
H         20.45967       10.38201       16.40793 
H         22.71469       10.00491       17.40541 
H         20.84818        8.29916       20.92667 
H         17.59764        7.87630       19.57664 
H         17.64104        9.43182       20.45077 
H         18.54337        8.02301       21.10926 
H         24.12610        9.01996       19.13880 
H         23.39292        7.91124       20.35045 
H         23.49647        9.66724       20.68681 
H         15.62720        7.53404       14.12763 
H         16.03064        5.26653       15.09014 
H         13.87378        6.43547       18.66518 
H         13.92814        9.87239       18.17946 
H         12.96388        8.55557       18.94395 
H         12.38845        9.36968       17.43786 
H         15.73450        3.63973       16.85554 
H         14.24354        3.82430       17.84210 
H         15.81624        4.37893       18.48893 
H         15.94232       10.31482       12.02764 
H         15.64321        8.34379       10.54682 
H         19.95030        7.83022       10.39637 
H         20.79757        9.88481       13.08039 
H         20.87155       10.96510       11.66786 
H         21.41770        9.25290       11.50891 
H         16.55544        6.49539        9.27333 
H         18.11061        5.82887        9.88010 
H         18.09818        6.91303        8.45652 
H         13.33418        9.83612       12.45914 
H         11.30367        8.99454        7.98123 
H         10.84839       12.34704        8.95104 
H         11.09658       11.26469        7.52645 
H         12.44815       12.26440        8.17942 
H         12.94300        7.50534       11.71104 
H         11.24948        6.61886        8.38977 
H         11.39385        6.03068       10.08322 
H         12.85076        6.15721        9.05291 
H          9.12949       12.34464       12.25131 
H          8.03822        7.48450       11.95494 
H          8.66441        8.45928       15.29919 
H         10.23213        8.04778       14.56602 
H          8.77239        7.08057       14.13484 
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H          8.09565       11.43929       10.17634 
H          6.77909        7.91794        9.84249 
H          8.21273        8.49719        8.93507 
H          6.78094        9.55920        9.10379 
H         11.29386       16.51987       11.30718 
H          6.56893       15.23075       10.35876 
H          7.50179       14.12955       13.52503 
H          6.11707       14.82799       12.60532 
H          7.04624       15.82856       13.78723 
H         10.43685       16.61883        8.97153 
H          6.88594       15.54004        7.99569 
H          8.56458       15.45814        7.35823 
H          7.82318       17.04542        7.71598 
H          8.91462       19.13990       14.14294 
H          8.47251       21.00060        9.53325 
H         11.57788       21.89555       10.99358 
H         10.72933       21.56773        9.43458 
H         11.77793       20.31730       10.19058 
H          6.68332       19.17209       13.03343 
H          6.04121       20.79499        9.64782 
H          5.24337       20.33944       11.19516 
H          5.83805       19.06753       10.08563 
H          8.95320       17.99354       19.05512 
H          8.32014       19.60015       20.86141 
H         12.02343       21.75364       20.19206 
H         12.91418       20.32399       17.12325 
H         13.69612       19.31652       18.36602 
H         13.59193       21.09567       18.61255 
H          8.90845       21.44998       22.34806 
H          9.43526       22.78374       21.27097 
H         10.60844       22.03358       22.39480 
H         16.25131       19.90946       17.65337 
H         16.38114       22.32736       18.18369 
H         18.20326       21.37388       22.00327 
H         17.43110       17.99140       22.12077 
H         18.66698       19.19085       22.65646 
H         19.02435       18.02384       21.32780 
H         17.07837       24.14567       19.63962 
H         18.37768       23.80224       20.83350 
H         16.66285       23.74880       21.33922 
H         19.28083       21.00307       16.75250 
H         20.28120       22.38498       18.56107 
H         23.34009       19.36836       19.14427 
H         22.82003       17.55091       16.17757 
H         21.85084       16.76000       17.45119 
H         23.46320       17.44831       17.85920 
H         22.39473       22.88040       19.93630 
H         23.56069       21.55283       20.27700 
H         21.96364       21.58180       21.09006 
H         18.54307       13.70738       19.15178 
H         19.46649       13.60096       21.46539 
H         23.48468       13.59167       19.83580 
H         22.67496       12.76552       16.54385 
H         23.90530       13.62511       17.54433 
H         22.71429       14.54205       16.54708 
H         21.62118       14.24083       22.90883 
H         23.21182       13.74250       22.23464 
H         21.98361       12.50660       22.66453 
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H         15.15058       10.25204       21.50582 
H         16.14623        9.65840       23.71243 
H         17.62624       13.71510       24.09381 
H         15.68012       15.21701       21.69043 
H         17.12147       14.75461       20.76165 
H         17.30347       15.32710       22.45824 
H         17.62948       10.22227       25.58583 
H         16.94721       11.73952       26.25479 
H         18.58526       11.74413       25.53585 
H         12.49421       13.93936       21.76274 
H         13.76827       16.95442       25.52744 
H         14.38472       18.51151       22.49775 
H         13.75578       18.84352       24.15512 
H         12.64664       18.80260       22.72805 
H         12.79493       12.99594       24.04676 
H         13.63176       15.14520       27.10655 
H         14.42733       13.70508       26.38722 
H         12.65967       13.69931       26.65972 
H         17.10246       19.96448       12.39637 
H         14.38920       24.15024       12.56385 
H         13.21195       21.91964       14.91341 
H         13.57036       23.66480       14.68174 
H         14.61275       22.64687       15.74888 
H         17.22027       21.57889       10.51756 
H         15.20471       24.85263       10.42827 
H         15.55231       23.51091        9.28748 
H         16.90071       24.35900       10.10040 
H         17.55636       17.60308       10.91676 
H         22.17163       19.46160       10.52345 
H         22.23197       16.36961       12.15996 
H         21.87180       17.57308       13.42969 
H         23.02249       17.99086       12.10443 
H         18.00951       19.42572        9.30251 
H         21.07727       21.47806        9.24309 
H         19.50129       21.17395        8.43252 
H         20.97133       20.29602        7.90262 
H         15.22887       12.87586        7.62485 
H         19.08627       15.45380        5.79984 
H         19.99981       13.72199        8.71661 
H         19.33027       15.28675        9.24556 
H         20.31690       15.20791        7.74456 
H         15.13331       13.74939        5.29159 
H         18.05673       15.51626        3.59668 
H         16.42126       16.16948        3.93218 
H         16.59705       14.52138        3.25627 
H         14.93549       19.86281        9.58035 
H         14.28274       20.61345        7.29394 
H         12.77677       16.63521        6.45548 
H         14.29119       14.92719        9.03648 
H         12.80481       14.92817        8.02597 
H         12.74338       15.40471        9.75960 
H         12.69329       20.13676        5.28007 
H         12.34697       18.42585        4.84713 
H         13.99222       19.09888        4.61743 
H          7.68005       13.02784       17.18788 
H          6.32557       11.13137       18.06803 
H          9.77382        9.74522       20.30122 
H         11.71307       12.62479       20.09169 
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H         12.21961       11.67839       18.68191 
H         11.83791       10.83450       20.22844 
H          6.42450        8.74648       19.07528 
H          6.52300        9.48708       20.70160 
H          7.78091        8.32253       20.17758 
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Ag13Au12DMBT18_V 

349 
 
Au        14.78132       17.67624       14.61980 
Ag        17.60988       18.90890       15.45758 
Au        19.76633       16.10769       16.25483 
Ag        17.25148       13.80513       16.47629 
Au        13.19786       16.45182       16.91096 
Ag        11.61267       18.68671       15.11232 
Au        13.26398       18.73182       12.19359 
Ag        15.13704       15.48407       12.38297 
Au        16.26180       16.62957       16.98628 
Ag        14.63889       16.84078       19.65313 
Au        11.63170       15.06546       19.40905 
Ag        12.45988       13.60566       16.17571 
Au        14.97456       12.12995       15.92546 
Ag        12.34171       10.77506       14.95177 
Au        10.16008       13.48633       14.15930 
Ag        12.57514       16.02213       13.92072 
Au        16.52082       13.29295       13.53412 
Ag        17.74604       10.96704       15.24228 
Au        16.58025       11.13900       18.37367 
Ag        14.73313       14.29442       18.05098 
Au        13.44640       13.21254       13.46545 
Ag        15.18635       12.89497       10.69480 
Au        18.01104       14.65954       11.08187 
Ag        17.35447       16.09656       14.33431 
Ag        14.88874       14.89028       15.22821 
S         15.47757       20.06676       15.12466 
S         19.99394       18.41439       15.62190 
S         19.77844       13.75309       16.68172 
S         11.74057       20.24878       13.24581 
S         14.95759       17.60645       10.95711 
S         10.92168       17.53522       17.13187 
S         17.00901       17.41070       19.24936 
S         12.51523       16.71966       20.87860 
S         10.44500       13.83593       17.75574 
S         14.58750        9.76764       14.99050 
S          9.94781       11.21240       14.88034 
S         10.04831       15.81811       13.63836 
S         17.86509        9.49444       17.21139 
S         15.09472       12.39305       19.75247 
S         18.47096       11.77892       13.03469 
S         12.79578       12.57153       11.12193 
S         17.34265       12.95906        9.52534 
S         19.22145       16.08683       12.55968 
C         19.56323        9.52785       17.81058 
C         20.61426        9.87864       16.93796 
C         19.86242        9.06643       19.12261 
C         21.95130        9.78006       17.34466 
C         21.21851        8.98709       19.50096 
C         18.77922        8.66651       20.09421 
C         22.27879        9.33845       18.64274 
C         23.71696        9.27376       19.10811 
C         14.63735        8.26977       15.98344 
C         15.40439        7.21952       15.43072 
C         13.96682        8.07211       17.22212 
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C         15.50908        5.98231       16.07965 
C         14.09325        6.81304       17.84491 
C         13.15219        9.15370       17.87538 
C         14.85159        5.75463       17.30465 
C         14.96826        4.43424       18.03553 
C         18.06090       10.42388       11.92186 
C         16.74279        9.96239       11.73803 
C         19.12425        9.82436       11.18802 
C         16.46303        8.92092       10.84053 
C         18.80870        8.77926       10.29814 
C         20.55211       10.29511       11.33866 
C         17.49352        8.30996       10.09979 
C         17.20773        7.20062        9.11008 
C         12.53802       10.84453       10.67579 
C         12.01070       10.55638        9.38562 
C         12.80549        9.78543       11.56511 
C         11.77440        9.20599        9.05096 
C         11.70310       11.65033        8.39015 
C         12.55489        8.45581       11.20406 
C         12.03207        8.13878        9.93278 
C         11.75308        6.70360        9.54200 
C          9.29074       10.23170       13.51888 
C          8.92525        8.88307       13.78249 
C          9.05992       10.78324       12.24161 
C          8.32751        8.14460       12.73979 
C          9.17066        8.24408       15.12862 
C          8.46142       10.02088       11.23101 
C          8.07963        8.68301       11.46232 
C          7.44689        7.85316       10.36638 
C          9.49389       15.89707       11.92617 
C          8.17047       15.49637       11.58933 
C         10.32859       16.44720       10.93184 
C          7.75923       15.63762       10.24651 
C          7.21697       14.93852       12.61743 
C          9.88295       16.58858        9.61145 
C          8.58576       16.17650        9.24137 
C          8.09974       16.32497        7.81551 
C         10.16308       20.18089       12.37521 
C         10.05379       20.74959       11.07660 
C          9.01508       19.66907       13.01517 
C          8.77927       20.76981       10.47190 
C         11.24916       21.31332       10.34796 
C          7.76499       19.70748       12.38526 
C          7.62425       20.25946       11.09529 
C          6.28155       20.27459       10.39763 
C         10.61271       18.72885       18.43922 
C          9.41825       18.51929       19.16558 
C         11.45853       19.81928       18.78091 
C          9.04986       19.37533       20.21092 
C         11.05563       20.66129       19.83850 
C         12.75302       20.07972       18.06396 
C          9.86247       20.47169       20.56420 
C          9.46010       21.42990       21.66472 
C         16.98502       19.17419       19.61628 
C         16.38863       20.12138       18.76243 
C         17.61234       19.61200       20.81948 
C         16.38689       21.48619       19.08726 
C         17.58435       20.98843       21.11918 
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C         18.29214       18.64065       21.75514 
C         16.97680       21.94717       20.28096 
C         16.93594       23.40886       20.67266 
C         20.68633       19.35098       16.99882 
C         19.95039       20.39918       17.58918 
C         22.02519       19.11283       17.41639 
C         20.51314       21.20188       18.58949 
C         22.55704       19.93322       18.43336 
C         22.87640       18.03287       16.79681 
C         21.83167       20.97871       19.03644 
C         22.43779       21.82739       20.13296 
C         20.39571       13.60177       18.36853 
C         19.51657       13.43335       19.45697 
C         21.80034       13.58523       18.58908 
C         20.00630       13.26070       20.75841 
C         22.26017       13.42223       19.91272 
C         22.78455       13.73109       17.45387 
C         21.39372       13.25760       21.01077 
C         21.92834       13.05987       22.41280 
C         15.75245       12.14338       21.41901 
C         15.65758       10.83374       21.94046 
C         16.29691       13.17886       22.22491 
C         16.09196       10.53799       23.23981 
C         16.72786       12.84538       23.52711 
C         16.42129       14.59479       21.73120 
C         16.63663       11.54480       24.06223 
C         17.08368       11.25520       25.47913 
C         12.91024       16.03914       22.49625 
C         13.35835       16.93486       23.50703 
C         12.71946       14.67634       22.80575 
C         13.58968       16.41334       24.79750 
C         13.58351       18.40073       23.22254 
C         12.95893       14.19297       24.09786 
C         13.39776       15.05670       25.12359 
C         13.65795       14.53447       26.51993 
C         15.74528       21.16770       13.72719 
C         15.07993       22.42568       13.72760 
C         16.62838       20.84697       12.67383 
C         15.34472       23.31603       12.66469 
C         14.12188       22.82506       14.82510 
C         16.87010       21.75745       11.63780 
C         16.22977       23.01486       11.61241 
C         16.49105       24.00045       10.49337 
C         19.64069       17.53207       11.56254 
C         20.97803       18.02035       11.61507 
C         18.71108       18.13563       10.69218 
C         21.31636       19.11111       10.78876 
C         22.02418       17.38338       12.49760 
C         19.08920       19.20950        9.87197 
C         20.40231       19.71977        9.90507 
C         20.83287       20.86351        9.01166 
C         17.05907       13.62691        7.87560 
C         18.05634       14.37932        7.19208 
C         15.87980       13.25991        7.19272 
C         17.79664       14.75888        5.85847 
C         19.36329       14.76409        7.83874 
C         15.65820       13.64832        5.86507 
C         16.61289       14.42071        5.17376 
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C         16.37021       14.88906        3.75567 
C         14.46386       17.90896        9.24339 
C         14.73551       19.20157        8.73943 
C         13.86154       16.93837        8.40229 
C         14.41500       19.54257        7.41916 
C         13.55965       17.31382        7.07404 
C         13.55029       15.54662        8.88180 
C         13.82052       18.59736        6.55649 
C         13.50373       18.94210        5.11718 
C          9.53853       12.43932       18.44183 
C          8.21374       12.30123       17.96918 
C         10.04351       11.51213       19.39176 
C          7.38848       11.26560       18.42327 
C          9.18213       10.48314       19.83192 
C         11.44602       11.60064       19.92431 
C          7.85959       10.33407       19.37215 
C          6.96552        9.23108       19.89680 
H         20.37215       10.23309       15.92164 
H         22.75229       10.05163       16.63547 
H         21.45373        8.62321       20.51745 
H         18.09096        7.91340       19.64929 
H         18.14328        9.54052       20.37129 
H         19.21350        8.24694       21.02679 
H         24.40305        8.97746       18.28404 
H         23.84733        8.54938       19.94168 
H         24.06299       10.26759       19.47781 
H         15.92676        7.38587       14.47449 
H         16.11860        5.18244       15.62485 
H         13.56985        6.65822       18.80586 
H         13.77473       10.05267       18.08852 
H         12.71087        8.80301       18.83178 
H         12.31646        9.49912       17.21844 
H         15.42185        3.65028       17.39130 
H         13.97499        4.06388       18.37600 
H         15.60692        4.52609       18.94484 
H         15.92442       10.41622       12.32034 
H         15.41910        8.58502       10.72074 
H         19.63468        8.31651        9.72761 
H         20.90252       10.21189       12.39244 
H         20.65408       11.36883       11.06131 
H         21.23734        9.70194       10.69514 
H         16.15752        6.84652        9.19014 
H         17.87740        6.32473        9.26800 
H         17.36479        7.54080        8.05990 
H         13.22915       10.00593       12.55874 
H         11.36153        8.98346        8.05017 
H         10.98803       12.39446        8.80702 
H         11.27117       11.23018        7.45634 
H         12.61962       12.22442        8.12198 
H         12.77360        7.65456       11.93072 
H         11.35194        6.63214        8.50798 
H         11.01061        6.23371       10.22695 
H         12.67428        6.07911        9.59074 
H          9.36137       11.82540       12.04409 
H          8.04087        7.09697       12.94393 
H          8.71632        8.83645       15.95416 
H         10.26137        8.18310       15.35424 
H          8.75759        7.21320       15.16364 
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H          8.29245       10.47905       10.24154 
H          7.01295        6.91075       10.76526 
H          8.19446        7.57418        9.58778 
H          6.63521        8.41069        9.84721 
H         11.34201       16.78560       11.20836 
H          6.73671       15.31431        9.97962 
H          7.58297       13.96770       13.02894 
H          6.20882       14.77232       12.18074 
H          7.12094       15.62037       13.49159 
H         10.56182       17.02564        8.85953 
H          7.05312       15.96865        7.70041 
H          8.73312       15.74498        7.10569 
H          8.13426       17.38721        7.48186 
H          9.10816       19.23061       14.02317 
H          8.69062       21.21063        9.46270 
H         11.79139       22.06275       10.96650 
H         10.94485       21.79322        9.39326 
H         11.99205       20.51465       10.11279 
H          6.88609       19.29052       12.90602 
H          6.28426       20.95293        9.51711 
H          5.46768       20.60330       11.08195 
H          6.00703       19.25706       10.03411 
H          8.77615       17.66460       18.89788 
H          8.11598       19.18132       20.76653 
H         11.71743       21.50367       20.10864 
H         12.59678       20.26962       16.97458 
H         13.42899       19.19347       18.11883 
H         13.28879       20.95020       18.49624 
H          8.77231       20.94883       22.39409 
H          8.93162       22.32274       21.25433 
H         10.34453       21.80587       22.22464 
H         15.92058       19.78860       17.82311 
H         15.91362       22.20065       18.39177 
H         18.06798       21.32591       22.05400 
H         17.57494       17.88339       22.14620 
H         18.74497       19.17088       22.62054 
H         19.09305       18.07005       21.23439 
H         16.71636       24.05933       19.79855 
H         17.90018       23.74493       21.11525 
H         16.14550       23.60444       21.43518 
H         18.91383       20.58535       17.26210 
H         19.90498       22.00827       19.03228 
H         23.59517       19.74404       18.76069 
H         22.95062       18.15666       15.69330 
H         22.43261       17.02342       16.96262 
H         23.90267       18.03696       17.22193 
H         22.25021       22.91153       19.96300 
H         23.53663       21.67789       20.20654 
H         22.00067       21.57690       21.12769 
H         18.43010       13.42688       19.27166 
H         19.29117       13.12456       21.58757 
H         23.35124       13.42019       20.08828 
H         22.64055       12.93206       16.69282 
H         23.83151       13.68326       17.82363 
H         22.64618       14.69563       16.91485 
H         21.44141       13.75116       23.13702 
H         23.02531       13.23354       22.46179 
H         21.73616       12.02428       22.77804 
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H         15.23883       10.03708       21.30445 
H         16.00299        9.50502       23.61890 
H         17.16413       13.64829       24.14769 
H         15.41719       15.05095       21.56633 
H         16.95655       14.64992       20.76016 
H         16.96119       15.23095       22.46289 
H         17.20243       10.16414       25.65502 
H         16.34519       11.63213       26.22533 
H         18.05496       11.74634       25.71173 
H         12.38275       13.99037       22.01221 
H         13.93290       17.10921       25.58406 
H         14.38596       18.55145       22.46281 
H         13.87652       18.94683       24.14492 
H         12.67045       18.87872       22.80192 
H         12.80523       13.12061       24.30694 
H         13.97183       15.34742       27.20938 
H         14.46118       13.76161       26.52080 
H         12.75047       14.05518       26.95337 
H         17.13831       19.86981       12.66603 
H         14.83535       24.29635       12.67059 
H         13.23968       22.14587       14.85386 
H         13.74972       23.86069       14.66964 
H         14.60170       22.77114       15.82820 
H         17.58192       21.47794       10.84279 
H         15.93528       24.95050       10.64732 
H         16.18314       23.58853        9.50484 
H         17.57379       24.25064       10.41415 
H         17.67439       17.76227       10.66080 
H         22.35359       19.49067       10.82965 
H         22.12120       16.29454       12.28762 
H         21.74872       17.47416       13.57289 
H         23.01524       17.86411       12.34921 
H         18.34101       19.65386        9.19292 
H         21.40399       21.63361        9.57749 
H         19.95931       21.36483        8.54177 
H         21.49592       20.51147        8.18669 
H         15.12875       12.64575        7.71765 
H         18.57066       15.34141        5.32707 
H         19.89280       13.87523        8.24840 
H         19.20264       15.45080        8.70343 
H         20.03283       15.27254        7.11283 
H         14.72728       13.33851        5.35901 
H         17.31995       14.97703        3.18387 
H         15.88452       15.89307        3.73987 
H         15.70021       14.19407        3.20355 
H         15.19482       19.94653        9.40973 
H         14.62855       20.56311        7.05643 
H         13.09864       16.55700        6.41528 
H         14.48184       14.99023        9.13557 
H         13.01378       14.96380        8.10547 
H         12.92980       15.55316        9.80311 
H         13.12352       19.98316        5.01922 
H         12.73914       18.25698        4.69050 
H         14.41062       18.86623        4.47224 
H          7.83489       13.02809       17.23286 
H          6.35719       11.18663       18.03713 
H          9.57565        9.75703       20.56607 
H         11.61530       12.56869       20.45283 



S140 

 

H         12.20064       11.57920       19.10839 
H         11.66880       10.77284       20.62943 
H          6.33684        8.79409       19.08933 
H          6.26755        9.60980       20.68064 
H          7.55561        8.40733       20.35401 
 
  



S141 

 

Ag13Au12DMBT18_VI 

349 
 
Au        14.71152       17.68881       14.59325 
Au        17.82218       19.04381       15.32933 
Au        19.76220       16.07261       16.28909 
Au        17.19814       13.87296       16.42273 
Au        13.27769       16.61838       17.00373 
Au        11.37246       18.94840       15.17883 
Au        13.22272       18.65748       12.16608 
Au        14.89647       15.41480       12.47072 
Au        16.25219       16.73589       16.93121 
Au        14.59389       17.01905       19.90557 
Au        11.45871       15.20776       19.38860 
Au        12.44325       13.69320       16.33942 
Ag        14.89659       12.15739       16.01888 
Ag        12.20313       10.75808       15.20304 
Ag        10.22557       13.36537       14.36093 
Ag        12.44703       16.05264       14.05368 
Ag        16.29007       13.21134       13.57007 
Ag        17.65200       11.04830       15.25224 
Ag        16.67276       11.38721       18.25770 
Ag        14.80631       14.42921       18.15804 
Ag        13.25809       13.12590       13.62197 
Ag        15.09707       12.98837       10.66891 
Ag        17.85255       14.53915       11.46301 
Ag        17.23768       16.12182       14.27338 
Ag        14.79669       14.89949       15.29282 
S         15.67278       20.00413       14.97430 
S         20.08253       18.36946       15.67975 
S         19.71753       13.71970       16.67815 
S         11.70036       20.20216       13.18664 
S         14.85480       17.46900       10.90120 
S         11.00602       17.76443       17.19403 
S         16.86076       17.47421       19.26307 
S         12.42191       16.78932       20.88614 
S         10.28360       14.00403       17.71538 
S         14.46837        9.81621       15.12177 
S          9.78917       11.05605       15.04904 
S          9.95567       15.73171       13.82168 
S         17.90957        9.56452       17.20532 
S         15.04551       12.42703       19.74402 
S         18.30487       11.79817       12.99338 
S         12.76789       12.47502       11.22825 
S         17.28181       13.05216        9.57247 
S         19.31138       16.00420       12.79291 
C         19.64562        9.59305       17.66156 
C         20.63744        9.85194       16.69163 
C         20.03800        9.21287       18.97746 
C         21.99945        9.73284       17.00109 
C         21.41539        9.11258       19.25668 
C         19.02161        8.91674       20.05316 
C         22.41567        9.36395       18.29601 
C         23.88218        9.26784       18.65684 
C         14.61555        8.29412       16.06962 
C         15.38875        7.28368       15.45612 
C         14.01702        8.04701       17.33539 



S142 

 

C         15.58100        6.04311       16.07776 
C         14.22613        6.78424       17.92786 
C         13.18669        9.08005       18.04679 
C         15.00147        5.76908       17.33198 
C         15.21432        4.44468       18.03295 
C         17.91665       10.42881       11.89180 
C         16.61782        9.89674       11.77377 
C         18.97105        9.89192       11.09877 
C         16.34663        8.85062       10.87866 
C         18.66502        8.84002       10.21387 
C         20.37832       10.43469       11.18266 
C         17.36771        8.30350       10.07781 
C         17.09110        7.18890        9.09135 
C         12.59661       10.74393       10.76357 
C         12.32722       10.41805        9.40344 
C         12.66658        9.70866       11.71707 
C         12.14880        9.06010        9.06564 
C         12.22805       11.48216        8.33788 
C         12.48705        8.36905       11.34965 
C         12.22862        8.01647       10.00874 
C         12.07203        6.56804        9.59809 
C          9.25819       10.09571       13.62366 
C          8.93700        8.72101       13.80485 
C          9.07009       10.69186       12.35918 
C          8.42757        8.00788       12.70029 
C          9.13509        8.03038       15.13342 
C          8.56301        9.95350       11.28234 
C          8.22929        8.59238       11.43375 
C          7.71101        7.77958       10.26752 
C          9.34130       15.78680       12.13466 
C          8.03727       15.29511       11.84037 
C         10.09520       16.39800       11.11022 
C          7.56161       15.42279       10.51770 
C          7.16942       14.65387       12.89593 
C          9.59082       16.51478        9.80951 
C          8.30912       16.02236        9.48585 
C          7.75495       16.15389        8.08325 
C         10.16661       20.17498       12.23427 
C         10.13449       20.85423       10.98603 
C          8.99583       19.58140       12.74683 
C          8.90346       20.90627       10.29949 
C         11.36785       21.48962       10.39021 
C          7.79074       19.65656       12.03784 
C          7.72283       20.31950       10.79510 
C          6.43164       20.36780       10.00787 
C         10.73966       18.97554       18.50314 
C          9.54848       18.80194       19.24022 
C         11.62924       20.03498       18.83224 
C          9.21935       19.67000       20.28992 
C         11.26477       20.88852       19.89434 
C         12.92618       20.24929       18.10305 
C         10.07446       20.73577       20.63483 
C          9.72341       21.70310       21.74527 
C         16.95290       19.25041       19.58365 
C         16.52464       20.19972       18.63906 
C         17.49508       19.68220       20.82740 
C         16.61261       21.57313       18.91133 
C         17.56439       21.06813       21.07000 
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C         17.98304       18.69961       21.86612 
C         17.12791       22.03418       20.13859 
C         17.19368       23.51053       20.46665 
C         20.75689       19.29425       17.07925 
C         20.08500       20.42051       17.59235 
C         22.04304       18.95159       17.58228 
C         20.65793       21.19879       18.60625 
C         22.58614       19.75392       18.60641 
C         22.82292       17.77266       17.05759 
C         21.92085       20.87466       19.14052 
C         22.53027       21.68306       20.26516 
C         20.30999       13.54330       18.37172 
C         19.41789       13.46265       19.45960 
C         21.70979       13.43025       18.59413 
C         19.89180       13.27241       20.76450 
C         22.15332       13.25515       19.92175 
C         22.70418       13.49256       17.45949 
C         21.27503       13.16829       21.01937 
C         21.79187       12.94665       22.42445 
C         15.80991       12.12844       21.35348 
C         15.81377       10.78620       21.80009 
C         16.35024       13.13893       22.19550 
C         16.34014       10.43532       23.05027 
C         16.87349       12.75028       23.44835 
C         16.38470       14.58558       21.78517 
C         16.87862       11.41777       23.90625 
C         17.41375       11.06559       25.27770 
C         12.72679       16.05788       22.50790 
C         13.02839       16.93445       23.58497 
C         12.62061       14.67133       22.73517 
C         13.21430       16.36548       24.86250 
C         13.15018       18.42666       23.38548 
C         12.81075       14.14097       24.01713 
C         13.11264       14.98243       25.10869 
C         13.33491       14.40928       26.49133 
C         15.82788       21.09353       13.54686 
C         15.09905       22.31417       13.56230 
C         16.66855       20.78824       12.45636 
C         15.25236       23.18728       12.46347 
C         14.19386       22.69486       14.71026 
C         16.80330       21.68461       11.38917 
C         16.09444       22.90525       11.37141 
C         16.24945       23.87861       10.22247 
C         19.64668       17.37433       11.67360 
C         20.97936       17.87672       11.60212 
C         18.66041       17.91192       10.82133 
C         21.25873       18.89151       10.66460 
C         22.07860       17.33582       12.48507 
C         18.97919       18.90926        9.88683 
C         20.28968       19.41671        9.78553 
C         20.66222       20.45897        8.75233 
C         17.16389       13.93747        8.01604 
C         18.26937       14.68672        7.51928 
C         16.01610       13.78705        7.20558 
C         18.15372       15.27190        6.24076 
C         19.53809       14.86529        8.31568 
C         15.93388       14.38246        5.94098 
C         17.00516       15.14759        5.43499 



S144 

 

C         16.91275       15.83014        4.08764 
C         14.29168       17.77995        9.20698 
C         14.63797       19.03831        8.66512 
C         13.56215       16.85022        8.42237 
C         14.26154       19.38891        7.36207 
C         13.20217       17.23617        7.11218 
C         13.18519       15.49007        8.94147 
C         13.53185       18.48835        6.55795 
C         13.14332       18.84421        5.13901 
C          9.38081       12.60937       18.41071 
C          8.02615       12.52144       18.02000 
C          9.92851       11.62855       19.27949 
C          7.21030       11.48086       18.47940 
C          9.07587       10.59655       19.72724 
C         11.36329       11.67241       19.72133 
C          7.72237       10.49713       19.35083 
C          6.84025        9.38867       19.88356 
H         20.32813       10.14272       15.67327 
H         22.75035        9.92617       16.21554 
H         21.71849        8.81663       20.27737 
H         18.30853        8.12402       19.73458 
H         18.40223        9.81486       20.28478 
H         19.51734        8.59109       20.99286 
H         24.51533        9.10984       17.75660 
H         24.07779        8.43236       19.36503 
H         24.23974       10.20248       19.14970 
H         15.84621        7.48444       14.47361 
H         16.19768        5.27718       15.57652 
H         13.75660        6.58984       18.90958 
H         13.77783        9.99806       18.26572 
H         12.79532        8.68661       19.00856 
H         12.31479        9.40759       17.42986 
H         15.67475        3.69429       17.35458 
H         14.25662        4.02063       18.41094 
H         15.88894        4.55270       18.91419 
H         15.80561       10.29516       12.40312 
H         15.31576        8.46471       10.80650 
H         19.48339        8.42675        9.59638 
H         20.77830       10.38111       12.22035 
H         20.41058       11.50912       10.89145 
H         21.06339        9.87070       10.51316 
H         16.04499        6.82380        9.17616 
H         17.77000        6.31995        9.25058 
H         17.24180        7.52757        8.04002 
H         12.86843        9.95697       12.77179 
H         11.93013        8.81141        8.01134 
H         11.46847       12.25178        8.59963 
H         11.96402       11.04019        7.35313 
H         13.19387       12.02789        8.22622 
H         12.55226        7.58838       12.12680 
H         11.64121        6.47640        8.57747 
H         11.41000        6.01468       10.30108 
H         13.05199        6.03585        9.59335 
H          9.33299       11.75438       12.22083 
H          8.17164        6.94213       12.84291 
H          8.59448        8.55478       15.95256 
H         10.21028        8.02436       15.42917 
H          8.78374        6.97701       15.09289 
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H          8.43141       10.44911       10.30543 
H          7.13172        6.89382       10.60888 
H          8.54916        7.40350        9.63505 
H          7.05384        8.38592        9.60578 
H         11.09345       16.80263       11.35170 
H          6.55144       15.03667       10.28904 
H          7.63210       13.71925       13.29566 
H          6.16903       14.39325       12.48834 
H          7.03366       15.32395       13.77437 
H         10.21119       16.99656        9.03465 
H          6.77860       15.63284        7.97898 
H          8.44997       15.72444        7.32638 
H          7.59840       17.22167        7.80354 
H          9.03868       19.05338       13.71363 
H          8.87114       21.43985        9.33265 
H         11.86621       22.17660       11.11002 
H         11.11771       22.06135        9.47104 
H         12.12888       20.71979       10.12004 
H          6.88807       19.18368       12.46068 
H          6.45045       21.16807        9.23621 
H          5.55592       20.54861       10.66976 
H          6.24578       19.40242        9.48213 
H          8.87819       17.96626       18.98205 
H          8.27916       19.51645       20.84712 
H         11.95494       21.71066       20.15492 
H         12.75993       20.42292       17.01386 
H         13.57510       19.34433       18.16775 
H         13.48849       21.10948       18.52214 
H          8.96295       21.27588       22.43458 
H          9.30343       22.65305       21.33859 
H         10.61727       21.97661       22.34838 
H         16.10927       19.85968       17.67828 
H         16.27230       22.29390       18.14789 
H         17.98222       21.40735       22.03527 
H         17.15342       18.05181       22.23090 
H         18.42179       19.22813       22.73978 
H         18.75194       18.01296       21.44774 
H         17.04456       24.13673       19.56095 
H         18.17288       23.78863       20.91715 
H         16.40713       23.79897       21.20262 
H         19.09226       20.68417       17.19351 
H         20.10249       22.07123       18.98992 
H         23.58542       19.48764       18.99546 
H         22.93560       17.81019       15.95087 
H         22.29400       16.81557       17.28204 
H         23.83427       17.72608       17.51471 
H         22.24792       22.75690       20.19736 
H         23.64021       21.61805       20.26236 
H         22.18320       21.31825       21.26076 
H         18.33549       13.55843       19.27026 
H         19.16860       13.20362       21.59487 
H         23.24096       13.17809       20.10112 
H         22.52287       12.67491       16.72719 
H         23.74541       13.40156       17.83720 
H         22.62020       14.44456       16.88816 
H         21.31539       13.64343       23.14996 
H         22.89247       13.09186       22.48430 
H         21.57130       11.91288       22.77886 
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H         15.39292       10.00690       21.14388 
H         16.33228        9.37645       23.36242 
H         17.30502       13.53755       24.09212 
H         15.35719       14.98969       21.63622 
H         16.91685       14.73068       20.82011 
H         16.88621       15.21059       22.55345 
H         17.70347        9.99409       25.34015 
H         16.65271       11.24688       26.07315 
H         18.30583       11.67662       25.53988 
H         12.39161       14.00451       21.88872 
H         13.44702       17.04248       25.70409 
H         13.99068       18.67528       22.69620 
H         13.33039       18.94537       24.35142 
H         12.23463       18.85244       22.91793 
H         12.72940       13.05098       24.16585 
H         13.48761       15.20967       27.24683 
H         14.23091       13.74731       26.51491 
H         12.46951       13.79053       26.82073 
H         17.23063       19.84083       12.44837 
H         14.68937       24.13763       12.47297 
H         13.34732       21.97908       14.81405 
H         13.76348       23.70778       14.55692 
H         14.73877       22.68678       15.68086 
H         17.48356       21.42500       10.56028 
H         15.61937       24.78303       10.36426 
H         15.95900       23.41522        9.25191 
H         17.30574       24.21595       10.11400 
H         17.62417       17.54073       10.88353 
H         22.29088       19.28426       10.61789 
H         22.20528       16.23792       12.34990 
H         21.84003       17.49423       13.56164 
H         23.04764       17.83314       12.26327 
H         18.18609       19.28694        9.21875 
H         21.27570       21.27554        9.19576 
H         19.75987       20.92074        8.29645 
H         21.26266       20.01791        7.92218 
H         15.17971       13.17320        7.57860 
H         19.01307       15.85098        5.85782 
H         19.97774       13.88642        8.61072 
H         19.34982       15.42015        9.26600 
H         20.29689       15.43441        7.73761 
H         15.02078       14.24566        5.33640 
H         17.91856       16.07487        3.68225 
H         16.34381       16.78704        4.15780 
H         16.38665       15.19496        3.34052 
H         15.19975       19.75094        9.29132 
H         14.53900       20.38137        6.96623 
H         12.63138       16.51553        6.49990 
H         14.09315       14.88633        9.17288 
H         12.58058       14.92679        8.20109 
H         12.60720       15.54747        9.88850 
H         12.85452       19.91493        5.04980 
H         12.28987       18.22820        4.78113 
H         13.98946       18.67576        4.43188 
H          7.61639       13.28715       17.34152 
H          6.15693       11.43410       18.15276 
H          9.50140        9.82740       20.39645 
H         11.58248       12.60758       20.28900 
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H         12.05783       11.69025       18.85270 
H         11.62336       10.80476       20.36243 
H          6.13695        9.01620       19.10608 
H          6.21875        9.73883       20.74142 
H          7.44052        8.52524       20.24407 
  



S148 

 

Ag13Au12DMBT18_VII 
349 
 
Ag        14.72648       17.71232       14.57858 
Ag        17.59504       18.95618       15.22642 
Ag        19.47621       16.26132       16.16110 
Ag        17.34862       13.85252       16.31068 
Ag        13.32514       16.50001       16.94806 
Ag        11.63194       18.60096       15.22288 
Ag        12.98304       18.59861       12.37538 
Ag        14.98200       15.36081       12.29098 
Ag        16.40342       16.68156       16.84805 
Ag        14.85749       16.78901       19.60052 
Ag        11.77451       15.04091       19.16315 
Ag        12.51180       13.59219       16.21704 
Ag        15.06477       12.07636       15.92645 
Au        12.23035       10.59860       14.92737 
Au        10.12045       13.49616       14.13235 
Au        12.52412       15.95260       14.03788 
Au        16.43497       13.17084       13.49997 
Au        18.07213       10.78360       15.25851 
Au        16.44353       11.18641       18.48272 
Au        14.92075       14.26610       17.96863 
Au        13.44288       13.08554       13.50498 
Au        15.11451       12.85435       10.46150 
Au        18.13303       14.64526       11.14752 
Au        17.24282       16.11143       14.12325 
Au        14.89853       14.89788       15.19034 
S         15.43336       20.10163       15.03718 
S         19.99153       18.57810       15.50039 
S         19.85116       13.85033       16.47995 
S         11.49568       20.23667       13.39663 
S         14.75579       17.58249       11.07071 
S         11.05025       17.55976       17.36111 
S         17.18225       17.43292       19.11790 
S         12.70361       16.64129       20.74637 
S         10.36810       13.84395       17.57329 
S         14.46930        9.77475       14.95241 
S          9.92528       11.21609       14.82749 
S         10.03557       15.82117       13.59844 
S         17.74922        9.58311       17.28483 
S         15.02263       12.48946       19.88317 
S         18.41197       11.68234       13.08519 
S         12.82587       12.61513       11.08921 
S         17.37451       12.90576        9.68715 
S         19.26095       16.18556       12.57110 
C         19.33442        9.44432       18.13875 
C         20.51415        9.98142       17.59089 
C         19.38872        8.68159       19.33912 
C         21.75196        9.76514       18.21321 
C         20.64901        8.49011       19.93857 
C         18.14703        8.09780       19.96922 
C         21.84247        9.01492       19.40152 
C         23.16724        8.79456       20.09880 
C         14.53806        8.18857       15.80521 
C         15.23020        7.17538       15.10748 
C         13.98413        7.91099       17.08516 
C         15.38105        5.89485       15.65746 
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C         14.14645        6.60904       17.60176 
C         13.26088        8.95671       17.88759 
C         14.83588        5.58591       16.91876 
C         14.98367        4.21051       17.53332 
C         18.06049       10.25665       12.02836 
C         16.74615        9.85878       11.72520 
C         19.16431        9.55377       11.46947 
C         16.50737        8.77558       10.86574 
C         18.88821        8.47009       10.61269 
C         20.59272        9.93865       11.77891 
C         17.57689        8.06254       10.28996 
C         17.33952        6.90124        9.34828 
C         12.47320       10.91838       10.57281 
C         11.85058       10.71579        9.31098 
C         12.77128        9.81450       11.39437 
C         11.55608        9.39030        8.92690 
C         11.51527       11.86707        8.39189 
C         12.45821        8.51179       10.98466 
C         11.84565        8.27475        9.73636 
C         11.52454        6.86706        9.28258 
C          9.21303       10.24894       13.48003 
C          8.87442        8.89074       13.73203 
C          8.89987       10.83396       12.23776 
C          8.22121        8.17562       12.70792 
C          9.19882        8.22119       15.04571 
C          8.24648       10.09305       11.24389 
C          7.89445        8.74588       11.46121 
C          7.21830        7.92810       10.38224 
C          9.55399       15.88643       11.86311 
C          8.20414       15.60579       11.51125 
C         10.46488       16.29654       10.86935 
C          7.83390       15.74176       10.15669 
C          7.18644       15.17377       12.53864 
C         10.05885       16.43765        9.53540 
C          8.73014       16.15855        9.15313 
C          8.28222       16.32440        7.71684 
C          9.84807       20.08859       12.69147 
C          9.59675       20.59503       11.38546 
C          8.77788       19.57516       13.45563 
C          8.27172       20.55691       10.90384 
C         10.70228       21.15514       10.52377 
C          7.47347       19.55291       12.94570 
C          7.19536       20.04324       11.65325 
C          5.79553       19.98932       11.08085 
C         10.78368       18.85874       18.57536 
C          9.56813       18.77764       19.29005 
C         11.68980       19.91930       18.85375 
C          9.23760       19.72908       20.26476 
C         11.32442       20.85931       19.83983 
C         13.00685       20.05257       18.14125 
C         10.11232       20.79476       20.55681 
C          9.76325       21.84891       21.58628 
C         17.16390       19.19103       19.50705 
C         16.62463       20.15141       18.63095 
C         17.73701       19.61588       20.74201 
C         16.62681       21.51462       18.96097 
C         17.72155       20.99177       21.04302 
C         18.34856       18.63192       21.71109 
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C  17.17081  21.96263  20.17980 
C  17.16338  23.42657  20.56477 
C  20.56243  19.60820  16.85819 
C  19.97004  20.87152  17.07313 
C  21.68659  19.22376  17.64208 
C  20.46843  21.74922  18.04300 
C  22.16024  20.13061  18.61344 
C  22.37057  17.89203  17.46114 
C  21.57681  21.39238  18.83781 
C  22.09852  22.31574  19.91698 
C  20.51498  13.71534  18.14390 
C  19.68384  13.48696  19.26063 
C  21.92547  13.78470  18.32553 
C  20.22295  13.34455  20.54546 
C  22.43519  13.64614  19.63367 
C  22.86486  13.98644  17.15957 
C  21.61494  13.42748  20.75754 
C  22.20386  13.25746  22.14144 
C  15.81868  12.25507  21.49881 
C  15.64884  10.98321  22.08878 
C  16.53143  13.26332  22.19871 
C  16.18909  10.69278  23.34936 
C  17.06112  12.93700  23.46564 
C  16.71970  14.64605  21.63772 
C  16.91110  11.66977  24.06353 
C  17.48533  11.38600  25.43487 
C  13.06724  15.93462  22.35686 
C  13.54075  16.79223  23.39050 
C  12.82651  14.57341  22.64142 
C  13.75037  16.23656  24.66997 
C  13.81285  18.25605  23.14017 
C  13.04442  14.05444  23.92378 
C  13.51277  14.88032  24.96705 
C  13.76954  14.31898  26.34866 
C  15.61697  21.22304  13.64203 
C  14.92060  22.46381  13.67909 
C  16.46560  20.93495  12.55155 
C  15.11767  23.36793  12.61286 
C  13.99827  22.82846  14.81799 
C  16.64129  21.85902  11.51363 
C  15.96788  23.09911  11.52381 
C  16.16524  24.10339  10.40811 
C  19.53198  17.62339  11.50935 
C  20.83790  18.18948  11.47357 
C  18.51568  18.14174  10.68303 
C  21.06315  19.26329  10.58779 
C  21.96299  17.66740  12.33553 
C  18.78224  19.20240  9.80452 
C  20.06512  19.78299  9.73880 
C  20.37766  20.90720  8.77427 
C  17.40060  13.48290  7.97596 
C  18.63118  13.87961  7.38269 
C  16.23580  13.40901  7.18438 
C  18.62064  14.22291  6.01404 
C  19.92164  13.93504  8.16272 
C  16.26506  13.74972  5.82607 
C  17.46213  14.17604  5.21489 
C  17.49424  14.58578  3.75853 
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C         14.34294       18.06216        9.37962 
C         14.50085       19.43179        9.06017 
C         13.91090       17.15760        8.37395 
C         14.23520       19.90864        7.77007 
C         13.65850       17.67245        7.08255 
C         13.72138       15.69065        8.65097 
C         13.81039       19.03197        6.74913 
C         13.55598       19.53101        5.34312 
C          9.52465       12.42436       18.27936 
C          8.17031       12.27506       17.90000 
C         10.09869       11.49152       19.18439 
C          7.38859       11.22723       18.40058 
C          9.28141       10.44930       19.67367 
C         11.53052       11.59863       19.62389 
C          7.93172       10.29066       19.30545 
C          7.08521        9.17742       19.88466 
H         20.45482       10.57975       16.66685 
H         22.66263       10.19611       17.76404 
H         20.69580        7.89622       20.86925 
H         17.55519        7.50495       19.23665 
H         17.46978        8.90323       20.34023 
H         18.40563        7.44435       20.82971 
H         24.02278        9.04990       19.43752 
H         23.28932        7.73733       20.42526 
H         23.25397        9.42868       21.01162 
H         15.65773        7.40565       14.11794 
H         15.93187        5.12385       15.09133 
H         13.71328        6.38942       18.59470 
H         13.93641        9.81262       18.12219 
H         12.88169        8.54085       18.84457 
H         12.40012        9.38717       17.32342 
H         15.50806        3.51225       16.84611 
H         13.99363        3.76319       17.78040 
H         15.56582        4.24687       18.48271 
H         15.89959       10.40170       12.17456 
H         15.46538        8.49203       10.63972 
H         19.74273        7.92245       10.17534 
H         20.80802        9.85491       12.86847 
H         20.80062       10.99593       11.50114 
H         21.30707        9.28569       11.23265 
H         16.25580        6.68260        9.23916 
H         17.83924        5.97254        9.70758 
H         17.74314        7.11256        8.33118 
H         13.25364        9.97796       12.37139 
H         11.07277        9.22817        7.94653 
H         10.85508       12.61211        8.88919 
H         11.00924       11.50612        7.47065 
H         12.43222       12.42309        8.08928 
H         12.69316        7.66885       11.65682 
H         10.87505        6.86541        8.38077 
H         11.00488        6.29173       10.08096 
H         12.44995        6.30002        9.02639 
H          9.17447       11.88659       12.05564 
H          7.94966        7.12222       12.90234 
H          8.79861        8.79782       15.90952 
H         10.30152        8.15487       15.20145 
H          8.78417        7.19118       15.08348 
H          8.00959       10.57617       10.28055 
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H          6.59015        7.11789       10.81347 
H          7.96798        7.44141        9.71475 
H          6.56956        8.55949        9.73653 
H         11.50938       16.50902       11.15458 
H          6.78791       15.51782        9.87960 
H          7.47339       14.20511       13.01225 
H          6.18094       15.05470       12.08111 
H          7.11449       15.91025       13.36977 
H         10.79297       16.77109        8.78238 
H          7.26075       15.91621        7.55648 
H          8.97074       15.80792        7.01085 
H          8.26346       17.39853        7.41995 
H          8.97806       19.19049       14.46983 
H          8.07532       20.95117        9.89031 
H         11.25778       21.96688       11.04430 
H         10.29978       21.55745        9.56941 
H         11.45879       20.37378       10.27673 
H          6.65868       19.14564       13.56876 
H          5.66778       20.70718       10.24144 
H          5.02775       20.22265       11.85161 
H          5.56028       18.97346       10.68513 
H          8.87838       17.94607       19.07304 
H          8.28202       19.63752       20.80973 
H         12.03045       21.68079       20.05637 
H         12.87517       20.16548       17.03918 
H         13.63545       19.14129       18.28090 
H         13.58443       20.92400       18.51352 
H          8.91172       21.52880       22.22514 
H          9.47179       22.81144       21.10353 
H         10.62539       22.07128       22.25406 
H         16.19160       19.83133       17.67049 
H         16.19759       22.23804       18.24646 
H         18.16467       21.31869       22.00148 
H         17.59460       17.89628       22.07278 
H         18.77684       19.15477       22.59347 
H         19.15579       18.03623       21.22943 
H         16.81960       24.06657       19.72374 
H         18.17615       23.77751       20.86705 
H         16.48512       23.61911       21.42850 
H         19.10059       21.16616       16.46186 
H         19.98032       22.72849       18.18433 
H         23.03342       19.83113       19.22118 
H         22.70690       17.74065       16.41089 
H         21.67718       17.04807       17.69195 
H         23.25290       17.80064       18.12973 
H         21.99830       23.38463       19.62530 
H         23.17001       22.12065       20.14206 
H         21.53295       22.18499       20.86963 
H         18.59417       13.41369       19.10840 
H         19.54317       13.16320       21.39553 
H         23.52958       13.70852       19.77575 
H         22.75657       13.17282       16.40716 
H         23.92302       14.01320       17.49878 
H         22.64780       14.93242       16.61339 
H         21.64520       13.85035       22.89998 
H         23.26821       13.57697       22.17608 
H         22.16497       12.19323       22.47268 
H         15.08341       10.21159       21.54122 



S153 

 

H         16.04701        9.68700       23.78177 
H         17.61885       13.72116       24.00841 
H         15.74244       15.17723       21.55745 
H         17.15198       14.62628       20.61540 
H         17.38359       15.25750       22.28322 
H         17.51988       10.29532       25.64558 
H         16.87415       11.85977       26.23871 
H         18.51833       11.78689       25.53785 
H         12.46391       13.91508       21.83566 
H         14.11386       16.90370       25.47235 
H         14.61778       18.39788       22.38126 
H         14.12506       18.77085       24.07427 
H         12.91612       18.77233       22.73032 
H         12.85132       12.98444       24.11189 
H         13.96846       15.12491       27.08751 
H         14.65215       13.63740       26.35033 
H         12.90341       13.72436       26.71749 
H         17.00368       19.97360       12.51851 
H         14.58148       24.33328       12.64590 
H         13.12617       22.13679       14.86515 
H         13.60702       23.86162       14.69742 
H         14.51532       22.75881       15.80142 
H         17.32706       21.60489       10.68748 
H         15.55735       25.01957       10.57071 
H         15.87618       23.67993        9.41887 
H         17.23133       24.41650       10.32402 
H         17.50162       17.71115       10.72741 
H         22.07521       19.70575       10.55662 
H         22.13063       16.57923       12.17176 
H         21.72890       17.79579       13.41742 
H         22.91003       18.20708       12.11921 
H         17.97107       19.57431        9.15566 
H         20.98397       21.70553        9.25779 
H         19.45031       21.37432        8.37836 
H         20.96293       20.54097        7.89816 
H         15.29561       13.06880        7.64859 
H         19.57414       14.53687        5.55325 
H         20.12876       12.97087        8.67906 
H         19.87839       14.71082        8.96449 
H         20.78006       14.17017        7.49812 
H         15.33694       13.68127        5.23267 
H         18.53123       14.59715        3.35862 
H         17.07493       15.60953        3.61720 
H         16.88973       13.89849        3.12573 
H         14.83470       20.12756        9.84797 
H         14.36161       20.98432        7.55587 
H         13.32366       16.96584        6.30219 
H         14.67864       15.20646        8.94909 
H         13.33548       15.16066        7.75433 
H         13.01604       15.51262        9.49092 
H         13.04930       20.52172        5.34507 
H         12.92117       18.82380        4.76631 
H         14.50861       19.65537        4.77583 
H          7.73473       13.00175       17.19543 
H          6.33583       11.13689       18.08007 
H          9.73065        9.72642       20.37851 
H         11.73054       12.57857       20.12098 
H         12.23045       11.56308       18.76052 
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H         11.80700       10.78919       20.33107 
H          6.37471        8.76809       19.13239 
H          6.47279        9.53551       20.74605 
H          7.71154        8.33701       20.25570 
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Ag24Au1DMBT18_Au_in_core 
349 
 
Ag        14.77020       17.54086       14.62672 
Ag        17.62339       18.72086       15.21657 
Ag        19.38242       16.07237       16.21527 
Ag        17.25377       13.71036       16.38706 
Ag        13.33587       16.47310       17.01662 
Ag        11.70406       18.55114       15.22178 
Ag        13.25123       18.51224       12.33438 
Ag        14.83829       15.28428       12.42870 
Ag        16.37056       16.54787       16.91639 
Ag        14.75035       16.74734       19.71035 
Ag        11.61654       15.10778       19.16760 
Ag        12.47429       13.60372       16.39810 
Ag        14.91304       12.00848       15.99139 
Ag        12.14942       10.66347       15.10681 
Ag        10.24451       13.59329       14.43715 
Ag        12.44329       15.82780       14.13405 
Ag        16.28327       13.03800       13.55742 
Ag        17.71743       10.90336       15.22617 
Ag        16.63790       11.18178       18.24454 
Ag        14.87357       14.21414       18.09641 
Ag        13.29515       12.99550       13.60768 
Ag        15.16492       12.79870       10.64195 
Ag        17.92914       14.34527       11.47060 
Ag        17.21139       15.87939       14.14635 
Au        14.82942       14.77076       15.27824 
S         15.51434       19.95226       14.97815 
S         20.01641       18.35251       15.51540 
S         19.75575       13.66203       16.59074 
S         11.83814       20.17938       13.40211 
S         14.84300       17.33993       10.93216 
S         11.07910       17.61293       17.39402 
S         17.08871       17.28621       19.23204 
S         12.56731       16.66306       20.78769 
S         10.22849       13.83162       17.60651 
S         14.36922        9.64578       15.23660 
S          9.80467       11.20171       14.77872 
S          9.92941       15.96721       13.87261 
S         17.92032        9.41207       17.16551 
S         15.09005       12.28035       19.76864 
S         18.34804       11.68866       12.97666 
S         12.85144       12.27629       11.21127 
S         17.33310       12.93298        9.53787 
S         19.35846       15.86040       12.78515 
C         19.64045        9.50230       17.68336 
C         20.64994        9.86350       16.76591 
C         20.00394        9.09189       18.99748 
C         22.00277        9.82618       17.12920 
C         21.37333        9.06968       19.33016 
C         18.96859        8.68892       20.01949 
C         22.39108        9.43150       18.42516 
C         23.84462        9.42990       18.84486 
C         14.39533        8.19275       16.29706 
C         15.15085        7.10572       15.80406 
C         13.72064        8.07030       17.54274 
C         15.24807        5.90787       16.52443 
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C         13.83708        6.84795       18.23769 
C         12.90780        9.19192       18.12926 
C         14.59049        5.75602       17.76128 
C         14.70308        4.48027       18.56817 
C         18.00496       10.31679       11.86240 
C         16.72459        9.74132       11.74547 
C         19.07398        9.82576       11.05957 
C         16.48598        8.69484       10.84175 
C         18.80117        8.76960       10.16874 
C         20.45969       10.42238       11.13599 
C         17.52264        8.18970       10.03329 
C         17.28205        7.07139        9.04178 
C         12.73118       10.53625       10.75759 
C         12.46288       10.19424        9.40127 
C         12.84809        9.51016       11.71555 
C         12.32746        8.82908        9.07266 
C         12.33130       11.24703        8.32800 
C         12.70422        8.16318       11.35782 
C         12.44189        7.79450       10.02219 
C         12.31212        6.34035        9.62279 
C          9.33298       10.45564       13.21176 
C          9.03104        9.06519       13.16927 
C          9.16530       11.23959       12.05118 
C          8.56902        8.52498       11.95193 
C          9.19483        8.18073       14.38229 
C          8.70161       10.67034       10.85801 
C          8.39637        9.29611       10.78523 
C          7.93805        8.66335        9.48951 
C          9.34927       15.98321       12.17180 
C          8.04003       15.51005       11.87168 
C         10.13295       16.54431       11.14102 
C          7.58863       15.60607       10.53768 
C          7.14303       14.91974       12.93271 
C          9.65112       16.63536        9.82976 
C          8.36427       16.15988        9.50091 
C          7.83768       16.25605        8.08497 
C         10.23534       20.19469       12.58557 
C         10.11895       20.72528       11.27032 
C          9.07488       19.77865       13.27333 
C          8.83135       20.80283       10.69940 
C         11.32394       21.18887       10.48868 
C          7.81176       19.87083       12.67594 
C          7.66625       20.38344       11.37044 
C          6.30906       20.44772       10.70428 
C         10.86289       18.98834       18.53427 
C          9.61806       19.02700       19.20154 
C         11.83118       19.99555       18.79831 
C          9.31889       20.04613       20.11521 
C         11.49394       21.00883       19.72090 
C         13.18165       20.00570       18.13696 
C         10.25433       21.06525       20.38838 
C          9.93175       22.19952       21.33776 
C         17.09246       19.04671       19.61620 
C         16.86385       20.02443       18.62987 
C         17.37435       19.45532       20.95322 
C         16.89733       21.39051       18.94366 
C         17.40004       20.83555       21.23459 
C         17.63367       18.45119       22.05131 
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C         17.16177       21.82419       20.25730 
C         17.16716       23.29366       20.62044 
C         20.50360       19.50553       16.80895 
C         20.18096       20.87021       16.63195 
C         21.30438       19.11715       17.91942 
C         20.63422       21.84461       17.52926 
C         21.73863       20.12502       18.80656 
C         21.70477       17.68436       18.16581 
C         21.42264       21.48739       18.64244 
C         21.88565       22.52275       19.64378 
C         20.40055       13.55424       18.26334 
C         19.56406       13.31896       19.37492 
C         21.80680       13.66032       18.45865 
C         20.09267       13.19757       20.66633 
C         22.30600       13.54426       19.77305 
C         22.75109       13.88057       17.30129 
C         21.48051       13.31384       20.89059 
C         22.05803       13.17666       22.28284 
C         15.88199       11.99197       21.36710 
C         15.85977       10.66065       21.84423 
C         16.46840       13.00825       22.16911 
C         16.41030       10.32567       23.08845 
C         17.01358       12.63543       23.41724 
C         16.52397       14.44430       21.72364 
C         17.00109       11.31307       23.90368 
C         17.57502       10.97588       25.26297 
C         12.89794       15.96270       22.41182 
C         13.14601       16.85507       23.49255 
C         12.87845       14.57234       22.64896 
C         13.36116       16.30107       24.77259 
C         13.17903       18.35232       23.29428 
C         13.09629       14.05579       23.93256 
C         13.34160       14.91545       25.02409 
C         13.58093       14.36085       26.41174 
C         15.78355       21.03050       13.56153 
C         15.19657       22.32688       13.58527 
C         16.58535       20.65022       12.46380 
C         15.44623       23.18794       12.49462 
C         14.33434       22.79211       14.73421 
C         16.81609       21.53358       11.40158 
C         16.24713       22.82491       11.39507 
C         16.50222       23.78390       10.25163 
C         19.67979       17.22273       11.65137 
C         21.00815       17.73500       11.57461 
C         18.68578       17.74280       10.79784 
C         21.27427       18.74793       10.63131 
C         22.11392       17.20993       12.45866 
C         18.99048       18.74429        9.86298 
C         20.29463       19.26742        9.76015 
C         20.64791       20.33190        8.74303 
C         17.18212       13.88412        8.02170 
C         18.27827       14.65126        7.53309 
C         16.01657       13.76826        7.23198 
C         18.13499       15.29072        6.28355 
C         19.56881       14.78599        8.30279 
C         15.90839       14.41481        5.99465 
C         16.96937       15.20018        5.49820 
C         16.84809       15.93947        4.18355 
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C         14.14174       17.66537        9.29942 
C         14.38617       18.95130        8.76379 
C         13.40087       16.72114        8.54117 
C         13.90342       19.31140        7.49913 
C         12.92956       17.11829        7.27001 
C         13.11234       15.33761        9.05541 
C         13.16210       18.39542        6.72352 
C         12.66157       18.76133        5.34263 
C          9.38690       12.42018       18.33732 
C          8.08676       12.16749       17.84210 
C          9.90906       11.59739       19.37165 
C          7.30923       11.12014       18.34931 
C          9.09636       10.55180       19.86199 
C         11.27701       11.81842       19.95258 
C          7.80151       10.28857       19.37668 
C          6.95627        9.17607       19.95858 
H         20.36385       10.17572       15.74726 
H         22.76844       10.11017       16.38663 
H         21.65509        8.75056       20.34987 
H         18.30287        7.88456       19.63410 
H         18.30237        9.54450       20.28143 
H         19.44932        8.33277       20.95582 
H         24.52134        9.26571       17.97774 
H         24.05443        8.63996       19.59923 
H         24.13061       10.40564       19.30354 
H         15.67188        7.21187       14.83888 
H         15.85034        5.07838       16.11544 
H         13.30984        6.75178       19.20395 
H         13.53492       10.09425       18.30878 
H         12.45023        8.89358       19.09587 
H         12.08192        9.50902       17.44603 
H         15.08261        3.63832       17.94957 
H         13.72149        4.17543       18.99524 
H         15.40523        4.60205       19.42603 
H         15.90088       10.10875       12.37939 
H         15.46811        8.27631       10.76767 
H         19.63114        8.38848        9.54636 
H         20.86753       10.38316       12.17113 
H         20.44932       11.49731       10.84500 
H         21.16191        9.88578       10.46191 
H         16.24738        6.67436        9.12261 
H         17.98660        6.22285        9.19938 
H         17.42506        7.41921        7.99250 
H         13.06424        9.76923       12.76476 
H         12.11851        8.56673        8.01972 
H         11.55003       11.99541        8.58654 
H         12.07784       10.79025        7.34734 
H         13.28054       11.81957        8.20896 
H         12.80085        7.38939       12.13877 
H         11.83731        6.23102        8.62370 
H         11.70211        5.76816       10.35672 
H         13.30776        5.84028        9.57267 
H          9.40508       12.31616       12.08808 
H          8.33143        7.44652       11.91814 
H          8.63249        8.57627       15.25745 
H         10.26217        8.12682       14.70175 
H          8.84637        7.14643       14.17360 
H          8.57887       11.31172        9.96895 
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H          7.34980        7.73702        9.66972 
H          8.80867        8.38317        8.85134 
H          7.30827        9.36014        8.89351 
H         11.14097       16.92513       11.38246 
H          6.57525       15.23202       10.30395 
H          7.58179       13.99138       13.37054 
H          6.14531       14.66391       12.51592 
H          7.00360       15.62228       13.78464 
H         10.29237       17.08508        9.05255 
H          6.82501       15.80690        7.99403 
H          8.50552       15.73247        7.36333 
H          7.76855       17.31543        7.74647 
H          9.17014       19.37521       14.29526 
H          8.74046       21.21274        9.67737 
H         11.92843       21.92721       11.06100 
H         11.02059       21.64917        9.52407 
H         12.01133       20.33990       10.25839 
H          6.92432       19.53206       13.23744 
H          6.31090       21.14083        9.83499 
H          5.52033       20.78668       11.41228 
H          5.99803       19.44495       10.32875 
H          8.87913       18.23596       18.99441 
H          8.34008       20.04569       20.62577 
H         12.24630       21.79124       19.92532 
H         13.10219       20.07387       17.02679 
H         13.74360       19.06322       18.34406 
H         13.80382       20.85272       18.49255 
H          9.16056       21.90311       22.08162 
H          9.53543       23.08820       20.79150 
H         10.83366       22.53736       21.89429 
H         16.65210       19.71398       17.59375 
H         16.71606       22.12749       18.14253 
H         17.62128       21.15007       22.27069 
H         16.74455       17.80131       22.22371 
H         17.88094       18.96031       23.00762 
H         18.46889       17.76530       21.78768 
H         17.27941       23.93500       19.71974 
H         17.99435       23.54084       21.32252 
H         16.21689       23.59387       21.12178 
H         19.56834       21.16607       15.76417 
H         20.36838       22.90225       17.35910 
H         22.36098       19.82289       19.66793 
H         22.26881       17.26248       17.30392 
H         20.81327       17.02837       18.31194 
H         22.33995       17.59528       19.07231 
H         22.03393       23.51634       19.16661 
H         22.84232       22.22716       20.12762 
H         21.13518       22.65942       20.45749 
H         18.47587       13.22825       19.21521 
H         19.40807       13.00831       21.51071 
H         23.39699       13.63523       19.92509 
H         22.68533       13.04736       16.56592 
H         23.80292       13.95777       17.65184 
H         22.49937       14.80642       16.73570 
H         21.52089       13.82141       23.01451 
H         23.13376       13.45594       22.30938 
H         21.97589       12.12938       22.65642 
H         15.40207        9.87775       21.21745 
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H         16.38089        9.27564       23.42785 
H         17.47404       13.42700       24.03494 
H         15.49912       14.86341       21.59381 
H         17.03832       14.55565       20.74479 
H         17.05582       15.07583       22.46468 
H         17.88464        9.90976       25.32275 
H         16.82959       11.14701       26.07518 
H         18.46185       11.60376       25.50080 
H         12.70258       13.88618       21.80542 
H         13.55093       16.99339       25.61271 
H         13.97738       18.65237       22.57729 
H         13.36149       18.87799       24.25630 
H         12.22548       18.72752       22.86087 
H         13.08136       12.96290       24.08265 
H         13.75378       15.17142       27.15200 
H         14.46907       13.68853       26.43242 
H         12.71370       13.75810       26.76684 
H         17.04494       19.64871       12.44298 
H         14.99368       24.19559       12.51636 
H         13.41286       22.17189       14.81853 
H         14.02350       23.85018       14.59566 
H         14.86821       22.70624       15.70739 
H         17.46291       21.20591       10.57006 
H         15.96688       24.74664       10.39870 
H         16.16796       23.35854        9.27774 
H         17.58743       24.01418       10.14590 
H         17.65561       17.35352       10.85479 
H         22.30504       19.14233       10.57205 
H         22.24771       16.11148       12.33426 
H         21.87832       17.38041       13.53407 
H         23.07889       17.71090       12.22813 
H         18.19216       19.11059        9.19499 
H         21.19827       21.17964        9.21035 
H         19.73944       20.74494        8.25421 
H         21.30372       19.92671        7.93708 
H         15.18485       13.14481        7.59934 
H         18.98537       15.88771        5.90850 
H         20.00733       13.79207        8.54473 
H         19.40951       15.30414        9.27864 
H         20.31743       15.37234        7.72894 
H         14.98257       14.30337        5.40468 
H         17.84501       16.20003        3.76637 
H         16.28284       16.89300        4.30737 
H         16.30388       15.33701        3.42247 
H         14.96014       19.67658        9.36401 
H         14.10648       20.32483        7.11135 
H         12.34647       16.38585        6.68348 
H         14.05651       14.77567        9.24241 
H         12.50574       14.75437        8.33236 
H         12.56570       15.35709       10.02290 
H         12.33618       19.82396        5.29335 
H         11.80215       18.12587        5.03642 
H         13.45764       18.62904        4.57233 
H          7.68835       12.81043       17.04115 
H          6.30114       10.94581       17.93436 
H          9.50527        9.91199       20.66481 
H         11.36016       12.83805       20.40216 
H         12.07467       11.76596       19.18030 
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H         11.51256       11.07476       20.74226 
H          6.34929        8.66990       19.17534 
H          6.24097        9.56303       20.72267 
H          7.58190        8.40440       20.45759 
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Ag24Au1DMBT18_Au_in_icosahedron 
349 
 
Au        14.75200       17.53698       14.66575 
Ag        17.65258       18.72449       15.23026 
Ag        19.36861       16.06924       16.21409 
Ag        17.24305       13.73691       16.37634 
Ag        13.33940       16.47533       17.04335 
Ag        11.74009       18.60271       15.21857 
Ag        13.27810       18.52803       12.32297 
Ag        14.83380       15.29582       12.42297 
Ag        16.37623       16.54952       16.92188 
Ag        14.73737       16.75128       19.73312 
Ag        11.60592       15.13309       19.17381 
Ag        12.46794       13.61912       16.39955 
Ag        14.89871       12.05031       15.98769 
Ag        12.16025       10.68350       15.11439 
Ag        10.25519       13.57266       14.43889 
Ag        12.45200       15.87428       14.12509 
Ag        16.25590       13.06544       13.54690 
Ag        17.69303       10.92643       15.23085 
Ag        16.63137       11.20292       18.22502 
Ag        14.86487       14.23811       18.09062 
Ag        13.27315       13.02559       13.61916 
Ag        15.15754       12.81996       10.63637 
Ag        17.91273       14.35159       11.46509 
Ag        17.19540       15.89126       14.14981 
Ag        14.81598       14.77756       15.27904 
S         15.53638       19.94827       14.99276 
S         20.03913       18.34862       15.53529 
S         19.75382       13.65694       16.58619 
S         11.85357       20.20121       13.37338 
S         14.84644       17.34148       10.90313 
S         11.08151       17.63386       17.36699 
S         17.07518       17.27800       19.24985 
S         12.55221       16.68051       20.80490 
S         10.21236       13.87116       17.60741 
S         14.38839        9.67550       15.22459 
S          9.80362       11.18747       14.80893 
S          9.93990       15.94376       13.87637 
S         17.92758        9.42949       17.16529 
S         15.07437       12.28421       19.75235 
S         18.33199       11.70931       12.98474 
S         12.84396       12.30092       11.21059 
S         17.32738       12.93541        9.53012 
S         19.34112       15.86822       12.77799 
C         19.64986        9.53790       17.67049 
C         20.65020        9.89648       16.74188 
C         20.02560        9.14146       18.98552 
C         22.00595        9.86935       17.09500 
C         21.39764        9.12846       19.30739 
C         19.00041        8.74372       20.01974 
C         22.40633        9.48761       18.39126 
C         23.86314        9.49594       18.79926 
C         14.42627        8.22127       16.28318 
C         15.19604        7.14390       15.79064 
C         13.74577        8.08688       17.52458 
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C         15.30027        5.94373       16.50591 
C         13.87049        6.86264       18.21494 
C         12.91645        9.19626       18.11145 
C         14.63759        5.78030       17.73860 
C         14.75970        4.50287       18.54137 
C         17.99442       10.33186       11.87559 
C         16.71421        9.75651       11.75531 
C         19.06674        9.83667       11.07974 
C         16.47889        8.70671       10.85466 
C         18.79664        8.77879       10.19012 
C         20.45384       10.42898       11.16425 
C         17.51843        8.19890       10.05156 
C         17.28105        7.07830        9.06189 
C         12.72111       10.56201       10.75450 
C         12.46018       10.22004        9.39668 
C         12.82951        9.53548       11.71336 
C         12.32471        8.85510        9.06729 
C         12.33587       11.27305        8.32280 
C         12.68585        8.18874       11.35490 
C         12.43163        7.82040       10.01757 
C         12.30227        6.36644        9.61738 
C          9.32766       10.42464       13.25142 
C          9.02224        9.03462       13.22648 
C          9.16096       11.19455       12.08126 
C          8.55537        8.48094       12.01701 
C          9.18968        8.16412       14.44914 
C          8.69364       10.61197       10.89611 
C          8.38299        9.23804       10.84122 
C          7.91817        8.59174        9.55456 
C          9.35584       15.97062       12.17752 
C          8.04584       15.49903       11.87815 
C         10.13502       16.54253       11.14920 
C          7.58950       15.60641       10.54679 
C          7.15168       14.90219       12.93801 
C          9.64857       16.64385        9.84046 
C          8.36127       16.16925        9.51200 
C          7.83089       16.27432        8.09817 
C         10.24767       20.20998       12.56540 
C         10.12425       20.73780       11.24956 
C          9.09099       19.79270       13.25897 
C          8.83362       20.81516       10.68559 
C         11.32580       21.19698       10.46009 
C          7.82473       19.88489       12.66845 
C          7.67202       20.39735       11.36364 
C          6.31068       20.46456       10.70627 
C         10.86121       18.98817       18.53088 
C          9.61754       19.01134       19.20117 
C         11.82603       19.99482       18.81002 
C          9.31588       20.01482       20.13120 
C         11.48791       20.99012       19.75153 
C         13.17413       20.02241       18.14400 
C         10.24913       21.03112       20.42179 
C          9.92539       22.14661       21.39285 
C         17.08675       19.03830       19.63476 
C         16.86776       20.01641       18.64644 
C         17.36474       19.44662       20.97259 
C         16.90809       21.38258       18.95876 
C         17.39651       20.82699       21.25277 
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C  17.61374  18.44191  22.07251 
C  17.16908  21.81596  20.27328 
C  17.18308  23.28580  20.63459 
C  20.52431  19.49132  16.83862 
C  20.22060  20.86041  16.66228 
C  21.30613  19.08931  17.95775 
C  20.67302  21.82604  17.56948 
C  21.74008  20.08865  18.85460 
C  21.68734  17.65116  18.20299 
C  21.44200  21.45524  18.69181 
C  21.90351  22.48103  19.70360 
C  20.40279  13.55976  18.25725 
C  19.56782  13.33091  19.37174 
C  21.80920  13.66831  18.45051 
C  20.09824  13.21609  20.66293 
C  22.31028  13.55889  19.76476 
C  22.75146  13.88423  17.29074 
C  21.48657  13.33269  20.88449 
C  22.06648  13.19874  22.27607 
C  15.87256  11.97531  21.34373 
C  15.85673  10.63822  21.80451 
C  16.45419  12.98455  22.15857 
C  16.40797  10.29076  23.04499 
C  16.99941  12.59937  23.40280 
C  16.50221  14.42632  21.73089 
C  16.99309  11.27095  23.87286 
C  17.56678  10.91988  25.22873 
C  12.88090  15.96802  22.42426 
C  13.13107  16.85241  23.51104 
C  12.85930  14.57600  22.65178 
C  13.34645  16.28921  24.78700 
C  13.16679  18.35093  23.32302 
C  13.07757  14.05021  23.93153 
C  13.32518  14.90190  25.02883 
C  13.56378  14.33743  26.41261 
C  15.78568  20.99498  13.54988 
C  15.19599  22.29060  13.55346 
C  16.58025  20.59318  12.45450 
C  15.43691  23.13014  12.44451 
C  14.34446  22.77927  14.70082 
C  16.80043  21.45514  11.37308 
C  16.22920  22.74533  11.34595 
C  16.47371  23.68132  10.18150 
C  19.67450  17.22332  11.63897 
C  21.00275  17.73798  11.57433 
C  18.68985  17.73464  10.76923 
C  21.27770  18.74551  10.62778 
C  22.09897  17.22209  12.47537 
C  19.00350  18.73089  9.83171 
C  20.30737  19.25718  9.74177 
C  20.67089  20.31464  8.72095 
C  17.18724  13.89081  8.01595 
C  18.29262  14.64655  7.53017 
C  16.02042  13.79202  7.22588 
C  18.15683  15.29298  6.28338 
C  19.58452  14.76290  8.30076 
C  15.91953  14.44554  5.99164 
C  16.98996  15.21981  5.49804 
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C         16.87757       15.96505        4.18594 
C         14.14459       17.66006        9.27081 
C         14.39503       18.94180        8.72716 
C         13.39865       16.71608        8.51690 
C         13.91578       19.29676        7.45987 
C         12.93158       17.10735        7.24242 
C         13.10405       15.33702        9.03906 
C         13.17094       18.37997        6.68851 
C         12.67248       18.74094        5.30558 
C          9.35990       12.46623       18.33695 
C          8.05341       12.23025       17.85022 
C          9.88205       11.62968       19.36029 
C          7.26997       11.18589       18.35451 
C          9.06271       10.58886       19.84952 
C         11.25757       11.83180       19.93039 
C          7.76223       10.34103       19.37101 
C          6.91205        9.22970       19.94794 
H         20.35463       10.19739       15.72260 
H         22.76448       10.15012       16.34393 
H         21.68917        8.81863       20.32718 
H         18.33771        7.93011       19.64890 
H         18.33003        9.59739       20.27665 
H         19.49043        8.40199       20.95664 
H         24.53358        9.32338       17.92887 
H         24.08153        8.71605       19.56160 
H         24.14923       10.47826       19.24353 
H         15.72234        7.25946       14.82938 
H         15.91096        5.12113       16.09555 
H         13.33765        6.75661       19.17711 
H         13.53125       10.10548       18.29854 
H         12.45766        8.88826       19.07450 
H         12.08981        9.50570       17.42551 
H         15.13837        3.66388       17.91821 
H         13.78190        4.19363       18.97378 
H         15.46699        4.62477       19.39505 
H         15.88801       10.12636       12.38451 
H         15.46144        8.28737       10.77913 
H         19.62847        8.39652        9.57092 
H         20.85366       10.39239       12.20260 
H         20.44922       11.50290       10.86934 
H         21.15931        9.88773       10.49731 
H         16.24769        6.67805        9.14370 
H         17.98845        6.23235        9.22051 
H         17.42241        7.42498        8.01198 
H         13.03806        9.79449       12.76414 
H         12.12219        8.59295        8.01305 
H         11.55642       12.02424        8.57859 
H         12.08453       10.81703        7.34124 
H         13.28747       11.84238        8.20719 
H         12.77618        7.41483       12.13647 
H         11.83204        6.25768        8.61605 
H         11.68832        5.79475       10.34842 
H         13.29766        5.86542        9.57172 
H          9.40648       12.27018       12.10380 
H          8.31338        7.40307       11.99729 
H          8.62966        8.56947       15.32125 
H         10.25789        8.11413       14.76613 
H          8.84078        7.12748       14.25326 
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H          8.57291       11.24220        9.99883 
H          7.34199        7.66033        9.74705 
H          8.78510        8.31738        8.90894 
H          7.27457        9.27765        8.96062 
H         11.14198       16.92570       11.39110 
H          6.57495       15.23511       10.31369 
H          7.59150       13.97125       13.36917 
H          6.15287       14.64896       12.52226 
H          7.01433       15.59958       13.79452 
H         10.28627       17.10146        9.06496 
H          6.81548       15.83113        8.00830 
H          8.49371       15.75009        7.37233 
H          7.76684       17.33551        7.76449 
H          9.19259       19.38802       14.27982 
H          8.73717       21.22438        9.66375 
H         11.93195       21.93913       11.02579 
H         11.01839       21.65123        9.49388 
H         12.01316       20.34713       10.23341 
H          6.94031       19.54627       13.23484 
H          6.31047       21.15184        9.83237 
H          5.52868       20.81298       11.41723 
H          5.99115       19.46112       10.33975 
H          8.88169       18.22040       18.98319 
H          8.33605       20.00535       20.63966 
H         12.23908       21.76994       19.96998 
H         13.08934       20.10644       17.03517 
H         13.74169       19.07985       18.33377 
H         13.79275       20.86747       18.51074 
H          9.15507       21.83489       22.13141 
H          9.52731       23.04494       20.86398 
H         10.82711       22.47507       21.95529 
H         16.65738       19.70515       17.61028 
H         16.73533       22.12011       18.15625 
H         17.61335       21.14143       22.28983 
H         16.72055       17.79666       22.24134 
H         17.85935       18.95032       23.02961 
H         18.44646       17.75152       21.81285 
H         17.30795       23.92515       19.73411 
H         18.00625       23.52732       21.34329 
H         16.23097       23.59417       21.12738 
H         19.62473       21.16672       15.78655 
H         20.42265       22.88751       17.39965 
H         22.34729       19.77596       19.72294 
H         22.25790       17.22661       17.34684 
H         20.78692       17.00458       18.33461 
H         22.30970       17.55122       19.11717 
H         22.06410       23.47619       19.23379 
H         22.85321       22.17509       20.19469 
H         21.14649       22.61874       20.51101 
H         18.47923       13.24127       19.21424 
H         19.41485       13.03175       21.50935 
H         23.40132       13.65227       19.91520 
H         22.68952       13.04430       16.56275 
H         23.80314       13.97015       17.63976 
H         22.49390       14.80348       16.71720 
H         21.53395       13.84907       23.00622 
H         23.14352       13.47320       22.29914 
H         21.98031       12.15349       22.65444 
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H         15.40381        9.86082       21.16756 
H         16.38437        9.23639       23.37108 
H         17.45260       13.38599       24.03210 
H         15.47507       14.84017       21.60252 
H         17.01900       14.55280       20.75506 
H         17.02765       15.05214       22.48131 
H         17.88471        9.85555       25.27478 
H         16.81807       11.07401       26.04135 
H         18.44793       11.55162       25.47715 
H         12.68127       13.89603       21.80364 
H         13.53803       16.97534       25.63178 
H         13.96476       18.65436       22.60707 
H         13.35137       18.86965       24.28841 
H         12.21342       18.73085       22.89332 
H         13.06107       12.95634       24.07409 
H         13.74598       15.14228       27.15683 
H         14.44586       13.65703       26.42682 
H         12.69218       13.74059       26.76709 
H         17.04197       19.59245       12.45116 
H         14.98490       24.13820       12.45035 
H         13.42831       22.15551       14.81128 
H         14.02441       23.83106       14.53802 
H         14.89014       22.72405       15.66948 
H         17.44147       21.11227       10.54343 
H         15.94396       24.64877       10.31665 
H         16.12589       23.23852        9.22028 
H         17.55854       23.90441       10.05837 
H         17.66029       17.34208       10.81516 
H         22.30835       19.14153       10.57781 
H         22.23567       16.12290       12.36110 
H         21.85112       17.40026       13.54682 
H         23.06578       17.72280       12.25209 
H         18.21297       19.08926        9.15026 
H         21.21156       21.16827        9.18888 
H         19.76783       20.72017        8.21611 
H         21.33954       19.90555        7.92761 
H         15.18156       13.17679        7.59062 
H         19.01407       15.88157        5.91066 
H         20.01089       13.76284        8.53898 
H         19.43111       15.27937        9.27839 
H         20.34019       15.34248        7.72924 
H         14.99168       14.34910        5.40230 
H         17.87747       16.21854        3.77153 
H         16.32020       16.92284        4.31244 
H         16.32959       15.37018        3.42158 
H         14.97000       19.66843        9.32478 
H         14.12300       20.30741        7.06690 
H         12.34804       16.37320        6.65839 
H         14.04601       14.77432        9.23474 
H         12.49882       14.75019        8.31779 
H         12.55391       15.36451       10.00439 
H         12.34691       19.80338        5.25201 
H         11.81352       18.10436        5.00037 
H         13.46955       18.60623        4.53672 
H          7.65511       12.88397       17.05788 
H          6.25714       11.02448       17.94592 
H          9.47039        9.94035       20.64599 
H         11.35656       12.84710       20.38637 
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H         12.04699       11.77656       19.14965 
H         11.49243       11.07966       20.71216 
H          6.29808        8.73394       19.16347 
H          6.20279        9.61521       20.71840 
H          7.53465        8.44979       20.43784 
  



S169 

 

 
Ag24Au1DMBT18_Au_in_staple 
349 
 
Ag        14.72463       17.53140       14.57965 
Au        17.68875       18.88923       15.19215 
Ag        19.39321       15.98312       16.20907 
Ag        17.25086       13.75471       16.38171 
Ag        13.35620       16.50331       16.99643 
Ag        11.70188       18.55419       15.17379 
Ag        13.22480       18.51319       12.28662 
Ag        14.84919       15.29924       12.43166 
Ag        16.38240       16.62287       16.86734 
Ag        14.74079       16.78986       19.70570 
Ag        11.62830       15.15404       19.14964 
Ag        12.49980       13.62698       16.39578 
Ag        14.92548       12.05273       15.99930 
Ag        12.16922       10.67595       15.11674 
Ag        10.25629       13.57857       14.46117 
Ag        12.44759       15.82426       14.12339 
Ag        16.29112       13.08787       13.56219 
Ag        17.72023       10.94298       15.23735 
Ag        16.65448       11.20886       18.23119 
Ag        14.89155       14.28257       18.07339 
Ag        13.31179       13.01068       13.62838 
Ag        15.17904       12.81476       10.64430 
Ag        17.92713       14.36596       11.46028 
Ag        17.21084       15.94866       14.14372 
Ag        14.83979       14.79940       15.27239 
S         15.55838       19.93838       14.92874 
S         19.97779       18.28923       15.53379 
S         19.76511       13.58114       16.59767 
S         11.79950       20.17675       13.34174 
S         14.83592       17.34881       10.90240 
S         11.08861       17.64676       17.36271 
S         17.07946       17.29895       19.22514 
S         12.55455       16.72017       20.77381 
S         10.23934       13.87009       17.59645 
S         14.39584        9.67392       15.24124 
S          9.81569       11.18647       14.80545 
S          9.92560       15.94546       13.87110 
S         17.92235        9.42330       17.15989 
S         15.10259       12.32580       19.73577 
S         18.36817       11.73473       12.99433 
S         12.86829       12.29425       11.22441 
S         17.34139       12.94699        9.52704 
S         19.36668       15.86349       12.78119 
C         19.64506        9.49624       17.66902 
C         20.65429        9.82585       16.73968 
C         20.01092        9.09977       18.98719 
C         22.00911        9.76985       17.09437 
C         21.38168        9.05900       19.31108 
C         18.97583        8.73088       20.02220 
C         22.39946        9.38856       18.39347 
C         23.85536        9.36346       18.80441 
C         14.41953        8.21207       16.28963 
C         15.17268        7.12716       15.78895 
C         13.74607        8.08210       17.53572 
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C         15.26909        5.92429       16.50148 
C         13.86140        6.85525       18.22228 
C         12.93501        9.20076       18.13071 
C         14.61284        5.76514       17.73779 
C         14.71703        4.48184       18.53400 
C         18.03151       10.36141       11.87984 
C         16.75275        9.78259       11.76016 
C         19.10308        9.87297       11.07878 
C         16.51798        8.73693       10.85449 
C         18.83372        8.81879       10.18452 
C         20.48862       10.46908       11.16220 
C         17.55676        8.23622       10.04598 
C         17.31984        7.12003        9.05120 
C         12.74708       10.55552       10.76581 
C         12.47036       10.21580        9.41084 
C         12.87363        9.52744       11.72081 
C         12.33855        8.85084        9.07955 
C         12.32531       11.27102        8.34167 
C         12.73275        8.18093       11.36063 
C         12.46327        7.81452       10.02568 
C         12.33468        6.36070        9.62461 
C          9.34498       10.43912       13.23877 
C          9.04836        9.04731       13.19655 
C          9.17283       11.22222       12.07845 
C          8.58441        8.50581       11.98073 
C          9.22172        8.16281       14.40825 
C          8.70844       10.65133       10.88613 
C          8.40656        9.27651       10.81429 
C          7.94617        8.64124        9.52053 
C          9.34087       15.93539       12.17209 
C          8.03215       15.45463       11.88166 
C         10.12177       16.48040       11.13050 
C          7.57942       15.52535       10.54665 
C          7.13734       14.88197       12.95421 
C          9.63906       16.54576        9.81797 
C          8.35315       16.06131        9.49899 
C          7.82220       16.13488        8.08330 
C         10.18776       20.15744       12.54303 
C         10.04926       20.66982       11.22275 
C          9.04130       19.73552       13.25010 
C          8.75374       20.72692       10.66793 
C         11.23952       21.13346       10.41887 
C          7.76974       19.80641       12.66776 
C          7.60198       20.30239       11.35874 
C          6.23635       20.34355       10.70828 
C         10.88009       19.03624       18.48705 
C          9.63497       19.09226       19.15187 
C         11.85765       20.03686       18.74514 
C          9.34487       20.12044       20.05876 
C         11.53059       21.05769       19.66237 
C         13.20713       20.03213       18.08115 
C         10.29097       21.12982       20.32912 
C          9.98453       22.26907       21.27795 
C         17.11584       19.04988       19.65077 
C         16.93380       20.05287       18.67979 
C         17.37451       19.42485       21.00259 
C         16.99116       21.41134       19.02353 
C         17.42508       20.79791       21.31361 
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C         17.58238       18.39284       22.08531 
C         17.23364       21.81181       20.35169 
C         17.27028       23.27283       20.74600 
C         20.54970       19.41709       16.82181 
C         20.30176       20.79688       16.64788 
C         21.33821       18.97988       17.92140 
C         20.81133       21.74161       17.54632 
C         21.83373       19.96086       18.80738 
C         21.66469       17.52759       18.16561 
C         21.58736       21.33818       18.65230 
C         22.10910       22.34287       19.65564 
C         20.40211       13.50271       18.27525 
C         19.55482       13.32333       19.38931 
C         21.81018       13.57396       18.47379 
C         20.07533       13.22088       20.68578 
C         22.30112       13.47804       19.79285 
C         22.76468       13.73805       17.31543 
C         21.46529       13.30068       20.91254 
C         22.03480       13.17616       22.30929 
C         15.86602       12.01148       21.34287 
C         15.83919       10.67443       21.80217 
C         16.43385       13.01929       22.16964 
C         16.36728       10.32504       23.05250 
C         16.95504       12.63245       23.42329 
C         16.49271       14.46100       21.74318 
C         16.93811       11.30334       23.89192 
C         17.48947       10.95183       25.25699 
C         12.87609       16.02291       22.40105 
C         13.12010       16.91708       23.48128 
C         12.85082       14.63328       22.64172 
C         13.32527       16.36567       24.76403 
C         13.15755       18.41379       23.27960 
C         13.05929       14.11911       23.92785 
C         13.30058       14.98066       25.01876 
C         13.53738       14.42886       26.40792 
C         15.75186       21.05646       13.52607 
C         15.11244       22.32488       13.59326 
C         16.53300       20.72238       12.39973 
C         15.28963       23.21124       12.50850 
C         14.26920       22.73692       14.77637 
C         16.69219       21.63166       11.34652 
C         16.06937       22.89773       11.37940 
C         16.24787       23.88346       10.24446 
C         19.69309       17.24707       11.67623 
C         21.02327       17.75421       11.60240 
C         18.69539       17.79686       10.84558 
C         21.28771       18.79363       10.68784 
C         22.13272       17.19789       12.46277 
C         18.99775       18.82493        9.93966 
C         20.30366       19.34479        9.84177 
C         20.65383       20.43507        8.85129 
C         17.17831       13.89527        8.01049 
C         18.26028       14.68405        7.52448 
C         16.01726       13.75641        7.21762 
C         18.10674       15.32224        6.27557 
C         19.54616       14.84413        8.29693 
C         15.89859       14.40249        5.98103 
C         16.94468       15.20954        5.48777 



S172 

 

C         16.81151       15.94810        4.17393 
C         14.14208       17.67171        9.26610 
C         14.37823       18.95897        8.73008 
C         13.41478       16.71974        8.50402 
C         13.90178       19.31241        7.46115 
C         12.95079       17.10959        7.22804 
C         13.13713       15.33420        9.01874 
C         13.17556       18.38801        6.68122 
C         12.68268       18.74713        5.29582 
C          9.39448       12.46659       18.33790 
C          8.08855       12.22039       17.85472 
C          9.92205       11.64112       19.36734 
C          7.31071       11.17670       18.36892 
C          9.10822       10.60056       19.86633 
C         11.29817       11.85322       19.93200 
C          7.80818       10.34288       19.39198 
C          6.96365        9.23275       19.97944 
H         20.36669       10.12633       15.71794 
H         22.77471       10.02663       16.34186 
H         21.66487        8.75018       20.33360 
H         18.29608        7.92986       19.65497 
H         18.32376        9.60067       20.27251 
H         19.45672        8.38448       20.96208 
H         24.52670        9.25239       17.92508 
H         24.07011        8.52951       19.50869 
H         24.14350       10.30921       19.32082 
H         15.69345        7.23907       14.82429 
H         15.86958        5.09650       16.08649 
H         13.33455        6.75331       19.18827 
H         13.56180       10.10292       18.31215 
H         12.48071        8.89730       19.09735 
H         12.10632        9.52031       17.45198 
H         15.19880        3.67338       17.94276 
H         13.71633        4.11672       18.85849 
H         15.32393        4.62319       19.45852 
H         15.92760       10.14578       12.39465 
H         15.50159        8.31495       10.77948 
H         19.66513        8.44182        9.56151 
H         20.89126       10.42936       12.19935 
H         20.48001       11.54425       10.87194 
H         21.19389        9.93278       10.49104 
H         16.28648        6.71938        9.13090 
H         18.02716        6.27333        9.20637 
H         17.46161        7.47128        8.00287 
H         13.09561        9.78451       12.76930 
H         12.12437        8.59010        8.02726 
H         11.54302       12.01524        8.60896 
H         12.06576       10.81590        7.36180 
H         13.27090       11.84825        8.21659 
H         12.83784        7.40562       12.13901 
H         11.88515        6.25316        8.61373 
H         11.70176        5.79336       10.34302 
H         13.32780        5.85397        9.60151 
H          9.41035       12.29932       12.11438 
H          8.34864        7.42685       11.94804 
H          8.65992        8.55420       15.28561 
H         10.29041        8.11513       14.72399 
H          8.87866        7.12661       14.19990 
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H          8.58304       11.29197        9.99696 
H          7.31586        7.74360        9.70427 
H          8.81598        8.31327        8.90430 
H          7.35792        9.35368        8.90134 
H         11.12908       16.86768       11.36417 
H          6.56667       15.14480       10.32069 
H          7.57849       13.96245       13.40807 
H          6.13972       14.61663       12.54320 
H          6.99772       15.59954       13.79347 
H         10.27911       16.98146        9.03187 
H          6.85135       15.60314        7.98273 
H          8.53356       15.68331        7.35533 
H          7.66200       17.19025        7.76179 
H          9.15395       19.34463       14.27514 
H          8.64497       21.12475        9.64283 
H         11.84500       21.88440       10.97358 
H         10.91905       21.57884        9.45282 
H         11.93105       20.28761       10.18990 
H          6.89348       19.46432       13.24451 
H          6.20837       21.05793        9.85668 
H          5.44602       20.64080       11.43267 
H          5.95103       19.34179       10.31007 
H          8.88859       18.30703       18.94940 
H          8.36385       20.13555       20.56484 
H         12.29119       21.83287       19.86424 
H         13.12411       20.09109       16.97082 
H         13.76335       19.08746       18.29451 
H         13.83595       20.87787       18.42807 
H          9.13283       22.02362       21.94860 
H          9.71185       23.19882       20.72469 
H         10.86133       22.51866       21.91596 
H         16.74724       19.76571       17.63252 
H         16.84664       22.16923       18.23454 
H         17.62701       21.08582       22.36143 
H         16.67280       17.76356       22.22425 
H         17.82091       18.87590       23.05724 
H         18.40453       17.68987       21.82596 
H         17.34846       23.93261       19.85510 
H         18.13164       23.49724       21.41436 
H         16.34801       23.57047       21.29822 
H         19.70219       21.12793       15.78412 
H         20.60107       22.81251       17.38171 
H         22.44488       19.62230       19.66304 
H         22.21093       17.07563       17.30781 
H         20.74060       16.91890       18.31235 
H         22.29262       17.40623       19.07320 
H         22.29852       23.33211       19.18408 
H         23.05579       21.99933       20.12702 
H         21.37375       22.50771       20.47775 
H         18.46474       13.26507       19.22803 
H         19.38263       13.07546       21.53216 
H         23.39367       13.54177       19.94734 
H         22.68573       12.88220       16.60811 
H         23.81604       13.80510       17.66958 
H         22.53451       14.64925       16.71801 
H         21.48864       13.82165       23.03325 
H         23.10874       13.46191       22.34092 
H         21.95740       12.13051       22.68892 
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H         15.39592        9.89826       21.15698 
H         16.33574        9.27057       23.37751 
H         17.39805       13.41792       24.06134 
H         15.46926       14.87807       21.59728 
H         17.02549       14.58716       20.77603 
H         17.00668       15.08460       22.50335 
H         17.72034        9.86739       25.33709 
H         16.76175       11.19442       26.06681 
H         18.42142       11.51699       25.48109 
H         12.67595       13.94569       21.79908 
H         13.51048       17.05963       25.60382 
H         13.95881       18.71000       22.56433 
H         13.33829       18.94129       24.24096 
H         12.20620       18.79033       22.84248 
H         13.03833       13.02671       24.08071 
H         13.61706       15.24095       27.16257 
H         14.47848       13.83370       26.45302 
H         12.71329       13.74999       26.72470 
H         17.03279       19.74197       12.35299 
H         14.79763       24.19889       12.56048 
H         13.35005       22.11161       14.85053 
H         13.95054       23.79771       14.68704 
H         14.82143       22.61233       15.73470 
H         17.32447       21.34596       10.48868 
H         15.67887       24.82111       10.42384 
H         15.89992       23.45898        9.27510 
H         17.31886       24.15943       10.10850 
H         17.66396       17.41051       10.89870 
H         22.31980       19.18529       10.63269 
H         22.26115       16.10339       12.30281 
H         21.90493       17.33413       13.54447 
H         23.09832       17.70217       12.24229 
H         18.19544       19.21684        9.29114 
H         21.27251       21.23287        9.32060 
H         19.74189       20.91344        8.43330 
H         21.24063       20.03458        7.99133 
H         15.19793       13.11492        7.58185 
H         18.94549       15.93723        5.90342 
H         20.00426       13.85913        8.53907 
H         19.37460       15.35788        9.27309 
H         20.28417       15.44588        7.72519 
H         14.97641       14.27352        5.38888 
H         17.80414       16.22409        3.75641 
H         16.23217       16.89297        4.29921 
H         16.27585       15.33839        3.41259 
H         14.94125       19.69032        9.33327 
H         14.09779       20.32717        7.07312 
H         12.38254       16.36945        6.63666 
H         14.08587       14.78164        9.21028 
H         12.53876       14.74459        8.29406 
H         12.58713       15.34952        9.98442 
H         12.33599       19.80300        5.24524 
H         11.84003       18.09483        4.97869 
H         13.48987       18.63336        4.53417 
H          7.68622       12.86502       17.05706 
H          6.29806       11.00719       17.96316 
H          9.52033        9.96048       20.66730 
H         11.39576       12.87366       20.37647 
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H         12.08601       11.79172       19.15019 
H         11.53709       11.11026       20.72130 
H          6.35647        8.72260       19.19885 
H          6.24838        9.62289       20.74198 
H          7.58984        8.46364       20.48167 
 
 
 
 
 
 
 
 

 



 

 

 

 

Editorials 



2102931 (1 of 2) © 2021 Wiley-VCH GmbH

www.small-journal.com

Guest editorial

Special Issue on “Nanoclusters”: A Glimpse into the Efforts 
to Redefine Matter at the Nanoscale

Thalappil Pradeep

DOI: 10.1002/smll.202102931

face, solvent-accessible sites, mechanisms of transformation 
and the associated energetics are important to understand. As 
assemblies become more important, there is a need to have 
them computed as well.

These knowledge gaps and clear possibilities necessitate 
the introduction of new methodologies to explore NC science. 
Recently, the area has seen the induction of many gas phase 
spectroscopy techniques to understand their electronic struc-
ture, chemical reactivity, shape, isomers, etc. Photophysics of 
NCs is being explored and excited states are being studied with 
greater time resolution. Carrier dynamics at varied timescales 
present new opportunities for NCs in photochemistry and 
energy transfer. Other stimuli such as pressure and tempera-
ture reveal new aspects of their properties.

As this area expands, properties translating to applications 
are becoming evident. It is being realised that APCs are indeed 
molecules. Composition, geometric and electronic structures, 
chemical properties, reactivity and associated kinetics and ther-
modynamics are consistent with this description. The size and 
shape of several such molecules are similar to biomolecules, 
and both resemble each other in terms of organisation and hier-
archy. Combining APCs with biomolecules and complex enti-
ties such as viruses using chemical principles can produce even 
more diverse systems with new properties useful for biology.

For quite some time, the principal focus of NCs has been 
on luminescence, especially in the near-infrared region, in view 
of potential applications in biolabeling and imaging. This sub-
ject area is dominated by protein- and DNA-protected clusters. 
The other recognised application of NCs is in the area of catal-
ysis, where several oxidation reactions have been identified. A 
deeper understanding of such processes requires films of NCs, 
explored with finer tools of imaging and spectroscopy.

All of these directions pertaining to the research of NCs are 
captured to varying degrees in this special issue. Many of the 
important practitioners of the area as well as several younger 
researchers present their work here. In 9 review-type articles 
and 20 original research papers, this special issue captures 
many of the emerging directions. An aspect particularly impor-
tant to note is the participation of nearly all regions of the world 
and its associated diversity.

I am sure that young researchers in the area will see new 
pointers from these papers. For others from the larger area of 
small matter, new connections will be established.

I am immensely thankful to the editorial team of Small, 
especially Dr. Lisa Smith, who took care of every aspect of this 
special issue. I am thankful to the journal and the publisher for 
recognising the area in the form of a special issue.

I hope that you will enjoy reading this collection.
Thalappil Pradeep

Matter at the nanoscale is being redefined. One of the most evi-
dent aspects of this evolution is centred on nanoclusters (NCs) 
or atomically precise clusters (APCs), and most of the work in 
this area is on APCs of noble metals, and especially clusters of 
gold. Just to give an indication, of the over 572 papers published 
with “atomically precise cluster” in the title or abstract (as listed 
by the Web of Science as of March 31, 2021), 405 were on gold, 
86 on silver and 81 on other materials. Among those APCs of 
gold, the most studied cluster is Au25L18

-, with ligands (L) such 
as glutathione and phenylethane thiol.

This speaks simultaneously about the limitations and oppor-
tunities in the area, on the need to discover new clusters and 
new ligands. Visible gaps include missing nuclearities, alloys, 
cluster adducts, polymers, and assemblies. A somewhat deeper 
exploration of the literature reveals the absence of well-defined 
principles for cluster synthesis of all nuclearities, their stabili-
ties, transformations, etc. It is also clear that NCs can be formed 
by any kind of matter, and greater efforts are needed to diversify 
into oxides, chalcogenides, pnictides and others. While the syn-
thesis, identification, and structures of APCs have been central 
aspects of recent research, their properties as individual clus-
ters and assembled solids are becoming important. Lumines-
cence has been the most explored property, while mechanical, 
electrical, and magnetic properties are slowly gaining attention.

The complexity of NCs is increasing, both compositional 
and structural, in terms of core and ligand. Complex struc-
tures result in new properties such as chirality. Assemblies can 
also result in complexities, and they too can be chiral. Ligand 
arrangements and multiple possibilities in structures can result 
in isomers. These pose challenges in synthesis, separation, 
crystallisation, and understanding of structures. In addition, 
as many clusters are similar in size and are prepared with the 
same or compatible ligands, it is possible for them to co-crystal-
lize in different ways. As a diverse family of clusters are avail-
able now and as several of them are of similar size and shape, 
this possibility can produce very new materials with a combina-
tion of properties of the participating clusters. Assemblies can 
arise in several other ways as well: between NCs themselves, 
between NCs and nanoparticles, and also between NCs and 
molecules.

As more and more NCs, their crystals, assemblies, and 
properties are explored, a detailed understanding of structure-
property relations becomes a central aspect of their study. At 
the same time, all-electron computations become complex and 
often impossible on larger NCs and newer methods have to be 
developed. Not only the standard requirements of electronic 
energy levels and optical spectra, but also complex questions 
associated with conformations of ligands over the cluster sur-
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Expectations for Perspectives in ACS Sustainable Chemistry &
Engineering

Cite This: ACS Sustainable Chem. Eng. 2021, 9, 16528−16530 Read Online

ACCESS Metrics & More Article Recommendations

■ INTRODUCTION AND NEED FOR THIS EDITORIAL

ACS Sustainable Chemistry & Engineering (ACS SCE) Editors
are dedicated in their efforts to provide guidance to
prospective contributors on manuscript content and expect-
ations. For example, we have recently published editorials that
articulate the expectations for scope and content of the journal
in specific topic areas and provide guidance on effective ways
to incorporate sustainability metrics in manuscripts.1−14 These
editorials provide insights into how the scope and the coverage
of topics have evolved as the field of sustainable chemistry and
engineering expands and grows in new directions. As an
editorial team, we believe that thought leadership is key to the
success of our field and the journal. Thus, perspective articles
that focus on a specific topic, where authors share fresh and
new ideas, are extremely beneficial to the readers of ACS SCE.
Thoughtful and creative perspectives have significant potential
to catalyze new development and stimulate constructive
discussion on a given topic. Such perspectives are different
from classical reviews that focus on the development of a
specific field over a certain period. This editorial delineates the
critical factors and qualities that a forward-looking ACS SCE
perspectives article should deliver.

■ REVIEWS VS PERSPECTIVES: CLARIFYING THE
STRUCTURE

General guidance on writing effective review articles has been
previously described in editorials by other ACS journals.16,17 It
is our expectation that ACS SCE perspectives go beyond
reviewing a research topic and critique the reviewed literature
in the context of sustainable chemistry and engineering:
delineating research gaps, highlighting debate and disagree-
ment, and emphasizing the remaining challenges. This
distinguishing feature is clearly spelled out in the ACS SCE
Author Guidelines as follows: “Perspectives are thoroughly
documented assessments of selected areas of the sustainable
chemistry and engineering research literature.” Perspectives
should preferably project significant advances and opportu-
nities in emerging or rapidly evolving topics in sustainable
chemistry and engineering. They should clearly discuss
potential sustainability advantages of the reviewed topic as
well as the fundamental and practical challenges that must be
addressed for the timely implementation of sustainable
processes and products. Thus, in addition to the traditional
criteria used to evaluate review articles such as (a) the current
importance of the topic under review, (b) thoroughness of the
literature coverage, and (c) overall clarity of presentation, the

following two additional characteristics must also be evident in
ACS SCE perspectives: (d) critical, thoughtful assessment of
sustainability-related aspects in the reviewed literature and (e)
clear identification of future research needs and directions for
further advancing green and sustainable chemistry and
engineering. Perspectives that do not meet these criteria will
be deemed out of scope and, therefore, unsuitable for
consideration in ACS SCE.

■ BEYOND A GOOD REVIEW: ELEMENTS OF AN ACS
SCE PERSPECTIVE

What Makes the Cut at ACS SCE When It Comes to
Perspective Submissions? We encourage authors to apply
life cycle and/or systems thinking to identify any sustainability-
related challenges such as, but not limited to, the material
intensity, energy intensity, CO2 footprint, water usage, toxicity
of chemicals, and environmental impact that are associated
with a reviewed topic. We recommend authors to consult
recent scope and metrics editorials to understand the
sustainability considerations associated with various topics
(e.g., catalysis, materials, clean and renewable energy, energy
conversion, storage materials and devices, green synthesis of
chemicals, feedstock CO2 footprint, biomass processing,
biobased chemicals and solvents, electrochemistry, waste
recycling, and more) covered by ACS SCE.3−11 Identifying
research gaps and needs in the field based on a detailed
analysis and exposure of sustainability hotspots would be a vital
contribution of ACS SCE perspectives. For example, if a life
cycle analysis is lacking in the literature that prevents one from
making an informed sustainability assessment of a process or
product, highlighting such a drawback in the perspectives will
be useful to direct research. Such analysis could be based on
easily accessible metrics such as E-factor, material intensity,
atom economy, and more. ACS SCE perspectives that contain a
compelling account of scientific and sustainability attributes of
the reviewed topic will not only satisfy the desired quality
features but also have a high probability of paving the way for
future scientific and technological advances. We refer
prospective authors to a sampling of recent articles,18−23
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where they will gain a better understanding of the attributes of
published ACS SCE perspectives.
What Does Not Make the Cut? A high standard of

scientific writing is expected as it is essential to clearly
articulate sustainability assessment and discussions without
ambiguity. Manuscripts that do not adhere to such standards
will be returned without review. In addition, we provide here
examples of content that are more likely to be rejected after
editorial review. Perspectives that address the degradation of
pollutants will not be considered, as the scope of our journal
allows us to accommodate manuscripts that concentrate on
pollution prevention rather than pollutant treatment.15

However, perspectives that deal with conversion of waste to
value-added products to promote a circular economy are
welcome. In such cases, waste recycling strategies must address
the sustainability of the overall process (even if it is qualitative)
to warrant further consideration and provide an indication of
the practicality in terms of scale and adequacy of final use.
Perspectives that highlight well-established biobased materials
and/or their applications will be considered unsuitable unless
critical discussions that focus on advances related to
sustainability aspects in the life cycle for the product (e.g.,
resource, process, product) are provided. Perspectives that
highlight advances in green and sustainable nanotechnology,
especially those pertaining to synthesis of nanomaterials, may
not pass the editorial review stage if a critical treatment of
aspects such as use of sustainable raw materials and greener
processes (based on energy sources, processing solvents, and
more) is lacking. It is of utmost importance to note that the
use of biobased or derived materials and/or solvents does not
automatically guarantee sustainability. Perspectives must
analyze the performance of such systems and conduct critical
comparisons, preferably using sustainability metrics, with
respect to benchmarks or existing technologies. Similarly, it
is important to present advances in catalysts and materials for
applications in energy conversion, storage, and utilization in
terms of their activity, stability, efficiency, cyclability, perform-
ance, and cost considerations that identify improvements in
sustainability. Through such rigorous analysis and discussion of
published data, we seek a clear articulation of new insights
introduced by the perspective not previously addressed by
published reviews/perspectives.
ACS SCE strongly encourages perspectives authors to submit

an outline of their proposed perspective to Executive Editor
Bala Subramaniam at subramaniam-office@sustain.acs.org for
feedback prior to submitting a fully developed version. Such a
proposal should show clear evidence of the desired attributes
stated herein to solicit feedback that either encourages or
discourages the submission of a full version of the perspective
manuscript. We will strive to provide such feedback within 2
weeks. Please note that an encouragement to submit a full
version does not guarantee its acceptance. Rather, it means
that the submitted full version is more likely to be sent for
external review if it possesses the requisite attributes and
clearly addresses any feedback. If authors choose to submit a
full version without an approved proposal, please note that it
may still take one to 2 weeks to make the initial decision on
whether the perspective article fits the journal scope. All
authors should note that the opportunity to provide feedback
on a proposed perspective is reserved only for perspectives and
not for regular articles. All questions on the content of this
editorial should also be submitted to Executive Editor Bala
Subramaniam at subramaniam-office@sustain.acs.org.

■ CLOSING

We hope that the guidelines presented here will help authors
to develop compelling and thought-provoking perspectives that
enhance the impact of their contributions in the broader
context of sustainability. Such perspectives, in turn, should
cultivate and promote a critical sustainability mindset among
our audience. ACS SCE welcomes perspectives from all
researchers and practitioners of the field. Where appropriate,
we encourage authors to consider assembling an international
team with complementary aptitude or expertise to critically
cover and assess the science, technology, and sustainability
aspects of the reviewed topic. As always, we are interested in
hearing feedback and suggestions from contributors and
readers.
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Nanotechnology refers to the construction and manipu-
lation of matter at the nanoscale. Such matter with

characteristic dimensions in the range of 1−100 nm at least
along one of its axes, exhibiting new properties with functional
attributes, can be utilized for creating macroscopic objects,
devices, and products for new applications. These properties,
for example, could enable catalysis by single atoms or
spectroscopy with single nanowires. Various other relevant
material characteristics are critical for other properties
including thermal resistance, superhydrophobicity, scratch
resistance, efficient water transport, sensors for diverse
analytes, molecular encapsulation, and charge collection
toward the design of novel products and devices expected to
generate a sizable market. All these functions could be
accomplished with extremely small quantities of materials, as
in the case of a molecularly thin coating functioning as a
superhydrophobic windshield or a few nanometer diameter
particles functioning as catalysts. This undoubtedly makes
nanotechnology an important enabler of sustainability1 in
materials and resources, while enhancing quality of life for a
growing world population with increasing demand for energy
and materials. By incorporating principles of Green Chemistry,
nanomaterials can be synthesized and utilized in a responsible
manner with reduced environmental impact. Applications of
such materials and their properties will take the world closer to
the United Nations Sustainable Development Goals
(UNSDGs). Signs of these are already visible in several
areas, including access to clean water.2

Although constituent materials become small in dimension,
they exhibit new properties because of confinement of
electrons in them, certainly different from their bulk counter-
parts. A familiar example is gold nanoparticles, which can be
blue or wine red in solution and alternatively nonluminescent
or brightly red luminescent upon examination with an
ultraviolet lamp. Nanoparticles of TiO2 can make reactive
oxygen species, and this phenomenon is used, for example, in
wastewater treatment or in self-cleaning coatings and/or
formulations. Furthermore, heterojunction nanomaterials,
comprising various nanomaterials, have unlimited potential in
renewable energy systems because of their unique and
controllable interface effects. For instance, heterojunction
nanomaterials often exhibit improved catalytic activity as
compared to single-component nanomaterials. The charge
transfer or complementary redox characteristics of hetero-
junctions can promote improved activity and efficiency for
specific chemical reactions.3 As nanoparticle dimensions are
comparable to cell constituents, i.e., proteins and their

aggregates, they can enter biological systems. This action can
be made selective, targeted, and simpler by appropriate
functionalization. This is both beneficial (as in cancer therapy)
or harmful (as in toxicity). These aspects can make
nanoparticles stay in the environment and living systems for
long times, leading to unintended outcomes, with speciation of
nanosystems in the environment becoming an increasingly
relevant topic for future research.4 Thus, nanotechnology
presents both opportunities and risks which contributed to
various discussions on the safety of manufactured nanomateri-
als by national and international bodies.5

ACS Sustainable Chemistry & Engineering (ACS SCE) realizes
the importance of nanomaterials and nanotechnology in
making the world better and more sustainable through various
initiatives including the powerful vision outlined in the
UNSDGs. Our response to UNSDGs is outlined in a recent
editorial.6 Simultaneously, we have been publishing cutting
edge research in diverse areas including new materials, sensors,
energy harvesting, conversion and storage, water purification,
recycling, thermal barriers, fire retardation, permeability
control, superhydrophobicity, molecular delivery, efficient
agriculture, therapy, smart devices, and many others which
are all important in realizing the dream of a sustainable world.
While new research outcomes in all these areas are welcome,

there are several others in which new insights are needed. We
point out a few of them as follows:

(a) Detailed understanding of materials and functions using
computational approaches is welcome. We realize that
materials and processes, and consequently their
computational aspects, are complex in view of the
structural and functional connections in “large” nano-
systems. Another related aspect is the impact of the
activity/function on the material/device over a sub-
stantial period. Often research papers examine a few or
tens of cycles of operation, say for example, in a catalytic
cycle. While this may be appropriate and even adequate
for certain areas, hundreds of cycles (or long-term
stability, e.g., in flow systems) and impacts of operations
on nanomaterials may be necessary in other areas
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including energy storage or industrial processes.
Computational insights into materials during operation
is essential.7

(b) Another significant need relates to a greater appreciation
of phenomena at other length scales. Although nano-
materials are indeed useful, more traditional materials at
the microscale may be better in properties and
performance.8 This points to the need to explore
nanomaterials along with other materials to understand
and appreciate the power of materials at all length scales,
particularly in relation to new applications. This is
particularly important for bulk materials with inherent
nanostructures such as cellulose, clays, and zeolites.

(c) Materials, especially metals and metal oxides at the
nanoscale, are not adequately explored using the
principles of Green Chemistry.9 The reason appears to
be that in most such papers synthesis is attempted from
the perspective of novel phenomena and end use is not
either clear or appropriately addressed. ACS SCE
encourages the use of sustainability metrics in the
synthesis of nanomaterials of any kind. Authors can see
more information in some of our recent editorials.10−12

(d) Manufacturing with principles of Green Chemistry
involving, for example, atom economy, efficient solvent
use, reduced waste, and reduced energy consumption
would imply that processes become akin to biology.
However, making more of the same nanoparticles using
bacterial and other cells or biomachinery would not be
welcome for our journal. At the same time, there are
several open challenges in “bioenabled synthesis” such as
shape tunability, monodispersity, unique functions of
end products, mechanisms of particle growth, and fate of
biomolecules and biomachinery because of particle
synthesis. Exploring these aspects will make biosynthesis
more structured.

(e) Although nanomaterials are energetic, often due to the
increased surface energy of the materials, they also need
energy for their synthesis. Although processes involving
nanomaterials may save energy due to the utilization of
their inherent metastability, the overall energy advan-
tages of nanotechnology considering production,
utilization, regeneration, and reuse of nanomaterials,
devices, and products need to be assessed realistically.

(f) Nanotechnology is highly interdisciplinary. We welcome
manuscripts in which multiple subject areas contribute
to the problem being addressed.

(g) Newer synthetic and processing methods may be
brought in, such as droplet synthesis, flow synthesis,
nanoskiving, mechanochemistry, interfacial synthesis,
and aqueous synthesis so that multiple aspects of
sustainability and efficiency are addressed.

(h) Novel nanostructures could be designed for sustainable
chemistry processes, such as core−shell nanostructures,
van der Waals heterostructures, and hierarchical
structures as well as hollow and porous structures,
with additional implications in terms of properties and
applications.

(i) Expand the application of nanoscale metals and their
oxide materials in renewable energy systems including
photocatalysis, electrocatalysis, and optoelectronic de-
vices. The tunable photoelectric properties of metallic
nanomaterials can achieve the expectation of efficiency
and energy savings.

ACS SCE discourages submissions in the following areas: (i)
Reports on green synthesis of new materials with incremental
advances such as changing a plant source will not be
considered. New insights from such papers are rather limited.
An example is the “green” synthesis of carbon materials,
especially carbon dots, by hydrothermal methods using plant-
based raw materials. (ii) Inorganic and organic materials
derived from plant and animal parts, extracts, and components
are diverse. However, the synthetic approaches follow very
similar routes leading to similar products. Well-known
methods for doping and composite preparation are then
added to create new materials. While diversity in raw materials
can generate new results, the novelty in such scientific findings
is rather limited. (c) Reports on processing waste materials,
especially plastics, leading to new nanomaterials are welcome,
only if overall environmental sustainability is considered. (d)
Similarly, waste-to-wealth approaches to make materials are
encouraged only if they lead to sustainability in resource
management or produce new materials with novel properties
using principles of sustainability.
We hope that these guidelines contribute to greater

appreciation of nanotechnology in sustainable chemistry and
engineering. We believe that adoption of these guidelines will
result in more impactful publications and thereby move us a
step closer to a more sustainable future.
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ACS Sustainable Chemistry & Engineering Welcomes Manuscripts on
Alternative Feedstocks

Cite This: ACS Sustainable Chem. Eng. 2021, 9, 4702−4703 Read Online

ACCESS Metrics & More Article Recommendations

This editorial highlights key research challenges associated
with the use of feedstocks for sustainable transformations,

with a particular focus on food and forest materials, areas in
which ACS Sustainable Chemistry & Engineering welcomes
manuscripts. This editorial complements previous editorials on
circular processing of plastics1 and e-wastes.2

Energy, chemicals, and polymers are still mostly produced
from building blocks derived from petroleum, coal, and natural
gas. As the demand for these commodities continues to
increase, there is a need to develop sustainable production
routes from renewable biobased resources. In the United States
Department of Energy 2016 Billion-Ton Report, feedstock
availability in the United States is projected to include up to
one billion tons per year of crop residues, herbaceous energy
crops, woody crops, algae, and urban construction residues. In
addition to residues considered in the Billion-Ton Report,
energy and commodity feedstocks could include carbon-rich
materials such as marine and freshwater feedstocks, as well as
food, textile, plastic, and water treatment wastes, as outlined
below.
Typical marine feedstocks could consist of macroalgae and

halobacteria, as well as residues from fishery and seafood
industries.3 Freshwater biomass could include cyanobacteria,
fish residues, and predominantly water-cultured crops, such as
water hyacinth.4 These feedstocks and residues are sources of
bioactive compounds, such as lipids, proteins, polysaccharides,
and pigments, that find use in commercial sectors with high
volume−low value (human food and animal feed) to low
volume−high value (cosmetic, nutraceutical, pharmaceutical,
and biomedicine) products.
Landfilled textiles and food wastes are significant and could

be diverted if these carbon streams were refashioned into
feedstocks instead of refuse. In the United States, textile waste
in municipal solid waste (MSW) has increased by ∼40% over
the past two decades, with approximately 11 million tons
landfilled annually.5 Textile wastes may include cotton and
synthetic blends and ornamentation within garments.6

Pretreatment methods can regenerate cellulose within the
fabrics for use in conventional upgrading schemes for cellulose
(i.e., biorefinery applications), but insights into unconventional
uses with garment-based carbon are needed. Food waste is
another significant feedstock alternative as it is produced
globally at large rates with approximately 95% of food waste
sent to the landfill.5 Plastic wastes, which have been addressed
in a separate editorial,1 are often mixed with food wastes and
other landfilled wastes. Synergistic methods for recycling the
polymers, polymer−inorganic composites, and inorganic

materials co-mingled with food wastes should be explored,
since the recycling or upcycling of textile and plastics wastes is
often limited due to the mixed nature of these materials.
Residues from wastewater treatment plants are other sources of
carbon feedstock. However, their use is challenging. Regional
and large-scale studies on water−energy nexus in urban water
systems and research on practical experiences are still missing.7

Carbon-rich wastes have potential for conversion to liquid
fuels, to commodity and specialty chemicals, and also to
methane. Often, an important hurdle to their use is point-
source collection and consumer acceptance. However, it is
critical that all feedstockswhether stemming from renewable
or nonrenewable sourcesshould be examined in the context
of a circular economy. Their use should not be assessed simply
on the fact that they are possibly derived from renewable
resources but also on their potential for integration within
downstream or upstream operations or processes that are
respectful of economic constraints and environmental
ramifications. To date, many research efforts have focused on
developing feedstock conversion processes which are not
integrated within the circularity of the operations and which
have neglected the complexity of the mixtures in which these
materials are embedded.
Broadly, the topical area of integration of novel or traditional

feedstocks into upstream/downstream biorefinery or trans-
formation operations respecting circularity will be welcomed.
Specific cases addressing acute feedstock processing challenges
that are current barriers to circularity will also be of interest.
Manuscripts that address wholistically the integration of
feedstocks in the circular economy will be welcomed. We
look forward to your feedback and your manuscript
submissions in these areas.
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In 2015, the United Nations (UN) unveiled an ambitious
plan, the Sustainable Development Goals (SDGs), aimed at

providing guidelines, applicable universally to all nations, for
equitable and responsible development, respectful of humans
and ecosystems.1 The SDGs plan sets a clear agenda to be
achieved by 2030 (Agenda 2030), composed of 17 goals and
169 targets, that promotes economic growth, environmental
protection, social inclusion, and human well-being.2 This
framework has been adopted by many governmental agencies,
foundations, and companies in order to articulate specific
actions in the broader context of sustainable development.3,4

The global scientific community has also established
connections to the SDGs, highlighting the central role that
sustainable chemistry and engineering must play to realize
them.5,6 In particular, the SDGs are a powerful way to focus on
how chemicals are used.7 The central role and impact of
advanced technologies on global well-being and sustainability
are further recognized by the declaration of a United Nations
International Year of Basic Sciences for Sustainable Develop-
ment in 2022.8

Time-bound action based on specific policies in different
regions is critical for achieving Agenda 2030. For example, the
successes of India, China, and Brazil, among the most
populous countries, in achieving the SDGs will hugely
contribute to the global outcomes. Efforts are underway to
quantify progress, such as the SDG India Index.9 Directed
actions to achieve the SDGs will be region specific. For
example, it has been suggested that combating environmental
pollution will be key in achieving the SDGs in China.10

Advances in science, technology, and education are critical to
successfully address the various challenges and achieve the
SDGs.
Within ACS Sustainable Chemistry & Engineering (ACS SCE),

we encourage authors to connect their research to the SDGs
(Figure 1), identifying societal, environmental, and health-
related benefits within submitted manuscripts where appro-
priate. The editors of ACS SCE are currently publishing a series
of editorials on effective practices to incorporate sustainability
assessments in submitted papers.11 We believe that the SDGs
offer an opportunity to assess reported discoveries in a uniform
and easily recognizable way. Specifically, sustainability
advances reported in manuscripts can be used to benchmark
progress against published 2030 SDG targets. This approach
provides a framework to guide and trigger advances in
sustainable chemistry and engineering, in a way similar to
the 12 Principles of Green Chemistry12 and the 12 Principles
of Green Engineering.13 It must be noted that all these

frameworks call for a holistic view of sustainability, whereby
advances should lead to progress in all criteria, not in just one
or a few at the expense of others. We encourage authors to
adopt such an approach when critically assessing their reported
advances.
We also welcome perspective-type manuscripts on the topic

of the SDGs in the context of chemistry and engineering
research, education, chemistry enterprise, public agencies, etc.
While several such articles have appeared since the launch of
the SDGs, the global crisis caused by the COVID-19 pandemic
is reinforcing the urgency to work toward these goals. COVID-
19 has had a major impact on human health and well-being
(Goal 3) globally, yet the difference in the abilities of nations
to effectively respond to the pandemic is revealing disparities
across the globe in a number of SDG areas such as poverty
(Goal 1), hunger (Goal 2), education (Goal 4), clean water
and sanitation (Goal 6), and economic growth (Goal 8). Our
ability to produce and consume responsibly has been
drastically affected by disrupted supply chains, impaired
mobility for people and goods, and increased reliance on
disposables (Goal 12). The use of disposable masks, alongside
already widespread use of single use plastics, is impacting
habitats both on land and in the ocean (Goals 14 and 15).
Some governments have seized this opportunity to cast
ambitious plans for a post pandemic economic recovery to
provide a boost to clean and affordable energy (Goal 7),
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Figure 1. United Nations Sustainable Development Goals (SDGs).
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industry, innovation, and infrastructures (Goal 9), sustainable
cities and communities (Goal 11), and climate change research
(Goal 13). Similar to the strategy required to combat the
global challenges posed by COVID-19, the achievement of
Agenda 2030 also calls for a systemic, holistic, concerted, and
global effort.
Clearly, many good practices have already been imple-

mented, and progress is beginning to have a demonstrable
impact. For example, eliminating open defecation by 2020 and
providing clean water on tap (Goal 6) for every home in India
by 2024, directly impacting the lives of 1.39 billion Indians, will
be heartening accomplishments in this direction. At the global
scale, the realization of water and sewage treatment methods
will be essential to secure supplies of potable water. The
chemical industry is not only the enabler of clean water, it also
delivers many of the platform products that our daily lives
depend upon, such as fertilizers (Goal 2), medicines (Goal 3),
and materials for clothing and buildings (Goals 11 and 12).
Thus, it will play a central role in meeting the SDGs. The
growing global population, associated with fast urbanization,
has contributed to some of the world’s important challenges.
The demand for everyday products is expected to double by
2030,14 and the resulting expansion in chemical manufacturing
must not worsen the environment’s well-being and human
health. At present, industry relies almost exclusively on fossil-
based carbon sources for raw materials and energy. Its energy
consumption results in greenhouse gas emissions that are
approximately a third of those emitted by the transportation
sector.15 To lessen this burden, it is imperative that the
chemical industry also deploys renewable and recycled carbon
sources, both for raw materials and energy. Efforts toward such
a transition are already underway. Examples include the use of
biomass as feedstocks and, more recently, the electrification of
the industry using renewable power16 and plastics upcycling.17

Chemical manufacturing is also accompanied by generation of
end-of-use wastes, which must be reused or recycled to
implement a circular economy.18 Examples include converting
the wastes into energy and materials,19 which contribute to
decarbonization (Goals 7 and 11). ACS SCE welcomes
manuscripts that address advances on these topics, in the
areas of catalysis (including photo- and electro-catalysis),
energy materials, biomaterials, and resource-efficient chemical
transformations.
Sustainability education (Goal 4) is essential to achieving

the SDGs. Teaching chemistry and engineering from a systems
thinking perspective will enable future chemists and engineers
to consider the consequences of the choices they make in
designing chemical products and processes from the
beginning,20 rather than deal with unintended consequences
after their manifestation. Sharing examples of green chemistry
and engineering applications of the SDGs with students as well
as the general public will demonstrate that science and
engineering can provide the solutions to global challenges.
This has been exemplified by the rapid development of safe
and effective COVID-19 vaccines. Equally important to the
attainment of the SDGs is a workforce trained to embrace
diversity, equity, and inclusion, as well as in collaborative
partnerships to tackle the grand sustainability challenges of our
times.
As we reflect on the role of the journal, ACS SCE, in

advancing the SDGs, we should reflect on the role of chemistry
and engineering itself. It was perhaps first said by Ronald
Breslow21 that “Chemistry is the central science.” If that is

indeed true, then we need to ask ourselves, “Central to what?”
Is it merely central because it interacts with other disciplines?
Is it central because it interconnects with other industry
sectors? Or is it something bigger? Is chemistry central to our
ability to understand and solve the greatest challenges of our
generation, the same challenges that have been outlined by the
UN’s SDGs? In other words, sustainable chemistry and
engineering are not merely important to the more obviously
applicable SDGs such as production and consumption but
rather also equally indispensable to those essential but less
obviously related goals such as equity, equality, and justice.
Achieving the broad range of goals will require building
metaphorical bonds between the elements of our scientific and
technological discoveries in catalysis, materials, and solvent
systems to the humanitarian elements of education, economics,
and social policy.22 Through this approach, we can recognize
that our technical understanding and creativity needs to link to
broader societal mechanisms if we are to meet these important
humanitarian goals at a global scale.
At ACS SCE, we strongly believe that sustainable chemistry

and engineering will play a central role and serve as a hub to
connect other disciplines in achieving Agenda 2030 in a
holistic way. We are pleased to contribute to this mammoth
effort.
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Global chemical industry sales exceeded 5 trillion U.S.
dollars in 2017 and are expected to double by 2030.1

The chemical industry is among the most energy intensive
industrial sectors and has greenhouse gas emissions totaling
roughly a third of the greenhouse gas emissions of the
transportation sector.2 Raw materials for the chemical industry
along with the energy required for their extraction and further
processing are predominantly derived from fossil sources.
Without transitioning to more sustainable technologies and
raw materials, the required expansion of the global chemicals
enterprise will exacerbate sustainability challenges. However,
expansion of the industry also presents a significant
opportunity to promote sustainability and a circular economy.
Further, the accelerated increase in global environmental and
safety regulations for new and existing chemicals and materials
is also driving governmental actions aimed at technologies that
are inherently safer and sustainable.3,4 Despite the COVID-19-
induced shrinkage of industrial production in 2020, the global
chemical industry could be poised to invest in sustainable
chemical manufacturing.5 New technologies based on renew-
able sources of energy and raw materials, that are less resource
intensive, are urgently needed to minimize harm to the
environment and human health.
Sustainable manufacturing of chemicals can be based on

plant-based biomass, abundantly available CO2 and end-of-use
waste to promote a circular economy (Figure 1). The future
chemical industry can also be powered by renewable sources of
power such as solar and wind energy, and renewable hydrogen
to eliminate the carbon footprint caused by fossil-based energy
sources. Fortunately, plant/waste-based biomass, solar, and
wind energies are abundantly available to make this grand
vision a reality. Major challenges include the development of
new, practically viable technologies to make chemicals and
fuels from these emerging feedstocks, finding processes that
minimize resource consumption, and mapping a transition for
the existing industry to evolve to a new, sustainable
configuration.
Fundamentally, biomass resources are physically and

chemically different from fossil fuels. While crude oils can be
cracked and distilled into various gas and liquid components in
an oil refinery and natural gas liquids can be cryogenically
separated in gas processing plants, different separation
technologies are needed to convert solid and involatile liquid
biomass into useful chemicals in biorefineries. Chemically,
biomass resources also tend to contain oxygenates, rather than
hydrocarbons. Hence, while fossil fuels are transformed into
valuable feedstocks largely by selective oxidation of C−H and

CC bonds (generally exothermic processes), transforma-
tions of biomass require the exact oppositeto reduce or
transform C−O bondsfor which there are very few truly
“green” and sustainable methods. This means that the
infrastructure and network of processes required for a chemical
industry based on biomass processing will be very different
from those that exist currently. Mapping pathways to
accomplish the transformation with biomass and other
emerging feedstocks (CO2, plastic wastes, etc.) will be
challenging. Another challenge will be navigation of the
notorious “Valley of Death” between early and late “technology
readiness levels” (TRLs) for innovative technologies. Tech-
nologies must be demonstrated, economically and environ-
mentally, at appropriate scales to be viable for large-scale
commodity level production. These demonstrations will
require closer collaboration between the private and public
sectors such as governments, academia, and industry to deliver
technological solutions. These public−private partnerships will
share the greater risks that are invariably associated with
transformative technologies.
Despite these challenges, steps in the transition to a

sustainable chemical industry are already being taken. Some
of these steps have been showcased by the Presidential Green
Chemistry Challenge Awards, established by the United States
Environmental Protection Agency in 1995 (now known as the
Green Chemistry Challenge Awards), that highlight scientific
and technical advances in green chemistry. The winning
technologies have impacted a broad range of everyday
products, including pharmaceuticals, foods, packaging, cos-
metics, clothing, and electronics.6 They are reported to have
annually eliminated nearly 360 thousand metric tons of
hazardous chemicals, saved 21 billion gallons of water, and
cut CO2 equivalent emissions by approximately 3.5 million
metric tons.7 While these achievements are significant, they
only represent proof of viability as there is still ample room to
shrink the industry’s environmental footprint, such as the
billions of metric tons of CO2 emitted by the chemical industry
annually.1
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Since measuring progress is critical in maintaining
momentum in transitioning to sustainable chemical manufac-
turing, it is significant that many major chemical manufacturers
now routinely track performance using sustainability metrics.
The ACS Green Chemistry Institute reported a survey on how
quantitative sustainability metrics are used in chemical
manufacturing as well as future needs to translate promising
green chemistry ideas into industrial technologies.8 Major
chemical and product manufacturers such as Dow,9 BASF,10

DuPont,11 and Procter & Gamble12 have used metrics and
tools developed within their organizations to reduce the
environmental footprints of their existing products and
processes. The extent of these reductions may be seen in the
annual sustainability reports posted at the company websites.
Beyond the evidence of major manufacturers measuring

their sustainability performance, another reason to be
optimistic is growth in sales for renewable chemicals. The
global market size was $65 billion in 201913 and is projected to
grow 10% annually and top $126 billion by 2026. While the
market size is still a small fraction of the overall chemical
industry output, it is significant enough to attract further
investment.
All of these advances are driven by innovation. ACS

Sustainable Chemistry & Engineering (ACS SCE) plans to
publish a Virtual Special Issue (VSI) later this year titled
Industrial Sustainability, featuring successful lab-to-market
transitions of sustainable chemical technologies. As part of
the VSI or otherwise, we invite case studies, which could be
normal ACS SCE manuscripts such as research articles,
features, or perspectives. Contributions are also invited that
would be 1000−2000 word manuscripts to describe how
barriers to commercialization were overcome in moving
sustainable chemistry and engineering innovations from lab
scale to commercialization. Manuscripts should identify
various techno-economic barrier(s), successful practices for
overcoming these barrier(s), and a description of how the
experience might benefit other commercialization activities.
The content should preferably address the following aspects:
(a) brief description of the lab-scale innovation with
appropriate literature and patent references, (b) technoeco-
nomic, LCA, and risk/benefit analysis behind the business
decision to commercialize, (c) key R&D studies and their
scales that helped advance the TRL of the concept toward
eventual commercialization, (d) partnerships across the

product value chain that were critical to successful commerci-
alization, (e) time from concept to commercialization, (f)
estimate of the overall investment for a manufacturing plant of
a given capacity, and (g) lessons learned from practices in
other sectors or businesses. While all of this content is
welcome, it is not necessary that every manuscript address all
of these aspects. Figures that show the various production
scales and key partners at each scale (producers of feedstock,
energy, catalyst, chemical precursors, products, etc.) as well as
quantitative sustainability analysis showing beneficial economic
and environmental profiles would be appropriate. Manuscripts
that are judged to be commercial promotions without
generalizable findings are discouraged.
Please note that the foregoing guidelines are meant as

suggestions. Authors are encouraged to add other aspects as
appropriate. If you wish to specifically contribute to the VSI in
preparation, please email us at your early convenience. We
look forward to receiving manuscripts in the important area of
translational sustainable chemistry and engineering.
We are aware that many of the challenges in bridging the gap

between lab to market have not been addressed adequately in
this limited space. Our editors will be revisiting this issue of
global significance in future editorials.
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Figure 1. Transition to the grand vision: Distributed biorefineries where chemicals and fuels are made from renewable carbon sources powered by
renewable energy.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Editorial

https://dx.doi.org/10.1021/acssuschemeng.1c00980
ACS Sustainable Chem. Eng. 2021, 9, 2987−2989

2988

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bala+Subramaniam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bala+Subramaniam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5361-1954
http://orcid.org/0000-0001-5361-1954
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Allen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Allen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6646-8755
http://orcid.org/0000-0001-6646-8755
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="King+Kuok+(Mimi)+Hii"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="King+Kuok+(Mimi)+Hii"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1163-0505
http://orcid.org/0000-0002-1163-0505
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Colberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Colberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Colberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thalappil+Pradeep"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thalappil+Pradeep"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3174-534X
http://orcid.org/0000-0003-3174-534X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bala+Subramaniam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thalappil+Pradeep"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c00980?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c00980?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c00980?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c00980?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c00980?fig=fig1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.1c00980?ref=pdf


■ REFERENCES
(1) Global Chemical Outlooks II, 2019. United Nations Environment
Programme. https://wedocs.unep.org/bitstream/handle/20.500.
11822/28113/GCOII.pdf (accessed Jan 12, 2020).
(2) World GHG Emissions Flow Chart, 2010. ECOFYS. https://
ingmarschumacher.files.wordpress.com/2013/05/asn-ecofys-2013-
world-ghg-emissions-flow-chart-2010.pdf (accessed Jan 25, 2021).
(3) Communication from the Commission to the European Parliament,
the Council, The European Economic and Social Committee and the
Committee of the Regions. Chemicals Strategy for Sustainability Towards
a Toxic-Free Environment-Brussels, Oct14, 2020. European Commis-
sion. https://ec.europa.eu/environment/pdf/chemicals/2020/10/
Strategy.pdf (accessed Jan 31, 2021).
(4) S.999, Sustainable Chemistry Research and Development Act of
2019, 116th Congress (2019−2020). https://www.congress.gov/bill/
116th-congress/senate-bill/999 (accessed Jan 31, 2020).
(5) Bomgardner, M. M. US Chemical Industry Will Bounce Back
This Year. C&EN’s World Chemical Outlook 2021; January 10, 2021,
Vol. 99, Issue 2, p 31.
(6) Green Chemistry Challenge Winners. U.S. Enviromental
Protection Agency. www.epa.gov/greenchemistry/presidential-green-
chemistry-challenge-winners (accessed Jan 25, 2021).
(7) Information About the Green Chemistry Challenge. U.S.
Enviromental Protection Agency. www.epa.gov/greenchemistry/
information-about-presidential-green-chemistry-challenge (accessed
Dec 27, 2019).
(8) Giraud, R. J.; Williams, P. A.; Sehgal, A.; Ponnusamy, E.; Phillips,
A. K.; Manley, J. H. Implementing green chemistry in chemical
manufacturing: a survey. ACS Sustainable Chem. Eng. 2014, 2, 2237−
42.
(9) Science and Sustainability. DOW. www.dow.com/en-us/science-
and-sustainability/ (accessed Jan 25, 2021).
(10) Global Sustainability. BASF. www.basf.com/en/company/
sustainability.html (accessed Jan 25, 2021).
(11) Sustainability. DuPont. www.dupont.com/corporate-functions/
sustainability.html (accessed Jan 25, 2021).
(12) Environmental Sustainability. Proctor & Gamble. https://us.pg.
com/environmental-sustainability/ (accessed Jan 25, 2021).
(13) Global Renewable Chemicals Market Share Will Reach USD 126
Billion by end of 2026: Facts & Factors. Global News Wire. https://
www.globenewswire.com/news-release/2020/11/10/2123412/0/en/
Global-Renewable-Chemicals-Market-Share-Will-Reach-USD-126-
Billion-by-end-of-2026-Facts-Factors.html (accessed Feb 2021).

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Editorial

https://dx.doi.org/10.1021/acssuschemeng.1c00980
ACS Sustainable Chem. Eng. 2021, 9, 2987−2989

2989

https://wedocs.unep.org/bitstream/handle/20.500.11822/28113/GCOII.pdf
https://wedocs.unep.org/bitstream/handle/20.500.11822/28113/GCOII.pdf
https://ingmarschumacher.files.wordpress.com/2013/05/asn-ecofys-2013-world-ghg-emissions-flow-chart-2010.pdf
https://ingmarschumacher.files.wordpress.com/2013/05/asn-ecofys-2013-world-ghg-emissions-flow-chart-2010.pdf
https://ingmarschumacher.files.wordpress.com/2013/05/asn-ecofys-2013-world-ghg-emissions-flow-chart-2010.pdf
https://ec.europa.eu/environment/pdf/chemicals/2020/10/Strategy.pdf
https://ec.europa.eu/environment/pdf/chemicals/2020/10/Strategy.pdf
https://www.congress.gov/bill/116th-congress/senate-bill/999
https://www.congress.gov/bill/116th-congress/senate-bill/999
http://www.epa.gov/greenchemistry/presidential-green-chemistry-challenge-winners
http://www.epa.gov/greenchemistry/presidential-green-chemistry-challenge-winners
http://www.epa.gov/greenchemistry/information-about-presidential-green-chemistry-challenge
http://www.epa.gov/greenchemistry/information-about-presidential-green-chemistry-challenge
https://dx.doi.org/10.1021/sc500427d
https://dx.doi.org/10.1021/sc500427d
http://www.dow.com/en-us/science-and-sustainability/
http://www.dow.com/en-us/science-and-sustainability/
http://www.basf.com/en/company/sustainability.html
http://www.basf.com/en/company/sustainability.html
http://www.dupont.com/corporate-functions/sustainability.html
http://www.dupont.com/corporate-functions/sustainability.html
https://us.pg.com/environmental-sustainability/
https://us.pg.com/environmental-sustainability/
https://www.globenewswire.com/news-release/2020/11/10/2123412/0/en/Global-Renewable-Chemicals-Market-Share-Will-Reach-USD-126-Billion-by-end-of-2026-Facts-Factors.html
https://www.globenewswire.com/news-release/2020/11/10/2123412/0/en/Global-Renewable-Chemicals-Market-Share-Will-Reach-USD-126-Billion-by-end-of-2026-Facts-Factors.html
https://www.globenewswire.com/news-release/2020/11/10/2123412/0/en/Global-Renewable-Chemicals-Market-Share-Will-Reach-USD-126-Billion-by-end-of-2026-Facts-Factors.html
https://www.globenewswire.com/news-release/2020/11/10/2123412/0/en/Global-Renewable-Chemicals-Market-Share-Will-Reach-USD-126-Billion-by-end-of-2026-Facts-Factors.html
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.1c00980?ref=pdf


General Articles 



PERSONAL NEWS 

CURRENT SCIENCE, VOL. 120, NO. 11, 10 JUNE 2021 1790

Sanjay Bajpai (1965–2021) 

Dr Sanjay Bajpai, Scientist-G, Depart-
ment of Science and Technology (DST), 
Government of India, who successfully 
implemented creative national and inter-
national R&D programmes, passed away 
on 12 May 2021. He was born on 19 
February 1965. He pursued B.Tech. in 
Mechanical Engineering from Malaviya 
National Institute of Technology, Jaipur, 
followed by MBA from University of 
Rajasthan, Jaipur and subsequently 
earned Ph.D. for the work on ‘Alterna-
tive fuels for internal combustion en-
gines’ from IIT-Delhi.  
 After a brief stint in industry, Sanjay 
joined as Scientist-B in DST in 1991. His 
outstanding accomplishments ensured 
elevation to various levels, becoming 
Head of Technology Mission Division – 
Water and Energy. During three decades 
of dedicated service, he conceptualized 
and steered various schemes, particularly 
state S&T mechanisms through applica-
tion of appropriate technology develop-
ment and commercialization endeavours. 
While implementing the State Council of 
S&T programme and being a visionary, 
he identified water and energy sectors, 
where DST had to work in mission 
mode. As a true Karma Yogi, he trans-
lated his vision into action keeping syn-
ergy of thoughts with all his colleagues 
and laid the foundation for Water and 
Energy programmes with clear focus on 
societal interventions and industry lin-
kages, where appropriate. He started 
field-specific initiatives in the areas of 
water, bio-fuels and clean energy, with 
outcomes impacting people. His acumen 
in relating technology for societal relev-
ance was the reason for assigning the 
Winning, Augmentation and Renovation 
for Water (WAR for Water) programme, 
spearheaded by T. Ramasami, the then 
Secretary of DST, on the directions of 
Supreme Court of India, to come out 
with technological solutions for address-
ing various water challenges. His proac-
tive approach and inclusiveness enabled 
in finding sustainable solutions, through 
establishment of appropriate drinking 
water facilities/units in 300 much needed 
villages, benefiting over 1.60 million 
people, across the country, which have 
been replicated by various states, NGOs 
and a few corporates. This unique ap-
proach led to international collabora-
tions, viz. Dutch India Water Alliance 

for Leadership Initiative (DIWALI), 
through a consortium of knowledge insti-
tutions and enterprises from The Nether-
lands and India, between India and 
European Union, and a new Indigo initia-
tive between DST and R&D institutions 
of Belgium, Finland, France, The Nether-
lands, Germany and Spain, in designing 
solutions to meet the utility price 
envelope of countries similar to Indian 
situation. He was the brain behind the 

Indo-UK projects on Water Quality Re-
search programme, which focused mainly 
on fate and management of emerging 
contaminants. He was also instrumental 
in starting Water Innovation Centers un-
der Water Technology Initiatives to carry 
out collaborative research with many 
institutions/groups to come up with sus-
tainable solutions and technologies for 
various water-related challenges. 
 Sanjay shaped a strong eco-system for 
R&D and technology demonstration in 
launching Clean Energy Research Initia-
tive, with initial focus on Solar Energy. 
Seeing its success, it was expanded to 
cover programmes related to Methanol, 
Desalination, Clean coal, Building energy 
research, Materials for energy storage, 
Carbon capture storage and utilization, 
etc., by leveraging international collabo-
rations. These enabled India to occupy a 
leadership position among 23 nations 
under Mission Innovation. He accele-
rated Clean Energy Innovation with en-
hanced funding, greater public–private 
partnership and knowledge sharing. In 
the process, India became the first coun-
try in developing collaborative pro-

grammes for Smart Grid and Off Grid in 
mounting demand-driven convergent 
solutions, in consortia mode, reaching 
advanced technology readiness levels.  
 Sanjay’s interventions resulted in sev-
eral papers, technical reports, Indian and 
US patents, and successful demonstration 
of various technologies; some of them 
leading to commercialization. As part of 
various technical committees, he ably 
mentored many young researchers in tak-
ing up challenging tasks and projects of 
great relevance. He also played a stellar 
role in spearheading many unique pro-
grammes of contemporary interest and 
guided policy makers in formulating sig-
nificant initiatives of national impor-
tance. The worthy contributions of 
Sanjay and his team received many 
honours, to name a few, National Urban 
Water Award by the Union Ministry of 
Urban Development, Grand Challenges: 
Top Solutions Award by Technology 
Review – Massachusetts Institute of 
Technology (USA), National Award for 
Excellence in Ground Water by the Un-
ion Ministry of Water Resources, FICCI-
HSBC Water-Innovation Award by 
FICCI, Hydrology Research Promotion 
Award by the Association of Hydrolo-
gists of India, Make in India Award by 
Indian Desalination Association and 
Global Water Award by Energy and 
Environment Foundation and Aqua 
Excellence Award by Aqua Foundation. 
Sanjay was a Fellow of Indian National 
Academy of Engineering and conferred 
with Honorary Fellowship of Association 
of Hydrologists of India.  

Sanjay has been instrumental in shap-
ing DST’s foray in water and energy 
technologies and has led mission pro-
grammes in both these domains. He has 
conceptualized, crafted and implemented 
research, development and demonstration 
programmes in these domains for accele-
rated innovations. While quantifying the 
impact of his work on the S&T landscape 
of India may not be accurate, one may 
state the following. Under his direct 
supervision, over 1100 individual R&D 
projects, 4 Centers of Excellence, 2 of 
them jointly with Institutions in USA 
under India-US bilateral cooperation, in 
Clean Solar Energy, 2 Solar Hubs and 10 
Water Quality, Management and Testing 
Centers, amounting to Rs 1350 crore, 
were sanctioned over the last 14 years. 
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Fifty five Post-doctoral Fellowships for 
young faculty/scientists and 65 Intern-
ships for doctoral students were awarded 
in the areas of Solar Energy, Water 
Technology and Energy Efficiency in 
Buildings for pursuing research in some 
of the leading Universities/Institutions in 
USA. This contributed to the work of 
800 researchers in 350 S&T institutions 
and NGOs across the country. Many of 
these projects were across disciplines 
and multi-institutional, having strong in-
dustry participation leading to techno-
logy development for adoption by the 
industry. He was instrumental in leverag-
ing crucial multilateral collaborations in 
the areas of clean energy and water under 
the aegis of Mission Innovation, Accele-
rating Carbon Capture Utilisation and 
Storage Technologies and European Un-
ion, along with establishing significant 
bilateral interactions in the areas of water 
and clean energy with UK, The Nether-
lands, Sweden, France and USA. In addi-
tion, he facilitated formulation of 
schemes and annual budgetary plans for 
all the 28 State S&T Councils for which 
DST extended core support to the tune of 
Rs 450 crore for taking up various activi-
ties of local relevance. The mechanisms 
he created, with the support of younger 
colleagues, ensured that the allocated 
funds reach the investigators quickly. 
This made a large difference for the in-

vestigator; there was always an individu-
al who was considerate to the needs of 
R&D and the Society. He made signifi-
cant contribution to development of 
National Cooling Action Plan. He was 
instrumental in conceptualizing and 
launching Global Cooling Prize as part 
of Mission Innovation Challenge on Af-
fordable Heating and Cooling Challenge. 
 Sanjay will be fondly remembered by 
scientific fraternity as the true champion 
of S&T face of India. He brought together 
many researchers across academia, R&D 
labs and industry, in taking up some of 
the challenges faced across the globe. He 
was concerned about the development of 
S&T in less endowed institutions and 
therefore created channels for them whe-
rever opportunity arose. Despite health 
concerns faced over the last decade, he 
ensured that ‘the show must go on’, 
which was in fact his working principle 
at office. While on leave or even when in 
hospital, he used to respond to the mails/ 
messages/calls of S&T fraternity, or que-
ries from his colleagues and offer guid-
ance in processing the proposals for 
sanction, so as not to keep the matter 
pending. He was approachable to all. 
Compassion and ever willing positive 
attitude were his hall marks with a last-
ing SMILE (characterized by simplicity, 
modesty, integrity, leadership and empa-
thy) in the service of the nation.  

 With his sad demise, DST has lost one 
of its most capable officers who 
represented India’s emerging S&T man-
agement face. 
 Sanjay leaves behind his mother, wife, 
two daughters and a son.  

ASHUTOSH SHARMA
1 

RAJIV K. TAYAL
1 

AKHILESH GUPTA
1,* 

NEELIMA ALAM
1 

G. V. RAGHUNATH REDDY
1

VINEET SAINI
1 

J. B. V. REDDY
1 

RANJITH KRISHNA PAI
1 

LIGY PHILIP
2 

PRASADA RAJU
3 

T. PRADEEP
4 

1Department of Science and Technology, 
New Delhi 110 016, India 
2Department of Civil Engineering,  
Indian Institute of Technology Madras,  
Chennai 600 036, India 
3Indistrial Consultancy and Sponsored  
 Research,  
Indian Institute of Technology Madras,  
Chennai 600 036, India  
(former Scientist, DST)  
4Department of Chemistry,  
Indian Institute of Technology Madras,  
Chennai 600 036, India 
*e-mail: akhilesh.g@nic.in

Edited by S. K. Satheesh, and printed & published by G. Madhavan for Current Science Association, Bengaluru 560 080. 
Typeset by WINTECS Typesetters, Bengaluru and Printed at Lotus Printers Pvt Ltd, Bengaluru (Ph: 2320 9909) 

© 2021, Current Science Association 

828



829



830



831





ദേശാഭിമാനി വാരിക 5  ഡിസംബർ   202110

കവർസ് റ്റോറി

ജ്ാനസമൂഹ നിർമിതിയുടെ ആണിക്കല്ാണ് 
ഉന്നത വിേ്ാഭ്ാസം. ബിസിനസ്- കാർഡിൽ പതിച്ച ഡിഗ്ി-
കളുടെ എണ്ണടതെയല് വിേ്ാഭ്ാസമായി നാം കരുദതണ്ടത്-. 
"ഉെുപ്ിൽ തുന്നിദച്ചർക്കും ഉന്നതവിേ്ാഭ്ാസം എത്ര താഴ്-
തെതീലാ നടമെ'  എന്ന്  കവി. ആ ഡിഗ്ികൾ ആവശ്ം തടന്ന. 
അത്- കുറഞ്ഞ അളവിൽ അറിവും, കൂെുതൽ അഭ്ാസവും 
ഉൾദച്ചരുന്നതായതുടകാണ്ട്- വിേ്ാഭ്ാസതെിടറെ ആത്ന്ിക 
ലക്്മായ സാമൂഹ്നതീതി അതുവഴി സംഭവിക്കുന്നില്. എല്ാ-
വർക്കും ബിരുേം കിട്ിയാൽ മാത്രം ജ്ാനസമൂഹ നിർമിതി 
സാധ്മാകില്. അങ്ങടന ആകുമായിരുടന്നങ്ിൽ എല്ാ പരതീ-
ക്കളിലും നൂറു ശതമാനം വിജയം ഉറപ്ാക്കുകയും, സ്-കൂൾ 
പാസായവടരടയല്ാം ഡിഗ്ി വടരടയങ്ിലും പഠിപ്ിക്കാനു-
ള്ള സ്ാപനങ്ങൾ ഉണ്ടാക്കുകയും ടെയ്-താൽ ജ്ാനസമൂ-
ഹം വളടര ടപടട്ന്നുതടന്ന ഉണ്ടാക്കാനാകും.

അങ്ങടന സംഭ-വിച്ചാൽ ൊയപ്തീെികകളിലും തുന്നൽക്കെ-
കളിലും ഡിഗ്ിക്കാർ  ദജാലിക്കുവരും. ആ ഡിഗ്ിക്കാടരടക്കാ-
ണ്ടുതുന്നൽ ദജാലി ടെയ്ാനായില്ടയങ്ിൽ തുന്നൽ ദജാലി 
ഉണ്ടാകില്. തുന്നാൻ ആളിടല്ങ്ിൽ പുതിയ തുന്നൽ രതീതി-
കൾ വരും. തുന്നൽക്കെകൾ അപ്രത്ക്മാകും, വസ്-ത്രങ്ങൾ 
ടറഡിടമയ്-ഡുകൾ മാത്രമാകും. അവ യന്ത്രങ്ങൾ ടകാണ്ട്- 
നിർമിച്ചുടവന്നും വരും. ഇത്- എല്ാ രംഗതെും വന്നുദെരും. 
കൃഷി ടതാട്്- അെുക്കളവടര അെിമുെി മാറ്റടപ്െും.

ജ്ാനസമൂഹടമന്നതുടകാണ്ട്- നാമുദദേശിക്കുന്നത്- 
ജ്ാനം സമൂഹദക്മതെിനായി ഉപദയാഗിക്കുന്ന സമൂഹ-
ടതെയാണ്. ജ്ാനം മനുഷ്രിൽ പ്രവർതെിക്കുന്നു. ജ്ാ-
നസമൂഹം വിവരസമൂഹതെിൽ നിന്നും വ്ത്സ്-തമാണ്. 
വിവരം നാളിതുവടരയുള്ള സമൂഹങ്ങടളാടക്കയും ക്രയവിക്ര-
യം ടെയ്-തിട്ുണ്ട്-. അങ്ങടനയാണ് അവ വളർന്നതു തടന്ന. 
വിവരടതെ അറിവായി മാറ്റടപ്െുദ്ാഴാണ് പുതിയ കടണ്ട-
തെലുകളും വികസനസാധ്തകളും രൂപടപ്െുന്നത്-. ഒരു രാ-
സസമവാക്ം അറിവാണ്. ആ അറിവുടകാണ്ട്- ഒരു വസ്-തു 
മടറ്റാന്നാകുന്നത്- എങ്ങടന എന്നറിയാം. അതെരം അറിവുക-

ടളടക്കാണ്ട്- പോർഥവിജ്ാനം 
കകവരുദ്ാൾ പുതിയ രാസ-
സമവാക്ങ്ങളും പുതിയ രാസ-
ക്രിയകളുണ്ടാക്കാനുള്ള വഴിക-
ളും നാമറിയുന്നു. ആ ജ്ാനം 
പുതിയ ദപാളിമർ ഉണ്ടാക്കാനും 
കവദക്കാലിൽ നിന്ന് ആൾക്ക-
ദഹാളുണ്ടാക്കാനും കഴിയുന്ന 
പുതിയ വിജ്ാനമായി വിക-
സിക്കുന്നു. ആ പുതിയ വിജ്ാ-
നം പുതിയ സാദങ്തിക വിേ്-
യായി സമൂഹ നിർമിതിക്ക്- വഴി 

കേരളം ജ്ഞാന
സമൂഹത്തികേക്ക്- 
വളരുക്ഞാൾ

  ഡ�ോ. ടി പ്രദീ്ര-്

ജ്ഞാനസമൂഹമമന്നതുമേഞാണ്ക്- നഞാമുകദേശതിക്ുന്നതക്- ജ്ഞാനം സമൂഹകഷേ-
മത്തിനഞായതി ഉപകയഞാഗതിക്ുന്ന സമൂഹമത്യഞാണക്. ജ്ഞാനം മനുഷ്യരതിൽ 
പപവർത്തിക്ുന്നു. ജ്ഞാനസമൂഹം വതിവരസമൂഹത്തിൽ നതിന്നും വ്യത്യസക്-
തമഞാണക്. വതിവരം നഞാളതിതുവമരയുള്ള സമൂഹങ്ങമളഞാമക്യും പേയവതിപേയം 
മെയക്-തതിട്ുണ്ക്-. അങ്ങമനയഞാണക് അവ വളർന്നതുതമന്ന. 
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ടവക്കുന്നു.
ജ്ാനസമൂഹം അദന്നവടരയുള്ള അറിവിടന ഉപദയാ-

ഗിക്കുന്നദതാടൊപ്ം പുതിയ അറിവുകടള ഉല്ാേിപ്ിക്കുക-
യും ടെയ്ുന്നു. അത്- സാദങ്തികവിേ്കളിൽ മാത്രമല് ഭാ-
ഷയിൽ, തത്വശാസ്-ത്രതെിൽ, സാമൂഹ് ശാസ്-ത്രതെിൽ, 
ലളിതകലകളിൽ എന്നിങ്ങടന എല്ാറ്റിലും മാറ്റമുണ്ടാക്കു-
ന്നു. സമൂഹതെിടറെ നിലനില്ിനുതടന്ന വിജ്ാനം അനു-
ദപക്ണതീയമായി വരുന്നു. അങ്ങടന ജ്ാനസ്ാേനം 
അത്ന്ാദപക്ിതമായി വരുന്നു. ജ്ാനസ്ാേനതെി-
ടറെ ഇെങ്ങൾ ജ്ാനനിർമിതിയിദലക്ക്- അനിവാര്മായി 
മാറ്റടപ്െുന്നു. അങ്ങടന കലാശാലകടള പുനർനിർവെി-
ദക്കണ്ട അവസ് വരുന്നു.

നമെുടെ കലാലയങ്ങളിൽ 
നിന്ന് ജ്ാനനിർമിതി വലി-
ടയാരർഥതെിൽ കകദമാശം 
വന്നിരിക്കുന്നു. ദകരളതെിടറെ 
തനതായ പ്രശ്-നങ്ങടള ഇവിടെ-
തെടന്നയാണ് മനസ്ിലാദക്ക-
ണ്ടത്-. ആ പ്രശ്-നങ്ങളുടെ േുരതീ-
കരണവും ഇവിടെതെടന്നയാ-
ണ് നെദക്കണ്ടത്-. അത്- സംഭവി-
ക്കണടമങ്ിൽ ഇവിടെ അതിനു 
കഴിയുന്ന ജ്ാനസമൂഹങ്ങൾ 
രൂപടപ്െണം. അവയ്-ക്ക്- കാര്-
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ക്മമായി പ്രവർതെിക്കാവുന്ന 
സംവിധാനങ്ങൾ വരണം. ആ 
ജ്ാനസമൂഹങ്ങൾ ഉല്ാേിപ്ി-
ക്കുന്ന അറിവുകടള ഉപദയാഗി-
ക്കാനുള്ള അന്രതീക്ം രൂപടപ്-
െണം. അത-് ആവശ്ടപ്െുന്ന വി-
വിധങ്ങളായ സംവിധാനങ്ങളുടെ 
സംഘാതങ്ങൾ തടന്ന രൂപടപ്-
െണം. അതിന് ഉൾക്കാഴ-്െയുള്ള 
ദനതൃത്വം ആവശ്മുണ്ട-്.

ദകരളതീയ സമൂഹതെിടറെ, 
ഇന്്ൻ സമൂഹതെിടറെതടന്ന 
ജ്ാനസമൂഹതെിദലക്കുള്ള 
യാത്രയിടല നിർണായകമായ 
പുഴുക്കുതെുകടളക്കുറിച്ച-് സൂെി-
പ്ിദക്കണ്ടത-് അത്ാവശ്മാണ്. 
ഇന്്ൻ സമൂഹതെിടറെ ശാപടമ-
ന്ന് െിന്കടരാടക്കയും െൂണ്ടി-
ക്കാട്ിയ ജാതിതടന്നയാണ് നമെ -ു
ടെ ഒന്നാമടതെ ശത്രു. അത-് പല 
രതീതിയിൽ നമുക്കിെയിൽ പ്രവർ-
തെിക്കുന്നു. അത-് മനുഷ്ടര ജന-
നതെിൽതെടന്ന വ്ത്സ-്തരാ-
ക്കുന്നു. ജാതി നിർമാർജനതെി-

ടറെ ഐതിഹാസികമായ 
സമ-ര-ങ്ങൾ ശതാഭിഷിക്ത-
മായിരിക്കുന്നു. എങ്ിലും 
ജാതി ജതീവിച്ചുടകാണ്ടിരി-
ക്കുന്നു. ജാതിയുടെ തിരി-
ച്ചറിയൽ കാർഡുകൾ നാം 
ശരതീരതെിൽ ദപറിടക്കാ-
ണ്ടിരിക്കുന്നു. അത-് നമെ -ു
ടെ ഭാഷയിൽ, ഉെുപ്ിൽ, 
ഭക്ണതെിൽ, കല്ാണ-
ങ്ങളിൽ അങ്ങടന എല്ാറ്റി-
ലും പ്രതിഫലിക്കുന്നു.

ജ്ാനസമൂഹം മല-
യാളിടയ മനുഷ്നാക്കാൻ 
വഴിടവക്കുന്നു. ന്ൂതിരി-
ടയ മനുഷ്നാക്കാൻ ത -ു
െങ്ങിടവച്ച ശ്രമങ്ങൾക്ക-് 
ടതാണ്ണൂറ് ആണ്ടായിരിക്ക -ു
ന്നു. ‘അെുക്കളയിൽ നിന്ന് 
അരങ്ങദതെക്ക-്’ ആേ്മാ-
യി അവതരിപ്ിച്ചത-് 1929 
ലാണ്. ഈ ശ്രമങ്ങടളാ-
ടക്കയും വലിയ മാറ്റങ്ങൾ-
ക്ക-് വഴിതുറന്നുടവങ്ിലും 

ജാതി നശിച്ചില്. കാരണം, എനി-
ക്കു ദതാന്നുന്നത-് ഈ സംരഭങ്ങ-
ടളാടക്കയും ജാതിയിൽ അന്ർ-
ലതീനമായ സ്േ-്വ്വസ്യുടെ 
ദശ്രണതീകരണടതെ ഇല്ായ-്മ ടെ-
യ്ാൻ മതിയായില് എന്നതാണ്. 
വിേ്ാഭ്ാസവും ടതാഴിലവസര-
ങ്ങളും വിദേശവാസവും വലിയ 
മാറ്റങ്ങൾക്ക-് വഴി തുറന്നുടവങ്ി-
ലും നമെുടെ ജതീവിതം ജ്ാനസ-
മൂഹം ആവശ്ടപ്െുന്ന രതീതിയി-
ദലക്ക-്  മാറ്റടപ്െുകയുണ്ടായില്. 
വിേ്ാഭ്ാസം ടകാണ്ട-് ജ്ാനസ-
മൂഹം രൂപടപ്ട്ില് എന്നുതടന്ന 
പറയാം.

നമെുടെ ആൊരങ്ങളുടെ 
പട്ിക ദനാക്കുക! 

(1) ഒരു ജ്ാനസമൂഹതെി-
ടല വിവാഹതെിന് നൂറു പവടറെ 
തിളക്കമാവശ്മില്. സ്വർണക്കെ-
കളാൽ അലംകൃതമായ ടതരുവ -ു
കൾ അദമരിക്കയിദലാ യൂദറാ-
പ്ിദലാ കാണാൻ കഴിയുകയില്. 
ഇന്്ൻ വതീെുകളിൽ ദശഖരിച്ചു ലി ക്വാൻ യു 
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ടവച്ചിരിക്കുന്ന സ്വർണതെിടറെ 
അളവ-് ഇരുപതെിയയ്ായിരം െൺ 
ആടണന്ന് പറയാം. സ്വർണതെി-
ടറെ രൂപതെിൽ ഒരു ലക്ം ദകാെി 
ദഡാളർ നമെുടെ വതീെുകളിൽ സം-
ഭരിച്ചുടവച്ചിരിക്കുകയാണ്. 

(2) സ-്ത്രതീധന മരണങ്ങൾ 
ജ്ാനസമൂഹതെിൽ ഉണ്ടാക-
രുത-്. പട്ിണി മരണങ്ങൾ ഇല് 
എന്നു നാം അഭിമാനിക്കുന്നു. സ-്
ത്രതീധന മരണങ്ങൾ അതിലുടമ-
ത്രദയാ നികൃഷ്െമാണ്. എങ്ിലും 
ഇത-് സംഭവിച്ചുടകാണ്ടിരിക്കുന്നു. 
നാമത-് നിസ്ംഗരായി കണ്ടുടകാ-
ണ്ടിരിക്കുന്നു. 

(3) ജ്ാനസമൂഹതെിൽ 
കഴിവ-് മാത്രമായിരിക്കണം വളർ-
ച്ചയുടെ അളവുദകാൽ. എങ്ിലും 
അറിവില്ാതെവരുടെ ഒരു പറ്റമാ-
യി അറിവിടറെ ഗിരിശംഖങ്ങളാ-
യിരിദക്കണ്ട സർവകലാശാല-
കൾ കൂെി മാറ്റടപ്ട്ിരിക്കുന്നു. 

(4) ജ്ാനസമൂഹം അഴിമതി 
കുറഞ്ഞതും നിയമവാഴ-്െ ഉള്ള-
തുമായിരിക്കണം. പദക്, നമെ -ു
ടെ വഴികളിടലാടക്കയും അഴിമ-
തി പതിയിരിക്കുന്നു.

എങ്ങടനയാണ് ഒരു ജ്ാ-
നസമൂഹം സാധ്മാകുക? ഉോ-
ഹരണങ്ങളിദലക്ക-് ദനാക്കുക 
നന്നായിരിക്കും. 1930 കളിൽ 
കുടറ മതീൻപിെുതെക്കാരുടെയും 
കച്ചവെക്കാരുടെയും ഗ്ാമമായി-
രുന്നു സിംഗപ്ൂർ. 1965 ലാണ് സിം-
ഗപ്ൂരിന് സ്വാതന്ത്ര്ം ലഭിച്ചത-്. 
ലി ക്വാൻ യു എന്ന ആേ്ടതെ 
പ്രധാനമന്ത്രി, ആ രാജ്ം രാഷ്ട്രപി-
താടവന്ന് ടകാണ്ടാെുന്ന വിഖ്ാ-
തനായ രാഷ്ട്രതന്ത്രജ്ൻ, ആ 
രാജ്തെിടറെ വികസനതെിന് 
അനിവാര്മായ മൂന്ന് ആണിക്ക-
ല്ുകടളക്കുറിച്ച-് പറഞ്ഞു. അവ 
ഇവയാണ്. ടമറിദറ്റാക്രസി, ദഹാ-
ണസ്റി, പ്രാഗ-്മാറ്റിസം. അർഹത, 
സത്സന്ധത, പ്രാദയാഗികത 
എന്നിങ്ങടന ഈ തത്വങ്ങടള 
ടമാഴിമാറ്റം ടെയ്ാം. ടമറിദറ്റാക്ര-
സി എന്നാൽ കഴിവിടറെ അംഗതീ-
കാരം. കഴിവ-് മാത്രമാണ് ടതാ-
ഴിലിടറെ, ദജാലിക്കയറ്റതെിടറെ 
അളവുദകാൽ. അത-് കുെുംബ 
മഹിമദയാ ജാതിദയാ മതദമാ വം-
ശതീതദയാ അല്. ടമറിദറ്റാക്രസി 
എല്ാ രംഗദതെക്കും വ്ാപിക്ക -ു
ന്നു. കവസ-് ൊൻസലടറ ടത-
രടഞ്ഞെുക്കുദ്ാൾ ജാതിദയാ 
മതദമാ ടതരടഞ്ഞെുപ്ിടറെ മാന-സിംഗപ്പൂർ നഗരക്വാഴ് ച
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േണ്ഡമല്. ദഹാണസ്റി എന്നാൽ 
ടതാഴിലിദനാെുള്ള പ്രതിബദ്ധത, 
ആത്ാർഥത, സത്സന്ധത 
എന്നിവടയാടക്ക ഇതിൽ പ്ര-
തിഫലിക്കുന്നു. സത്സന്ധത 
കകദമാശം വന്ന ഒരാടളയും ടവ-
ച്ചുടപാറുപ്ിക്കയില്. അയാൾക്ക-് 
സ്വാതന്ത്ര്വും ജതീവിതം തടന്ന-
യും നഷ്െമാദയക്കാം. പ്രാഗ-്
മാറ്റിസം എന്നതുടകാണ്ട-് രാഷ്ട്ര 
നിർമിതിയുടെ പ്രത്യശാസ-്ത്രം 
അന്ധമായ വിശ്വാസമല് പ്രാദയാ-
ഗികതയാണ് എന്ന് അെിവരയിെ -ു
ന്നു. രാഷ്ട്രതെിൽ വ്ത്സ-്തമായ 
പാർട്ികളുണ്ടാകാം, അവർക്ക-് 
വ്ത്സ-്തമായ അഭിപ്രായങ്ങളും. 
എന്നാൽ രാഷ്ട്ര നിർമിതിയുടെ 
കാര്തെിൽ അവയുടെ അന്സ-
തെയിൽ എല്ാവരും ഒദര അഭി-

കഴിയുദമാ? സാമൂഹിക, 
രാഷ്ട്രതീയ അന്രതീക്തെി-
നനുസരിച്ച-് പ്രാദേശിക 
മാറ്റങ്ങൾ പല രാഷ്ട്രങ്ങളി-
ലുമുണ്ടായിട്ുണ്ട-്. അദമ-
രിക്കയിൽ ടമാതെതെിൽ 
ഭരണ സംവിധാനം ഏകതീ-
കൃതമാടണങ്ിലും വളർച്ച-
യുടെ ഗിരിശംഗങ്ങളിടല-
തെിനില്കുന്നത-് കിഴക്കും 
പെിഞ്ഞാറുമുള്ള ന്ൂദയാർ-
ക്കും കാലിദഫാർണി-
യയുമാണ്. അതിനുള്ള 
കാരണം മനുഷ്വിഭവമാ-
ണ്. അന്രാജ്ങ്ങളിൽ നി-
ന്നുവന്ന അനന്മായ കഴി-
വുകളുള്ള മനുഷ്രുടെ 
വലിയ സംഘാതങ്ങളാണ് 
ഈ സംസ്ാനങ്ങളുടെ 

രമിക്കുകയാണ്. അഭിരമിച്ചുടകാ-
ദണ്ടയിരിക്കുകയാണ്. ഇടതാരു 
ദരാഗാവസ്ടയ സൂെിപ്ിക്ക -ു
ന്നു. കഴിഞ്ഞകാല സംഭവങ്ങ-
ടള ശ്രദ്ധിച്ചു കാണുദ്ാൾ ഒരു 
കാര്ം വ്ക്തമാണ്. വലിയ സാ-
മൂഹ് വികാസതെിന് സാധ്മാ-
കുന്ന വിഷയങ്ങൾ െിലടതല്ാം 
കഴിഞ്ഞ മാസങ്ങളിൽ  തതീക്ണ-
മായി നമുക്ക-് മു്ിടലതെി. സ-്
ത്രതീധനവും അതിടറെ വിപതെും, 
കള്ളപ്ണവും ആസൂത്രിത അഴി-
മതിയും, വ്ാവസായിക സൗഹൃേ-
വും ഉദേ്ാഗസ് രാഷ്ട്രതീയ ബന്ധ-
വും, സ-്ത്രതീ പതീഡനവും സ-്ത്രതീ 
സൗഹൃേ സമൂഹവും, ഭിന്നദശഷി 
സൗഹൃേവും മറ്റ് ന്ൂനപക് നി-
ലപാെുകളും എന്നിങ്ങടന വ്ത്-
സ-്തമായ വിഷയങ്ങൾ. അവയി-

പ്രായം ഉള്ള-വ-രാണ്. അതുടകാ-
ണ്ട-്, വ്ത്സ-്ത പാർട്ികളിലുള്ള-
വർ കൂെി മന്ത്രിസഭയുടെ ഭാഗമാ-
കും. അവസരങ്ങളുടെ വതീതിടച്ച-
െുക്കലല്, കഠിനമായ ദജാലികൾ 
കഴിവുള്ളവടര കടണ്ടതെി ഏല്ി-
ക്കുകയാണ് പതിവ-്. അതുടകാ-
ണ്ട് , ഏറ്റവും കഴിവുറ്റവരുടെ ക -ൂ
ട്ായ-്മയായാണ് മന്ത്രിസഭ വിക-
സിക്കുന്നത-്. അതുടകാണ്ട-് കഴി-
ഞ്ഞ അ്തു വർഷം ടകാണ്ട-് 
സിംഗപ്ൂരിടറെ പ്രതിശതീർഷ വര -ു
മാനം ഇരുപത-് ഇരട്ിയായി വർധി-
ച്ചു. ഇന്നത-് അദമരിക്കയുടെ പ്രതി-
ശതീർഷ വരുമാനതെിടറെ ടതാട്ു 
താടഴയാണ്. 

ഒരു സംസ്ാനതെിനുമാത്രം 
ജ്ാനസമൂഹമായി മാറാൻ 

വികസനതെിടറെ അെിതെ-
റയായി മാറിയത-്. അവർ-
ക്ക-് വരാനും വളരാനുമുള്ള 
വഴി തുറന്നിെുകവഴി അദമ-
രിക്ക അനന്മായ അവസ-
രങ്ങളുടെ രാജ്മായി മാറി.

കഴിവുള്ളവർക്ക-് അവ-
സരങ്ങൾ ടകാെുക്കുന്നത -ു
വഴി രാജ്ം മനുഷ്വികാ-
സതെിദലക്കുള്ള  നിതാന് 
പ്രയാണതെിദലക്കു വഴി 
തുറക്കുന്നു. എല്ാവർക്കും 
വളരാനുള്ള അവസരമ -ു
ടണ്ടങ്ിൽ രാജ്ം വളർ-
ച്ചയിദലക്ക-് മുദന്നറുക 
തടന്ന ടെയ്ും.

പദക്, നാം ടകാച്ചു 
ടകാച്ചു കാര്ങ്ങളിൽ അഭി-

ടലല്ാം ഒരു വലിയ മാറ്റതെിടറെ 
കാറ്റ് സമൂഹം പ്രതതീക്ിച്ചിരുന്നു. 
എന്ുടകാണ്ട-് വലിയ മാറ്റങ്ങൾ 
സാധ്മാകുന്നില്? ഒരഞ്ു വർഷ-
ക്കാലടതെ അനുഭവങ്ങടള ഒര -ു
മിച്ച-് കാണുദ്ാൾ െില വലിയ 
കാര്ങ്ങൾ ശ്രദ്ധിദക്കണ്ടതുണ്ട-്. 
ദകരളം അഭിമുഖതീകരിക്കുന്ന മ -ു
ഖ്മായ വിഷയങ്ങൾ ഇവയാണ്. 
(1) പരിസ്ിതി സുരക്: ഒരു സം-
സ്ാനതെിടറെ ഒരു േശാബ്ദക്കാ-
ലടതെ അധ്വാനം മുഴുവൻ നാലു 
േിവസടതെ മഴയിൽ ഒഴുകിദപ്ാ-
കുന്ന കാഴ-്െയാണ് നാം കണ്ടത-്. 
ഇനിടയാരിക്കലും അത-് സംഭവി-
ച്ചു കൂെ. (2) ആദരാഗ് സുരക്: 
മഹാമാരികളുടെ ഒരു നിരതടന്ന 
നടമെ വിറപ്ിച്ചുടകാണ്ട-് കെന്ന -ു

പ്രവാഫ. എം 
മുരളീധരൻ
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ദപായി; കെ-ന്ന -ുദപാ-യി-ടക്കാ-ണ്ടി-
രി-ക്കുന്നു. ഇനിടയാരു മഹാമാരി 
നമെുടെ സമൂഹതെിൽ വിള്ള-
ലുണ്ടാക്കിക്കൂൊ. (3) ടതാഴിൽ 
സുരക്: അന്സംസ്ാനങ്ങ-
ളിൽ നിന്നും വിദേശ രാഷ്ട്രങ്ങ-
ളിൽ നിന്നും മലയാളി തിരിടച്ച-
തെിടക്കാണ്ടിരിക്കുന്നു. പുതിയ 
ടതാഴിലവസരങ്ങളും പുതെൻ 
സാദങ്തികവിേ്യും കടണ്ട-
തെിയിടല്ങ്ിൽ സാമൂഹ്വ്വ-
സ് താളം ടതറ്റുടമന്നു തടന്ന 
പറയാം. (4) സാമൂഹ് സുരക്: 
നദവാത്ാനതെിടറെ സുഗന്ധം 
ഇവിടെ നിന്ന് അപ്രത്ക്മായി-
രിക്കുന്നു. സമൂഹതെിടറെ പുഴ -ു
ക്കുതെുകൾ പല രതീതിയിൽ പ്ര-
ത്ക്ടപ്ട്ുടകാണ്ടിരിക്കുന്നു. 
ശക്തമായ നിയമ നിർമാണവും 
നിയമവാഴ-്െക്കുള്ള സംവിധാ-
നവും ഉണ്ടായിരിക്കണം. സ-്ത്രതീ 
പഡനവും സ-്ത്രതീധന ടകാലപാ-
തകങ്ങളും സ്വർണ കള്ളക്കെ-
തെും ഉണ്ടാകാൻ പാെില്ാതെ 
വിധം നിയമസുരക്യും േുരാ-
ൊരങ്ങളുടെ േുരതീകരണവും 
ഉണ്ടാദകണ്ടിയിരിക്കുന്നു. (5) 
സ്ാപന സുരക്: നാം മു് -ു
ണ്ടാക്കിയ സ്ാപനങ്ങടളല്ാം 
മൂല്െ്ുതിയുടെ അഗാധതക-
ളിലാണ്. നമെുടെ സർവകലാ-
ശാലകളും ഗദവഷണ സ്ാപ-
നങ്ങളും അവയുടെ പ്രഖ്ാപിത 
ലക്്ങ്ങളിൽ നിന്ന് ബഹുേൂരം 
പിദന്നാട്-് ദപായിരിക്കുന്നു. പ്ര-
ഗത്ഭരായ കർമകുശലർ നമെ -ു
ടെ സ്ാപനങ്ങളിൽ നിന്നും 
അപ്രത്ക്രായിരിക്കുന്നു. ഇതി-
ടനാടക്കയുള്ള ദപാംവഴിയാണ് 
ജ്ാനസമൂഹം.

ഒരിക്കൽ ഐൻസ്റതീൻ പറ-
ഞ്ഞതായി ദകട്ിട്ുള്ള ഒരു കഥ-
യുണ്ട-്. വർഷങ്ങൾക്കുമു്-് പ്ര-
ശസ-്തമായ ഒരു ദേശമുണ്ടായി-
രുന്നു. അവിടെ വലിയ കച്ചവെ 
സ്ാപനങ്ങളും ഉല്ാേന സ്ാ-
പനങ്ങളും വിേ്ാലയങ്ങളും മറ്റും 
ഉണ്ടായിരുന്നു. ജനങ്ങൾ സ്േ-്
സമൃദ്ധിയിലായിരുന്നു. ആ പ്രശ-
സ-്തമായ ദേശടതെക്കുറിച്ച-് ദക-
ട്റിഞ്ഞ-് ഒരാൾ അവിടെടയതെി. 
തങ്ങളുടെ അഭിവൃദ്ധി അതിഥി-
ക്കുമു്ിൽ തുറന്നുടവക്കാൻ 
അവർക്ക-് വലിയ ഉത്ാഹമാ-
യിരുന്നു. അടതാടക്ക കണ്ടതി-
നുദശഷം അദദേഹം അവദരാെ-് 
ദൊേിച്ചു. "നിങ്ങളുടെ ഈ സമൃ-

ദ്ധി കണ്ട-് ഞാൻ സദന്ാ-
ഷിക്കുന്നു. പദക്, ഈ 
സമൃദ്ധി നിങ്ങടളങ്ങടന-
യാണ് സംരക്ിക്കുക?' 
അവർ പറഞ്ഞു: "അതിന് 
ഞങ്ങൾക്ക-് ദപാലതീസ -ു
ണ്ട-്. പട്ാളമുണ്ട-്.' "അവരല് 
നിങ്ങളുടെ സമുദ്ധി സം-
രക്ിക്കുന്നത-്'. അയാൾ 
തുെർന്ന് ദൊേിച്ചു. "ദവടറ-
യാരുണ്ട-്?' തങ്ങൾടക്കാ-
രു കർേിനാളുടണ്ടന്നും 
അദദേഹം തങ്ങളുടെ സമൃ-
ദ്ധി സംരക്ിക്കുടമന്നും 
അവർ പറഞ്ഞു. "അവർ-
ക്ക-് ഇടതാന്നും സംരക്ി-
ക്കാൻ കഴിയില്.' അദദേഹം 
തുെർന്നു. "ദവടറയാര -ു
ണ്ട-്?' അവർ പലരുടെയും 
ദപരുകൾ പറഞ്ഞു. പണ-
ക്കാർ, കച്ചവെക്കാർ, ജഡ-്
ജിമാർ, വക്കതീലന്ാർ തുെ-
ങ്ങി ഒദട്ടറദപ്ർ. "നിങ്ങടള 
സംരക്ിക്കുന്നവർ അവ-
ടരാന്നുമല്.' അദദേഹം 
പറഞ്ഞു. പിടന്നയാരാണ് 
ഞങ്ങടള സംരക്ിക്കുന്ന-
ടതന്ന ജനങ്ങളുടെ ദൊേ്-
തെിന് മറുപെിയായി അദദേ-
ഹം പറഞ്ഞു. "നിങ്ങളുടെ 
സമൂഹം സംരക്ിദക്കണ്ട-
ത-് ഇവിെടതെ അധ്ാപക-
രാണ്. ഈ നഗരതെിടറെ 
ഗുരുവാരാണ്?' അങ്ങടന 
അവർക്ക-് മനസ്ിലായി. 
തങ്ങടള സംരക്ിക്കുന്ന-
ത-് ആരാടണന്ന്, തങ്ങൾ 
സംരക്ിദക്കണ്ടത-് വിേ്ാ-
ലയങ്ങടള യും സർവക-
ലാശാലകടളയുമാടണ-
ന്ന്.

ഓദരാ രാജ്വും, ദലാ-
കംതടന്നയും വികസിച്ച-
ത-് ആശയങ്ങടളടക്കാ-
ണ്ടാണ്. ഇക്കാണുന്ന നഗ-
രങ്ങളാടക്കയും ഉണ്ടായ-
ത-് ആശയങ്ങളും അധ്വാന-
വും ദെർന്നാണ്. ആശയം 
തടന്നയും ഒരധ്വാനമാണ്. 
നഗരങ്ങളുടെ വികസന-
തെിന് മനുഷ്രാശിയ -ു
ടെ നതീണ്ട വഴിതൊരയിൽ 
എത്രദയാ െുരുങ്ങിയ 
കാലയളവിടറെ െരിത്രം 
മാത്രദമ ഉള്ളു. ആറ്റങ്ങ-
ളുടണ്ടന്ന അറിവിന് ഇര -ു
നൂറ് വർഷടതെ െരിത്രം 

മാത്രദമയുള്ളു. നാളിതുവടരയ -ു
ള്ള കവേ്ുതിയുടെ െരിത്രം നൂറ്റി-
യിരുപത-് വർഷതെിടലാതുങ്ങ -ു
ന്നു. ഡിഎൻഎ കടണ്ടതെിയത-്, 
തന്ാത്രകളാണ് ദരാഗദഹത -ു
ടവന്നും അവക്കുള്ള പ്രതിവി-
ധികളും തന്ാത്രകളാടണന്നും 
ഉള്ള അറിവിന്, എഴുപത-് വർഷ-
ടതെ െരിത്രദമയുള്ളു. ദനാക്കു, 
അ്ത-് വർഷം ടകാണ്ട-് എടന്ാ-
ടക്ക മാറ്റങ്ങളാണ് സംഭവിച്ചത-്? 
ടമാകബൽ ദഫാണും ഇറെർ-
ടനറ്റും നമെുടെ ജതീവിതടതെ മാ-
റ്റിമറിച്ചത-് കഴിഞ്ഞ ഒരു േശാബ്ദം 
ടകാണ്ടാണ്. ഇനിടയാരു ഇര -ു
പതെിയഞ്-് വർഷതെിനുള്ളിൽ 
സാദങ്തിക വിപ-്ളവങ്ങളുടെ ഒരു 
ടപരുമഴ തടന്ന സംഭവിക്കാൻ 
ദപാകുന്നുടവന്ന് പറയാം. 2030 
കളിൽ മനുഷ്ൻ െന്ദ്രനിദലക്ക-് േി-
വദസടന യാത്ര ടെയ-്തുടവന്ന് 
വരാം. ബഹിരാകാശ യാത്ര വിദേ-
ശയാത്ര ദപാടല സുപരിെിതമാ-
ടയന്നും വരാം!

ഒദന്നാർതെു ദനാക്കുക. 
അറവു മൃഗങ്ങളില്ാടത ഇറച്ചി 
തയ്ാറാക്കുന്ന ഫാക-്െറികടളപ്-
റ്റി, അെുക്കള അപ്രത്ക്മാകുന്ന 
വതീെുകടളപ്റ്റി, നൂറ്റിയിരുപതികളി-
ടലതെി നില്കുന്ന മനുഷ്ായുസി-
ടനപ്റ്റി, ശരതീരതെിടറെ തടന്ന ഭാ-
ഗമായ യന്ത്രസംവിധാനങ്ങടളപ്-
റ്റി, യാത്ര ആവശ്മില്ാതെ ദലാ-
കടതെപ്റ്റി, സ്വതീകരണ മുറിയിൽ 
ഡിജിറ്റൽ രൂപതെിൽ വടന്നതെ -ു
ന്ന അതിഥിടയപ്റ്റി, ആശുപത്രി-
കളിലും ദഹാട്ലുകളിലും വതീെുക-
ളിലും ഫാക-്റ്ററികളിലും അക്തീ-
ണം ദജാലി ടെയ്ുന്ന ഹ്ൂമദനാ-
യിഡുകടളപ്റ്റി. ദലാകം അതി-
ശതീഘ്ം മാറുകയാണ്. ഈ മാറ്റം 
കാണാടത, സ്വർണക്കെതെിലും 
കള്ളപ്ണതെിലും ആണ്ടു മുങ്ങ -ു
ന്ന സമൂഹടതെ കാണുദ്ാൾ 
സൂരി ന്ൂതിരിപ്ാെിടറെ ദലാകം 
ദകരളതെിൽ നിന്നും പെിയിറങ്ങി-
യിട്ില് എന്ന് ഇെയ് ക്കിടെ ഓർ-
മെിക്കാനിെവരുന്നു. അദതാടൊ-
പ്ം നാമറിദയണ്ടത-്, ആ ദലാകം 
നമെുടെ അയൽപക്കതെ-് െരിത്ര 
വിസ-്മൃതിയിൽ ആണ്ടുദപായ-്
ടക്കാണ്ടിരിക്കുകയാണ് എന്ന് ക -ൂ
െിയാണ്  .

(തൃശൂരിൽ നെന്ന ടപ്രാഫ. 
എം മുരളതീധരൻ സ-്മാരക പ്രഭാ-
ഷണതെിടറെ സംഗ്ഹിത രൂപം. 
തയ്വാറവാക്ിയത് : ആരതി ശങ്കർ)  

േഴതിവുള്ളവർക്ക്- 
അവസരങ്ങൾ 
മേഞാടുക്ുന്നത -ു
വഴതി രഞാജ്യം 
മനുഷ്യവതിേഞാസ-
ത്തികേക്ുള്ള  
നതിതഞാന്ത 
പപയഞാണത്തികേ-
ക്ു വഴതി 
തുറക്ുന്നു. 
എല്ഞാവർക്ും 
വളരഞാനുള്ള 
അവസരമുമണ്-
ങ്തിൽ രഞാജ്യം 
വളർച്ചയതികേക്ക്- 
മുകന്നറുേതമന്ന 
മെയും.
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അഭിമുഖം 

ഡ�ോ. ടി പ്രദീ്ര്  
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"അന-ന്ത-വും അജ്ാ-തവും അവർണ-നീ-യവു'മായ പ്രപ-
ഞ്ച-ര-ഹ-സ്യ-ങ്ങളെ നിർധാ-രണം ളെയ്ുന്ന ശാസ-്ത്ര-ജ്-രുളെ 
ദ�ാകം ദകര-െീയ ളപാത -ുമ-ണ്ഡ-�-ത്ിളറെ ഇരുൾനി-റഞ്ഞ ഭാഗ-
മാ-ണ്. ശാസ-്ത്രദമ-ഖ-�-യിള� പ്രതി-ഭാ-ശാ-�ി-കൾ മ�-യാെിജീ-
വി-ത-ത്ിള� അജ്ാത ഭൂഖ-ണ്ഡ-ങ്ങ-ൊ-ണ്.  
�ാെി-ത്യ-ത്ി-ളറെയും അറി-വിളറെയും മാതൃ-കാ-ജീ-വി-ത-ര -ൂപ-ങ്ങളെ 
"േന്ത-ദഗാ-പ -ുര-വാസി'കൊയി െിത്രീ-ക-രി-ക്ാ-നാണ് നമ -ുക്ി-ഷ-്െം. 
മന -ുഷ്യ-ജീ-വി-ത-ത്ിളറെ ൊ�-ക-ശ-ക്ി-ക-ൊയ ശാസ-്ത്ര-ദ�ാ-ക-
ത്ിളറെ ഉപാ-സ-കളര അറി-ഞ്ഞാ-േ-രി-ക് -ുന്ന-തിൽ നാം പ�-ദ്ാ-
ഴും കുറ്റ-ക-ര-മായ അനാസ്ഥ പു�ർത് -ുന്നു. 

 ശാസ-്ത്രീയ വിജ്ാ-ന-ത്ിളറെ മഹാ-വി-സ-്ദ�ാ-െ-ന-ങ്ങ-ൊണ് 
പ്രപ-ഞ്ച-ജീവി-ത-ത്ിളറെ ഗതി-വി-ഗതി-കളെ നിയ-ന്ത്ി-ക് -ുന്ന-ളതന്ന 
തിരി-ച്ച-റി-വി-ദ�ക്-് നാമ -ുണ-ദര-ണ്ി-യി-രി-ക് -ുന്നു. ഇത്രം ഉണർച്ച-
കൾ "ജ്ാന-സ-മൂഹ'ളമന്ന ആഗ്ര-ഹ-ത്ി-ദ�ക്െ -ുക്ാൻ നളമെ 
സഹാ-യി-ക് -ുക-തളന്ന ളെയ്ും. 

 ഗണി-ത-ജ്നും ദജ്യാതിശ്ാ-സ-്ത്ര-ജ്-ന -ുമായ സംഗമഗ്രാമ 
മാധ-വ-നിൽനിന്ന് ആരം-ഭി-ക്ുന്ന ശാസ-്ത്രജ്പര-മ്പര മ�-യാെി 
ജീവി-ത-ത്ിളറെ പൂർവാ-ർജിത- സ-മ്പാ-േ്യ-മാ-ണ്. ളബാട്ാ-ണി-ക്ൽ 
സർളവ ഓ�-് ഇന്ത്യ യാഥാർഥ്യമാ-ക്ിയ ഇ ളക  ജാനകിഅ-
മൊൾ, സി -വി  രാമ-ന -ുളമാത്-് പ്രവർത്ി-ച്ചി-രുന്ന ഏക വനിതാ-
ശാസ-്ത്ര-ജ്-യായ അന്നാ-മാ-ണി, ഹരി-ത-വി-പ്ല-വ-ത്ിളറെ പിതാ-
ളവ-ന്ന-റി-യ-ള -്െുന്ന എം -എസ-് സ്ാമി-നാ-ഥൻ തുെ-ങ്ങിയ ഒദട്ളറ 
മ�-യാെി ശാസ-്ത്ര-പ്ര-തി-ഭ-കൾ നമെുളെ ഓർമ-ക-െിൽ പ്രകാശം 
വിത-റ -ുന്ന-വ-രാ-ണ്. 

 പശ്ി-മ-ഘ-ട്-ദമ-റിയും വെ-രുന്ന ദകര-െ-ത്ിളറെ ശാസ-്ത്ര-
ഖ്യാതി പര-ത്ുന്ന പ്രതി-ഭ-ക-െി-ള�ാ-രാ-ൊണ് ളപ്രാ�. െി  പ്രേീ-പ-്. 
പോർഥ വിജ്ാ-നീ-യ-ത്ി�ും പ്രദത്യ-കിച്ച-് "നാദനാ സാദകേ-തി-ക-
വി-േ്യ'യിൽ സകേീർണഗദവ-ഷ-ണ-ങ്ങൾക്-് ദനതൃത്ം നല്ുന്ന പ്ര-
േീപ-് ളെന്ന്ന ഐ-ഐെിയിൽ ഇൻസ്റി-റ്റ്യൂട്-് ളപ്രാ�-സറും േീപക-് 
പദരഖ-് ളെയർ ളപ്രാ-�-സ-റ -ുമാ-ണ് (ഇൻസ്റി-റ്റ്യൂട്-് ളപ്രാ�-സർ 
എന്നത-് ഐ-ഐ-െി-ക-െിൽ നല്ുന്ന ഏറ്റ-വ -ുമ -ുയർന്ന അധ്യാ-പക 
പേവിയാ-ണ്).

ബാംഗ് -ൂരിള� ഇന്ത്യൻ ഇൻസ്റി-റ്റ്യൂട്-് ഓ�-് സയൻസിൽനിന്ന്  
ഭൗതിക രസ-ത-ന്ത്-ത്ിൽ ദഡാക-്െ-ദററ്റ് കര-സ്ഥ-മാ-ക്ിയ അദദേ-

നാനനാ
കണത്തിലെ
രൂപഭദ്രത 

ഡ�ോ. ടി പ്രദീ്ര-്/കെ -എൽ ഡ�ോസ-് 

നകര-ള-ത്തിലറെ ഉൾനാ-ടൻ ദ്ാമ-ങ്ങ-ളതി-ലൊ-ന്ായ 
പന്ാ-വൂ-രതിൽനതിന്ന് ശാസന്-ദത-നൊ-ക-ത്തിലറെ അനന് 
വതിസന് മയങ്ങളതിനെക്ന്  പറന്നുയർന് ഈ മെ-യാ-ളതി-  
ശാസന്-ദത-ജ്ഞലറെ  ദപതീ-ക്ഷ-കളനും ഉതന്-ക-ണന്ഠ-കളനും 
ചതിന്ാ-നൊ-ക-ത്തിലറെ വവവതി-ധ്യവനും ആഴവനും ചതിെ 
കമ്പ-ന-ങ്ങൾ സൃഷന്-ടതി-ക്നും...
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ഹം കാ�ി-ദ�ാർണിയ സർവ-ക-
�ാ-ശാ-�, ളബർക്ി�ി, പർഡ്യു 
സർവക-�ാ-ശാ-�, ഇന്ത്യാന എന്നി-
വി-െ-ങ്ങ-െിള� ദപാസ്റ-് ദഡാക-്റ്റ-റൽ 
ള�ദ�ാ-യാ-യി-ര -ുന്നു. അന്താ-രാഷ-്
ട്ര പ്രശ-സ-്ത-ങ്ങ-ൊയ ഒദട്ളറ സർ-
വക-�ാ-ശാ-�-ക-െിൽ വിസി-റ്റിങ്  
ളപ്രാ�-സ-റായ അദദേഹം ഉന്ന-ത-
നി-�-വാ-ര-മുള്ള ഒദട്ളറ ശാസ-്ത്ര-
ഗ്ര-ന്ഥ-ങ്ങ-െുളെയും പ്രബ-ന്ധ-ങ്ങ-െ -ു
ളെയും രെ-യി-താ-വാ-ണ്. തളറെ ശാ-
സ-്ത്ര-ഗ-ദവ-ഷണ സംഭാ-വ-ന-കളെ 
ആധാ-ര-മാക്ി പത്മശ്ീ (2020), 
ശാന്തി-സ്-രൂപ-് ഭെ-്നാ-ഗർ അവാർ-
ഡ്- (2008), നിദക്യ്- ഏഷ്യ 
ന്പ്രസ്- (2020), രസ-ത-ന്ത്-ത്ി-
നുള്ള TWAS ന്പ്രസ്- (2018) തു-
െങ്ങി ഒദട്ളറ പുര-സ്-കാ-ര-ങ്ങൾ 
ദഡാ. െി പ്രേീപ്- കര-സ്ഥ-മാ-ക്ി-
യി-ട്ു-ണ്്- (പ്ര-േി-പി-ളന-ക്ു-റി-ച്ചുള്ള 
കൂെു-തൽ വിവ-ര-ങ്ങൾ https: //
pradeepresearch.org/- ൽ �ഭ്യ-
മാ-കും).

 കഴിഞ്ഞ ദകര-െ-്ി-റവി േിന-
ത്ിൽ ളപ്രാ�. പ്രേീ-പു-മായി 
സൂം മീറ്റിങ്  വഴി നെ-ത്ിയ അഭി-
മുഖ സംഭാ-ഷ-ണ-ത്ിള� പ്രസ-
ക്-ഭാ-ഗ-ങ്ങ-ൊ-ണി-ത്-. ദകര-െ-ത്ി-
ളറെ ഉൾനാ-െൻ ഗ്രാമ-ങ്ങ-െി-ള�ാ-
ന്നായ പന്താ-വൂ-രിൽനിന്ന് ശാ-
സ്-ത്ര-ദ�ാ-ക-ത്ിളറെ അന-ന്ത-ത-
യി-ദ�ക്്- പെർന്ന ഈ മ�-യാ-െി-
യുളെ പ്രതീ-ക്ഷ-കെും ഉത്-ക-ണ്ഠ-
കെും നമുക്്- പകേു-ളവ-യ്-ക്ാം. 
ദകര-െ-ത്ിളറെ വിേ്യ-ാഭ്യാസ ദമഖ-
�, പ്രതി-സ-ന്ധി-കൾ, തളറെ ഗദവ-
ഷ-ണാ-നു-ഭ-വ-ങ്ങൾ, കിനാ-വു-
കൾ, മനു-ഷ്യളറെ സ്ത്-പ്ര-തി-സ-
ന്ധി-കൾ തുെങ്ങി ഒദട്ളറ ദമഖ-
�-ക-െി-ദ�ക്്- വ്യാപ-രി-ക്ുന്ന ഈ 
ശാസ്-ത്ര-ജ്ളറെ െിന്താ-ദ�ാ-ക-
ത്ിളറെ ന്വവി-ധ്യവും ആഴവും 
െി� കമ്പ-ന-ങ്ങൾ സൃഷ്-െി-ക്ും. 

 ?  ശാസ്-ത്രാ-ഭി-മു-ഖ്യ-ളത്-ക്ു-
റി-ച്ചുള്ള സംവാ-േ-ങ്ങൾ മഹാ-മാ-
രി-ക്ാ-�ത്്- ഏളറ സജീ-വ-മാ-യി. 
മാന-വ-പു-ദരാ-ഗ-തി-യുളെ അനി-
വാ-ര്യ-ഘ-െ-ക-മായി ശാസ്-ത്രാ-വ-
ദബാധം വി�-യി-രു-ത്-ള്-െു-ന്നു. 
എന്നാൽ വ�ിയ വിക-സ-ന-ക്ു-
തി-്ു-കൾ നെ-ത്ിയ രാഷ്-ട്ര-
ങ്ങൾ ദപാ�ും ഇക്ാ-ര്യ-ത്ിൽ 
പ�-ദ്ാഴും പുറ-ദകാട്ുനെ-ക്ു-
ന്നു. വാക്-സിൻ സംശ-യാ-�ു-ത്ം-
മൂ�ം പ്രതി-ദരാ-ധ-ക്ു-ത്ി-ളവ-യ്-
പിന് വിസ-മെ-തി-ക്ുന്ന ആയി-ര-
ങ്ങളെ അദമ-രി-ക്-യിൽദപാ�ും 

കാണാൻ സാധി-ക്ും. ശാ-
സ്-ത്രാ-ഭി-മു-ഖ്യ-ത്ിളറെ കാ-
ര്യ-ത്ിൽ ദകര-െ-ത്ിളറെ 
സ്ഥാന-ളമ-ന്താ-ണ്. ഇന്ത്യ-
യിള� ഇതര ഭൂവി-ഭാ-ഗ-ങ്ങ-
ളെ അദപ-ക്ഷിച്ച്- ദകര-െ-
ത്ിന് എളന്ത-കേി�ും സവി-
ദശ-ഷ-ത-യു-ദണ്ാ.

 = ശാസ്-ത്രാ-ഭി-മു-ഖ്യ-
വും രാഷ്-ട്ര-ത്ിളറെ സാ-
മ്പത്ിക പുദരാ-ഗ-തിയും 
തമെിൽ പ്രത്യ-ക്ഷ-ത്ിൽ 
ഒരു ബന്ധ-വു-മി-ല്ല. വിക-
സിത രാഷ്-ട്ര-ങ്ങൾക്്- കൂ-
െു-തൽ ശാസ്-ത്രാ-ഭി-രുെി 
ഉളണ്ന്ന് പറ-യു-ന്ന-തിൽ 
അർഥ-മി-ല്ല. സമ്പ-ത്ിളറെ 
വർധന ഉപ-ദഭാ-ഗ-തൃ-ഷ്-
ണളയ വർധി്ി-ക്ു-ന്നു. 
സമ്പ-ന്ന-രാ-ഷ്-ട്ര-ങ്ങൾ ശാ-
സ്-ത്രീയ കണ്ു-പി-െു-ത്-ങ്ങ-
െുളെ സൗക-ര്യ-ങ്ങൾ ഉപ-
ദയാ-ഗ-ള്-െു-ത്ു-ദമ്പാൾ-
ത്ളന്ന അവ-രുളെ ജീ-
വി-ത-ത്ിളറെ ഭാഗ-മായി 
ശാസ്-ത്രം മാറു-ന്നി-ല്ല. 
അദമ-രി-ക്-യി�ും യൂദറാ-
പ്യൻ രാഷ്-ട്ര-ങ്ങ-െി�ും വാ-
ക്-സി-ദന-ഷനു വിദധ-യ-രാ-
കാൻ വിസ-മെ-തി-ക്ുന്ന 
ജന-തതി ഇതിളറെ ളതെി-
വാ-ണ്. 

 എന്നാൽ ഇന്ത്യ-യി-ള�-
ത്ു-ദമ്പാൾ കാര്യ-ങ്ങൾ കു-
ളറക്ൂെി പരി-താ-പ-ക-ര-മാ-
ണ്. ശാസ്-ത്ര-പു-ദരാ-ഗതി 
ആർജി-ക്ു-ദമ്പാൾത്ളന്ന 
ശാസ്-ത്രാ-വ-ദബാ-ധ-ത്ിന് 
പുറം-തി-രി-ഞ്ഞു-നി-ല്കുന്ന രാ-
ജ്യ-മാണ് നമെു-ദെ-ത്-. ഏറ്റ-
വും നൂത-ന-മായ ശാസ്-ത്ര-
സാ-ദകേ-തി-ക-വിേ്യ ഉപ-ദയാ-
ഗിച്ച്- നാം ളതര-യുന്നത്- 
നമെുളെ ഗ്രഹ-നി-�യും ഭാ-
ഗ്യ-നിർഭാ-ഗ്യ-ങ്ങ-െു-മാ-ണ്. 
ദകര-െീയ സമൂ-ഹ-ത്ി�ും 
ഇത്രം പ്രവ-ണ-ത-കൾ ദൃ-
ശ്യ-മാ-ണ്. 

 ജാതീ-യ-ത-യുളെ 
വ�ിയ ദമൽദക്ാ-യ്-മക്്- 
നമെൾ കീഴ്-ള്-ട്ി-രി-ക്ു-
ന്നു. ജാതീ-യ-തയും ശാസ്-
ത്രവും ഒരു-മിച്ചുദപാകു-
ന്ന-ത-ല്ല. ശാസ്-ത്ര-ളമ-ന്നത്- 
നിര-ന്ത-ര-മായ ദൊേ്യ-ങ്ങ-
െും ഉത്-ര-ങ്ങ-െുളെ പുതു-
ക്-�ു-മാ-ണ്. മാറ്റ-മി-ല്ലാത് 

ആൊ-ര-ങ്ങ-ൊ�ും വിശ്ാ-സ-ത്ാ-
�ും ബന്ധി-ത-മാ-കുന്ന മതാ-ത്മ-
ക-ജീ-വി-ത-മാണ് നാം പിന്തു-െ-രു-
ന്ന-ത്-. വിശ്ാ-സ-ജീ-വി-ത-ത്ിൽ 
അഭി-ര-മി-ക്ുന്ന ജന-തയ് ക്്- ശാ-
സ്-ത്രാ-ഭി-മുഖ്യം ഉണ്ാ-കുക എെു-
്-മ-ല്ല. 

 ഇന്ത്യ-യിള� മധ്യ-വർഗം 
ആൊ-ര-ബന്ധി-ത-മായ ജീവി-ത-മൂ-
�്യ-ങ്ങ-ദൊെ്- ശാസ്-ത്രീയ കളണ്-
ത്-�ു-കളെ ഇഴ-ദെർക്ു-ന്നു. പാ-
ശ്ാത്യ/ആധു-നിക ശാസ്-ത്ര-സാ-
ദകേ-തികവിേ്യ-യുളെ ഉപ-ദഭാ-ക്ാ-
ക്-ൊ-വു-ദമ്പാൾത്ളന്ന ജാതീ-യ-
ദശ്-ണി-കൾ നമെുളെ സാമൂ-ഹിക 

അെ-യാ-െ-ങ്ങ-ൊയി തുെ-രു-ന്നു. 
 ? ശാസ്-ത്രളത് സാമാ-ന്യ-വ-

ൽക്രി-ക്ു-ന്ന-തിൽ ശാസ്-ത്ര-സാ-
ഹി-ത്യ-ത്ിന് നിർണാ-യ-ക-മായ 
പകേു-ണ്്-. വിഖ്യാത ശാസ്-ത്ര-ജ്-
രായ ആൽബർെ്  ഐൻസ്റീൻ, 
സ്റീ�ൻ ഹാക്ി-ങ് , ളരെഡ്- 
ദഹായിൽ തുെ-ങ്ങി-യ-വ-രുളെ സാ-
മാ-ന്യ-ജ-ന-ത-ക്ാ-യുള്ള രെ-ന-കൾ 
ഉോ-ഹ-ര-ണ-ങ്ങ-ൊ-ണ്. കാൾ സാ-
ഗനും സി പി  സ്-ദനായും ഏളറ 
ജന-പ്രി-യ-രായ ശാസ്-ത്ര-സാ-
ഹിത്യ രെ-യി-താ-ക്-ൊ-ണ്. ഓക്-
സ്-ദ�ാർഡ്- സർവ-ക-�ാ-ശാ-�-
യിൽ "പബ്ിക്- അണ്ർസ്റാറെിങ്   

ശാസന്-ദത-പനു-നരാ-
്തതി ആർജതിക്നു-
നമ്പാൾത്ലന് 
ശാസന്-ദതാ-വ-
ന�ാ-ധ-ത്തിനന് 
പനുറം-തതി-രതി-ഞ്നു- 
നതി-ൽക്നുന് 
രാജ്യ-മാണന് 
നമ്നു-നട-തന്-. 
ഏറ്റവനും 
നൂത-ന-മായ 
ശാസന്-ദത-സാ-നകേ-
തതി-ക-വതി്ര്യ 
ഉപ-നയാ-്തിച്ന്- നാം 
ലതര-യനുന്തന്- 
നമ്നുലട 
ദ്ഹ-നതി-െയനും 
ഭാ്്യ-നതിർഭാ-്്യ-ങ്ങ-
ളനു-മാ-ണന്. 
നകര-ളീയ 
സമൂ-ഹ-ത്തിെനും 
ഇത്രം 
ദപവ-ണ-ത-കൾ 
്രൃശ്യ-മാ-ണന്. 

ജോനകി അമ്ോൾ

സി വി രോമൻ 



ദേശാഭിമാനി വാരിക 5  ഡിസംബർ   202113

ഓ�്- സയൻസി'ൽ ളപ്രാ�-സർ 
പേ-വി-യി-�ി-രു-ന്നാണ് റിൊർഡ്- 
ദഡാക്ിൻസ്- വെളര പ്രൊരം 
സിദ്ി-ച്ച- തളറെ രെ-ന-കൾ നിർ-
വഹി-ച്ച-ത്-. ദകരെ സാഹിത്യ 
അക്ാ-േ-മി-യുളെ പുര-സ്-കാരം 
ദനെിയ "കുഞ്ഞു-ക-ണങ്ങൾക്്- 
വസന്തം' തുെ-ങ്ങിയ പുസ്-ത-ക-
ങ്ങെും ഒദട്ളറ ദ�ഖ-ന-ങ്ങെും 
പ്രേീ-പിളറെ ഈ രംഗളത് മിക-
ച്ച സംഭാ-വ-ന-ക-ൊ-ണ്. "േന്ത-ദഗാ-
പു-ര-വാസി'കളെന്നു വിദശ-ഷി-
്ി-ക്-ള്-െുന്ന ശാസ്-ത്ര-സ-മൂ-ഹ-
ളത്യും ശാസ്-ത്ര-സം-ഭാ-വ-ന-ക-
ളെയും സാമാ-ന്യ-വ-ൽക്രി-ക്ുന്ന 

നാം ഇംഗ്ീ-ഷിൽ പഠിച്ച 
ശാസ്-ത്രം മാറ്റിളയ-ഴു-ദത-
ണ്ി-വ-രു-ന്നു. ദകവ�ം ളമാ-
ഴി-മാ-റ്റ-ത്ിളറെ പ്രശ്-നം 
മാത്ര-മ-ല്ലി-ത്-. ഒരു പുത്ൻ 
ശാസ്-ത്ര-ഭാ-ഷയ്-ക്ാവ-ശ്യ-
മായ പോ-വ-�ി-കൾ നാം 
കളണ്-ദത്-ണ്ി-യി-രി-ക്ു-
ന്നു. ഇതിളന ദഭേിച്ചു കെ-
ന്ന അപൂർവം പ്രതി-ഭാ-ശാ-
�ി-കൾളക്ാരു-ോ-ഹ-ര-ണ-
മാ-ണ് ദഡാ. ളക ഭാസ്-ക-
രൻനായർ. അദദേ-ഹ-ത്ി-
ളറെ ശാസ്-ത്ര-ദ�-ഖ-ന-ങ്ങൾ 
അക്ാ-�ത്്- എഴു-തി-യി-

ോ-വ-�ി-കൾ കളണ്-ത്ുന്ന കാര്യ-
ത്ിൽ നാം വിജ-യി-ച്ചി-ല്ല. 

 മ�-യാ-െ-ത്ിൽ നാം "വാക്-
സി-ദന-ഷൻ' എന്ന പേം വ്യാപ-
ക-മായി ഉപ-ദയാ-ഗി-ക്ു-ദമ്പാൾ 
തമി-ഴി-�ത്- "തെു-്ൂശി' (ത-െു-ക്ു-
ന്ന സൂെി) യായി മാറു-ന്നു. അവി-
െളത് ജനത അത്- സ്ീക-രി-ച്ചു. 
ഇക്ാ-ര്യ-ത്ിൽ നാം മ�-യാ-െി-
കൾ ഏളറ പിറ-കി-�ാ-ണ്. കളണ്-
ത്ിയ ശാസ്-ത്ര-സാ-ദകേ-തിക 
പോ-വ-�ി-കൾ തളന്ന ഗ്രന്ഥ-ങ്ങ-
െിൽ ഉറ-ങ്ങു-ന്നു. അത്- ജന-ത-
യുളെ വ്യവ-ഹാ-ര-ഭാ-ഷ-യാ-യി-ല്ല. 
ഒ -വി വിജ-യളറെ "ഖസാ-ക്ിളറെ 
ഇതി-ഹാസ'ളത് ദപാള� ഭാഷ-
യുളെ സുഗന്ധം നിറ-യുന്ന ഒരു 
ശാസ്-ത്ര-ഗ്രന്ഥം നമു-ക്ു-ദണ്ാ? 
അതാ-യത്- ജന-ത-യുളെ ഹൃേ-
യളത് ളതാെു-ന്ന-രീ-തി-യിൽ ശാ-
സ്-ത്ര-ളമ-ഴു-താൻ നമു-ക്ാ-വു-ന്നി-
ല്ല. 

 ? ളനാദബൽ പുര-സ്-കാ-ര-
ങ്ങ-െുളെ കാ�-മാ-ണ-ദല്ലാ. ഈ 
പുര-സ്-കാ-ര-ദവെ എദ്ാഴും 
വിവാ-േ-ങ്ങ-ൊൽ നിറ-യാ-റു-ണ്്-. 
ളനാദബൽ പുര-സ്-കാ-ര-ങ്ങ-െിൽ 
ജിദയാ-ളപാ-െി-റ്റി-ക്-സിളറെ സ്ാ-
ധീ-ന-മു-ണ്ാ-വാ-റു-ളണ്ന്ന് പറ-യ-
ള്-െു-ന്നു. ശാസ്-ത്രീയ ദമഖ-�-ക-
െിൽ ഏഷ്യൻ, ആരെി-ക്ൻ പ്ര-
തി-ഭ-കളെ നിര-ന്തരം അവ-ഗ-ണി-
ക്ാ-റു-ണ്്-. അങ്ങളന നിര-ന്തരം 
അവ-ഗ-ണി-ക്-ള്ട് പ്രതി-ഭ-ക-െിൽ 
ഒരാ-ൊ-യി-രു-ന്നു മ�-യാ-െി-യായ 
ളപ്രാ�. ഇ -സി -ജി സുേർശൻ. 
"ൊക്ി-ദയാൺ കണി-ക'യുമായി 
ബന്ധ-ള്ട് ഗദവ-ഷണ ദമഖ-�-
യിൽ വ്യാപ-രി-ച്ചി-രുന്ന ദഡാ. സു-
േർശൻ 80 കെിൽ തൃശൂർ ളസറെ്- 
ദതാമസ്- ദകാദെജ്- സന്ദർശി-ച്ച-
ദ്ാൾ നാമി-രു-വരും ദെർന്നാണ് 
അദദേ-ഹളത് ഇറെർവ്യൂ ളെയ്-ത-
ത്-. ഓർക്ുദന്നാ അക്ാ-�ം. 
ളനാദബൽ പുര-സ്-കാ-ര-ത്ിളറെ 
രാഷ്-ട്രീ-യ-ളത്-ക്ു-റിച്ച്- എന്താ-
ണ-ഭി-പ്രാ-യം.

 = ദഡാ. സുേർശളറെ ളസറെ്- 
ദതാമസ്- ദകാദെജ്- സന്ദർശ-
നവും അദദേ-ഹ-വു-മായി നാം നെ-
ത്ിയ അഭി-മു-ഖവും ഞാദനാർ-
ക്ു-ന്നു. ളനാദബൽ സമൊന 
വിവാ-േളത് ഞാൻ ദവളറാരു 
ത�-ത്ി-� -ൂളെ-യാണ് കാണ -ുന്ന-ത-്. 
ളനാദബൽ പുര-സ-്കാ-ര-ത്ി-ന -ു 
പരിഗണി-ക്ാ-വുന്ന ഉന്ന-ത-രായ 
എത്ര പ്രതി-ഭാ-ശാ-�ി-കളെ നാം സൃ-

ഇന്ത്യൻ/ദകര-െീയ മാതൃ-ക-കൾ 
വെളര കുറ-വാ-ണ്. എന്താണ് പ്ര-
തി-ബ-ന്ധം.

 =  ഭാഷ ഒരു പ്രധാന തെ-സ്സ-
മായി നിൽക്ു-ന്നു. യൂദറാ-പ്യൻ 
രാജ്യ-ങ്ങ-െിൽ അവ-രുളെ തദദേ-
ശീയ ഭാഷ-യി-�ാണ് അവർ ശാ-
സ്-ത്രം പഠി-ക്ു-ന്ന-ത്-. എന്നാൽ 
ഇവിളെ ഇംഗ്ീ-ഷി-�ാണ് നാം 
ശാസ്-ത്രം പഠി-ക്ു-ന്ന-ത്-. പാശ്ാ-
ത്യ ദ�ാകത്്- അവർ പഠി-ക്ുന്ന 
ശാസ്-ത്ര-ഭാ-ഷയും ജന-തയിദ�-
ക്്- പക-രുന്ന ഭാഷയും ഒന്നുത-
ളന്ന-യാ-ണ്. മ�-യാ-െ-ത്ിൽ ശാ-
സ്-ത്ര സാഹി-ത്യ-ളമ-ഴു-തു-ദമ്പാൾ 

രുന്ന കുട്ി-കൃ-ഷ്-ണ-മാ-രാ-
രുളെ സാഹി-ത്യ-പ്ര-ബ-ന്ധ-
ങ്ങൾക്്- ഒ്ം നില്കു-ന്ന-വ-
യാ-ണ്. 

 കവി-താ-വി-മർശ-ന-
ത്ിളറെ ഭാഷാരീതി-യി-
�ാണ് ഭാസ്-ക-രൻനാ-
യർ ശാസ്-ത്ര സാഹിത്യം 
രെി-ച്ച-ത്-. ദഡാ. ഭാസ്-ക-
രൻനാ-യ-രുളെ ഔന്ന-ത്യ-
ദത്ാ-െ-ളമ-ത്ുന്ന രെ-ന-
കൾ പില്കാ-�ത്്- ഉണ്ാ-
യില്ല എന്നത്- യാഥാർ-
ഥ്യമാ-ണ്. ശാസ്-ത്രീയ വി-
ജ്ാ-ന-ത്ിളറെ നൂത-ന-പ-

്രഞ്ോബിലെ ആർലസനിക് , അഡേൺ റിമൂവൽ പ്ോന്ിലന് ആകോശദൃശ്യം
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ഷ-്െി-ച്ചി-ട് -ുണ്-്? നമുക്-് ളതാള്ളാ-യി-
ര-ത്ി-�-ധികം സർവ-ക-�ാ-ശാ-�-
ക-െ -ുണ്-്. അവിളെ നെ-ക്ുന്ന ഗദവ-
ഷ-ണ-ത്ി-�ൂളെ ദ�ാകം അംഗീ-ക-
രി-ക്ുന്ന എത്ര ഗദവ-ഷ-കർ ഉയർ-
ന്ന -ുവ-ര -ുന്ന -ുണ്-്? ൊദഗാ-റി-ദനാെം 
വ� -ുതായ എത്ര എഴ -ുത് -ുകാർ 
നമ -ുക് -ുണ്-്? ഈ വിഖ്യാത പുര-
സ-്കാരം �ഭി-ക്ാളത ദപായ ഒദട്-
ളറ മഹാ-പ്ര-തി-ഭ-ക-െ -ുണ്-്. ഗാന്ധി-
ജിയും ദൊൾദസ്റാ-യിയും ഉോ-ഹ-ര-
ണ-ങ്ങ-ൊ-ണ്. 

 രസ-ത-ന്ത്-ത്ിളറെ ദമഖ-�-
യിൽ മൂ�-ക-ങ്ങ-െുളെ ആവർത്-
ന-് -ട്ി-ക-യുളെ പിതാ-ളവ-ന്ന-റി-യ-
ള -്െുന്ന ളമൻഡ-�ി-ദയവ-്, രാസ-
സം-യ -ുക്-ങ്ങ-െിള� ബന്ധ-നളത് 
നിർവ-െിച്ച ജി എൻ  �ൂയിസ-് ത -ു
െങ്ങി ഒദട്ളറദ്ർക്-് ളനാദബൽ 
സമൊനം �ഭി-ച്ചി-ട്ി-ല്ല. അന്തർദേ-
ശീയ രാഷ-്ട്രീ-യ-ത്ിളറെ വിവിധ 
താല്പ-ര്യ-ങ്ങൾ െി� ഘട്-ങ്ങ-െിൽ 
സ്ാധീനം ളെ� -ുത്ി-യി-ട് -ുണ്ാ-
വാം. അന്തർദേ-ശീയ നി�-വാ-ര-
മുള്ള ശാസ-്ത്ര ഗദവ-ഷണ സ്ഥാന-
പ-നങ്ങൾ കൂെ -ുതൽ ഉയർന്ന -ുവ-ര -ു
ന്ന-ദതാളെ നമെ -ുളെയും -നി-�-വാരം 
ളമച്ച-ള -്ദട്-ക്ാം. 

 അത്രം നി�-വാ-ര-മുള്ള ഒരു 
സ്ഥാപ-ന-ളമ-കേി�ും ദകര-െ-ത്ി-
�ുദണ്ാ എന്ന് നാം പരി-ദശാ-ധി-
ദക്-ണ്-ത -ുണ്-്. ഇത്രം സ്ഥാപ-
ന-ങ്ങൾ പെ -ുത് -ുയർത് -ുന്ന-തിന് 
വ�ിയ മൂ�-ധ-ന-നി-ദക്ഷപം ആവ-
ശ്യ-മാ-ണ്. രണ്ാ-യി-രദമാ മൂവാ-യി-
രദമാ  ദകാെി-കൾ നിദക്ഷ-പിച്ച-് 
ഇത്രം സ്ഥാപ-ന-ങ്ങൾ ആരം-ഭി-
ച്ചാ�ും അതിളറെ ഗുണ-�-�-ങ്ങ-ൾ 
ളപളട്ന്ന് പ്രതി-�-�ി-ക്-ണ-ളമ-ന്നി-
ല്ല. പദക്ഷ, നാം കാദണ-ണ്-ത-്, 
വമ്പിച്ച മൂ�-ധ-ന-നി-ദക്ഷ-പ-ത്ി-
�ൂളെ അദമ-രിക് നെ-ത്ിയ ദറാ-
ക്റ്റ് വിദക്ഷ-പ-ണ-ങ്ങൾ അവളര 
ദ�ാക- ദജതാ-ക്-ൊ-ക്ി-മാ-റ്റി എന്ന-
ത -ുക -ൂെി-യാണ്. ശാസ-്ത്രീയ ഗദവ-
ഷ-ണ-ത്ി-നായി നാം നിദക്ഷ-പി-
ക്ുന്ന ദകാെി-ക-െി-�ൂളെ നാമാർജി-
ക്ുന്ന ഗദവ-ഷ-ണ-�-�-ങ്ങൾ സമ -ൂ
ഹളത് മാറ്റ -ുന്നു. പതി-റ്റാ-ണ് -ുകൾ 
ളകാണ്-് ഇന്ത്യ ഒദട്ളറ മുദന്നാ-ട് -ു
ദപാ-യി-ട്ുണ്-് എന്നത-് വസ-്ത -ുത-
യാ-ണ്. എകേി�ും ഇനി-യ -ുദമളറ 
േൂരം താദണ്-ണ്-ത -ുണ്-്. 

 ?  ഇത്-ര-ളമാരു െർച്ച-യിൽ 
ഉയർന്ന -ുവ-രാ-വുന്ന ദപര -ുക-െി-
ള�ാ-ന്നാണ് ദഡാ. താണു പത്മ-
നാ-ഭൻ. ഒരു വാരി-ക-യുളെ മുഖ-

െി-ത്ര-മായി അദദേ-ഹളത് 
മ�-യാ-െി-കൾ ആദഘാ-ഷി-
ക് -ുദമ്പാ-ഴാണ് രംഗ-ദബാ-ധ-
മി-ല്ലാത് ദകാമാ-െിളയദ്ാ-
ള� ആ ശാസ-്ത്ര-പ്രതി-ഭ-
യുളെ മരണം സംഭ-വി-ക് -ു
ന്ന-ത-്. ദേശീയ പ്രശ-സ-്തി-
യുള്ള രണ്-് മ�-യാെി ശാസ-്
ത്ര-ജ്ർ എന്ന നി�-യിൽ 
ഏളത-കേി�ും തര-ത്ി-�ുള്ള 
പാര-സ-്പര്യം നിങ്ങൾ 
തമെി-� -ുണ്ാ-യി-ര -ുദന്നാ. 
ദഡാക-്െർ താണു പത്മ-
നാ-ഭളനയും താകേ-ളെയും 
ദകര-െ-ത്ിള� സർവ-ക-�ാ-
ശാ-�-ക-െി-ദ�ക്-് ന്വസ-് 
ൊൻസ-�ർമാ-രാ-കാൻ ക്ഷ-
ണി-ച്ച -ുളവന്നും നിങ്ങ-െത-് 
തിര-സ-്ക-രി-ച്ച -ുളവന്നും െി� 
അെ-ക്ം-പ-റ-ച്ചി-� -ുക-െ -ുണ്-്. 
എളന്ത-കേി�ും വാസ-്ത-വ-മ -ു
ദണ്ാ. ഉളണ്-കേിൽ തിര-സ-്
കാ-ര-ത്ിളറെ കാര-ണം.

 =  ദഡാ. താണു പത്മ-
നാ-ഭ-ന -ുമായി ഗാഢ-സൗ-
ഹൃേം ഉണ്ാ-യി-ര -ുന്ന -ുളവന്ന് 
പറ-യാൻ കഴി-യി-ല്ല. പ�-
വട്ം കാണ -ുകയും സം-
സാ-രി-ക് -ുകയും ളസമി-നാ-
റ -ുക-െിൽ ഒ-ര -ുമിച്ച-് പളകേ-െ -ു
ക് -ുകയും ളെയ-്തി-ട് -ുണ്-്. 
അദദേ-ഹ-ത്ി-ളറെയും എളറെ-
യും ഗദവ-ഷ-ണ-ദമ-ഖ-�-കൾ 
വ്യത്യ-സ-്ത-മാ-യി-ര -ുന്നു. വി-
സിയാകാ-നുള്ള നിർദേ-
ശളത് അദദേഹം മളറ്റാ-ര-വ-
സ-ര-ത്ിൽ പരി-ഗ-ണി-ക്ാ-
ളമന്ന് പറ-ഞ്ഞ-തായി ദകട്ി-
ട് -ുണ്-്.  

എളന്ന സംബ-ന്ധി-
ച്ചി-െ-ദത്ാെം ഇത്-ര-
ളമാരു നിർദേശം ഉത്-ര-
വാ-േി-ത്-ള -്ട്-വ-രിൽനിന്ന് 
വന്നി-ര -ുന്നു. ആ സമ-യത്-് 
ഞാനത-് സ്ീക-രി-ച്ചി-ല്ല. മ -ൂ
ന്ന -ുവർഷളത് ന്വസ-് 
ൊൻസ-�ർ പേ-വി-ളകാണ്-് 
വിേ്യാ-ഭ്യാ-സ-രം-ഗത്-് ഗുണ-
പ-ര-മായ എളന്ത-കേി�ും 
ളെയ്ാ-നാ-ക -ുളമദന്നാ അെി-
സ്ഥാ-ന-പ-ര-മായ മാറ്റം വര -ു
ത്ാനാക -ുളമദന്നാ ഞാൻ 
കര -ുത -ുന്നി-ല്ല. ദകര-െ-ത്ി-
ളറെ ഉന്ന-ത-വി-േ്യാ-ഭ്യാ-സ-രം-ഗ-
ത്ിളറെ/സർവ-ക-�ാ-ശാ-�-
ക-െുളെ അ�കും പിെിയും 
മാദറ്റണ് സാഹ-െ-ര്യ-മാ-ണ്. 

മതവും ജാതിസംഘ-െ-ന-കെും 
ദകര-െ-ത്ിള� ഉന്ന-ത-വി-േ്യാ-ഭ്യാ-സ-
രം-ഗളത് നിർണാ-യക സ്ാധീ-ന-
ങ്ങ-ൊ-ണ്. അവ-യിൽ മാറ്റ-ങ്ങ-െ -ു
ണ്ാ-ക്ുക എന്നത-് സകേീർണ-മായ 
പ്രശ-്ന-മാ-ണ്. വിസി-യുളെ സ്ാത-
ന്ത്ര്യവും, ഇെ-ളപ-െൽ സാധ്യതക-
െും വെളര പരി-മി-ത-മാ-ണ്. സാമ്പ-
ത്ി-ക-മായ െി� ഘെ-ക-ങ്ങ-െ -ുമ -ു
ണ്-്. 

 ളെന്ന്ന ഐഐ-െി-യിൽ 
ഞങ്ങ-െുളെ ബജറ്റ് വിഹിതം 1200 
ദകാെി രൂപ-യാ-ണ്. ഗദവ-ഷ-ണ-ത്ി-
ന -ുമാത്രം 600 ദകാെി രൂപ ളെ�-വ-
ഴി-ക് -ുന്നു. ദകാഴി-ദക്ാെ-് സർവ-ക-
�ാ-ശാ-�-യിൽ ഗദവ-ഷ-ണത്ിനാ-
യി ളെ�-വ-ഴി-ക് -ുന്നത-് 20 ദകാെി 
രൂപ-യാ-ണ്. സാമ്പ-ത്ിക ഘെ-
ക-ങ്ങ-െിൽ മാത്ര-മല്ല ഇെ-ളപ-െുന്ന 
മന -ുഷ്യ-രുളെ ഗുണ-പ-ര-ത, മത്സ-ര-
ദശഷി തുെ-ങ്ങിയ ദമഖ-�-ക-െി�ും 
രണ്ു സ്ഥാപ-ന-ങ്ങെും തമെിൽ 
അന്ത-ര-ദമളറയുണ്-്. അതി-നാൽ 
ഞാൻ ആ നിർദേശ-ങ്ങൾ സ്ീക-രി-
ക് -ുക-യ -ുണ്ാ-യില്ല.

 ഇത്രം സ്ഥാപ-ന-ങ്ങ-െിൽ 
അന -ുഭ-വി-ക്ുന്ന മറ്റ -ുെി� പ്രശ-്ന-
ങ്ങൾക്ൂെി നാം പരി-ഗ-ണി-ദക്-
ണ്-ത -ുണ്-്. വിഖ്യാ-ത-നായ ഒരു ശാ-
സ-്ത്ര-ജ്ദനാ ഉന്ന-ത-നായ ഒരു 
അക്ാ-േ-മീഷ്യദനാ സർവക-�ാ-
ശാ� ത�-വ-നാ-ക -ുദമ്പാൾ അവർ-
ക്-് പ്രവർത്ി-ക്ാൻ, ദപ്രാജ-ക-്െ -ു
കൾ തയ്ാ-റാ-ക്ാൻ ആവ-ശ്യ-മായ 
ഇെം നാം നല്-ണം. കക്ഷി-‐ -രാ-ഷ-്
ട്രീയ ഇെ-ളപ-െ-� -ുകൾ, ഉദേ്യാ-ഗസ്ഥ 
ദ�ാബി-കൾ ഒര -ുപദക്ഷ, ആേ-ര-
ണീ-യ-നായ ഒരു ളപ്രാ�-സ-റുളെ 
വ�ിയ തെ-സ്സ-ങ്ങ-ൊയി മാറാ-റ -ുണ്-്. 
മന -ുഷ്യളര അവ-രുളെ കഴി-വ -ുക-
െുളെ അെി-സ്ഥാ-ന-ത്ിൽ മന-സ്സി-
�ാ-ക്ാൻ ശ്മി-ക്-ണം. ഉന്ന-ത-
നായ ഒരു ശാസ-്ത്ര-ഗ-ദവ-ഷ-കന് 
ദ�ാക-ളത്-വി-ളെയും സ്ീകാ-ര്യ-ത-
യ -ുണ്-്. നിങ്ങ-െ-യാ-െുളെ പ്രവൃത്ി-
കൾക്-് തെസ്സം നിന്നാൽ അയാൾ-
ക്-് സർവ-ക-�ാ-ശാ� വിൊ-വ -ുന്ന-
താ-ണ്. നഷ-്െം നമ -ുക്ാ-യി-രി-ക്ും. 
കാരണം അയാൾ െി�-ദ്ാൾ 
ഒരു സർവക-�ാ-ശാ-�-ളയ-ക്ാൾ 
വ� -ുതാ-യി-രി-ക്ും. ഐസക-്ന്യൂ-
ട്നും ആൽബർട്-് ഐൻസ്റീനും 
അങ്ങ-ളന-യാ-യി-ര -ുന്നു. 

 ? നമെുളെ സർവക-�ാ-ശാ-�-
ക-െുളെ പ്രശ-്ന-ങ്ങൾ എളന്താ-ളക്-
യാ-ണ്. ഇത-ര-സം-സ്ഥാന സർവക-
�ാ-ശാ-�-ക-െ -ുമായി താര-തമ്യം ളെ-

ശാസന്-ദതാ-ഭതി-മനു-ഖ്യ-
വനും രാഷന്-ദട-ത്തി-
ലറെ സാമ്പ-
ത്തിക 
പനുനരാ-്-തതിയനും 
തമ്തിൽ 
ദപത്യ-ക്ഷ-ത്തിൽ 
ഒരനു �ന്ധ-വനു-മതി-
ല്ല. വതിക-സതിത 
രാഷന്-ദട-ങ്ങൾക്ന്- 
കൂടനു-തൽ 
ശാസന്-ദതാ-ഭതി-രനുചതി 
ഉലടെന്ന് 
പറ-യനു-ന്-തതിൽ 
അർത്ഥ-മതി-ല്ല. 
സമ്പ-ത്തിലറെ 
വർദ്ധ-ന 
ഉപ-നഭാ-്-തൃ-ഷന്-
ണലയ വർദ്ധതി-പ്തി-
ക്നു-ന്നു. 

അന്ോമോണി 

ഐൻസ് റ്ീൻ 
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യ്ാ-ദമാ.  വിേ്യാ-ഭ്യാസം സാർവ-ത്രി-
ക-മാ-ക് -ുന്ന-തിൽ വിജയം ന്കവ-
രിച്ച -ുളവ-കേി�ും ഇന്ത്യ-യിൽത്ളന്ന 
ആേ്യ-സ്ഥാ-ന-ങ്ങ-െിൽ നിൽക്ുന്ന 
ഉന്നത വിേ്യാ-ഭ്യാസ സ്ഥാപ-ന-ങ്ങൾ 
നമ -ുക്ില്ല എന്ന -ുതളന്ന പറ-യാം. 
അന്തർദേ-ശീ-യ-മായി പരി-ഗ-ണി-ക് -ു
ദമ്പാൾ നാം പിളന്നയും പുറ-കി-�ാ-
വും. എന്താണ ്പ്രശ്-നം.

 =   പ്രശ്-ന-ത്ിളറെ ദകന്ദ്ര-ബിന്ദു 
നമെുളെ ഗുണ-പ-രത ഉയ-ര-ണ-ളമ-ന്ന-
താ-ണ.് ഇതിന ്എെ -്ു -വ-ഴി-ക-െില്ല. 
വിേ്യാ-ഭ്യാ-സ-ത്ിളറെ ആത്യ-ന്തി-ക-
�ക്ഷ്യം മനുഷ്യളറെ സർവ-ദതാ-ത്മ-ു 
ഖ-മായ വികാ-സ-മാ-ണ.് ആ ത-ര-ത്ി-
�ുള്ള ഒര-ന്ത-രീക്ഷം ഉന്ന-ത-വി-േ്യാ-

ഈ ഘെ-ന-യിൽ മാറ്റം-വ-ര -ു
ത്ാൻ ശ്മി-ച്ചാൽ വ�ിയ 
എതിർ് -ുക-െ -ുണ്ാ-കും. വി-
േ്യാ-ഭ്യാ-സ-ദമ-ഖ-�-യിള� മൂ�-
ധ-ന-നി-ദക്ഷപം നിയ-മ-നങ്ങ-
െി-�ൂളെ തിരി-ളച്ച-െ -ുക്ാ-ളമന്ന് 
അന -ുഭ-വ-ത്ി-�ൂളെ പഠിച്ച 
ഈ ദ�ാബി തളന്നയായി-
രിക്ും മാറ്റ-ത്ിളറെ എതിർ-
് -ുകാർ. 

 ദ�ാകം അതി-ദവഗം മാ-
റ -ുക-യാ-ണ്. വിേ്യാ-ഭ്യാ-സവും 
ളതാഴി�ും തമെി-�ുള്ള പാര-
സ-്പ-ര്യളത് മന-സ്സി-�ാ-ക്-
ണം. വിേ്യാ-ഭ്യാസം digital 
platform ദ�ക്-് മാറ -ുക-യാ-

ദക്ാ ആർദട്ാ പഠി-ക്-ണ-ളമ-കേിൽ 
അയാൾക്-തിന് കഴി-യ-ണം. 17-
‐ാമളത് വയ-സ്സിൽ ദഡാക-്െ-റാ-
വാൻ തീര -ുമാ-നിച്ച വിേ്യാർഥിക്-് 
അത-് തിരുത്ി എൻജി-നീ-യ-റാ-
വാൻ അവ-സരം നല്-ണം. 

 ദ�ാകത്-് പ�-യി-െത്ും 
ഇത്-രം മാറ്റ-ങ്ങൾ പ്രക-െ-മാ-ണ്. 
ഐ-ഐ-െി ളെന്ന്ന-യിൽനിന്ന് 
ബിളെക്-് കഴിഞ്ഞവരിൽ െി�ർ 
മികച്ച ന്യൂദറാ സർജ-ന്ാ-രായി മാ-
റി-യി-ട് -ുണ്-്. പദക്ഷ, അവർക്ത-് 
സാധ്യ-മാ-യത-് അവർ അദമ-രി-ക്-
യി-ൽ ദപായ-ത -ുളകാ-ണ്ാണ്. സദൃ-
ശ-മായ വ�ിയ മാറ്റ-ങ്ങൾ നമെുളെ 
യൂണി-ദവ-ഴ-്സി-റ്റി-കെിൽ ഉണ്ാ-ക-

ഭ്യാ-സ-ദമ-ഖ-�-യിൽ ഇന്നി-ല്ല. ദകര-
െ-ത്ിൽ എയി-ഡഡ്- ദകാദെ-ജ -ുക-
െിൽ ശമ്പെം നല് -ുന്നത്- സർക്ാർ. 
നിയ-മനം നെ-ത് -ുന്നത്- ജാതി-ദന-തൃ-
ത്-ത്ാൽ നയി-ക്-ള -്െുന്ന മാദന-
ജ്-ളമന്റ്-. 

 നെ-ത്ി-് -ുകാ-രുളെ ജാതി-യിൽ-
ളപ-െ -ുന്ന-വ-രാ-യി-രിക്ും ബഹ -ുഭ -ൂരി-
പക്ഷം അധ്യാ-പ-ക-രും. ഇളത-ങ്ങ-
ളന സാധ്യ-മാ-ക -ുന്നു. വ�ി-യ-ദതാ-തി-
�ുള്ള വക്ീ-ക-രണം നെ-ന്നി-രി-ക് -ു
ന്നു. ജാതി-പ-രി-ഗ-ണ-ന-യുളെ അെി-
സ്ഥാ-ന-ത്ിൽമാത്രം അധ്യാ-പ-ക-
ദജാ-�ിക്്- വര -ുന്ന-വർക്്- എങ്ങളന 
വിശ്-മാ-ന-വി-ക-ത-യുളെ അതി-ര -ുക-െി-
ല്ലാത് ദ�ാകളത് കാണാ-നാ-കും. 

ണ്. പദക്ഷ, ദകാഴി-ദക്ാ-
െ-് സർവ-ക-�ാ-ശാ-�-യിൽ 
ളകാദമ-ഴ-്സിൽ ഡിഗ്രി ദകാ-
ഴ-്സ-് ളെയ്ുന്ന വിേ്യാർഥി-
ക്-് എന്ത -ുളകാണ്-് ദകരെ 
സർവ-ക-�ാ-ശാ-�-യിൽ 
സയൻസിന് തുെർപ-ഠനം 
ളെയ്ാൻ കഴി-യ -ുന്നി-ല്ല. 
മളറ്റാര -ുകാര്യം നമെുളെ 
ളതര-ളഞ്ഞ-െ -്ു ാ-ണ്. 12-‐ാം 
ക്ാസ്സിൽ പഠി-ക്ുന്ന ഒരു 
കൗമാ-ര-ക്ാ-രന് എന്ത-റി-
യാം അന-ന്ത-മായ ദ�ാക-
ളത്-് റ്റി? സയൻസ-് ളതര-
ളഞ്ഞ-െുത് അവന് ഇര -ുപ-
ത്ഞ്ചാം വയ-സ്സിൽ മ്യൂസി-

ണം. അത്രം തിര -ുത്ൽ പ്രക്ി-യ-
യി-�ൂളെ മാത്രദമ സമ -ൂഹളത് 
മാറ്റാൻ കഴി-യുന്ന ഊർജം പ്രസ-
രി-ക്ുന്ന വ�ിയ അക്ാ-േ-മിക വ്യ-
ക്ി-ത്-ങ്ങൾ ഉണ്ാ-കൂ. 

 ദകരെം താര-തമ്യം ളെദയ്-ണ്-
ത-്കർണാ-െ-ക-ളത്ദയാ പഞ്ചാ-
ബിളനദയാ ആക-ര -ുത-്. അന്തർ-
ദേ-ശീയ ത�-ത്ിൽ ഒന്നാം സ്ഥാ-
നത്ുനില്കുന്ന സ്ഥാപ-ന-ങ്ങ-ദൊ-
ൊണ് നാം മത്സ-രി-ദക്-ണ്-ത-്. 
ദകര-െ-ത്ിളറെ സമ്പത്-് പ്രതി-ഭാ-
ധ-ന-രായ മന -ുഷ്യ-രാ-ണ്. ഇൻദ�ാ-
സിസും ന്ബജൂസ-് ആപ-്സും 
സൃഷ-്െി-ച്ച-വർ മ�-യാ-െി-ക-ൊ-ണ്. 
നമുക്-് ദ�ാക-ത്ിളറെ സർവക-

ഡ�ോ. ടി പ്രദീ്ര്  
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�ാ-ശാ-�-യാ-കാൻ കഴി-യും. ളകട്ി-െ-
ങ്ങെും മൂ�-ധ-നവും മാത്രം ദപാര. 
അറി-വിളന ആരാ-ധി-ക്ുന്ന ഒരു 
ജന-സ-മ -ൂഹ-മായി നാം മാറ-ണം. 

 ? ജ്ാന-സ-മ -ൂഹളത്ക്ുറി-
ച്ചുള്ള െർച്ച ദകര-െ-ത്ിൽ സജീ-വ-
മാ-ണ്. ദകര-െളത് ജ്ാന-സ-മ -ൂ
ഹ-മായി പരി-വർത്-ന-ള -്െ -ുത് -ു
ന്ന-തി-നുള്ള സാധ്യ-ത-കൾ... 

 =  ജ്ാന-സ-മ -ൂഹ-ളമ-ന്ന-
ത-് ദക്ഷമ-സ-മൂഹം കൂെി-യാ-ണ്. 
അത്-ര-ളമാരു ദക്ഷമ-സ-മ -ൂഹ-
മായ-് മാറ -ുന്ന-തിന് ദകര-െ-ത്ിന് 
സാധ്യ-ത-ക-െ -ുണ്-്.   വിേ്യാ-ഭ്യാ-സ-
മാണ് ദകരെ വിക-സ-ന-ത്ിളറെ 
അെി-ത്റ എന്നു നാം മന-സ്സി-�ാ-
ക്-ണം. മികച്ച വിേ്യാ-ഭ്യാ-സ-സ്ഥാ-
പ-ന-ങ്ങ-ൾ ഉണ്ാ-ക-ണം. മറ്റ -ുപ� 
രാജ്യ-ങ്ങ-െിൽനിന്നും വിേ്യാ-ഭ്യാസ 
ആവ-ശ്യ-ങ്ങൾക്ായി ആെ -ുകൾ 
ദകര-െ-ത്ി-ദ�ക്-് വര-ണം. എന്നാ-
�ി-ദ്ാൾ സ്ഥിതി -മ-റി-ച്ചാ-ണ്. 

 ദകര-െ-ത്ിൽ മികച്ച ഒരു �ാം-
ദഗ്ജ-് ദകാഴ-്സ-് ദപാ�ും ളെയ്ാ-
നുള്ള സ്ഥാപ-ന-ങ്ങൾ ഇല്ല. അത്-
രം ഘട്-ങ്ങ-െിൽ മ�-യാ-െി-കൾ 
ഡൽഹി-യി-ദ�ദക്ാ ന്ഹേ-രാ-
ബാ-േി-ദ�ദക്ാ ദപാക -ുന്നു. ഈ 
അവ-സ്ഥാ-ന്ത-രളത് നാം തിരി-ച്ച-
റി-യ-ണം. ദകര-െളത് ദ�ാക-ത്ി-
ളറെ എഡ്യു-ദക്-ഷൻ ഹബ്-് ആക്ി 
മാറ്റ-ണം. അന്താ-രാഷ-്ട്ര സമ -ൂഹ-
ത്ിന് വരാൻപ-റ്റുന്ന ഒരു സമ -ൂഹ-
മായി നാം മാറ-ണം. ദമാറൽ ദപാ-
�ീ-സിങ്   ഉണ്ാ-ക-ര -ുത-്. യുവ-ത-ക്ാ-
വ-ശ്യ-മായ സ്ാതന്ത്ര്യം നല്-ണം. 
ഓദരാ രംഗത്ും ഇെ-ത്രം പ്ര-
തി-ഭ-കളെ വാഴ-്ത് -ുന്ന-തി-ന -ുപ-കരം 
ഉയർന്ന മാന-ങ്ങ-െുള്ള പ്രഗ-ത്ഭ-മ-
തി-കളെ സൃഷ-്െി-ക്-ണം. എന്താ-
യാ�ും ദകരെം മാറ-ണ-ളമ-കേിൽ 
ഒറ്റ-വ-ഴി-ളയ-യ -ുള്ളൂ. അത-് വിേ്യാ-
ഭ്യാ-സ-ത്ിളറെ വഴി-യാ-ണ്. 

 തുറന്ന സമീ-പ-നവും നിര-
ന്ത-ര-മായ ദൊേ്യം ളെയ്-� -ുകെും 
ജ്ാന-സ-മ -ൂഹ-മായി മാറ -ുന്ന-തി-
നുള്ള അന -ുദപ-ക്ഷ-ണീയ ഘെ-ക-
ങ്ങ-ൊ-ണ്. 

 ? സർവക-�ാ-ശാ-�-ക-െുളെ 
ഗുണ-നി-�-വാരം അവ-യുളെ 
അക്ാ-േ-മിക സ്ാത-ന്ത്ര്യളത് 
ആശ്-യി-ച്ചി-രി-ക് -ുന്നു. സ്യം-ഭ-ര-
ണം, ദയാഗ്യത അെി-സ്ഥാ-ന-മാ-
ക്ി-മാ-ത്ര-മുള്ള ളതര-ളഞ്ഞ-െു്-് 
എന്നിവ ദമൽന്ക് ദനെ -ുദമ്പാൾ 
സംവ-ര-ണ-ത്ിളറെ (ജാതി/സാമ്പ-
ത്ിക പിദന്നാ-ക്ാ-വ-സ്ഥ) ഇെ-ളമ-

ന്താ-ണ്.
 =   പ�-തരം അസ-മ-

ത്-ങ്ങ-െിൽ നി�-നി-ല്കുന്ന 
ആെ -ുകളെ പരി-ര-ക്ഷി-ക് -ു
ന്ന-തിന് ഭര-ണ-ഘ-െന ശ്-
മി-ക് -ുന്നു. ഇത-് തുെ-ദര-
ണ്ത-് തളന്ന-യാ-ളണന്ന 
കാര്യ-ത്ിൽ സംശ-യ-മി-ല്ല. 
അന്തി-മ-ഘട് ളതര-ളഞ്ഞ-െ -ു
്ിളറെ കാര്യ-ത്ിൽ പദക്ഷ, 
കാര്യം വ്യത്യ-സ-്ത-മാ-ണ്. 
ഏറ്റവും ഉന്ന-ത-രായ രണ്-് 
ഭൗതി-ക-ശാ-സ-്ത്ര-ജ്ളര 
ളതര-ളഞ്ഞ-െ -ുദക്ണ് ഘട്-

സർവ-ക-�ാ-ശാ-�-ക-െിൽ ളമാട്-ക് -ു
ന്ന -ുകൾ നിറ-യും. ഐഎ-സ്--ആർ-
ഒ-യിൽ ദറാക്റ്റ ്സാദകേ-തി-ക-വിേ്യ 
ഏറ്റവും നന്നാ-യ-റി-യുന്ന ആളെ-
യാണ ്നിയ-മി-ദക്-ണ്-ത്-. സാമാ-ന്യ-
സം-വ-ര-ണ-ത്ിളറെ ഭര-ണ-ഘ-െ-നാ-
നിർദേ-ശ-ങ്ങൾ പാ�ി-ക് -ുദമ്പാൾ 
തളന്ന ഏറ്റവും ഉയർന്ന-ത-�-ത്ിൽ 
മറ്റ -ുപ-രി-ഗ-ണ-ന-കൾ ഒഴി-വാക്ി ഏറ്റ-
വും മികച്ച വ്യക്ിളയ നാം നിശ്-
യി-ക്-ണം. ജാതി, വര -ുമാനം തുെ-
ങ്ങിയ എല്ലാ സംവ-ര-ണ-ങ്ങെും ഈ 
ഘട്-ത്ിൽ ഒഴി-വാ-ക്-ണം. 

 എല്ലാ-വർക്ും അവ-സ-ര-സ-മ-
ത്വും മത്സ-ര-ക്ഷ-മ-തയും ഉറ-് ാ-ക് -ു
ന്ന-തി-നാണ ്നാം ശ്മി-ദക്-ണ്-ത്-. 
സംവ-ര-ണ-തത്ം പാ�ി-ക് -ുന്ന-തിന് 
കൂെ -ുതൽ വി-സി-മാളര സൃഷ്-െി-ക് -ു
ന്ന-തി-നായി കൂെ -ുതൽ സർവക-�ാ-
ശാ-�-കൾ ഉണ്ാ-ക്ുക എന്ന രീ-
തി-യി-ദ�ക്്- നാം മാറ -ുന്നു. എല്ലാ 
വിഷ-യ-ങ്ങൾക്ും ളവദവേളറ സർ-
വക-�ാ-ശാ-�-കൾ ഉണ്ാ-ക്ാൻ ശ്-
മി-ച്ചാൽ അവ-യുളെ �ക്ഷ്യം വഴി-
മാ-റും. സർവക-�ാ-ശാ-�-കൾക് -ുപ-
കരം സ്റഡി-ളസറെ-റ -ുകൾ ഉയ-രും. 

 ? ഐഐ-െി-കൾ അെ-ക്-മുള്ള 
ഇന്ത്യ-യിള� ഉന്ന-ത-വി-േ്യാ-ഭ്യാസ 
സ്ഥാപ-ന-ങ്ങ-െി�ും പ� ദകന്ദ്ര 
സർവക-�ാ-ശാ-�-ക-െി�ും േെിത-്/
പിദന്നാക്ജാതി തിര-സ-്കാ-ര-ങ്ങ-
ളെ സംബ-ന്ധിച്ച-് ഒദട്ളറ വാർ-
ത്-കൾ പുറ-ത് -ുവ-ര -ുന്നു. താകേ-
െുളെ സ്ഥാപ-ന-മായ ളെന്ന്ന 
ഐ-ഐ-െി-യി�ും അംദബ-േ-്ക്ർ/
ളപരി-ദയാർ കൂട്ാ-യ-്മ-ക-െ -ുമായി 
ബന്ധ-ള്ട്-് ഇത്രം വാർത്-
കൾ വന്നി-ര -ുന്നു. വിവി-ധ-ങ്ങ-ൊയ 
കാര-ണ-ങ്ങ-ൊൽ ഇത്രം സ്ഥാപ-
ന-ങ്ങ-െിള� യുവ-ഗ-ദവ-ഷ-ക-രുളെ 
ആത്മ-ഹ-ത്യാ-വാർത്-കെും മാ-
ധ്യ-മ-ശ്ദ് ദനെ -ുന്നു. ശാസ-്ത്ര-ജ്-
ളന-ന്ന-നി-�-യിൽ ദ�ാക-ത്ിള� 
വിവിധ സർവ-ക-�ാ-ശാ-�-ക-െ -ു
മായി അെ -ുത്-ബന്ധം പു�ർത് -ു
ന്ന പ്രേീപ-് എങ്ങ-ളന-യാണ് ഈ 
ഇന്ത്യൻ സാഹ-െ-ര്യളത് വി�-യി-
ര -ുത് -ുന്ന-ത-്.

= സർവ-ക-�ാ-ശാ-�-കൾ 
സമ -ൂഹ-ത്ിളറെ കണ്ാ-െി-ക-ൊ-ണ്. 
അസ-മ-ത-കെും ഉച്ച-നീ-െ-ത്-ങ്ങെും 
സാമ -ൂഹിക യാഥാർഥ്യ-ങ്ങ-ൊ-ണ്. 
അതി-വിളെയും പ്രതി-�-�ി-ക് -ുന്നു. 
വിവിധ ആവ-ശ്യ-ങ്ങൾക്ായി ക്യൂ-
വിൽ നില്കുന്ന സാധാ-ര-ണ-ക്ാ-ര-
ന -ുമ -ുന്നി-�ൂളെ "ക്യൂ' പാ�ി-ക്ാളത 
ആവ-ശ്യ-ങ്ങൾ ദനെി-ളയ-െ -ുക്ുന്ന 

ത്ിൽ ഏറ്റവും മിക-ച്ച-വളര 
തളന്ന നാം ളതര-ളഞ്ഞ-
െ -ുക്-ണം. അവി-ളെ-വളര 
എത് -ുന്ന-തിന് ആെ -ുകളെ 
സജ്ജ-രാ-ക് -ുന്ന-തിൽ സംവ-
ര-ണ-വ-ഴി-കൾ ശരി-യാ-ണ്. 
അന്തി-മ-ഘ-ട്-ത്ിൽ സാധ്യ-
മാ-ദണാ? 

 മികച്ച അസ്-ദട്രാ-�ി-
സി-സ്റിളന ളതര-ളഞ്ഞ-െ -ുക് -ു
ന്ന ദവെ-യിൽ സംവ-രണം 
ദവണ-ളമന്ന വാേം ശരി-യാ-
ദണാ? സൂക്ഷ്-മ-ത-�-ത്ി-
ദ�ക്്- വര -ുദമ്പാൾ ഇത്- 
പ്രശ്-നം സൃഷ്-െി-ക്ും. ഗിരി-
ശം-ഗങ്ങ-ൊൽ നിറ-ദയണ് 

സ് റ്ീഫൻ 
ഡ�ോക്ിങ്്  

കോൾ സോഗൻ 
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ഉന്ന-തളര നാം കാണ -ുന്നി-ദല്ല? രാ-
ഷ-്ട്രീയ പ്രമ -ുഖൻ, ഐ-എ-എ-സ -ു
കാ-രൻ, സ്ാധീ-ന-മുള്ള മളറ്റാ-രാൾ 
എന്നി-ങ്ങ-ളന-യുള്ളവർക്-് അത്-
രം "വരി'കളൊന്നും ബാധ-ക-മ-ല്ല. 
ഐ-ഐെി-ക-െി-�ും ഇത്രം ദവർ-
തി-രി-വ -ുകൾ കാണും. 

 ഐ-ഐ-െി ളപ്രാ�-സ-റാ-യ-ത -ു
ളകാണ്-് ഒരാൾ നായദരാ അയ്-
കോദരാ ആകാ-തി-രി-ക് -ുന്നി-ല്ല. വി-
േ്യാ-ഭ്യാ-സ-വി-െ-ക്ഷ-ണ-രി�ും ശാ-
സ-്ത്ര-ജ്-രി-�ും ജാത്യാ-ഭി-മാനം 
നി�-നിൽക് -ുന്നു. ഒരു വ്യക്ി 
എന്ന-നി-�-യിൽ എനി-ക്ി-തിൽ 
സകേ-െ-മ -ുണ്-്. ഞാനി-വിളെ ഐ-ഐ-
െിയിൽ വരുന്ന ദവെ-യിൽ വി-
േ്യാർഥിക-െുളെ ഹാജർ പുസ-്ത-ക-
ത്ിൽ ജന-റൽ, എസ-്-സി, എസ-്-െി 
എന്ന- രീ-തി-യിൽ ദരഖ-ള -്െ -ുത്ാ-
റ -ുണ്-്. ഇളതാരു ജാതി-വി-ദവ-െ-ന-
മാ-ളണന്ന് ആർക്ും ദതാന്നി-യി-ര -ു
ന്നി-ല്ല. �ാക്ൽറ്റി മീറ്റി-ങ്ങ -ുക-െിൽ 
വിേ്യാർഥി-ക-െുളെ വിജ-യ-പ-രാ-ജ-യ-
ങ്ങൾ െർച്ചളെയ് -ുദമ്പാൾ അവയ-്
-ക്ുള്ള കാര-ണ-മായി ഇത്രം കാ-
റ്റ-ഗ-റി-കൾ ഉയർന്ന -ുവ-രാ-റ -ുണ്-്. 

 പിന്നീ-െ-് ആ -രീതി ഒഴി-വാ-ക്-
ള -്ട്ു. പരി-ദശാ-ധ-കളറെ മന-സ്സിൽ 
രൂഢ-മായ ജാതി-വാ-സ-ന-യുളെ പ്ര-
തി-�-�-ന-മാ-യി-രുന്നു ഈ രീതി. 
സംവ-രണം പാ�ി-ച്ച -ുവ-ര -ുന്ന-വരും 
ഇത്രം വി�-യി-ര -ുത്ൽ രീതി-ക-
െിൽനിന്ന് മുക്-ര-ല്ല. ഇളതാരു 
സാമൂഹ്യ യാഥാർഥ്യമാ-ണ്. 

 ?  "നാദനാ സാദകേ-തി-ക-വിേ്യ' 
വിഭാഗ-ത്ിള� ഇന്ത്യ-യിള� പ്രഗ-
ത്ഭ-നായ രസ-ത-ന്ത്-ജ്ളറെ തുെ-
ക്ം പന്താ-വൂർ എന്ന ളെറ -ുഗ്രാ-മ-
ത്ിൽനി-ന്നാ-യി-ര -ുന്നു. ളപാന്നാനി 
പരി-സ-രളത് പന്താ-വൂർ, മൂക് -ു
ത� സർക്ാർ ന്ഹസ-്ക -ൂെ -ുക-
െിൽ പഠ-നം. അധ്യാ-പ-ക-രായ മാ-
താ-പി-താ-ക്ൾ. ഓർമ-ക-െിൽ നിറ-
യുന്ന ബാ�്യം, കൗമാ-ര-ക്ാ�ം 
വിവ-രി-ക്ാ-ദമാ.

 = ഇെ-ദശ്-രി-ക്-വി-ത-യിൽ സ -ൂ
െി-് ി-ച്ച-ത -ുദപാള� പ്രകൃതിപാഠ-
ശാ-�-യിൽനിന്ന് മന -ുഷ്യ-രുളെ 
പാഠ-ശാ-�-യി-ദ�ക്-് പ്രദവ-ശി-ക് -ു
ന്ന ളെറ -ുബാ-�്യ-ക്ാ-രളന ഞാ-
ദനാർക് -ുന്നു. പ്രഥമ വിേ്യാ-�-യ-
ത്ിൽനിന്ന് കുതറി വീട്ി-ദ�-ദക്ാ-
ൊൻ കര-ച്ചി-ദ�ാളെ ശ്മി-ക്ുന്ന 
കുട്ി. പന്താ-വ -ൂരിള� ന്പ്രമറി 
വിേ്യാ-�-യ-ത്ിൽനിന്ന് മൂക് -ുത� 
ന്ഹസ-്ക -ൂെി-ദ�ക്-് എളറെ പഠനം 
മാറ -ുന്നു. വീട്ിൽനിന്ന് 4‐5 കിദ�ാ-

മീ-റ്റർ ന്േർഘ്യ-മുള്ള വിേ്യാ-
�-യ-ത്ി-ദ�ക്-് കൂട്ുകാ-
ദരാളൊത്-് പാെത്ും പറ-
മ്പി�ും നെന്ന അക്ാ�ം. 
ളെറ -ുജ-�ാ-ശ-യ-ങ്ങ-െിൽ 
മീൻപി-െിച്ചും പാെളത് 
ളവള്ളം പാറ്റിയും ഞങ്ങൾ 
നെ-ത്ിയ യാത്ര-കൾ 
ആദഘാ-ഷ-ങ്ങ-ൊ-യി-ര -ുന്നു. 
പഠ-നവും അങ്ങ-ളന-യാ-യി-
ര -ുന്നു. 

 എളറെ സമ-വ-യ-സ-്ക-
രായ എല്ലാ മ�-യാ-െി-ക-
ളെയും ദപാള� ഞാനും 

െും വാെ-ക-ങ്ങെും സ്പ-്ന-ങ്ങെും 
നിറ-യുന്ന ഭാഷ. ആശാളറെ സീ-
താ-കാ-വ്യവും ഭാര-ത-പ-ര്യ-െ-നവും 
തുെ-ങ്ങിയ ഉന്ന-ത-മ -ൂ�്യ-മുള്ള ഗ്രന്ഥ-
ങ്ങൾ ഇദ്ാഴും ബാക്ി-യാ-വ -ുന്നു. 

 ? ബിര -ുേ-ത�ം മുതൽ ഞാന-
റി-യുന്ന പ്രേീപ-് അക്ാ-�ളത് 
ജനാ-ധി-പത്യ വിേ്യാർഥി പ്രസ്ഥാ-ന-
ത്ിള� ഉശി-രൻ പ്രവർത്-ക-നാ-
യി-ര -ുന്നു. മാഗ-സിൻ എഡി-റ്റ-റ-െ-ക്-
മുള്ള ഉത്-ര-വാ-േി-ത്-ങ്ങൾ നിർവ-
ഹിച്ച ദകാദെജ-് യൂണി-യൻ ഭാര-
വാ-ഹി-യാ-യി-ര -ുന്നു. അക്ാ-�ത്-് 
കണ് കിനാ-വ -ുക-െിൽ എന്തുണ്-് 
ബാക്ി.

 =  ഇളതാരു സകേീർണ-മായ 
ദൊേ്യ-മാ-ണ്. യൗവ-ന-ത്ിൽ ളറാ-
മാറെിക-് ആവാത് മന -ുഷ്യ-ന -ുണ്ാ-
കി-ല്ല. ആശ-യ-ങ്ങ-ൊണ് നളമെ 
രൂപ-ള -്െ -ുത് -ുന്ന-ത-്. ആശ-യ-ങ്ങൾ 
തളന്ന-യാ-യി-രുന്നു നമെുളെ ഊർജ-
ദ്ാ-ത-സ്സ -ുകൾ. അന്നളത് കാ�-
ളത് ആശ-യ-ങ്ങ-െുളെ ഒരു ളറാമാ-
റെിക-് ദസ്ററ്റ് എന്ന് ദവണളമ-കേിൽ 
വിദശ-ഷി-് ി-ക്ാം. പദക്ഷ, എന്നി-
�ി-ദ്ാ-ഴ -ുള്ളത-് ഗാന്ധി-ജി-യാ-ണ്. 
ഗാന്ധിജി ഇന്ത്യളയ മന-സ്സി-�ാ-ക്ി-
ദയാെം മറ്റാ-ളര-കേി�ും മന-സ്സി-�ാ-
ക്ി-യി-ട് -ുദണ്ാ. ഒര -ുപദക്ഷ, ബുദ്-
ന -ുണ്ാ-കും. പദക്ഷ, എനി-ക്-റി-യാ-
വുന്ന കമെ്യൂ-ണിസ്റ-് പ്രസ്ഥാനം ഗാ-
ന്ധി-ജിളയ വി�-യി-ര -ുത് -ുന്ന-തിൽ 
പരാ-ജ-യ-മാ-യി-ര -ുന്നു. ഗാന്ധി-ജി-
യുളെ മൂ�്യം പുനർനിർണയം ളെ-
ദയ്-ണ്ി-യി-രി-ക് -ുന്നു. ഞാന-റി-യുന്ന 
ഗാന്ധി-ജി-യിൽ ഇെ-ത -ുപ-ക്ഷവും 
അംദബ-േ-്ക്-റി-സ-വ -ുമ -ുണ്-്. 

 സുസ്ഥി-ര-മാ-ളയാരു വിക-സ-
ന-സ-കേ-ല്പനം ഗാന്ധി-ജി-യി-� -ുണ്-്. 
ജനാ-ധി-പ-ത്യ-ത്ിളറെ സൂക്ഷ-്മ-ര -ൂ
പ-ങ്ങ-െുളെ ക�-വ-റ-യാ-ണ് ഗാന്ധി-
യൻ െിന്ത. ഉോ-ഹ-ര-ണ-ത്ിന് 
ന്യൂന-പക്ഷ കര -ുതൽ. 80 കെിള� 
കാല്പ-നി-ക-നായ യുവാവ-് ദ�ാക-
ളത് ഒരു പ്രദത്യക വീക്ഷ-ണ-ത്ി-
�ൂളെ േർശിച്ചദ്ാൾ അത-് വെളര 
ആകർഷ-ക-മായി ദതാന്നി. ഇന്ന-
ളത് വീക്ഷണം കൂെ -ുതൽ ബഹ -ു
സ്രമാ-ണ്. ദ�ാകളത് മാറ്റി-യത-് 
തത്-ശാസ-്ത്രം അഥവാ പ്രത്യ-യ-
ശാ-സ-്ത്ര-മാ-ളണ-ന്നാണ് അന്ന് 
കര -ുതി-യ-ത-്. ഇന്ന് ദതാന്നുന്നു 
ദ�ാകളത് മാറ്റ -ുന്നത-് ശാസ-്ത്ര-
മാ-ളണ-ന്ന്. ശാസ-്ത്ര-ളമന്ന് പറ-യ -ു
ദമ്പാൾ രസ-ത-ന്ത്വും ഊർജ-ത-
ന്ത്വും മാത്ര-മ-ല്ല, മറിച്ച-് എല്ലാ 
ദമഖ-�-ക-ളെയും സ-്പർശി-ക്ുന്ന 

സമ-ഭാ-വ-ന-യുള്ള സമ -ൂഹ-
ത്ിളറെ �ാെ-ന-ദയറ്റു വെർ-
ന്ന-വ-നാ-ണ്. എല്ലാ-വരും 
പഠി-ച്ചത-് അയൽപക് വി-
േ്യാ-�-യ-ങ്ങ-െി-�ാ-യി-ര -ുന്നു. 
അന്നളത് പഠ-ന-കാ�-
ദത്ക്-് തിരി-ഞ്ഞ -ുദനാ-ക് -ു
ദമ്പാൾ എനി-ദക്ാർമവ-
ര -ുന്നത-് ഭാഷ-യുളെ സുഗ-
ന്ധ-മാ-ണ്. അച്ഛൻ ഭാഷാ-
ധ്യാ-പ-ക-നാ-യി-ര -ുന്ന -ുളവ-ന്ന-
ത-് വ�ി-ളയാരു പ്രദൊ-േ-ന-
മാ-യി-ര -ുന്നു. എന്താ-യാ�ും 
സ-്കൂൾ എന്ന് പറ-യ -ു
ദമ്പാൾ എന്നിൽ നിറ-യ -ുന്ന-
ത-് ഭാഷ-യാ-ണ്. വാക്ുക-

സി ്രി സ് ഡനോ
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ഒന്നാ-ണ-ത-്. അതിളറെ വാതാ-യ-
ന-ങ്ങൾ വിശാ-�-മാ-ണ്. എളന്ന 
രൂപ-ള -്െ -ുത്ി-യത-് അന്നളത് 
കാ�വും െിന്ത-ക-െ -ുമാ-ണ്. എളറെ 
അെി-ത്-റ-യാ-ണ-ത-്. അതാ-ളണ-ന്നി-
ൽ അവ-ദശ-ഷി-ക് -ുന്ന-തും. 

 ?  നിെയും ഇെ-ദശ്-രിയും 
അക്ി-ത്വും എം-െിയും കവി-
തയും നിറ-യുന്ന ളപാന്നാനി 
പശ്ാ-ത്-�-ത്ിള� പഴയ സാ-
ഹി-ത്യ-ക -ുത -ുകി-യുളെ വർത്-മാന 
താല്പ-ര്യ-ങ്ങ-ളെ-ന്താണ്.  ഐൻസ്റീ-
നും നീൽസ-്ദബാ-റി-ന -ുളമാ-് ം 

ഇതി-നാ-�ാണ് ശാസ-്ത്രം 
വായി-ക് -ുദമ്പാൾ എനി-
ക്-് ദസാറൻ കീർളക് 
ഗാറിളന ഓർമവര -ുന്ന-
ത-്. കുട്ി-കൃ-ഷ-്ണ-മാ-രാളര 
വായി-ച്ച-തി-നാൽ "ദമാെി-
ക്യു-�ർ സ-്ട്രക-്ച്ചർ' വിശ-
ക�നം നെ-ത് -ുദമ്പാൾ 
പഴയ രൂപ-ഭ-ദ്ര-താ-വാേം 
ഓർമവര -ുന്നു. അതി-നാൽ 
സാമ -ൂഹ്യ-ദക്ഷ-മ-ളമ-ന്നത-് 
സയൻസിളറെ ഭാഗ-മായി 
ളെദയ്-ണ്-താ-ളണന്ന വി-

സർക്ാർ ഉത്-ര-വ -ുകൾ മാത്രം 
ദപാര. അത-് നമെുളെ സ്ത്-ത്ി-
ളറെ പ്രകാ-ശ-ന-മാ-ളണന്ന് നാം തി-
രി-ച്ച-റി-യ-ണം. 

 ?  ശാസ-്ത്ര-ഗ-ദവ-ഷ-ണ-മാണ് 
തളറെ നിദയാ-ഗ-ളമന്ന് പ്രേീപ-് തി-
രി-ച്ച-റി-ഞ്ഞ-ളത-ദ്ാ-ഴാ-യി-ര -ുന്നു. 
പ്രദൊ-േ-ന-മായ വ�ിയ മാതൃ-ക-
കൾ... ദഡാ. സി എൻ ആർ റാവ -ു
മാ-യുള്ള ബന്ധം വിശ-േീ-ക-രി-ക്ാ-
ദമാ. 

 = എം എ-സ-് -സി കഴിഞ്ഞ ഇെ-
ദവ-െ-യി-�ാണ് റിസർച്ചിളന കുറി-
ച്ചാ-ദ�ാ-െി-ക് -ുന്ന-ത-്. കാ�ി-ക്റ്റ് 
യൂണി-ദവ-ഴ-്സിറ്റി ളസറെ-റിൽ ഇത -ു
മായി ബന്ധ-ള്ട്-് െി� ആദ�ാ-
െ-ന-കൾക്ായി ളെന്ന-ദ്ാ-ഴാണ് 
ഇന്ത്യൻ ഇൻസ്റി-റ്റ്യൂട്-് ഓ�-് സയൻ-
സ-് എളറെ െിന്ത-യി-ദ�ക്-് ഗൗര-വ-
ത-ര-മായി കെ-ന്ന -ുവ-ന്ന-ത-്. ഐ -എ-
സ-് -സി -യിൽ എത്ി-യ-ദ്ാ-ഴാണ് 
ശാസ-്ത്ര-ത്ിളറെ അത്ഭ -ുതവും 
ആന-ന്ദവും എളന്ന കീഴ-്ള -്െ -ുത് -ു
ന്ന-ത-്. ശാസ-്ത്രീയ കളണ്-ത്-� -ു
കൾ ഒരു �ഹ-രി-യായി എന്നിൽ 
പെർന്നതും ഇക്ാ-�-ത്ാ-ണ്. 
അവിളെ ഞാന-െ -ുത്-റിഞ്ഞ മഹാ-
പ്ര-തി-ഭ-കൾ. ദഡാ. സി -എൻ  -ആർ  
റാവു, ദഡാ. എം വിജ-യൻ തുെ-
ങ്ങി-യ-വർ. 

 ളനാദബൽ സമൊ-ന-ളമാ-
ഴിളക എല്ലാ പുര-സ-്കാ-ര-ങ്ങെും 
ദനെി-യി-ട്ുള്ള, അതി-പ്ര-ശ-സ-്ത-
ങ്ങ-ൊയ 80 �ധികം സർവക-�ാ-
ശാ-�-ക-െിൽനിന്ന് ഓണ-ററി ദഡാ-
ക-്െ-ദററ്റ് ദനെി-യി-ട്ുള്ള ദഡാ. സി 
-എൻ -ആർ  റാവുവിളറെ കഠി-ന-പ്ര-
യ-ത്നവും അർ -്ണ-ദബാ-ധവും 
ഊർജവും എദന്നയും ബാധി-ച്ചു. 
സയൻസ-് എന്നത-് വ�ിയ ആഹ്ാ-
േ-മ -ുണ്ാ-ക് -ുന്ന-താ-ളണന്ന ്ഞാൻ 
തിരി-ച്ച-റി-ഞ്ഞു. കാ�ി-ദ�ാർണിയ 
സർവക-�ാ-ശാ-�-യിള� ളബർക്ി-
�ി-യിൽ എളറെ ഗദവ-ഷ-ണ-ങ്ങൾ-
ക്്- ഊർജം പകർന്ന ളപ്രാ�. 
ദഡവിഡ്- എ ഷർെി, ളപ്രാ�. ആർ 
ഗ്രഹാം കുക്്-സ്- തുെ-ങ്ങി-യ-വർ 
എളറെ ന്ധഷ-ണി-ക-വ്യാ-പാ-ര-ങ്ങൾ-
ക്്- ളതെി-മ-ദയ-കി. ദഡാ. ളഗ്ൻ െി 
സീദബാർഡിളറെ സാമീപ്യം ളബർ-
ക്ി-�ി-യിൽളവച്ച്- ഞാന-ന -ുഭ-വി-ച്ചി-
ര -ുന്നു. 

 ഒമ്പത്- ട്രാൻസ്- യുദറ-നിക്്- 
മൂ�-ക-ങ്ങൾ കണ് -ുപി-െിച്ച രസ-ത-
ന്ത്-ത്ിൽ ളനാദബൽ സമൊനം 
�ഭിച്ച വ്യക്ി-യാ-ണ ്അദദേ-ഹം. 
ഇത്രം മഹാ-പ്ര-തി-ഭ-ക-െുളെ ആ�-

ദസാറൻ കീർളക്-ഗാറിളന ഉദ്-
രിച്ച-് താകേൾ നെ-ത്ിയ ഒരു സമീ-
പ-കാ� പ്രഭാ-ഷണത്ിളറെ പശ്ാ-
ത്-�-ത്ി-�ാണീ ദൊേ്യം.

 = ഭാഷ നമെുളെ മു�-് ാ-�ാ-
ണ്. സാഹിത്യം അതിളറെ ഭാഗ-
മാ-ണ്. ശാസ-്ത്രവും മറ്റും നമെൾ 
ജീവി-ത-ത്ി-�ൂളെ ആർജി-ളച്ച-െ -ുക് -ു
ന്ന-താ-ണ്. ഇളതാ-ര -ുമി-ക് -ുദമ്പാഴാ-
ണ് നമുക്-് സാമ -ൂഹിക പ്രതി-ബ-
ദ്ത ന്കവ-ര -ുന്ന-ത-്. ഇളതല്ലാം 
എന്നിൽ ബാക്ി-യാ-ക -ുന്ന-ത -ുളകാ-
ണ്ാണ് സാമ -ൂഹി-കാ-വ-ദബാധം 
നി�-നിർത്ി എനിക്-് ശാസ-്ത്ര-ഗ-
ദവ-ഷണം നെ-ത്ാൻ കഴി-യ -ുന്ന-
ത-്. അളല്ല-കേിൽ എനി-ക്ത-് ഉപ-
രി-പ്ല-വ-മായി ളെയ്ാ-മാ-യി-ര -ുന്നു. 

ശ്ാസം എളന്ന നിയ-ന്ത്ി-
ക് -ുന്നു. 

 മ�-യാെം പഠി-ക് -ു
ദമ്പാൾത്ളന്ന നമുക്-് 
ശാസ-്ത്ര-ജ്-നാ-കാൻ 
കഴി-യ-ണം. സംഗീതം 
പഠി-ക്ുന്ന വിേ്യാർഥി-
ക്-് രസ-ത-ന്ത്-ത്ിൽ ബി-
ര -ുേ-ളമ-െ -ുക്ാ-നാ-ക-ണം. 
ഇത-് രണ്ും ഉദപ-ക്ഷിദച്ചാ 
നി�-നിർത്ിദയാ ദവണ-
ളമ-കേി-�-യാൾക്-് ളമഡി-
ക്ൽ ബിര -ുേ-ളമ-െ -ുക്ാ-നാ-
ക-ണം. അതാണ് പുതിയ 
സാധ്യത-കൾ. മാതൃ-ഭാ-ഷാ-
പ-ഠ-ന-ത്ിളറെ പ്രസക്ി 
ഇവി-ളെ-യാ-ണ് വര -ുന്ന-ത-്. 

തോണു 
്രത്മനോഭൻ

പഗ�ോയം കുക്് സ് , ഡ�ോ. സി എൻ ആർ റോവു എന്ിവർലക്ോപ്യം ഡ�ോ. ടി പ്രദീ്ര്  
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കോ-രി-ക-മായി പറ-ഞ്ഞാൽ ഹിമാ-�-യ-
ങ്ങ-െുളെ സാന്നിധ്യം എളന്ന ആന-
ന്ദി-് ി-ച്ചു. ഇതാ-ളണളറെ വഴി-ളയന്ന് 
ഞാൻ തിരി-ച്ച-റി-ഞ്ഞു. േീർഘ-ഭാ-ഷ-
ണ-ങ്ങൾ ശാസ്-ത്രത്ദക്ുറി-ച്ചാ-യി-
മാ-റി. എൻ-വിയും എംെി-യും ജിയും 
പിയും ഇെ-ദശ്-രിയും എ-ഴ -ുതിയ പ -ു
സ്-ത-ക-ങ്ങൾ എനി-ക് -ുതന്ന അദത 
ആഹ്ാേം മഹ-ത്ായ ശാസ്-ത്ര-
ഗ്ര-ന്ഥ-ങ്ങൾ നല്ി. ശാസ്-ത്ര-ദ�ാ-
കളത് മഹാ-പ്ര-തി-ഭ-കൾ എളറെ 
യാത്ര-യിള� പ്രകാ-ശ-സ്-തം-ഭ-ങ്ങ-
ൊയിമാറി. 

 ?  അദമ-രി-ക്-യിള� അക്ാ-േ-
മിക ജീവിതം എങ്ങ-ളന-യാ-യി-ര -ുന്നു. 
ഏഷ്യൻ, ആരെി-ക്ൻ വിേ്യാർഥി-
കെും ഗദവ-ഷ-കരും വംശീ-യാ-ധി-
ദക്ഷ-പ-ത്ിന ്വിദധ-യ-രാ-ക -ുന്ന -ു
ദണ്ാ. ഒരു വ്യക്ി-ളയ-ന്ന-രീ-തി-യിൽ 
നിറ-ത്ി-ദറെയും ദേശ-ത്ി-ദറെയും 
ദപരി-�ുള്ള വിദവ-െനം അന -ുഭ-വി-
ച്ചി-ട് -ുദണ്ാ.

 = വംശീയ ദെരി-തി-രിവ്- ശാസ്-
ത്ര-ദമ-ഖ-�-യിൽ ദനരിട്്- കാണാ-നാ-
യില്ല എന്ന -ുതളന്ന പറ-യാം. ളതര -ു
വ -ുക-െി�ും കദ�-ക-െി�ും ഞാനത്- 
കണ്ി-ട് -ുണ്്-. അദമ-രി-ക്-ദയ-ക്ാൾ 
കൂെ -ുതൽ അത-് ദൃശ്യ-മാ-ക -ുന്നത-് 
യുളകയി�ാ-ണ്. ശാസ-്ത്ര-ദമ-ഖ-�-
യിൽ ഒര -ുപദക്ഷ, വെളര ആന്ത-രി-
ക-മായി ഇത്രം വിദവ-െ-ന-ങ്ങൾ 
ഉണ്ാ-യി-ട് -ുണ്ാ-കാം. ഏതാ-യാ�ും 
ഇന്ന് ദെരുന്ന അന്തർദേ-ശീയ ത�-
ത്ി-�ുള്ള ഒത് -ുദെ-ര-� -ുക-െി�ും 
കമെിറ്റി-ക-െി�ും ഇതിളനതിളര 
പ്രതി-ദരാ-ധ-മ -ുണ്-്. അത്രം കമെി-
റ്റിക-െുളെ ആേ്യ അജണ്യായി 
എല്ലാ-ത്രം ദേശീയ വംശീയ ദെ-
രി-തി-ര -ുവ-ക-െിൽനിന്ന് മുക്-മായ 
നി�-പാ-ളെ-െ -ുക്-ണ-ളമന്ന പ്രതി-
ജ്-ളയ-െ -ുദക്-ണ്തുണ്-്. പദക്ഷ, 
ഇത്-ര-ളമാരു നി�-പാ-െി-ദ�ക്-് 
മറ്റ -ുള്ള-വളര ദപ്രരി-് ി-ക്ുന്ന നമെ-
െുളെ അവ-സ്ഥ-ളയ-ന്താ-ണ്?

 മന -ുഷ്യൻ എന്നത-് ഡി-എൻ-
എ-യാ-ളണന്ന വസ-്തുത നാം വി-
സ-്മ-രി-ക് -ുന്നു. 65000 വർഷ-ങ്ങൾ 
പിദന്നാക്ം ദപായാൽ ഇന്ത്യ-
ക്ാ-രൻ എന്താണ്? അദ്ാൾ 
എവിളെ ജാതിയും ദേശവും? 
നമെുളെ ഭക്ഷ-ണവും വസ-്ത്രവും 
എങ്ങളന രൂപ-ള -്ട്ു? എല്ലാം 
വ�ിയ ക�ർ് -ുക-ൊ-ണ്. പര-ശതം 
മിശ്-ണ-ങ്ങ-െി-�ൂളെ രൂപ-ള -്ട്-
താ-ണ-വ. പുറ-ദത്-ളക്ാന്ന് ദനാ-
ക്ി-യാൽ നമെുളെ സകേ -ുെി-ത-മായ 
എല്ലാ ളകട് -ുപാ-െ -ുകെും ഇല്ലാ-താ-

കും. കാഴ-്െ-് ാ-െ -ുക-െി�ും 
വിശ്ാ-സ-ങ്ങ-െി�ും അഴി-ച്ച -ു
പ-ണി-കൾക്-് നാം തയ്ാ-
റ-ല്ല. 

 യൂദറാ-പ്യൻ സമ -ൂഹ-
ത്ിളറെ വിദമാ-െ-ന-ത്ിളറെ 
അെി-ത്-റ-യാ-യത-് ഇത്രം 
ളപാെി-ളച്ച-ഴ -ുത് -ുക-ൊ-യി-ര -ു
ന്നു. സ-്കാൻഡി-ദന-വി-യൻ 
രാജ്യ-ങ്ങ-െി-ദ�ക്-് ദനാക്ൂ. 
അവിളെ നിങ്ങ-െുളെ മതം 
ഒരു പരി-ഗ-ണ-ന-ദയ-യ-ല്ല. 
ശ്ീനാ-രാ-യണ ഗുര -ുവിളന-

ദ്ാ-� -ുള്ള-വർ ദനതൃ-ത്ം നല്ിയ 
വ�ിയ നദവാ-ത്ാ-ന-പ്ര-സ്ഥാ-ന-
ങ്ങ-െി-�ൂളെ കെ-ന്ന -ുദപായ ദകരെം 
അണ -ുവി-െ-മാ-റി-യി-ട്ി-ല്ല എന്ന-
തിളറെ ഏറ്റവും പുതിയ ഉോ-ഹ-ര-
ണ-മാ-യി-രുന്നു സമീ-പ-കാ� ശബ-
രി-മ� പ്രശ-്നം. ശുദ്ി, അശ -ുദ്ി, 
ആൊരം തുെ-ങ്ങിയ പ്രശ-്ന-ങ്ങ-
െിൽ ദകര-െീയ സമൂഹം വിഭ-ജി-ത-
മാ-ക -ുന്നത-് ഇര -ുപ-ത്ി-ളയാന്നാം 
നൂറ്റാ-ണ്ി-�ാ-ളണന്ന വസ-്തുത 
നാം ഓർദക്-ണ്-ത -ുണ്-്. 

 ?  പ്രേീ-പിളറെ സവി-ദശ-ഷ പഠ-

ബോയംഗ് -ൂരിലെ ഇന്്ൻ ഇൻസ്റി-റ്്ൂട്-് ഓഫ-് സേൻസ് 

ഇ സി ജി 
സുദർശൻ

2008ലെ ശോന്ിസ്വരൂ്ര ് ഭട ്നോഗർ അവോർ� ് മുൻ പ്രധോനമന്ത്ി മൻഡമോ�ൻ സിങ്ിൽ 
നിന് ് ഏറ്ുവോങ്ുന്ു
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ന-ദമ-ഖ-�-യാ-ണ-ദല്ലാ നാദനാ ളെ-
ക-്ദനാെജി. ശാസ്-ത്ര-ക -ുത -ുകി-ക-
ൊയ സാധാ-ര-ണ-ക്ാർക്ായി "ക -ു
ഞ്ഞ -ുക-ണങ്ങ-െുളെ വസ-ന്തത്ി'ൽ 
നെ-ത്ുന്ന പ്രധാന ഇെ-ളപ-െ-� -ുകൾ 
�ഘ -ുവായി �െി-ത-മായി വിശ-േീ-ക-രി-
ക്ാ-ദമാ.

 = തന്ാ-ത്ര-കൾ തമെി-�ുള്ള 
രാസ-പ്ര-തി-പ്ര-വർത്-നളത് 
spectroscropy എന്ന ശാസ്-ത്ര-ദമ-
ഖ� ഉപ-ദയാ-ഗിച്ച്- അപ-ഗ്ര-ഥി-ക് -ുക-
യാണ ്കുദറ-നാ-െ -ുക-ൊയി ഞാൻ 
ളെയ്-ത -ുളകാ-ണ്ി-രി-ക് -ുന്നളതന്ന് 
സാമാ-ന്യ-മായി പറ-യാം. പോർഥ-
വി-ജ്ാ-നീ-യം, ശാസ്-ത്രീയ വിശ-
ക-�-ന-ങ്ങളെ പ്രാദയാ-ഗിക പദ്-തി-
ക-ൊ-ക്ി- മാ-റ്റി-ത്ീർക്ൽ, ഇവ-ക്ാ-
വ-ശ്യ-മായ നവീന ഉപ-ക-ര-ണ-ങ്ങ-
െുളെ നിർമെിതി ഇളതാ-ളക്-യാണ് 
എളറെയും െീമി-ളറെയും ഗദവ-ഷ-
ണവഴി-കൾ. നവീ-ന-മായ ഉല്പ-ന്ന-ങ്ങ-
െും കണ് -ുപി-െ -ുത്-ങ്ങെും സാമാ-
ന്യ-ജ-ന-തക്്- �ഭ്യ-മാ-ക്ാ-ന -ുത-കുന്ന 
ഒദട്ളറ പുത്ൻ സംരം-ഭ-ങ്ങെും 
സ്ത-ന്ത്-മായ ഒരു റിസർച്ച്- ഓർഗ-
ന്ന-ദസ-ഷനും രൂപീ-കൃ-ത-മായിട് -ു

ണ്്-. 
 ആറ്റം  തന്ാത്ര  

പാർട്ിക്ിൾ (ളമ-റ്റീ-രി-യൽ) 
എന്ന രീതി-യി-�ാണ ്പോർ-
ഥം വിക-സി-ക് -ുന്ന-ത്-. അതാ-
യത്- ആറ്റവും തന്ാ-ത്രയും 
കഴി-ഞ്ഞാൽ ആയി-രദമാ 
പതി-നാ-യി-രദമാ ആറ്റ-ങ്ങൾ 
ദെരുന്ന ഒരു കണ-ളത്-
യാണ് നാദനാ പാർട്ി-
ക്ിൾ എന്ന -ുപ-റ-യ -ുന്ന-ത-്. 

 പോർഥ-ത്ിളറെ 
െി� ഗുണ-ങ്ങൾ ഈ 
കണി-ക-കെിൽ കാണാം. 
നാദനാ പാർട്ി-ക്ി-െിളന-
ക്ാൾ ളെറുതും തന്ാ-ത്ര-
ക-ളെ-ക്ാൾ വ� -ുത -ുമായ 
പദത്ാ നൂദറാ ആറ്റ-ങ്ങ-ൾ 
കൂെി-ദച്ചർന്ന സംഘാ-ത-
ങ്ങ-ളെ-യാണ് ക്ദസ്റഴ-്സ-് 
എന്ന -ുപ-റ-യ -ുന്ന-ത-്. ഇത്രം 
ക്ദസ്റ-ഴ-്സിൽ ഉണ്ാ-കുന്ന 
രാസീയ മാറ്റ-ങ്ങ-ൊണ് 
പോർഥ-ങ്ങളെ രാസ-ത്-ര-ക-
ങ്ങൊക് -ുന്ന-ത-്. 

 പോർഥ-ങ്ങ-െുളെ സവി-

ദശഷ ഗുണ-ങ്ങൾ (propertise of 
mtater) ഉരുത്ിരി-യ -ുന്നത-് ഈ 
പോർഥ കണ-ങ്ങെി�ാ-ണ്. ഇത്-
രം െി� പുത -ുക-ണ-ങ്ങളെ ഞങ്ങ-
െുളെ �ാബ-് കളണ്-ത് -ുകയും 
അത-് ദമാെി-ക്യൂ-�ർ ക്സ്റർ ളമറ്റീ-
രി-യൽസ-് എന്ന ശാസ-്ത്ര-വി-ഭാ-ഗ-
മായി മാറ -ുകയും ളെയ-്തി-ട് -ുണ്-്.

 A + B = C + D എന്ന രീ-
തി-യിൽ ഒരു രാസ-സ-മ-വാക്യം 
പോർഥ-ക-ണി-ക-ക-െിൽ സാധ്യ-മാ-
കുദമാ എന്ന് ഞങ്ങ-ൾ പരി-ദശാ-ധി-
ച്ചു. പോർഥ-ങ്ങ-െുളെ കണ-ങ്ങൾ 
തന്ാ-ത്ര-കൾ തളന്ന-യാണ് എന്ന 
പുത്ൻ അറി-വി-ന -ുകാ-രണം 
ഞങ്ങ-െുളെ ഗ്രൂ്ിളറെ ഗദവ-ഷണ 
പ്രവർത്-ന-ങ്ങ-ൊ-ണ്. പോർഥ-ങ്ങ-
െുളെ കണ-ങ്ങ-െി-�ുള്ള രാസ-ക്ി-യ-
കൾ ഞങ്ങൾ കളണ്-ത്ി. ഇത -ു
വ-െളര പ്രധാ-ന-ള്ട് ഒരു കളണ്-
ത്-�ാ-ണ്. ആറ്റി-ക് -ുറുക്ി പറ-യ -ു
ക-യാ-ളണ-കേിൽ പോർഥ-ങ്ങ-െുളെ 
കണ-ങ്ങ-ളെല്ലാം തന്ാ-ത്ര-ക-ൊണ് 
എന്ന കളണ്-ത്-�ാണ് കഴിഞ്ഞ 
10 വർഷ-ക്ാ-�ളത് ഞങ്ങ-െുളെ 
ഗദവ-ഷ-ണ-ത്ിളറെ ദനട്ം. 

ഖരാ-വ-സ്ഥ-യി-�ുള്ള ളവള്ള-
ത്ിളറെ രാസ-ഘ-െ-നളയക്ുറി-
ച്ച-് പഠി-ക് -ുന്ന-തി-നായി നവീ-ന-മാ-
ളയാരു ഉപ-ക-രണം ഞങ്ങൾ വിക-
സി-് ി-ച്ചു. ഈ ഉപ-ക-രണ-മ -ുപ-ദയാ-
ഗിച്ച-് വെളര താണ ഊർജ-നി-�-
യിൽ, വെളര താണ ഊഷ-്മാ-വിൽ 

[10  ളകൽവിൻ (-----‐2630C)] 
ഖരാവ-സ്ഥ-യി-�ുള്ള ളവള്ളളത് 
(ഹി-മം) നി�-നിർത്ി അതിളറെ 
അതി-ദ�ാ-�-മായ OH ദബാണ്ി-
ദന്ൽ ഞങ്ങൾ അദയാൺ ളകാെീ-
ഷൻ നെ-ത്ി. ഇതി-നാ-വ-ശ്യ-മായ 
പ്രദത്യക ഉപ-ക-ര-ണ-ങ്ങൾ ഉണ്ാ-
ക്ി. എന്താണീ കണ് -ുപി-െ -ുത്-ത്ി-
ളറെ മർമെം?

 ബഹി-രാ-കാ-ശത്-് ഇത്-ര-
ത്ി-�ുള്ള ഖരാ-വ-സ്ഥ-യി-�ുള്ള 
കണ-ങ്ങ-െ -ുണ്-്. ദകാസ-്മിക-് രശ-്
മി-കൾ ഖരാ-വ-സ്ഥ-യി-�ുള്ള കണ-
ങ്ങ-െിൽ ഇെി-ക്ും. ബഹി-രാ-കാ-
ശത്-് സാന്നി-ധ്യ-മ-റി-യിച്ച മീദഥൻ 
തന്ാ-ത്ര-കെും ഖരാ-വ-സ്ഥ-യി-
�ുള്ള ജ�-ത്ിളറെ തന്ാ-ത്ര-കെും 
തമെിൽ അതി-സ -ൂക്ഷ-്മ-മായ -പ്ര-
വർത്-ന-ത്ി-�ൂളെ മീദഥൻ ന്ഹ-
ദരേ-റ്റിളന ഉല്പാ-േി-് ി-ക് -ുന്ന-തായി 
ഞങ്ങൾ പരീ-ക്ഷ-ണ-ശാ-�-ക-െിള� 
പ്രവർത്-ന-ങ്ങ-ൊൽ ളതെി-യി-ച്ചു. 
മീദഥൻ ന്ഹദരേ-റ്റ് എ-ന്നത-് ളവ-
ള്ളത്ിളറെ തന്ാ-ത്ര-ക-െുളെ ഒരു 

മെ-യാ-ള-ത്തിൽ 
നാം "വാകന്-സതി-നന-
ഷൻ' എന് പ്രം 
വ്യാപ-ക-മായതി 
ഉപ-നയാ-്തി-ക്നു-
നമ്പാൾ തമതി-ഴതി-
െതന്- "തടനു-പ്ൂശതി' 
(ത-ടനു-ക്നുന് 
സൂചതി) യായതി 
മാറനു-ന്നു. 
അവതി-ടലത് 
ജനത അതന്- 
സ്ീക-രതി-ച്നു. 
ഇക്ാ-ര്യ-ത്തിൽ 
നാം മെ-യാ-ളതി-കൾ 
ഏലറ പതിറ-കതി-ൊ-
ണന്. കലടെ-
ത്തിയ ശാസന്-ദത-
സാ-നകേ-തതിക 
പ്രാ-വ-െതി-കൾ 
തലന് ദ്ന്ഥ-ങ്ങ-
ളതിൽ ഉറ-ങ്ങനു-ന്നു. 
അതന്- ജന-ത-
യനുലട വ്യവ-ഹാ-ര-
ഭാ-ഷ-യാ-യതി-ല്ല.

രോഷ് പട്രതി രോയംനോഥ്  ഡകോവിന്ിൽ നിന്്  ്രത്മപശീ സ്വീകരിക്ുന്ു

കുട്ികൃഷ് ണ 
മോരോർ
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കൂെി-ന-കത്-് മീദഥൻ അെക്ം ളെ-
യ-്തി-രി-ക്ുന്നു എന്നാ-ണ്.

  5 വർഷ-ളമ-െുത് ഗദവ-ഷണ 
പദ്-തി-യി-� -ൂളെ-യാണ് ഞങ്ങ-
െിത-് ശാസ-്ത്രീ-യ-മായി ളതെി-യി-ച്ച-
ത-്. ഈ കണ് -ുപി-െുത്ം മറ്റ െി� 
സാധ്യ-ത-ക-െി-ദ�ക്-് വിരൽെ -ൂണ് -ു
ന്നു. ന്ഹദരേറ്റ് എന്ന "കൂെി-ന-
കത്-്' മീദഥൻ ഇരി-ക് -ുദമ്പാൾ 
അതി-ന-ക-ദത്ക്-് ദകാസ-്മിക-് 
രശ-്മി-കദൊ മറ്റു പ്രകാ-ശ-കി-ര-ണ-
ങ്ങദൊ വന്നാൽ മീദഥൻ തന്ാത്ര 
transform ളെയ്ള്-ൊം. അങ്ങ-
ളന വന്നാൽ അതി-ന-ക-ത്ുള്ള 
കാർബൺ തന്ാത്ര ഒദന്നാ 
രദണ്ാ മൂദന്നാ കാർബൺ ഉള്ള 
തന്ാ-ത്ര-ക-ൊ-യി-മാ-റാം. 

 ഈ കാർബൺ തന്ാത്ര-
യും ന്നട്ര-ജൻ തന്ാ-ത്രയും 
തമെിൽ രാസ-പ്ര-വർത്-ന-ത്ി-
�ൂളെ അമിദനാ ആസിഡ്- ഉണ്ാ-
കാം. അമിദനാ ആസിഡ്- ഉണ്ാ-
കുക എന്ന-തി-നർഥം ബഹി-
രാ-കാ-ശത്്- ജീവ-നു-ണ്ാകാം 
എന്ന-താണ്. സയൻസ്- �ിക്ഷ-
ളന ളവല്ലുന്ന ഇത്-ര-ളമാരു സാ-

ധ്യ-ത-യാണ് ഇദ്ാ-ഴളത് 
ഗദവ-ഷ-ണ-ത്ിളറെ മുഖ്യ-
ദക-ന്ദ്രം. മനു-ഷ്യ-ഭാ-വ-നളയ 
എക്ാ-�ത്ും പ്രദൊ-േി-
്ി-ച്ചി-രുന്ന "ബഹി-രാ-കാ-
ശത്ും ജീവൻ' എന്നത്- 
നാെളത് ശാസ്-ത്രം യാ-
ഥാർഥ്യ-മാ-ക്ി-ദയ-ക്ാം. 

 ? നിങ്ങെുളെ ഗദവ-ഷ-
ണ-പ-ദ്-തി-യി-�ൂളെ ജ�-
ത്ിള� രാസ-മാ-�ി-ന്യ-ങ്ങ-
ളെ നിർമാജനം ളെയ്ുന്ന 
െി� കണ്ു-പി-െു-ത്-ങ്ങൾ 
നെ-ത്ി-യ-തായി അറി-
ഞ്ഞി-ട്ു-ണ്്-. വിക-സി-തവും 
വിക-സ്-ര-വു-മായ രാഷ്-ട്ര-
ങ്ങൾ ഒദര-ദപാള� അനു-ഭ-
വി-ക്ുന്ന പ്രശ്-ന-മാ-ണ് 
ജ�-ത്ിള� രാസ-മാ-�ി-
ന്യം. കുെി-ളവള്ള-ത്ിൽനി-
ന്ന് രാസ-മാ-�ിന്യം ദവർ-
ളപ-െു-ത്ു-ന്ന-തി-നായി 
നിങ്ങൾ കളണ്-ത്ിയ 
"നാദനാ �ിൽദട്ഴ്-സി'ളറെ 
സാമൂ-ഹിക പ്രത്യാ-ഘാ-ത-
ങ്ങൾ എളന്താ-ളക്-യാ-ണ്. 

വിശ-േീ-ക-രി-ക്ാ-ദമാ.
 = ഏക-ദേശം ഇരു-പത്- വർഷ-

ങ്ങൾക്ു-മു-മ്പാണ് കുെി-ളവള്ള-
ത്ിൽ വ്യാപ-ക-മായി രാസ-മാ-�ി-
ന്യവും കീെ-നാ-ശി-നി-കെും അെ-
ങ്ങി-യി-ട്ു-ളണ്ന്ന മാധ്യ-മ-വാർത്-
കൾ എളറെ ശ്ദ്-യിൽള്െു-ന്ന-
ത്-. എളറെ അദന -്ഷ-ണ-ത്ിൽ 
അനു-വ-േ-നീയ അെ-വി-ളന-ക്ാൾ 
30 ഇരട്ി കീെ-നാ-ശി-നി-കൾ ജ�-
ത്ി-�ു-ളണ്ന്ന് മന-സ്സി-�ാ-യി. 
നാദനാ കണ-ങ്ങൾ മൂ�-മുള്ള 
െി� പ്രവർത്-ന-ങ്ങ-െി-�ൂളെ 
ഇളതാ-ഴി-വാ-ക്ാ-ളമന്ന് ഞങ്ങൾ 
കളണ്-ത്ി. 

 ഇതിളറെ പ്രദയാ-ഗ-സാ-ധ്യത 
മന-സ്സി-�ാക്ി ഈ സാദകേ-തിക 
വിേ്യ വിക-സി-്ിച്ച്- അതിളറെ ദപ-
റ്ററെ്- എെു-ത്ു. ഇതാണ് എളറെ 
ആേ്യ ദപറ്ററെ്-. ഈ സാദകേ-
തി-ക-വിേ്യ ന്കമാ-റ്റ-ത്ി-�ൂളെ 
ദറായൽറ്റി ഇന-ത്ിൽ എളറെ 
സ്ഥാപ-ന-ത്ിന് 450 �ക്ഷം രൂപ 
�ഭിച്ചു. അതി-നർഥം ആ സാദകേ-
തി-ക-വി-േ്യ-മൂ�ം 500 ദകാെി രൂപ-
ളയകേി�ും ഉണ്ാ-ളയന്നതാണ്. 
ഇളതാരു മൂർത്-മായ കാര്യം. 
ഇതു-മൂ�ം സമൂ-ഹ-ത്ി-നു-ണ്ാ-
കുന്ന ഇത-ര-ഗു-ണ-�-�-ങ്ങ-ൊണ് 
പ്രാധാ-ന്യ-മർഹി-ക്ു-ന്ന-ത്-. 80 
കൾ മുതൽ ഇന്ത്യ-യിള� െി� 
ഭാഗ-ങ്ങ-െിൽ കുെി-ളവ-ള്ളത്ിൽ 
ആഴ്-ളസ-നിക്ുളണ്ന്ന് നമു-ക്-
റി-യാം. ഇത്- നിർമാർജനം ളെ-
യ്ുന്ന രീതി-കൾ വെളര ളെ�-ദവ-
റി-യതാക-യാൽ ഗവൺളമറെു-
കൾക്്- അത്- താങ്ങാ-വു-ന്ന-താ-
യി-രു-ന്നി-ല്ല. 

 ഞങ്ങൾ പുതിയ സാദകേ-
തി-ക-വി-േ്യ-കൾ വിക-സി-്ി-ച്ചു. 
താര-ത-ദമ്യന ളെ�-വു-കു-റ-ഞ്ഞ-
തി-നാൽ ഞങ്ങൾ കളണ്-ത്ി-യ 
ആഴ്-സ-നിക്- നിർമാർജന-ത്ി-
നുള്ള സാദകേ-തികവിേ്യ ഇന്ത്യാ 
ഗവൺളമറെ്- അംഗീ-ക-രി-ച്ചു. 15 
�ക്ഷ-ത്ി-�-ധികം ജന-ങ്ങൾ 
ഇന്ന-തിളറെ ഗുണ-ദഭാ-ക്ാ-ക്-
ൊ-ണ്. ജ�-ത്ിള� കീെ-നാ-ശിനി 
നിർമാർജ-ന-സാ-ദകേ-തി-ക-വിേ്യ 
ഒരു ദകാെി-ദയാെം മന -ുഷ്യർക്-് പ്ര-
ദയാ-ജ-ന-ക-ര-മായി ഭവി-ച്ചു. രണ്ും 
ദെർന്നാൽ 1.15 ദകാെി മന -ുഷ്യർ 
ഈ സാദകേ-തി-ക-വി-േ്യ-കെുളെ 
ഗുണ-ദഭാ-ക്ാ-ക്-ൊ-ണ്. ശാസ-്ത്ര 
സാദകേ-തി-ക-വി-േ്യ-കൾ സാമ -ൂഹ്യ-
ദക്ഷ-മ-ത്ിൽ ഇെ-ളപ-െ -ുന്ന-തിളറെ 
ഒരു ളെറിയ ഉോ-ഹ-ര-ണ-മാ-ണി-ത്-. ഇടഡശേരി

ഡ�ോ. ടി പ്രദീ്ര്  ഭോര് ശുഭ, മക്ളോേ രഘു, െേ 
എന്ിവർലക്ോപ്യം
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ഈ സാദകേ-തി-ക-വി-േ്യ-യുളെ നെ-് ാ-
ക്ൽ, വിപ-ണനം തുെ-ങ്ങി-യ-വ-ക്ാ-
യി ഊർജ-സ്-�-ത-യുള്ള യുവാ-ക്-
െുളെ, ശാസ്-ത്രാ-ഭി-ര -ുെി-യുള്ള യുവ-
ത-യുളെ എറെർപ്ര-ണർ എദക്ാ-
സിസ്റം രൂപീ-ക-രി-ക്-ള്ട്ു എന്നതും 
ശ്ദദ്-യ-മാ-ണ.് 

? നിങ്ങ-െുളെ ഗദവ-ഷ-ണ-ത്ി-
ളറെ ഭാഗ-മായ്- സ്ർണം പരീ-ക്ഷ-ണ-
ശാ-�-യിൽ ഉണ്ാ-ക്ാ-ളമന്ന ്കളണ്-
ത്ി-യ-തായി മാധ്യ-മ-വാർത്-കൾ 
ഉണ്ാ-യി-ര -ുന്ന .ു അങ്ങ-ളന-ളയ-കേിൽ 
വ്യാവ-സാ-യി-കാ-െി-സ്ഥാ-ന-ത്ി-�ുള്ള 
സ്ർണനിർമിതി സാധ്യ-ത-കൾ ഈ 
ഗദവ-ഷ-ണ-�-�-ത്ി-ന -ുദണ്ാ.

 =  ഇളതാര  ുമുഖ്യ-ധാരാ ഗദവ-
ഷണ പദ്-തി-യാ-യി-ര -ുന്നി-ല്ല. മ -ു
ഖ്യ-ധാരാ ഗദവ-ഷ-ണ-ത്ിളറെ ഒരു 
ഉദപാ-ല്പ-ന്ന-മാ-യി-രുന്നു ഈ കളണ്-
ത്ൽ. ആഴ്-സ-നിക്- മണ്ി�ും ളവ-
ള്ള-ത്ി-� -ുമ -ുണ്്-. ആഴ്-സ-നിക്- സാ-
ന്നി-ധ്യ-മുള്ള ളവള്ളം കുെി-ക് -ുന്ന-ത -ു
മൂ�ം കൃഷി-യി-െ-ങ്ങ-െിൽനി-ന്നുള്ള 
വിെ-ക-െി-�ൂളെ അത്- നമെുളെ ഭക്ഷ-
ണ-ത്ിൽ ക�-ര -ുന്നു. ളനല്ലിൽ, 
പാ�ിൽ, അരി-യിൽ തുെങ്ങി പ�-
യി-െത്ും ഇതിളറെ സാന്നി-ധ്യമ -ുണ്ാ-
വാം. 

 വിവി-ധ-യിനം അരി-യി-ന-ങ്ങ-
ളെ ഞങ്ങൾ പിന്ത -ുെർന്ന-ദ്ാൾ 
ആഴ്-സ-നി-ക്ി-ളനാ്ം സ്ർണവും 
ളവള്ളിയും ഇവ-യിൽ ഞങ്ങൾ 
കളണ്-ത്ി. മണ്ിൽ ഉ-ള്ള-തി-ളറെ ന -ൂ
റ -ുമ-െങ്ങ്- enriched ആയ ദ�ാഹ-
സാ-ന്നിധ്യം ഞങ്ങൾ അരി-യിൽ 
കണ്ു. അരി-യുളെയും തവി-െി-ളറെ-
യും ഇെ-യി-�ാണ ്ഇവ-യൂളെ ഇരി-് ്-. 
ഏതാനും വർഷ-ങ്ങ-ളെ-െുത്-് 600 
�ധികം വിവിധ ളനല്ലി-ന-ങ്ങളെ 
ഞങ്ങൾ �ാബിൽ പ�-ത-�-മുറ 
കൃഷി-ളെയ്-ത്- അവ-യിള� അരി-
യി-ന-ങ്ങളെ നിരീ-ക്ഷ-ണ-ത്ിന് വി-
ദധ-യ-മാ-ക്ി. 

 ഞങ്ങ-െുളെ കളണ്-ത്ൽ 
ശ്ദദ്-യ-മായിരുന്നു. അരി-യിൽ 
ആഴ-്സ-നിക്-് ദശഖ-ര-മ -ുള്ള-ദ്ാൾ 
തളന്ന െി�-യിനം അരി-യി-ന-
ങ്ങൾക്-് അവളയ തിര-സ-്ക-രി-
ക്ാ-നുള്ള കഴി-വ -ുമ -ുണ്ാ-യി-ര -ുന്നു. 
മണ്ിൽ ആഴ-്സ-നിക-് സാന്നി-ധ്യ-
മ -ുള്ള-ദ്ാൾത്ളന്ന അവിളെ 
വിെ-യുന്ന അരി-യിൽ അവ-യുളെ 
അസാ-ന്നിധ്യം! ഇതാണ് വിെി-ത്ര-
മായ പ്രകൃതി പ്രതി-ഭാ-സം. ഈ 
ന്വവിധ്യം തിരി-ച്ച-റി-യാൻ ളകല്പ -ു
ള്ള െി� ദഗാത്ര-വർഗ-ങ്ങ-െ -ുമ -ുളണ്-
ന്ന് ഞങ്ങ-ൾ കളണ്-ത്ി. അത്രം 

അരിളയ അവർ പ്രദത്യ-ക-
തരം ഔഷധ കൂട് -ുകൾക്ാ-
യി ഉപ-ദയാ-ഗി-ക് -ുന്നതു 
കണ്ു. 

 നാദനാ പാർട്ി-ക്ിൾ 
ഉപ-ദയാ-ഗിച്ച-് ആഴ-്സ-നിക-് 
ദവർതി-രി-ളച്ച-െ -ുക്ുന്ന 
അദത-രീ-തി-യിൽ സിൽവ-
റും സ്ർണവും ദവർതി-രി-
ക്ാൻ കഴി-യ -ുളമന്നത-് ഒരു 
സാധ്യത-യാ-ണ്. അത്രം 
ഗദവ-ഷണം ഞങ്ങ-െുളെ 
ദമഖ-�-യ-ല്ലാ-ത്-ത -ുളകാണ്-് 
അളതാരു സാധ്യത മാത്ര-
മായി അവ-ദശ-ഷി-ക് -ുന്നു. 
ഇങ്ങളന കാണുന്ന ദ�ാഹ-
ങ്ങ-െിൽ സ്ർണം മാത്ര-മല്ല 
െി�-ദ്ാൾ യുദറ-നി-യവും 
ഉണ്ാ-കാ-റ -ുണ്-്. 

 ആഴ-്സ-നിക-് സാന്നി-
ധ്യ-മി-ല്ലാത് പ്രദേ-ശ-ങ്ങ-
െിൽ ഉോ-ഹ-ര-ണ-ത്ിന് 
തമി-ഴ-്നാ-ട്ിൽ അരി-യിൽ 
ഞങ്ങൾ ആഴ-്സ-നിക-് സാ-
ന്നിധ്യം കണ്ി-ട് -ുണ്-്. ഇളത-
ങ്ങളന മണ്ി�ും ജ�-ത്ി-
� -ുമി-ല്ലാളത അരി-യിൽമാ-
ത്രം വരാ-നി-െയാ-യ-തിളറെ 
കാരണം ഞങ്ങ-െ-ദന്-ഷി-
ച്ചു. അത-് വെ-പ്ര-ദയാ-ഗ-
ത്ി-� -ൂളെ-യാവാം എന്ന 
അറിവ-് ഞങ്ങളെ അത്ഭ -ുത-
ള -്െ -ുത്ി. ഇങ്ങളന ഈ 
ഗദവ-ഷ-ണ-പ-ദ്-തി-യി-�ൂളെ 
സംഭ്ര-മ-ജ-ന-ക-മായ ഒദട്ളറ 
അറി-വ -ുകൾ ഞങ്ങ-െുളെ റി-
സർെ്  ഗ്രൂ്ി-ന -ുണ്ാ-യി. 

 ? ദകാവിഡ-് മഹാ-മാരി 
എല്ലാ ദമഖ-�-കളെയും 
ദപാള� ശാസ-്ത്ര-ഗ-ദവ-ഷ-
ണ-ദമ-ഖ-�ളയയും ബാധി-
ച്ചി-രി-ക് -ുമ-ദല്ലാ. എന്താ-യി-
രുന്നു അതിളറെ പ്രതി-�-�-
ന-ങ്ങൾ.

 =  ഗദവ-ഷ-ണ-സ്ഥാ-പ-
ന-ങ്ങ-െ -ുളെയും പരീ-ക്ഷണ-
ശാ�-ക-െ -ുളെ യും പ്രവർ-
ത്നം ഏക-ദേശം 2 വർഷ-
ദത്ാെം മന്ദീ-ഭ-വി-ച്ചു. എല്ലാ 
ദമഖ-�-ക-െി�ും ഉണ്-ായ 
പ്രവർത്-ന-മ-ര-വി-് ി-�ൂളെ 
ഞങ്ങെും കെ-ന്ന -ുദപാ-യി. 
സർക്ാ-ര -ുക-െുളെ അജ-
ണ്-കൾ മാറി-യ-തി-നാൽ റി-
സർെ്  �ണ്ിങ്  കുറ-ഞ്ഞു. 
അത-് തികച്ചും സ്ാഭാ-വി-ക-
മാ-ണ്. ആദഗാ-െ-ത-�-ത്ിൽ-

ത്ളന്ന ഗദവ-ഷണം സ-്തംഭി-ച്ചു. 
ഈ ആ�-സ്യ-കാ�ം ഞങ്ങ-െുളെ 
പ്രവർത്-ന-രീ-തി-കളെ മാറ്റി-മ-റി-ച്ചു. 
സമ-യ-ക്മം താറുമാ-റാ-യി. ശാസ-്
ത്ര സാദകേ-തിക ഗദവ-ഷ-ണ-ങ്ങൾ 
2 വർഷ-ദത്ാെം നിശ്-�-മാ-കുക 
എന്ന-തി-നർഥം ഗദവ-ഷ-ണ-ത്ി-
ളറെ ദവഗം മന്ദീ-ഭ-വിച്ചു എന്ന-താ-
ണ്. എല്ലാം ക്മ-ത്ി-�ാ-വാൻ ഒര -ു
പദക്ഷ, വർഷ-ങ്ങ-ളെ-െ -ുദത്-ക്ും. 

 ? പ്രമുഖ െരി-ത്ര-കാ-രനും ശാ-
സ-്ത്ര-സാ-ഹിത്യ രെ-യി-താ-വ -ുമായ 
യുവാൽ ദനാവ ഹരാ-രി-യുളെ 
രണ്-് സമീ-പ-കാ� ഗ്രന്ഥ-ങ്ങ-െ -ു
ണ്-്. ദഹാദമാേിയൂസ-്: എ ബ്ീ�-് 
ഹിസ്ററി ഓ�-് െുമാദറാ (2017), 21 
ള�സ്സൻസ-് ഓ�-് 21-‐ാം ളസഞ്ച്-
റി (2018). ഇവ-യി-�ൂളെ അദദേഹം 
നിരീ-ക്ഷി-ക് -ുന്നത-് മന -ുഷ്യ-വർഗ-
ത്ിളറെ മുഖ-മ -ുദ്ര-യായ മന -ുഷ്യ-
ത്ം, വിദമാ-െ-ക-മ -ൂ�്യ-ങ്ങ-ദൊ-െുള്ള 
ആഭി-മുഖ്യം എന്നിവ ശാസ-്ത്ര സാ-
ദകേ-തിക പുദരാ-ഗ-തി-മൂ�ം മന്ദീ-ഭ-
വി-ക് -ുളമ-ന്നാ-ണ്. ഒരു സമ്പൂർണ 
ആൽളഗാ-രി-ത-മായി മന -ുഷ്യൻ 
പരി-ണ-മി-ക് -ുന്നതും നിർമി-ത-
ബുദ്ി പ്രദയാ-ഗ-ങ്ങൾ ദമൽന്ക് 
ദനെ -ുന്നതും ഭാവി മാന-വ-െ-രി-ത്ര-
ത്ിളറെ ഇരുണ് കാ�-മായി ഒദട്-
ളറ നിരീ-ക്ഷ-കർ വി�-യി-ര -ുത് -ുന്നു. 
ഭര-ണ-ക -ൂെ-ങ്ങ-െുളെ സമ-ഗ്രാ-ധി-പത്യ 
പ്രവ-ണ-ത-കൾ കൂെ -ുതൽ ളവെി-
വാ-ക്-ള -്െ -ുന്ന-തിനും സാധാ-രണ 
പൗര-രുളെ നിരീ-ക്ഷ-ണ-വ-�യം 
ശക്ി-ള -്െ -ുന്ന-തിനും ഇത-് തീർച്ച-
യായും വഴി-ളയാ-ര -ുക്ും. സാമ -ൂ
ഹ്യ പ്രതി-ബ-ദ്-ത-യുള്ള ശാസ-്ത്ര-
ജ്ൻ എന്നനി�-യിൽ ഈ പ്രവ-
ണ-ത-കളെ പ്രേീപ-് എങ്ങിളന നിരീ-
ക്ഷി-ക് -ുന്നു.

 = ഭര-ണ-ക -ൂെ-ങ്ങൾ എല്ലാ-വളര-
യും നിരീ-ക്ഷി-ക് -ുക-യാ-ണ്. മുമ്പ-് 
ഒരാ-െുളെ ളകാെ -ുക്ൽ വാങ്ങൽ 
പ്രക്ി-യ-കൾ മാത്ര-മാണ് നിരീ-
ക്ഷണ വിദധ-യ-മാ-യി-ര -ുന്ന-ത-്. നി-
രീ-ക്ഷ-കളറെ പകേ-് ഇന്ന് കൂെ -ുതൽ 
വിപ -ു�ീ-കൃ-ത-മാ-ണ്. അക്ൗ-ണ്ിങ്  
നിരീ-ക്ഷ-കൻ ഇന്ന് ഒരു വ്യക്ി-
യുളെ മുഴ -ുവൻ ശാരീ-രി-കവും മാന-
സി-ക-വ -ുമായ ളപര -ുമാ-റ്റ-ങ്ങ-െുളെ 
നിരീ-ക്ഷ-ക-നായി മാറി-യി-രി-ക് -ുന്നു. 
ഒരു സാദകേ-തി-ക-വിേ്യ ഭീമന് സ്ത-
ന്ത്-വ്യ-ക്ി-ക-െുളെ പ്രവർത്-ന-
ങ്ങളെ നിയ-ന്ത്ി-ക് -ുന്ന-തിനും വഴി-
തി-രി-ച്ച -ുവി-െ -ുന്ന-തിനും കഴി-യും. 
എ-ഐ, ബിഗ-് ഡാറ്റ തുെ-ങ്ങി-യ-
വക്-് തീർച്ച-യായും െി� ഇരുണ് 

നനാ�ൽ  
പനുര-സന്-കാരം 
െഭതി-ക്ാലത 
നപായ ഒനടേലറ 
മഹാ-ദപ-തതി-ഭ-ക-ളനു-
ടെന്-. ്ാന്ധതി-
ജതിയനും നടാൾ-
നറ്ാ-യതിയനും 
ഉ്രാ-ഹ-ര-ണ-ങ്ങ-ളാ-
ണന്. 
രസ-ത-ന്ത്ര-ത്തി-
ലറെ നമഖ-െ-യതിൽ 
മൂെ-ക-ങ്ങ-ളനുലട 
ആവർത്-ന-പ്-ടേതി-
ക-യനുലട 
പതിതാ-ലവ-ന്-റതി-യ-
ലപ്-ടനുന് 
ലമൻഡ-െതി-നയവന്-, 
രാസ-സം-യനു-ക്ത-
ങ്ങ-ളതിലെ 
�ന്ധ-നലത് 
നതിർവചതിച് ജതി 
എൻ െൂയതിസന്- 
തനുടങ്ങതി 
ഒനടേലറനപ്ർക്ന്- 
നനാ�ൽ 
സമ്ാനം 
െഭതി-ച്തി-ടേതി-ല്ല.

ഡ�ോ. എയം വിജേൻ

ഡസോറൻ 
കിർലകഗർ
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വശ-ങ്ങ-െ -ുണ്-്. സമ-ഗ്രാ-ധി-പ-ത്യ-ത്ി-
ളറെ ദ�ാക-ദത്ക്-് ദപാകാ-നുള്ള 
സാധ്യത തള്ളാ-നാ-വി-ല്ല. ഇളത-
ളറെ ദമഖ-�-യ-ല്ലാ-ത്-തി-നാൽ ആഴ-
ത്ി-�ുള്ള വിശ-ക-�-ന-ത്ിന് മുതി-
ര -ുന്നി-ല്ല. 

 ഇതിളന പ്രതി-ദരാ-ധി-ക്ാൻ 
ജനാ-ഭി-മ -ുഖ്യ-മുള്ള ശാസ-്ത്ര സാ-
ദകേ-തി-ക-വി-േ്യക്-് കഴി-യ -ുളമ-ന്നാണ് 
ഞാൻ പ്രതീ-ക്ഷി-ക് -ുന്ന-ത-്. നമെ -ു
ളെ നി�-പാ-െ -ുക-ൊണ് പ്രശ-്നം. 
എല്ലാ-വ-ര -ുളെയും അെ -ുദത്ക്-് വി-
േ്യാ-ഭ്യാസം എത്ി-ക് -ുന്ന-തി-നുള്ള 
സാദകേ-തി-ക-വി-േ്യ-ക-െുളെ സാധ്യത-
കൾ നാം ഉപ-ദയാ-ഗ-ള -്െ -ുത്-ണം. 
അറിവ-് ഉണ്ാ-ക്ുന്ന അസ്ാ-ത-
ന്ത്ര്യളത് സ്ാത-ന്ത്ര്യ-മാക്ി മാറ്റ -ു
ന്നതും അറി-വാ-ളണന്ന് നാം തിരി-
ച്ച-റി-യ-ണം. സമ-ഗ്രാ-ധി-പ-ത്യ-ത്ി-
ളറെ ഭാഗ-ദത്ക്-് ദ�ാകം തിരി-
യ -ുദമ്പാഴും ജനാ-ധി-പ-ത്യ-ത്ിളറെ 
സുന്ദ-ര-മായ ഇെം സൃഷ-്െി-ക് -ുന്ന-തി-
നുള്ള സാധ്യ-ത-കൾ അവ-ദശ-ഷി-
ക് -ുന്നു. 

 എല്ലാ-വർക്ും ജ�വും ഭക്ഷ-
ണവും ഔഷ-ധവും നല് -ുന്ന-തി-
നുള്ള സാദകേതിക സാധ്യ-ത-കൾ 
ഉപ-ദയാ-ഗ-ള -്െ -ുത്-ണം. ദഗ്ാ-
ബൽ കണ-ക-്െി-വിറ്റി എല്ലാവരുളെ-
യും അവ-കാ-ശ-മാ-ണ്. സാദകേ-തി-ക-
വി-േ്യ-യുളെ സാധ്യത-കൾ അന-ന്ത-
മാ-ണ്. മന -ുഷ്യ-പ-ക്ഷ-ത് -ുനി-ന്നുള്ള 
വിക-സ-ന-സ-കേ-ല്പ-ന-ത്ിന് ഊന്നൽ 
നല്-ണം. 

 ? ഇവിളെ മളറ്റാരു പ്രശ-്ന-മ -ുേി-
ക് -ുന്നു. നമെുളെ ഗദവ-ഷണം േരി-
ദ്ര-ജ-ന-വി-ഭാ-ഗളത് അവ-ഗ-ണി-ക് -ു
ന്ന -ുദണ്ാ. ദപാഷ-കാ-ഹാ-ര-ക് -ുറവ-്, 
ോരി-ദ്ര്ം, പകർച്ച-വ്യാ-ധി-കൾ, അെി-
സ്ഥാന ജീവ-ദനാ-പാ-ധി-ക-െുളെ 
വിക-സനം തുെ-ങ്ങിയ ദമഖ-�-
കളെ നമെുളെ ഗദവ-ഷ-ണ-ദമ-ഖ� 
ഗൗര-വ-ദത്ാളെ പരി-ഗ-ണി-ക് -ുന്നി-
ദല്ല. ഉോ-ഹ-ര-ണ-ങ്ങൾ ധാരാ-െ-മ -ു
ണ്-്. ഉന്ന-ത-ശാ-സ-്ത്ര-ഗ-ദവ-ഷണ 
ദമഖ� സ-്ത്രീകളെ മാറ്റി-നിർത് -ു
ന്ന -ുദണ്ാ. വിശ-േീ-ക-രി-ക്ാ-ദമാ... 
ഇന്ത്യ-യുളെ ശാപ-മായി വി�-യി-
ര -ുത്-ള -്െുന്ന സവർണാവർണ-
ദഭേം ഈ ദമഖ-�-യി-� -ുദണ്ാ. 

 =  ഞാൻ ദനരളത് സൂെി-് ി-
ച്ച-ത -ുദപാള� സാമ -ൂഹ്യ-യാ-ഥാർഥ്യ-
ങ്ങ-െുളെ പ്രതി-��നം ഇവിളെ-യ -ു
മ -ുണ്ാ-കും. സ-്ത്രീക-െുളെ അസാ-
ന്നി-ധ്യവും അങ്ങളന േർശി-ക്-ണം. 
സമ -ൂഹ-ത്ിള� െൂഷി-ത-ദമ-ഖ-�-
കൾ, അസ-മ-ത-കൾ പ്രതി-�-�ി-

ക്ുന്ന കണ്ാ-െി-ക-ൊണ് 
ഈ ദമഖ-�-ളയന്ന എളറെ 
മുൻപ്ര-സ-്താ-വന ഞനാ-
വർത്ി-ക് -ുന്നു. ഇളത-ങ്ങ-
ളന �ഘ -ൂക-രി-ക്ാ-ളമന്ന് 
പരി-ദശാ-ധി-ക്-ണം. 

 നിയ-മ-പ-രി-ര-ക്ഷ-
ളകാണ്ുമാത്രം ഇത-് നെ-് ാ-
വി-ല്ല. ശാസ-്ത്ര-ത്ി�ും സാ-
മ -ൂഹ്യ-വി-ഷ-യ-ങ്ങ-െി�ും പ -ു
ദരാ-ഗ-മ-ന-പ-ക്ഷ-പാ-തിത്ം 
പു�ർത്ുന്ന ആണ -ുങ്ങൾ 
വീട്ി-ള�-ങ്ങളന ളപര -ുമാ-റ -ു
ന്നു? ആണ-ധി-കാ-ര-ത്ിളറെ 
ഒദട്ളറ പുത്ൻഗാഥ-കൾ 
നാം നിര-ന്തരം ദകൾക് -ു
ന്നു. ഞാൻ വ്യക്ി-പ-ര-
മായി ഇത്-ര-ളമാരു ദമഖ-�-
യി-�ൂളെ െി�-ദ്ാ-ളഴാളക് 
കെ-ന്ന -ുദപാ-യി-ട് -ുണ്-്. ബ്ാ-
ഹ്മ-ണ-നാ-യി-ര -ുന്ന -ുളവ-കേിൽ 
കുറ-ച്ച -ുകൂെി നന്നാ-ദയളന 
എന്ന് ഞാൻ െിന്തിച്ച 
സന്ദർഭ-ങ്ങ-െ -ുണ്ാ-യി-ട് -ുണ്-്. 
ഇര -ുപ-ത്ി-യ-ഞ്ചിദ�ാ മു -്
തിദ�ാ നിൽക്ുന്ന ഒരു 
ഗദവ-ഷ-കന് തീർച്ച-യായും 
ഇത്രം അന -ുഭ-വ-ങ്ങൾ 
ഉണ്ാ-കാം. മാംസാ-ഹാരം 
കഴി-ച്ച-തിളറെ ദപരിൽ അവ-
ദഹ-െി-ക്-ള്ട് വിേ്യാർഥി-
കൾ ഐ-ഐ-െി ദഹാസ്റ-�ി-
� -ുണ്-്. 

 ? മ�-യാ-െി-ക-െുളെ മാതൃ-
ഭ -ൂമി-യി-ദ�ക്-് തിരി-ളച്ചത്ി 
നമുക്ീ സംഭാ-ഷണം അവ-
സാ-നി-് ി-ക്ാ-ം. നദവാ-ത്ാ-
ന-ത്ി-�ൂളെ കെ-ന്ന -ുദപായ 
മ�-യാെി സമ -ൂഹ-ത്ി-
ളറെ വർത്-മാ-നാ-വ-സ്ഥ-
ദയാ-െുള്ള പ്രതി-ക-ര-ണം. 
ജാതിയും ആൊ-ര-ങ്ങെും 
മുറ -ുളക-് ി-െിച്ച-് പുത -ുദക-
രെം സൃഷ-്െി-ക്ാ-ളമന്ന് വ്യാ-
ദമാ-ഹി-ക് -ുന്ന-വർ ഇവിളെ 
ധാരാ-െ-മ -ുണ്-്. ജന-സം-ഖ്യാ-
ന -ുപാ-തി-ക-മായി ദനാക്ി-
യാൽ ഇന്ത്യ-യി-ദ�-റ്റവും 
കൂെ -ുതൽ സ്ർണാഭ-ര-ണ-
ങ്ങൾ സൂക്ഷി-ക് -ുന്നത-് മ�-
യാ-െി-ക-ൊ-ളണന്ന് പ്രേീ-
പിളറെ ഒരു സമീ-പ-കാ� 
പ്രഭാ-ഷ-ണ-ത്ി-� -ുണ്ാ-യി-
ര -ുന്നു. നവ-ദക-രെ നിർമി-
തി-യുളെ സാധ്യ-ത-കൾ 
എളന്താ-ളക്-യാ-ണ്.

= ശാസ-്ത്രം എന്നത-് 

പ്രതീ-ക്ഷ-യാ-ണ്. കൂെ -ുതൽ ളമച്ച-
ള്ളട്ാരു ഭാവി സ്പ-്നം കാണ -ു
ന്ന-വർക്-് അത-് സാക്ഷാ-ത്-ക-രി-
ക്ാ-നുള്ള ‘tool’ ശാസ്-ത്രമാ-ണ്. 
എല്ലാ-വർക്ും വിേ്യാ-ഭ്യാ-സം, 
ളതാഴിൽ, ഭക്ഷ-ണം, മരു-ന്ന്, 
കണ-ക്-െി-വിറ്റി തുെ-ങ്ങിയ പ്രതീ-
ക്ഷ-കളെ യാഥാർഥ്യ-മാ-ക്ു-ന്നത്- 
ശാസ്-ത്ര-മാ-ണ്. 

 നമെുളെ ആയുർന്േർഘ്യ-
ത്ിളറെ വർധന-, ശിശു-മ-ര-ണ-നി-
ര-ക്ി-�ു-ണ്ായ കുറവ്- എന്നിവ 
സംഭ-വി-ച്ചത്- പ്രതീ-ക്ഷ-ക-െുളെ 
ശാസ്-ത്രം ജന-ങ്ങ-െി-ള�-ത്ി-യ-തു-
ളകാ-ണ്ാ-ണ്. പദക്ഷ, ദകാവിഡ്- 
വാക്-സിൻ സ്ീക-രി-ക്ാൻ 
ആശു-പ-ത്രി-യി-ള�-ത്ു-ദമ്പാഴും 
നമെൾ നായരും തീയനും പട്ി-
ക-ജാ-തി-ക്ാ-ര-ന -ുമാ-ക -ുന്ന-താണ് 
പ്രശ-്നം. ബുദ്ിളയ സ്ാധീ-നി-ച്ച-ത -ു
ദപാള� ഹൃേ-യ-ങ്ങളെ സ്ാധീ-നി-ക് -ു
ന്ന ഗുണ-ദമ-ന്-ദയ-റിയ വിേ്യാ-ഭ്യാസം 
സാധ്യ-മാ-ക-ണം. 

 നാരാ-യണഗുര -ുവിനും രണ്ാം 
മഹായ -ുദ്-ത്ി-ന -ുദശ-ഷവും 
ദകരെം വെർന്ന-ദ്ാഴും ഒദട്ളറ 
അപ-െ്യൂ-തി-ക-െി-ദ�ക്്- നാം തിരി-ച്ച -ു
ദപാ-യി. ദമാെ-ന-മാണ ്പുതിയ വി-
േ്യാ-ഭ്യാ-സം. പദക്ഷ, ഗർത്-ങ്ങൾ 
നളമെ കാത്ി-രി-ക് -ുക-യാ-ണ.് ജാ-
തി-ദെ-രി-തി-രി-വ -ുകൾ, പര-മ്പ-രാ-ഗത 
ആൊ-ര-ങ്ങൾ തുെ-ങ്ങി-യ-വ.  
പുത്ൻളവ-ല്ല -ുവി-െി-കളെ പുദരാ-
ഗ-മ-ന-പ്ര-സ്ഥാ-ന-ങ്ങൾ ഏളറ്റ-െ -ു
ക്-ണം. സിംഗ-് ൂർ, �ിൻ�ന്റ്-, 
വിയ-റ്റ്നാം, സ-്കാൻഡി-ദന-വി-
യൻ രാജ്യ-ങ്ങൾ തുെ-ങ്ങി-യ-വ-യിൽ 
നമുക്-് പകർത്ാ-വുന്ന ഒദട്ളറ 
മാതൃ-ക-കൾ ഉണ്-്. ശാസ-്ത്ര-ദബാ-ധ-
മുള്ള കർദമാ-ത്സ -ുക-ത-യുള്ള നമെ -ു
ളെ മന -ുഷ്യ-സ-മ്പ-ത്ിളന �ക്ഷ്യ-
ദബാ-ധ-ദത്ാളെ നാം പ്രദയാ-ജ-
ന-ള -്െ -ുത്-ണം. �്യൂഡൽ, പാ-
ട്രി-യാർക്ൽ മൂ�്യ-ങ്ങ-െിൽനിന്ന് 
കുത-റി-മാ-റ -ുന്ന-തിന് വ�ിയ സാ-
മ -ൂഹ്യ-മാ-റ്റ-ങ്ങൾ ഉണ്ാ-ദക-ണ്ി-യി-
രി-ക് -ുന്നു. Remitted economy-
ളയ മാത്രം ആശ്-യി-ക്ാളത 
വിശാ-�-മായ ആകാ-ശ-ദത്ക്-് 
പറ-ന്ന -ുദപാ-കുന്ന യുവ-ത-യുളെ 
കർമ-ദശഷി മ�-യാ-െ-നാ-ട്ിൽ നി�-
നിർത്ാൻ കഴി-ഞ്ഞാൽ ദകരെം 
മാറും. ശാസ-്ത്ര-ത്ിളറെ അന-ന്ത-
മായ ദശാഭ-ന-മായ ഭാവി-യുളെ 
െിറ-കി-ദ�റി "മ�-യാ-െി-യുളെ മാ-
തൃ-ഭ -ൂമിക്-്' കുതി-ക്ാ-നാ-ക -ുളമന്ന് 
ഞാൻ വിശ്-സി-ക് -ുന്നു  . 

നൊകത്ന്- പെ-യതി-
ടത്നും മാറ്റ-ങ്ങൾ 
ദപക-ട-മാ-ണന്. 
ഐഐടതി 
ലചവന്-യതിൽനതി-
ന്ന് �തിലടക്ന്- കഴതി-
ഞ്വരതിൽ 
ചതിെർ മതികച് 
ന്യൂനറാ സർജ-ന്ാ-
രായതി മാറതി-യതി-ടേനു-
ടെന്-. പലക്ഷ 
അവർക്തന്- സാ-
ധ്യമാ-യതന്- അവർ 
അനമ-രതി-ക്-യതി-ൽ 
നപായ-തനു-ലകാ-
ടൊണന്. സ്രൃ-ശ-
മായ വെതിയ 
മാറ്റ-ങ്ങൾ 
നമ്നുലട യൂണതി-
നവ-ഴന്-സതി-റ്റതി-കളതിൽ 
ഉടൊ-ക-ണം. 
അത്രം 
തതിരനു-ത്ൽ 
ദപദകതി-യ-യതി-െൂലട 
മാദതനമ സമൂ-
ഹലത് മാറ്റാൻ 
കഴതി-യനുന് 
ഊർജം 
ദപസ-രതി-ക്നുന് 
വെതിയ അക്ാ-്ര-
മതിക വ്യക്തതി-ത്-
ങ്ങൾ ഉടൊ-കൂ. 
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Chapter 3

C0015 Nanosensors for water quality monitoring
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s0010 Significance of water quality monitoring

p0010 Water is the essence of life on earth. Yet, availability of water of appropriate quality in adequate quantity is an ever-

increasing concern due to a number of issues, including pollution of water bodies. Robust technologies are being developed

for water quality monitoring and purification. Identification and quantitation of contaminant(s) are essential aspects of con-

trolling water pollution. According to UNICEF and WHO, the proportion of population in the least developed countries

using limited water services has doubled between 2000 and 2017 [1]. Organic pollutants, pharmaceuticals, heavy metals,

pathogens, explosives, pesticides, and other such water contaminants have posed an acute threat to the ecosystem

worldwide. Key findings of theWHO report attribute 3.3% of deaths and 4.6% of disability-adjusted life years to the effects

of inadequate water, sanitation, and hygiene, for the year 2016 at a global scale [2].

p0015 Hence, one of the global targets for UN Sustainable Development Goals (SDGs) is the availability of safe and affordable

drinking water for all by 2030. Some of the significant challenges for achieving these goals are increasing population,

climate change, expanding cities, rapid industrial development, improper waste management, eutrophication of water

bodies, etc. In these emerging global development conditions, prompt pollutant recognition has become a need of the hour.

p0020 Water quality plays a significant role in human health and economic growth, from household to global scale. Hence, the

accurate and timely evaluation of its quality is essential for initiating remedial strategies to ensure that the contaminants are

at acceptable levels and prevent them from causing environmental catastrophes [3]. Water quality monitoring provides

information for regulatory measures and surveillance. Water is expected to contain small amounts of contaminants, and

in fact, some of them such as essential and trace minerals are important for life. However, certain toxic substances pose

a threat to human health even at low concentrations. The maximum acceptable level of each contaminant is different.

Therefore, the development of sensitive water quality sensors for the detection of trace pollutants is essential.

s0015 Water quality sensors

p0025 A sensor is broadly defined as a device that detects events or changes in its physical environment. The information is

relayed as data to other devices, such as a computer. Water quality sensors are essential for ensuring availability and acces-

sibility for quality water for human activities ranging from drinking to agricultural and industrial purposes. The sensors

could be located at the point of use or at the water treatment facilities, or within the water distribution system. The infor-

mation from such sensors is vital for water management issues such as meeting the required regulations for water quality,

industrial and municipal wastewater treatment (e.g., monitoring specific, target compounds), agricultural irrigation,

identification of noncompliant water bodies, and establishing an early warning system (e.g., leakage detection).

p0030 Monitoring water quality requires qualitative and quantitative measurement of various pollutants. However, developing

such a sensor is a challenging task due to diversity and complexity of the water samples and trace amounts of contaminants

that need to be detected. In addition, several aspects of the water such as temperature, pH, dissolved solids and gases, etc.

can have an impact on the chemical state and concentration of the contaminants. Hence, physical, chemical, and biological

parameters need to be taken into consideration for water quality monitoring. Physical parameters include color, suspended

particles, turbidity, density, conductivity, temperature, and total dissolved solids. Chemical parameters may be organic and
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inorganic (pH, dissolved oxygen, hardness, disinfectants, phosphates, nitrogen content, micronutrients, and other inorganic

metal contaminants). Biological parameters include various micro-organisms such as algae, bacteria, and pathogens [4].

Current sensing technologies are mainly based on colorimetry, electrochemistry, or lab-based spectroscopic methods. Tra-

ditional methods for water quality monitoring are largely dependent on laboratory analysis, complex instrumentation, and

computing infrastructure. They require frequent calibration and are often not suitable for continuous sampling [4]. Thus,

there is a high demand for sensitive, simple, cost-effective, and portable in situ operating sensors for real time monitoring of

water quality. Incorporation of nanotechnology and innovative techniques in fabrication of sensors is proving to be a prom-

ising tool. Sensors for monitoring water quality are essential emerging field in nanosensor technology research. Nano-

sensors with the capabilities to provide quantitative information comparable to conventional analysis methods along

with the advantage of miniaturization of devices are an effective alternative.

s0020 Nanosensors

p0035 Nanosensors are sensing devices that utilize nanomaterials as recognition elements to detect changes. In recent years,

nanomaterials-based sensors are gaining popularity. They provide high sensitivity, specificity, large surface area to volume

ratio, quantum confinement effects, rapid detection, and tunable magnetic, electrical, and optical properties [5]. They have

wide applications in detecting toxic gases, food packaging, healthcare diagnostics, and water quality monitoring. This

chapter focuses on the recent advances and techniques in nanosensing technology, emphasizing research toward

real-life applications that can replace traditional water quality evaluation methods.

p0040 Types of water quality nanosensors based on the signal transduction mechanism employed for sensing are discussed in

this chapter. These include electrochemical, optical, and magnetic nanosensors. Biomimetic and hybrid nanosensing tech-

nologies are also mentioned briefly. Various suitable nanomaterial platforms such as noble metal nanostructures, quantum

dots, magnetic nanoparticles (MNP), metal–organic frameworks (MOFs), clusters, enzymes, molecularly imprinted

polymers, aptamers, carbon nanomaterials, etc., are also discussed concurrently. Table 1 enlists applications of various

nanosensors discussed in the chapter for monitoring water quality.

s0025 Electrochemical nanosensors

p0045 Electrochemical nanosensors are sensing devices that measure the change in current, voltage, conductance or impedance

resulting from a reaction, using nanomaterials as recognition elements that convert the signal to digital information. Typ-

ically, an electrochemical sensor consists of three electrodes-working, a reference, and a counter (auxiliary) electrode. The

working electrode serves as the surface where the reaction/process of interest occurs. Different electrochemical techniques

are amperometry, voltammetry, potentiometry, impedance spectroscopy, and conductometry (capacitive and resistive).

Due to the different detection mechanisms involved, information on various aspects of an electrochemical reaction is

gained from different techniques [6]. Electrochemical sensing methods are sensitive and reliable due to their advantages

such as low cost, lower limit of detection, quick response, and portability. They are promising candidates for making

real-time and in-process monitoring and detection of trace amounts of water pollutants feasible [7,8].

p0050 The geometry, design, and configuration of the working electrode (WE) play an important role in electrochemical

sensors [9]. A combination of nanotechnology and electrochemistry can produce robust and reliable electrical instruments

for monitoring environmental contaminants [10]. Usually, the WE is miniaturized to provide portability for on-field

sensing. A nanoelectrode (NE) or aWE electrode modified using nanomaterial platforms and surface modifications provide

improved conductivity, sensitivity, and surface area to detect target contaminant(s) [7]. Screen printing is a fabrication

technique that promotes miniaturization of electrochemical sensing devices. A screen printed electrode (SPE) integrates

the three electrodes on an insulated solid substrate made of polyvinyl chloride, polyethyleneterephthalate, ceramic, etc.)

[11]. SPE is typically fabricated by layer by layer deposition of ink onto the substrate. The technique involves an

ink-blocking stencil supported on a woven mesh. The ink and other printable modifiers are pumped across the stencil

by a roller or squeegee. The ink is usually allowed to solidify by thermal treatment between printing of successive ink

layers. Commonly used inks include carbon, platinum, gold and silver [12]. The thickness of SPE is usually a few microns

which is easily controlled by number of ink layers and amount of printed ink [11]. Suitable modifiers such as catalyst,

nanomaterials, metallic nanocomposites, organic compounds, etc. may be used along with the ink (bulk modified recog-

nition systems) or included on the electrode surface. This increases the effective surface area, absorption capability, elec-

trical conductivity, selectivity and sensitivity [9,13]. The modifications for SPE may also be in the form of specific

electrode design or a suitable solid substrate [9]. Fig. 1A shows typical design of a SPE used in electrochemical sensing.
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TABLE 1t0010 Applications of various nanosensors for monitoring water quality.

Sr.

No

Transduction

mechanism Sensor material Analyte

Limit of

detection References

1. Electrochemical Choline oxidase enzyme and
MWCNT

Pb2þ 0.0083ppb [16]

Graphene conjugated with CdSe
QDs, HRP-labeled AuNPs and
specific monoclonal antibody on
GCE

Hg2þ 0.06ppb [17]

HS-(CH2)2-[OCH2CH2]6-OCH
self-assembled monolayer on
aptasensor

Ampicillin and
sulfadimethoxine drugs

10 pM and
1 nM,
respectively

[18]

Immobilized aptamers and
IC-DNA-labeled AuNPs on rGO
and Au dendritic nanostructures

Hg2þ, Cd2þ, and As3þ 2.0, 0.62, and
0.17pM,
respectively

[37]

DNA-modified Fe3O4@Au MNPs
on magnetic GCE

Agþ and Hg2þ 3.4 nM
(0.37ppb) and
1.7 nM
(0.34ppb),
respectively

[41]

Polypyrrole on pencil graphite
electrode

Dibutyl phthalate 4.5 nM [21]

CuO-TiO2 hybrid nanocomposite
on GCE

Methyl parathion 1.21ppb [22]

Poly(3,4-ethylene-
dioxythiophene) nanorods/GO
nanocomposite on GCE

Hg2þ 2.78nM
(0.55ppb)

[23]

Amorphous carbon and Bi NPs on
SPE

Pb2þ and Cd2þ 3.8 and 2.2 ppb,
respectively

[45]

N-methyl-2-pyrrolidone (NMP)
exfoliated graphene nanosheets
on GCE

Hydroquinone, catechol,
4-chlorophenol, and 4-
nitrophenol

0.012, 0.015,
0.01, and
0.04μM,
respectively

[47]

Vertically aligned
two-dimensional (2D) MoS2

Pb2þ 0.3 ppb [50]

Fe3O4 NPs hybridized with
S-MWCNTs that were combined
with poly (2,6-pyridine
dicarboxylic acid) on GCE

Omeprazole 15nM [24]

AuNPs/α-MnO2 As3þ 0.019ppb [55]

2. Optical 4-mercaptopyridine
functionalized Au NPs

Hg2þ 8 nM (1.60ppb) [60]

Monoclonal cholera toxin
antibody-conjugated AuNPs that
were modified with
mercaptopropionic acid

Cholera toxin 10 nM [58]

Silver dendrite SERS substrate Ferbam pesticide 0.861ppm [64]

Tetraphenylporphyrin
tetrasulfonic acid (TPPS) and
black phosphorus QDs

Hg2þ 0.39nM
(0.078ppb)

[67]

Nitrogen-doped carbon QDs Humic substances 0.2 mg/L [69]

Continued
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TABLE 1 Applications of various nanosensors for monitoring water quality.—cont’d

Sr.

No

Transduction

mechanism Sensor material Analyte

Limit of

detection References

Fe3O4 microspheres and Au NPs
using SERS

16 PAHs 100–5 nM [73]

Gold-coated magnetic
nanosphere–anti-E. coli antibody
complex and Raman label

E. coli 8 cfu/mL [71]

Core–shell MOF@Ag NPs on
SPCE

PAHs pM [88]

3. Magnetic
nanosensors

Schiff base/silica/magnetite as
preconcentration phase

Pb2þ, Cd2þ and Cu2þ, 0.14, 0.19 and
0.12μgL�1,
respectively

[89]

Biomimetic and
hybrid
nanosensing

Plant with lead-sensitive DNA and
CNTs in leaves

Pb2þ — [90]

Nanoswimmer: PEDOT/Au
bilayer microtubes with catalase
enzyme

Mercury, copper,
herbicide-aminotriazole,
and pesticide-NaN3

Micromolar
levels

[93]

FIG. 1f0010 Examples of typical geometries of a few electrochemical electrodes: (A) screen-printed electrode (SPE), (B) square nanoelectrode array (NEA),

(C) three-dimensional nanowire NEA, (D) randomly arranged NE ensemble (NEE). WE: working electrode, CE: counter electrode, and RE: reference

electrode.
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This fabrication technique produces mechanically stable, cost-effective and disposable electrodes. SPEs can easily be used

with miniaturized, portable electrochemical sensing instruments for on-field detection of water contaminants [12].

p0055 Electrochemical nanosensors can also be in the form of an individual NE, an electrode with at least one dimension

(e.g., radius for discs or nanowires and thickness for lines) of approximately 50nm. Typical geometries of NE are NE arrays

(NEA) and NE ensemble (NEE), as shown in Fig. 1B–D. NEA are perfectly ordered sets of NE that have single as well as

multianalyte measurement capability (Fig. 1B and C). NEE are randomly arrange groups of NE that can be used to obtain

spatial distribution measurements for a single analyte (Fig. 1D) [6,14]. Multiplexed designs offer the possibility of differ-

ently modifying individual electrodes in an array to detect different target analytes [9].

p0060 Different nanomaterial platforms used for electrode modification include biorecognition elements (e.g., enzymes

[15,16], nucleic acids, cells, antibodies [17], aptamers [18], microorganisms, etc.) [19], molecularly imprinted polymer

(MIP) [20,21], nanocomposites [22,23], nanoparticles [24], nanostructures [25], carbon nanomaterials such as carbon nano-

tubes [15,26–28], carbon nanofibers, graphene, etc. Using nanomaterials in electrochemical sensing provides advantages

such as greater mass transport, high current densities, low background charging current, and enhanced surface-to-volume

ratio [14,20]. This results in higher sensitivity and lower detection limits [14].

p0065 The electrode surface modification can be in the form of adsorption, covalent bonding, electrochemical deposition, and

electrochemical polymerization. In the adsorption type of modification, noncovalent interactions exist between the elec-

trode surface and the modifier, mainly as coatings, chemical adsorption, or self-assembled monolayers. Electrochemical

deposition and polymerization surface modification methods involve applying a voltage to the WE in an electrolyte con-

taining the preferred modifier. This results in the formation of polymeric or metallic films on the surface. In the case of SPE,

the preferred material is added in the ink [9].

p0070 Electrochemical nanosensors have been used for detection of various water contaminants such as heavymetals (e.g., Pb2þ,

Cd2þ, As3þ, etc.) [7,25,28], pharmaceuticals [20,24], pesticides [22,29], etc.Moreover, portable and low-cost potentiostats are

nowwidely available commercially that are useful for in situ/online/point-of-care analysis [9]. Some of the widely used nano-

material platforms employed in electrochemical nanosensors are described in brief in the following subsections.

s0030 Electrochemical biosensors

p0075 Electrochemical biosensors are a class of nanosensors that use various biorecognition elements such as enzymes, anti-

bodies, aptamers, nucleic acids, cells, etc. to detect analytes electrochemically. Fig. 2 shows the schematic of a typical

electrochemical biosensor comprising a biorecognition element (which allows selective detection of specific analyte(s))

and other components like transducer, amplifier, processor, and display. Enzyme, antibody, aptamer, and DNA-based

electrochemical biosensors to detect water contaminants with suitable examples are briefly described.

s0035 Enzyme

p0080 Enzymes have been widely used for the detection of heavy metal ions as the interaction causes a change in the structure and

properties of the enzyme. This leads to activation or inhibition effect on an enzyme activity in the presence of specific ions.

Commonly used enzymes in electrochemical metal ion sensors include oxidase, peroxidase, and urease [30]. An amper-

ometric choline biosensor was developed to detect Pb2þ using choline oxidase enzyme (ChOx) and multiwalled carbon

nanotubes (MWCNT). In the presence of Pb2þ ions, the enzyme activity (oxidization of choline into betaine) was inhibited,

causing a decrease in the choline oxidation current. The detection limit was 0.04nM (0.0083 ppb) with high selectivity for

Pb2þ ions, and the detection was successful in tap water samples [16].

FIG. 2f0015 Schematic illustration showing the key components of an electrochemical biosensor. Here, the biorecognition element converts the substrate

(S) to the product (P). The transducer converts the biological response into an electrical signal. The output is then amplified and processed by a transistor

processor, and finally, the output is displayed on a computer. From H.S. Magar, M.E. Ghica, M.N. Abbas, C.M.A. Brett, Highly sensitive choline oxidase

enzyme inhibition biosensor for Lead ions based on multiwalled carbon nanotube modified glassy carbon electrodes, Electroanalysis 29 (7) (2017) 1741–
1748. doi:10.1002/elan.201700111.

B978-0-323-90763-7.00010-X, 00010

SST, 978-0-323-90763-7

Nanosensors for water quality monitoring Chapter 3 41



s0040 Antibody

p0085 Antibody-based electrochemical nanosensors are centered around the conformational modifications produced by the

bio-recognition interaction between the antibody and the antigen which are detected by a transducer. They are also termed

electrochemical immunosensors. The immunochemical reactions are converted into an electrical signal such as current,

potential difference, or resistivity change. The antibody is usually immobilized onto the electrode surface. An antibody

(Ab) monomer is a globular plasma protein made of four polypeptide chains—two light chains (�25kDa each) and

two heavy chains (�50kDa each) which are connected by disulfide bonds. Each of these chains has a constant and a var-

iable region and form a characteristic “Y” shape. The variable regions determine the selectivity and binding to specific

antigens or analytes. Various immobilization techniques include microcontact printing, direct spotting, covalent binding,

and adsorption to a conductive polymer matrix [31]. The performance of these sensors is usually enhanced by modifying

the working electrode with electrically conductive nanomaterials. This helps in the amplification of their signal and immo-

bilization of more antibodies [32]. In the case of heavy metal ion detection, the change in the current on the electrode

surface due to oxidation and reduction of selectively adsorbed species is quantified. An ultrasensitive electrochemilumi-

nescent (ECL) immunoassay for mercury detection was developed based on graphene conjugated with CdSe quantum dots,

horseradish peroxidase (HRP)-labeled gold nanoparticles (AuNPs), and specific monoclonal antibody (mAb) against Hg2þ.

The detection was performed using a glassy carbon electrode (GCE) and cyclic voltammetry. The immunosensor exhibited

good stability, accuracy, and acceptable reproducibility in environmental samples with a detection limit of 0.06 ppb [17].

The high specificity and sensitivity aspects of antibody-based electrochemical sensors have been helpful for the detection of

contaminants such as pharmaceuticals [33,34], toxic microorganisms such as microalgae [35], pesticides, etc. However,

immunosensors have certain drawbacks, including the high production costs of antibodies, instability, and difficulty with

multiplexing [32].

s0045 Aptamer

p0090 Electrochemical aptamer-based nanosensor platforms have received significant attention in the past decade. Aptamers are

single-stranded oligonucleotides or peptides that show high affinity and specificity to their targets [36]. These are usually

immobilized on an electrode substrate. Aptamer-based nanosensors interact in two ways with the target analyte. The inter-

action can result in structural modification or a change in both flexibility and conformation of the immobilized aptamer. In

the first type of interaction, the electron transfer resistance between the electrode surface and the redox-active species in the

solution is altered. In the second case, the sensing is based on either an increase or a decrease in the redox current. Aptamers

can be labeled with electrochemical and fluorescent reporter tags and are stable in a wide range of experimental conditions

[36]. Yang et al. reported a signaling-probe displacement electrochemical aptasensor (EAS). The sensing mechanism in

signaling-probe displacement sensor is based on the theoretical assumption that the target analyte will cause displacement

and release of the signaling probe (ferrocene in this experiment) from the electrode surface, leading to a decrease in the

current signal. The researchers passivated the aptasensor surface with HS-(CH2)2-[OCH2CH2]6-OCH self-assembled

monolayer which enabled picomolar detection of antibacterial drugs (ampicillin and sulfadimethoxine). This is the first

reported EAS that works well for both hydrophilic and lipophilic targets. They also demonstrated the efficacy in lake water

samples [18]. Tang et al. developed an aptasensor array using a multichannel disposable screen-printed carbon electrode

(SPCE) for the simultaneous detection of three heavy metal ions (Hg2þ, Cd2þ, and As3þ) by open circuit potential (OCP)

technology. The sensor had an internal calibration DNA sequence (IC-DNA) to correct the background signal generated

by the detection system. The array was first modified with reduced graphene oxide (rGO) and dendritic gold nanostructures

followed by immobilization of aptamers and IC-DNA-labeled AuNPs. The aptasensor array showed high sensitivity toward

Hg2þ, Cd2þ, and As3þ with detection limits of 2.0, 0.62, and 0.17pM, respectively, without mutual interference or inter-

ference from other ions. Moreover, the array was successful in simultaneous detection of the three ions in real water samples,

and the results accurately matched with the data obtained from inductively coupled plasma mass spectrometry [37].

s0050 Deoxyribonucleic acid (DNA)

p0095 DNA as a bio-recognition element for water quality assessment has vast potential due to its properties such as selectivity,

sensitivity, biodegradability, cost-effectiveness, portability, and easy manipulation [38,39]. Also, for certain analytes, elec-

trochemical DNA nanosensors produce direct electronic signals overcoming the need for expensive signal converting

instruments. Moreover, these sensors work efficiently in turbid or colored samples too [39]. Also, various strategies exist

to amplify signals of electrochemical DNA biosensors to achieve ultrasensitivity. For example, nicking enzyme-assisted

amplification by using various endonucleases. This strategy allows rapid exponential amplification of a target nucleic acid.

Other techniques utilize core-shell nanoparticles and nanocomposites (e.g., AuNPs, graphene, carbon nanotubes (CNTs))
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for surface modification and signal amplification [38]. Electrochemical DNA sensors are utilized for sensing heavy metal

ions, pharmaceuticals, and microorganisms (e.g., coliform bacteria, E. coli). Detection of heavy metal ions depends on

selective and specific binding of the ions with distinct DNA bases, resulting in a stable DNA-duplex [39]; for example,

thymine-Hg2þ-thymine (T-Hg2þ-T) mismatch, cytosine-Agþ-cytosine (C-Agþ-C) mismatch, and Pb2þ-stabilized

G-quadruplex [38]. Heavy metal ions may also facilitate the cleavage of deoxyribozymes (DNAzymes) [39]. DNAzymes

are artificial single-stranded DNA sequences that can cleave RNA. They possess a substrate and an enzyme strand. The

substrate strand has a ribonucleoside adenosine at the cleavage site, while the enzyme strand shows catalytic activity in the

presence of the analyte [40]. An electrochemical DNA sensor was developed based on DNA-modified Fe3O4@Au mag-

netic nanoparticles (MNPs) on magnetic glassy carbon electrode for detection of heavy metal ions. Two electrochemically

active species, ferrocene (Fc) and methylene blue (MB) were used as labels for the simultaneous detection of Agþ and Hg2þ

by square wave voltammetry. The detection limit was in the nanomolar range for both the ions, and the sensor worked

efficiently in lake and drinking water. The developed biosensor can be translated into a universal platform for the detection

of other heavy metal ions [41].

s0055 Electrochemical molecularly imprinted polymer (MIP) nanosensors

p0100 Molecularly imprinted polymers (MIPs) are also termed as plastic antibodies or bio-mimetic receptors. They are produced

by the template-induced formation of specific recognition sites in a polymer. The synthesis of MIPs includes components

such as monomers, cross-linkers, initiators, and solvents. The monomers polymerize in the presence of the target/imprint

molecule, which acts as a template to form recognition sites. Removal of the imprint molecule yields a highly cross-linked

polymeric scaffold with selective, non-covalent-binding sites/cavities for the target analyte [9]. MIPs can be synthesized in

various ways, such as polymerization (bulk, suspension, or precipitation), self-assembled electropolymerization, soft

lithography, and spin coating [21]. The affinity and selectivity properties of synthesized receptors are comparable to

the natural receptors. They possess several advantageous properties such as enhanced stability, robustness, low-cost

and straightforward production, scalability, and ease of adapting the template-target molecule system to practical appli-

cations in assays and sensors, thus making them a viable alternative to natural receptors [9,42]. These are also compatible

with SPEs [42]. MIP sensors are applied to the determination of heavy metals, biomolecules, pharmaceuticals, explosives,

etc. [9,42]. Currently, nanoparticles (NPs) and nanostructured coatings are being widely explored for MIP sensing tech-

nology [42]. Bolat et al. developed a MIP nanosensor for the quantification of dibutyl phthalate (DBP). DBP is one of the

widely used phthalate esters (PEs), which are emergent pollutants for water, soil, and atmosphere. The synthesis of the

sensor was a single-step process involving electrochemical polymerization of pyrrole on the pencil graphite electrode

(PGE) surface. Electrochemical impedance spectroscopy (EIS) was used for the detection of DBP with a detection limit

of 4.5 nM [21]. Despite widespread research and several advantageous features of MIP nanosensors, there are a few fun-

damental problems that need to be addressed before commercial applications are feasible. Some of the issues include

improved stability, cost-effectiveness, repeatability, accuracy, calibration, portability, and multianalyte detection in

complex real water samples.

s0060 Nanomaterials-based electrochemical nanosensors

p0105 Significant advancements have been made in nanomaterials-based electrochemical sensor platforms, resulting in new tech-

nologies to ensure environmental and human safety. To develop highly sensitive electrochemical nanosensors, researchers

have utilized various nanomaterials such as nanocomposites, nanoparticles, metal-oxides, two-dimensional (2D), and

carbon nanomaterials to modify the surfaces of the electrodes for the detection of environmental pollutants.

s0065 Nanocomposites

p0110 Nanocomposites are multiphase solid materials with at least one component having nanoscale dimensions (termed nano-

fillers). The constituent materials possess significantly different physical or chemical properties; however, their combi-

nation yields a material with distinct characteristics, which differ from those of individual components. Commonly

used nanofillers are 0D particles (fullerene), 1D nanofibers (carbon nanotubes), and 2D nanosheets (graphene and its oxy-

genated derivatives, boron nitride) [43]. A diverse range of nanocomposites can be fabricated by combining nanofillers

with semiconducting nanoparticles, metals, metal oxides, polymers, quantum dots, hydrogels, and biomolecules. Nano-

composites constitute emerging electrochemical and fluorescent sensing platforms [44]. Nanocomposite-based electro-

chemical sensors are robust, highly sensitive, low cost, portable, decentralized, reliable, rapid, and can exhibit

detection limits in the picomolar range. An example of such a sensor involves CuO-TiO2 hybrid nanocomposites on

the GCE for the sensitive and selective detection of methyl parathion (an organophosphorus pesticide) with a limit of
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detection of 1.21 ppb. The sensor showed efficient sensing ability in the presence of interfering materials and groundwater

samples [22]. Conducting polymers have also been extensively investigated for their use in nanocomposite electrochemical

sensors. Polymer nanocomposites are comprised of copolymer/polymer matrix or nanofillers dispersed in the polymer

matrix. They offer distinct properties such as high electrical conductivity, rapid electrode kinetics, high chemical stability

in aqueous solutions, and environmental stability. They have a wide range of applications in analyzing several pollutants

(e.g., pesticides, heavy metals, nitrite, nitroaromatic compounds, phenolic compounds, hydrazine, etc.). The most com-

monly used methods for synthesizing polymer nanocomposites are in situ polymerization, direct mixing of polymer

and nanofillers (melt-mixing and solution-mixing), sol–gel, and electrochemical synthesis [10]. Researchers have

developed an electrochemical Hg2þ sensor using a poly(3,4-ethylene-dioxythiophene) nanorods/GO nanocomposite-

modified GCE (PEDOT/GO/GCE). PEDOT polymer with nanorod-like structures attached to the surface of GO nanosheets

helped enhance the nanocomposite’s electroactive sites. Differential pulse stripping voltammetry (DPSV) was used for the

analysis. The detection limit reported was 2.78nM (0.55 ppb) at a signal-to-noise ratio of 3. The applicability of the

developed sensor was successfully demonstrated in tap water samples [23]. Major challenges with polymeric

nanocomposite-based electrochemical sensors are dispersing nanofillers in the polymer matrix uniformly and enabling

a strong interaction at their interface. The dispersion issue can be addressed by surfactants, physical treatment, and chemical

functionalization of the surface of nanofillers [23]. Researchers have also used disposable, miniaturized SPEs for nano-

composite based electrochemical water sensors. Niu et al. synthesized a nanocomposite made of bismuth nanoparticles

and amorphous carbon. Ink was prepared by milling the prepared nanocomposite to a specific particle size distribution

suitable for screen printing. High surface area imparted by porous carbon and Bi NPs enabled the detection of trace con-

centrations of Pb2þ and Cd2þ ions (3.8 and 2.2 ppb, respectively) using square wave anodic stripping voltammetry tech-

nique (SWASV). The performance of these SPEs was successfully tested in tap water and wastewater from an urban

wastewater treatment plant [45].

s0070 Two-dimensional (2D) nanomaterials

p0115 Two-dimensional (2D) nanomaterials such as graphite-carbon nitride (g-C3N4) nanosheet, boron nitride (BN) nanosheet,

graphene, and various transition metal dichalcogenides (TMDs) (MoS2, MoSe2, WS2, etc.) possess unique chemical and

physical properties, which have been explored to monitor the environmental pollutants [46]. 2D nanomaterials have high

surface area, chemical stability, good electrical conductivity, easy functionalization, and mechanical strength. In several

instances, nanohybrids are fabricated by introducing metal oxides, noble metal NPs, or organic compounds on the surface of

2D nanomaterials to obtain sensors with better synergistic properties. Several 2D nanomaterials-based electrochemical

sensors have been developed for the detection of heavy metal ions (e.g., Pb2þ, Cd2þ), pharmaceuticals (e.g., metronidazole,

kanamycin), pesticides (e.g., chlorpyrifos, carbofuran), organic compounds (e.g., 4-chlorophenol, 4-nitrophenol, bisphenol A),

bacteria (e.g., S. aureus, S. arlettae, E. coli, S. oneidensis, Salmonella), etc. [46]. Wu et al. developed a sensor to detect phenols

using single-step N-methyl-2-pyrrolidone (NMP) exfoliated graphene nanosheets on GCE as a sensing platform. Such

NMP-exfoliated graphene nanosheets exhibited enhanced electrochemical activity compared to multistep chemical oxidation

synthesis. Moreover, the electrochemical performance was further improved after anodization due to increased oxygen-related

active defect sites and amplified effective surface area resulting from increased surface roughness. The developed sensor

showed detection limits of 0.012, 0.015, 0.01, and 0.04μM for hydroquinone, catechol, 4-chlorophenol, and 4-nitrophenol,

respectively [47]. Similarly, manyMoS2 (TMD) based nanomaterials have also been used as sensors to analyze water contam-

inants. For example, MoS2/polyaniline nanocomposite to determine chloramphenicol [48], Ag nanoprism@MoS2 for sensing

disinfection by-product trichloroacetamide in drinking water [49], vertically aligned two-dimensional (2D) MoS2 (edge

exposed) nanofilm for lead ion (Pb2þ) detection [50], etc.

s0075 Carbon nanomaterials

p0120 Electrochemical sensors have been fabricated with carbon-based nanomaterials such as carbon nanotubes, graphene, gra-

phene oxide, carbon nanofibers, and nanocrystalline diamond for highly sensitive and selective detection of various water

contaminants. Carbon nanomaterials offer unique physical, chemical and electrical properties like large surface area, high

carrier mobility, low residual current, flexibility, readily renewable surface, and ambipolar electric field effect [51]. Geo-

metrical advantage of these materials ensures the exposure of maximum surface atoms, which facilitates binding of a sub-

stantial fraction of analytes. Carbon nanomaterials are usually coupled with biorecognition elements, metal oxides,

nanoparticles, noble metals, etc. to enhance selectivity, specificity, and sensitivities. Their applications include sensing

various water contaminants such as heavy metals, pesticides, pathogens, nitroaromatic explosives, and antibiotics [51].

An electrochemical omeprazole sensor based on shortened multiwalled carbon nanotubes (S-MWCNT) was developed.
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Fe3O4 nanoparticles were hybridized with S-MWCNTs, which were combined with electro-polymerized poly (2,6-pyridine

dicarboxylic acid) on GCE for nanomolar detection of omeprazole [24]. Recently, a rapid, fully integrated, inexpensive

electrochemical sensor array was reported for in situ water quality monitoring. Simultaneous monitoring of pH

(57.5 mV/pH), free chlorine (186nA/ppm), temperature (16.9 mV/�C), heavy metal (<10 ppb), and on-demand monitoring

of acetaminophen and 17β-estradiol (<10 nM) was successfully achieved. The researchers merged nanomaterials and

CNT-based sensors on microscopic glass slides. The sensor had a custom-made readout circuit, a potentiostat, and an

Android app. The integrated system was efficient in monitoring tap, swimming pool, and lake water. Moreover, it can

be easily modified to integrate other sensors, enabling multiplexing capability to monitor a range of water quality param-

eters [52].

p0125 In general, carbon nanomaterial-based sensors enable highly selective and sensitive detection of pollutants without the

need for labeling or amplification techniques [51].

s0080 Nanoparticles and nanostructures

p0130 Electrochemical sensors made using nanoparticle-modified electrodes possess high surface area, improved mass-transport

and electron transfer rates, high signal-to-noise ratio, and low solution resistance [53]. Metal, metal oxide, polymeric, and

noble metal NPs can improve binding of analytes and performance of electrochemical sensor for the quantification of envi-

ronmental samples. NPs also exhibit notably different characteristics from bulk materials (e.g., bulk Au vs AuNP). Particle

size and size distribution of NPs are essential for their performance as an electrochemical sensor as it determines the degree of

diffusion-layer overlap [54]. NPs are often used in conjunction with other materials such as polymers, carbon-based nano-

materials, biorecognition elements, etc. AuNPs have been widely used to modify bulk electrodes. AuNP-modified electrodes

eliminate the memory effect and interferences of other ions and improve the sensitivity and detection limits [53]. An efficient

and antiinterference electrochemical sensor for As3þ detection was developed with AuNPs/α-MnO2. The reported limit of

detection was 0.019 ppb, and the sensor was successfully employed for detection of As3þ in a real water sample [55].

s0085 Optical nanosensors

p0135 Optical sensors are dependent on the changes in the optical properties of water. Such sensors are generally preferred for

sensing applications as they provide low detection limits, rapid response, selectivity, are unaffected by electromagnetic

noise, and have multiplexing potential [56,57]. They can be colorimetric (visible color change), fluorescent, chemilumi-

nescent, surface plasmon resonance sensors, fiber optic sensors, etc. Various nanomaterial platforms employed in optical

sensing include noble metals (e.g., gold [58–62] and silver nanostructures [63–66]), quantum dots [67–70], magnetic

nanoparticles (MNPs) [71–73], metal–organic frameworks [74–80], core�shell nanocages [81], and clusters [57].

s0090 Noble metals

p0140 Noble metal nanostructures possess plasmonic behavior due to their distinct localized surface plasmon resonance (LSPR),

which provides the basis for the fabrication of visual and spectroscopic optical sensors. Plasmonic gold (AuNPs) and silver

nanoparticles (AgNPs) possess high extinction coefficients leading to distinct color when dispersed in solution [82]. The

LSPR of AuNPs and AgNPs is sensitive to the shape, composition, size, refractive index, pH of the surrounding envi-

ronment, and aggregation properties of these plasmonic NPs [3,83,84]. Two types of optical signal transduction methods

utilize LSPR: surface-enhanced Raman spectroscopy (SERS) and colorimetric (absorption) methods. The LSPR plays a

role in enhancing the electromagnetic field near the NPs when coupled with the wavelength of incident light. This enables

surface-enhanced Raman spectroscopy (SERS) based detection. It is possible to achieve multiplex analysis and sensitivity to

the level of single molecule and single pathogen detection by SERS. When a molecule is in close proximity or adsorbed on

AuNPs or AgNPs, its Raman cross section is enhanced several folds due to SERS [3]. For colorimetric detection, the change in

refractive index of solution upon introduction of analyte molecule results in a shift in LSPR peak. This effect on the refractive

index of the medium could be attributed to aggregation or conjugation of NPs. The interaction between the analyte and NPs

exists in the form of hydrogen bonding, donor-acceptor reaction, and electrostatic interaction. Aggregation-induced decrease

in the interparticle distance leads to overlap between the plasmon fields of neighboring NPs, prompting a red shift of the LSPR

band and a strong visible color change. The change in color is from red to blue for AuNPs and yellow to brown for AgNPs.

This property has enabled visual detection and label-free plasmonic sensing [82].

p0145 Depending on the application of the sensor, the NPs can be modified with suitable functional groups. Usually, AuNPs

are functionalized using thiol, phosphine, disulfide, or isocyanide. Thiol groups can also be used to functionalize AgNPs.

Noble metal nanoparticle sensors have their application to detect bacteria, fungi, viruses, inorganic anions, heavy metal
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ions, and pesticides [82]. A portable and cost-effective fiber-optic sensor was developed for Hg2þ detection using

4-mercaptopyridine (4-MPY)-functionalized Au nanoparticles (AuNPs/4-MPY). A plasmonic coupling structure was gen-

erated by self-assembly of 4-MPY on Au film surface to capture Hg2þ followed by introduction of AuNPs/4-MPY. This

coupling produced changes in LSPRwavelength leading to highly sensitive and selective detection of Hg2þwith a detection

limit of 8 nM (1.60 ppb). It was tested for Hg2þ detection in tap water and has practical potentials for on-site monitoring

[60]. A colorimetric assay was developed for sensitive detection of cholera toxin using monoclonal cholera toxin

antibody-conjugated AuNPs. The AuNP surface was modified with mercaptopropionic acid (MPA) before conjugating

with antibody. The toxin binds with antibody-conjugated AuNPs resulting in a network of aggregated NPs. This leads

to discernible color change, and the red shift can be detected by UV–Visible spectroscopy. The assay showed high spec-

ificity and a detection limit of 10 nM. They also demonstrated the feasibility of the assay to detect cholera toxin in tap and

lake water. This method can be extended to any target toxin for which specific antibodies are available [58]. Integrating a

SERS sensor into a portable Raman device could facilitate economic, on-site pollutant detection [3,64]. Such an instrument

quantifying SERS was fabricated using a silver dendrite SERS substrate for ferbam (pesticide) detection. It showed results

in semi-quantitative, layman’s format (without showing the spectra), and its use could also be extended to other target

molecules [64].

s0095 Quantum dots (QDs)

p0150 Quantum dots (QDs) are nanoscale semiconductor particles with distinct optical and electronic properties having diameters

ranging between 1 and 6nm. Although they are crystals, they behave like atoms due to their bound, discrete electronic states

and show quantum confinement effects. Symmetric emission profiles with narrow bandwidths and size tunability of their

emission color contribute to their application as excellent fluorophores for sensors [85]. Their optoelectronic properties

depend on the composition, size, shape, and surface chemistry [86]. A ratiometric fluorescence sensor was developed

for the selective detection of Hg2þ using tetraphenylporphyrin tetrasulfonic acid (TPPS) and black phosphorus quantum

dots (BP QDs). Ratiometric fluorescence assays depend on the measurement of the ratio of two signals, hence minimizing

the influence of instrument and environmental conditions. The sensing was based on two phenomenons. Inhibition of the

inner filter effect originating between BP QDs and TPPS in the presence of Hg2þ results in restoration of fluorescence of BP

QDs. At the same time, Hg2þ causes quenching of the red fluorescence of TPPS due to its coordination with Mn2þ. They

also tested tap and river water samples with a detection limit of 0.39nM (0.078 ppb) [67]. Yu et al. developed a sensor to

detect humic substances (HS), a key component of dissolved organic matter (DOM) using nitrogen-doped carbon quantum

dots. HS are present in the aqueous environment (0.2–20mg/L) and can influence the dissolution, transformation, and bio-

availability of heavy metals. Hence their quantification is essential. The sensor was effective in a wide pH range of 3–12

with a detection range of 0–100mg/L and detection limit of 0.2 mg/L (more efficient than the frequently used modified

Lowry method). They validated the feasibility of the sensor in natural surface water samples. They also fabricated a carbon

dot-based portable test paper for successful quantification of HS, which, when coupled with a light-emitting diode lamp,

can be used for on-site detection [69].

s0100 Magnetic nanoparticles (MNPs)

p0155 Fig. 3 shows the applications of MNP-based SERS analysis of water pollutants. Several advantages are high and control-

lable enhancement factor, extraction and preconcentration of pollutants (due to adsorption and magnetism properties),

effective magnetic separation, high selectivity (with suitable coating or specific capture molecules). MNPs can be used

as substrates or Raman tags (MNPs labeled with specific Raman reporters) for SERS-based detection [87]. A magnetic

substrate was developed comprising Fe3O4 microspheres and Au NPs to detect the 16 EPA priority polycyclic aromatic

hydrocarbons (PAHs) using SERS. The 16 PAHs were easily differentiated based on their characteristic SERS peaks with

a 100–5 nM detection limit. Moreover, the substrate was successfully tested for sensing PAHs in river water. Additionally,

it can be used for on-site monitoring of PAHs as the quantitative detection was conducted using a portable Raman spec-

trometer. The method can be used to identify chemically similar hydrophobic contaminant molecules whose effective sep-

aration may be difficult [73]. MNPs have also been utilized in the detection of pathogens in water. A method to enumerate

E. coliwas developed using a combination of immunomagnetic separation (IMS) and SERS. Upon interaction with E. coli,
a sandwich structure was formed comprising of gold-coated magnetic nanosphere–anti-E. coli antibody complex and

Raman label (gold nanorods coated with 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB)). The assay was selective, and the

limit of detection (LOD) was 8 cfu/mL. E. coli detection was successful in real water sample analysis, and the results were

comparable with the classical counting methods [71].
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s0105 Metal–organic frameworks (MOFs)

p0160 MOFs are a class of porous structures comprising metal ions or metal clusters and organic ligands, which are considered a

promising platform for sensing and adsorption applications. They have unique optoelectronic properties, high porosity,

long fluorescence lifetime, large surface area, and structural diversity. Fluorophores can be easily introduced into the pores

of MOFs by ligand modifications, making them excellent candidates for optical detection [75]. Their luminescent prop-

erties are influenced by their structure, pore surfaces, their host-guest chemistry, coordination environment, etc. [80].

Fluorescent MOFs have demonstrated their quick and sensitive sensing capability to detect heavy-metal ions [80], phar-

maceuticals (e.g., tetracycline [76], sulfamethazine (SMZ) [77], nitrofurantoin (NFT) [75], etc.), explosives [75,78]

(e.g., 2,4,6-trinitrophenol (TNP), 4-nitrophenol (4-NP), etc.), pathogens (Bacillus anthracis [74], Staphylococcus arlettae
(S. arlettae) [79], etc.), PAHs [88], etc. Several MOFs demonstrate excellent adsorption property, which plays a vital role in

the preconcentration of the analyte. Hence, MOFs not only have potential in selective detection of contaminants and mon-

itoring water quality but also in contaminant removal and wastewater treatment. Wang et al. synthesized two highly porous,

stable isostructural Zr(IV)-based MOFs with excellent fluorescent and adsorption properties. Both the MOFs efficiently

and selectively detected ppb levels of nitrofurazone (NZF) and nitrofurantoin (NFT) antibiotics as well as explosives such

as 2,4,6-trinitrophenol (TNP) and 4-nitrophenol (4-NP). The electron and energy transfers in the host�guest system played

a vital role in their exceptional quenching efficiency [75]. Another concept for MOF-based highly sensitive SERS detection

includes encapsulation of NPs within MOFs. The NPs serve as SERS “hot spots” and the adsorption property of the MOF

enables preconcentration of target molecules near these “hot spots” resulting in enhancement of SERS sensitivity. Utilizing

this principle, Li et al. synthesized core–shell MOF@Ag NPs composite on a screen-printed carbon electrode via in situ
electrodeposition. The prepared substrate was reusable and highly sensitivity for detection of PAHs at concentrations as low

as hundreds of pM [88].

SERS substrate Extraction of targets

Capture probe

SERS detection of Environmental pollutants

Raman tags

Au

Ag

Raman

SiO2

Fe3O4

SERSLaser

● Heavy metal ions ● Pathogen ● POPs ● Pesticides ● Antibiotics

Pb2+ PAHs

FIG. 3f0020 Schematic of the applications of MNPs in SERS-based detection of environmental pollutants. SERS: surface-enhanced Raman scattering, POPs:

persistent organic pollutants, PAHs: polycyclic aromatic hydrocarbons. From H. Wei, K. Rodriguez, S. Renneckar, W. Leng, P.J. Vikesland, Preparation

and evaluation of nanocellulose–gold nanoparticle nanocomposites for SERS applications, Analyst 140 (2015) 5640–5649. doi:10.1039/c5an00606f.
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s0110 Magnetic nanosensors

p0165 Sensors based on magnetic nanoparticles (MNPs) have application in environmental water contaminants detection due to

their capability to magnetize under an applied magnetic field [56]. Their general formula is MFe2O4 (M¼Fe, Co, Cu, Mn,

etc.) such as maghemite (γ-Fe2O3), magnetite (Fe3O4), and cobalt oxide (Co3O4) [89]. They offer several advantages such

as extraction and preconcentration of the target analyte from the complex water samples [56,87]. Second, MNPs are

reusable as they can be isolated by the application of an external magnetic field [89]. Additionally, their biocompatibility

permits immobilization of biorecognition elements (e.g., protein, antibody, enzyme, aptamer) on their surfaces, which can

enhance their specificity toward environmental pollutants [87]. MNPs show a finite-size effect or high surface-to-volume

ratio and are nonporous (no diffusion limitations), enabling higher surface adsorption capacity [89]. However, pure mag-

netic particles tend to form aggregates. Hence, the magnetic core is often coated with a suitable protective coating. Silica,

gold, and water-soluble polymers are commonly used for protection and rendering versatility in surface modification

[56,89]. Once the target analyte is magnetically isolated, it is usually detected using various optical or standard spectro-

scopic tools [56]. Applications ofMNPs using optical nanosensor-based detection of environmental pollutants have already

been discussed in this chapter. A magnetic nanocomposite based on Schiff base/silica/magnetite as a preconcentration

phase was developed for the trace determination of Pb2þ, Cd2þ, and Cu2þ. Iron oxide-silica magnetic particles were mod-

ified with a Schiff base (Fe3O4/SiO2/L). The developed magnetic solid phase is easily retrievable from large volumes of

aqueous solutions. The separated metal ions were subsequently analyzed by flame atomic absorption spectrometry (FAAS).

The detection limits were 0.14, 0.19 and 0.12μgL�1 for Pb2þ, Cd2þ and Cu2þ, respectively. The established method

was successfully applied to analyze seven different natural water samples, and satisfactory results were obtained [89].

Currently, magnetic nanosensors are limited by portability and instrument availability issues [56].

s0115 Novel nanosensing technologies

p0170 Novel nanosensors which do not classify under conventional nanosensing technologies based on electrochemical, optical,

or magnetic signal transduction are described here briefly. This section includes nanosensors that are hybrid (whose

function and signal transduction involves interaction between synthetic and nonsynthetic components) or biomimicking

(in terms of design, physical or chemical properties). Researchers are exploring alternative techniques that are not entirely

dependent on complex materials and devices to assess water quality.

p0175 The hybridization approach that involves combining synthetic procedures or materials with natural systems is an

emerging field. Researchers from the Parson school of design have developed an in vivo, plant-based novel water moni-

toring device named Argus. It is a living plant with DNA nanosensors (lead-sensitive DNA and CNTs) in the leaves capable

of real-time detection of Pb2þ in water. The nanosensors are injected inside the leaf of a plant and stay within the inter-

cellular space. It shows fluorescence when excited at 535nm. Due to plants’ natural property of water uptake, the impurities

in water reach the leaf. The working principle involves breaking double-stranded DNA into single-stranded DNA (ssDNA)

in the presence of Pb2þ. The ssDNA binds strongly to the walls of single-walled CNTs that cause quenching of fluores-

cence. The plants provide an optical readout of lead in water, with a concentration-dependent reduction in fluorescence.

Such sensors can be modified appropriately for the detection of other elements for continuous water monitoring. It can also

be used in domestic set-up apart from the industrial environment. This could be as simple as watering a house plant

regularly to determine the chemical levels in the water [90].

p0180 Another novel nanosensor technology that has attracted significant attention is nanorobots also termed nanomotors or

nanoswimmers. Nanorobots are locomotive machines of nanoscale dimensions that are designed to perform directed tasks

via self or an externally controlled propulsion mechanism. Their movement can be influenced by chemical, magnet, light,

ultrasound, or electrical agents [91]. They possess immense potential in environmental detection and remediation appli-

cations. This concept is equivalent to the use of live aquatic organisms for water quality testing. Various materials have

been investigated for the fabrication of nanorobots. One of the most unique and incomparable advantage over other sensing

technologies is their movement ability in complex mediums. This property enables the active attachment of nanorobots to

the target and enhances the mass transfer in solution [92]. Also, the stirring action due to the motion of nanorobots can

improve the detection sensitivity and amplify signals [91,92]. The sensing mechanism could be based on chemical changes

due to nanorobots motion, electrochemical, fluorescent, electrochemiluminescent (ECL), or colorimetric [92]. Based on the

principle of nanorobots, researchers have developed an enzyme-powered nanoswimmer for water-quality testing. It was

fabricated by template-based electrodeposition of PEDOT/Au bilayer microtubes. Catalase enzyme was cross-linked to

the Au layer. The biocatalytic decomposition of the hydrogen peroxide fuel at the enzymatic layer generates the oxygen

bubbles at the tail end of the fish. The thrust thus generated leads to swimming motion. Exposure of the nanoswimmers to
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chemical stress (e.g., heavy metals-mercury and copper, herbicide-aminotriazole, and pesticide-NaN3) causes inhibition of

the activity of catalase, leading to a lower bubble frequency. Thus, the biocatalytic bubble propulsion mechanism gets

impaired. Time-dependent optical tracking of changes in the speed and lifetime (survival) of the nanoswimmer, offers

a simple and real-time visualization of pollutant-induced changes. Thus, pollutants that are known to inhibit the catalase

activity can be efficiently detected down to the micromolar levels by this novel sensing technology [93].

s0120 Challenges and concerns

p0185 Nanomaterials allow sensors to achieve very low limits of detection with enhanced analytical performance. However,

the advancement in the field of nanosensors for water quality monitoring comes with certain challenges. Water is a highly

variable and complex matrix. The global water quality can vary substantially due to differences in hardness, alkalinity, and

inorganic and organic contaminants [94]. Hence, the sensors must function efficiently, and the detection limits must be

tested across this broad range of water quality conditions.

p0190 Moreover, strategic planning and design of nanosensor research are essential for minimizing health risks associated with

unintended releases of nanomaterials used in nanosensors to prevent hazardous environmental implications. Conven-

tionally researchers focus on performance efficiency and price for material selection. However, the choice for optimum

material must be made considering the environmental and ecological health impacts as well [95]. The toxicity of nanoscale

materials is often different from their bulk counterparts and is dependent on their size, shape and charge. Teratogenicity,

DNA damage, and decreased cell mitochondrial membrane potential are few of the toxic effects caused by nanomaterials.

Hence, they must be used with caution and their exposure to ecosystem must be minimum. Also, the materials must meet

the quality criteria and be compatible with mass manufacturing methods. This helps in ensuring robustness and translation

from laboratory-scale prototypes to commercial applications. Ideally, the developed nanosensor should be sustainable,

scalable, and nontoxic that still elicits the desired functionality.

p0195 Real-time, on-site water analysis preferably requires simultaneous monitoring of multiple contaminants using a single

sensor. Developing nanosensors with multiplexing (multianalyte) determination capabilities along with resistance to

various interferences are significant challenges retarding commercial applications.

s0125 Future outlook

p0200 The global nanosensors market generated revenue worth USD 432 million in 2019, with electrochemical nanosensors

accounting for the largest market share [96]. Significant progress has been made in the design and development of

nanotechnology-enabled sensors across different industries. However, extensive research is awaited for the fabrication

of automated, compact, on-site water monitoring devices that are preferably integrated with mobile phone. Such devices

would enable in situ operations and online, remote, real-time analysis. This advancement will lead to immediate notifi-

cation and initiation of quick remedial action for averting potential large-scale environmental damage. Also, disposable

testing strip-based sensors would enable residential water quality testing.

p0205 The field of nanosensors for water quality monitoring is still inted electrodes for environmental monitoring of heat

infancy, and very few such sensor devices have made it to market (e.g., graphene nanosheets based sensor by NanoAffix

Science LLC). Extensive collaborative efforts between multidisciplinary science and engineering domains are need of the

hour for the design and fabrication of easy-to-use environmental sensors. The potential impact of nanosensors in water

quality monitoring is expected to be profound.
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