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ABSTRACT: We present the first example of intercluster
reactions between atomically precise, monolayer protected
noble metal clusters using Au25(SR)18 and Ag44(SR)30 (RS− =
alkyl/aryl thiolate) as model compounds. These clusters
undergo spontaneous reaction in solution at ambient
conditions. Mass spectrometric measurements both by electro-
spray ionization and matrix assisted laser desorption ionization
show that the reaction occurs through the exchange of metal
atoms and protecting ligands of the clusters. Intercluster
alloying is demonstrated to be a much more facile method for heteroatom doping into Au25(SR)18, as observed by doping up to
20 Ag atoms. We investigated the thermodynamic feasibility of the reaction using DFT calculations and a tentative mechanism
has been presented. Metal core-thiolate interfaces in these clusters play a crucial role in inducing these reactions and also affect
rates of these reactions. We hope that our work will help accelerate activities in this area to establish chemistry of monolayer
protected clusters.

■ INTRODUCTION

Intercluster reactions between metal clusters are rare, and their
chemistry is mostly explored through reactions with small
molecules.1 Monolayer protection2 with suitable ligands
facilitated the synthesis of highly stable, atomically precise
metal clusters in sufficient quantities. This opened up a way to
develop an in-depth understanding of their chemistry,
conveniently in the solution phase. Reactions of these clusters
in solutions are expected to complement the results obtained
from gas phase experiments, providing further insights into
their properties. Moreover, cluster chemistry in solution has
practical applications.3,4 Among the ligand-protected metal
clusters, thiolate-protected noble metal clusters (Au25(SR)18,
for example) have been recognized as a distinct category in
view of their unique properties.5 The earliest of the chemistry
of these clusters has been ligand exchange,6 leading to an
understanding of the localization of electronic transitions to the
AunSm moiety and demonstration of fluorescence resonance
energy transfer (FRET).6i Though there have been a few
attempts dealing with the reactions of these clusters with
halocarbons,7 metal ions,8,9 metal−thiolates,10a salts10b and
one-dimensional nanostructures,11 there has been no example
of intercluster chemistry.

■ EXPERIMENTAL SECTION
Materials. Chloroauric acid trihydrate (HAuCl4.3H2O) was

purchased from Sigma-Aldrich. Silver nitrate (AgNO3) was purchased
from RANKEM India. 2-phenylethanethiol (PET), n-butanethiol (n-
BuSH), 4-fluorothiophenol (FTP), 4-mercaptobenzoic acid (MBA),
tetraoctylammonium bromide (TOAB), tetraphenylphosphonium
bromide (PPh4Br), sodium borohydride (NaBH4) were purchased

from Sigma-Aldrich. All the solvents used (tetrahydrofuran (THF),
methanol, hexane, dichloromethane (DCM) and dimethylformamide
(DMF)) were of analytical grade.

Synthesis of Clusters. Au25(PET)18 and Au25(BuS)18: 2 mL of 50
mM HAuCl4.3H2O in THF was diluted to 7.5 mL using THF. About
65 mg of TOAB was added to this solution and stirred at 1500 rpm for
30 min at room temperature. The initial yellow color of the solution
turned deep red during stirring. About 0.5 mmol of pure thiol was
added at a stretch while stirring at the same speed. The deep red color
slowly turned to yellow and eventually became colorless after about 45
min. After stirring further for 2 h, 2.5 mL of ice cold aqueous NaBH4
(0.2 M) was added in one lot. The solution turned black immediately
and stirring was continued for 5 h. The solution was rotary evaporated
and precipitated with methanol, washed repeatedly with the same and
dried.

Au25(FTP)18. Five mg of Au25(n-BuS)18 was dissolved in 0.5 mL of
toluene and 150 times (by weight) of pure 4-fluorothiophenol was
added to it. The solution was heated at 50 °C in an oil bath while
stirring. After about 25 min, clusters were precipitated with hexane and
collected by centrifugation. This precipitate was washed with hexane,
dissolved in DCM and centrifuged to remove thiolates. This cluster
solution was vacuum-dried and stored at 4 °C.

[PPh4]4[Ag44(FTP)30]. The cluster was synthesized following a solid
state route.2l 20 mg of AgNO3 and 12 mg of PPh4Br were ground
thoroughly in an agate mortar and pestle for 5 min. About 76 μL of 4-
fluorothiophenol was added to it in one shot and the mixture was
ground for about 3 more minutes. Dry NaBH4 (45 mg) was added and
the mixture was ground until the pasty mass became brown in color.
This was extracted with 7 mL of dichloromethane and kept
undisturbed at room temperature until UV/vis spectra showed all
the characteristic features of the cluster. The clusters were purified
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adopting the same protocol used for Au25(SR)18. Na4[Ag44(MBA)30]
was synthesized following a reported method2e with slight
modifications, as described in Supporting Information.
Intercluster Reactions. Stock solutions of clusters were prepared

in dichloromethane, except for Ag44(MBA)30 which was prepared in
DMF. Required volumes of each of the stock solutions were added
into 1 mL of dichloromethane at room temperature and the mixture
was stirred with a pipette. It was not stirred magnetically. The reaction
occurred immediately after mixing as observed from the immediate
color changes and time-dependent MALDI MS and ESI MS
measurements. All reactions were carried out at room temperature
(∼30 °C).
Mass Spectral Measurements. We performed matrix assisted

laser desorption ionization (MALDI) and electrospray ionization
(ESI) mass spectrometry (MS) measurements. We used Applied
Biosystems Voyager DEPro (MALDI) and Waters Synapt G2-Si (ESI
and MALDI) mass spectrometers. ESI MS had a maximum resolution
of 50 000 in the mass range of interest. More details about the
measurements are given in Supporting Information.
Computational Details. We used density functional theory

(DFT) as implemented in the real-space grid-based projector
augmented wave (GPAW) package.28 Full computational details can
be found in the Supporting Information. We calculated the energy
difference between the unexchanged cluster and a single Ag atom

exchanged [Au25(SR)18]
− and a single Au atom exchanged

[Ag44(SR)30]
4−, for each of the isomers. The three symmetry-unique

positions for the Ag atom in [Au25(SR)18]
1− were the central atom

(denoted by C), icosahedral vertex atom (I), and the staple gold atom
(S). The four symmetry unique positions in [Ag44(SR)30]

4− for the Au
atom were the outermost shell in the middle dodecahedron (S), one of
the eight cubic vertex positions (Dcv) and one of the 12 cube-face
capping atoms (Dcf), and last, atoms in inner icosahedron (I) (see
Figure S28). We calculated the energy of the overall reaction for the
case of a single metal atom exchange in each combination of final
substituent positions. We also calculated the energies of the
substitution reactions of a single metal atom and single metal−ligand
fragment, Ag and Ag-SR into [Au25(SR)18], or, Au and Au-SR into
[Ag44(SR)30]

4− for each of the symmetry-unique positions mentioned
above. To investigate the feasibility of electron transfer in this system,
we compared the relative energies of the HOMO and LUMO states,
for both [Au25(SR)18]

−and [Ag44(SR)30]
4−, and their alloys.

■ RESULTS AND DISCUSSION

(A). Reactions between Clusters Having Different
Ligands. Initially we studied the reaction between
Au25(PET)18 and Ag44(FTP)30 prepared as described in the
Experimental Section. PET and FTP are the ligands protecting

Figure 1. UV/vis absorption and negative ion ESI MS spectra of Au25(PET)18 (A), Ag44(FTP)30 (B) and their 14:1 molar mixture (C) showing
changes in the spectral features due to intercluster reaction. In A−C, panels a−c and a′−c′ are the UV/vis and ESI MS spectra, respectively.
Characteristic peak positions are marked. The corresponding clusters are also shown in between the spectra (modeled assuming the coordinates
from the crystal structures). Color codes for the atoms in the inset pictures: Light yellow = sulfur, orange = gold, gray = silver, black = carbon, and
cyan = hydrogen. For simplicity, we assumed -SMe ligands, instead of PET and FTP ligands. Inset of a′ shows the molecular ion region (m/z 7388−
7400) of Au25(PET)18, showing isotope resolution. Inset of b′ shows the same for Ag44(FTP)30 in the 3− charge region (m/z 2848−2857).
Theoretical (black) and experimental (red) spectra of ions are compared. The spectra corresponding to the product (marked in open rectangles) is
expanded in the inset of c′.
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Au25 and Ag44 clusters, respectively (see the Experimental
Section). Appropriate volumes of their stock solutions were
added into a fixed volume of dichloromethane at room
temperature (∼30 °C) (see Experimental Section for details)
to get defined concentrations of the reacting species. UV/
visible (UV/vis) absorption features and electrospray ionization
mass spectra (ESI MS) of the clusters before and immediately
after (within 1 min) mixing are shown in Figure 1. The
molecular ion peak of Au25(PET)18 at m/z 7391 is shown in
trace a′ of Figure 1A along with the expanded isotopically
resolved molecular ion. Typical fragmentation pattern of
Au25(PET)18 shown in Supporting Information (Figure S1)
proves the identity of the cluster. Optical absorption spectrum
of Au25(PET)18 shows characteristic peaks2c at 796, 683, 552,
445, and 397 nm (trace a in Figure 1A). Similarly, Ag44(FTP)30
is characteristic in its optical absorption spectrum2e−g (trace b,
Figure 1B). [Ag44(FTP)30]

3− was the prominent feature in the
ESI MS of Ag44(SR)30 (trace b′, Figure 1B). Isotope
distributions of the prominent features of these clusters
match well with the theoretical patterns as shown in the insets.
For example, the spectrum in the m/z 7388−7400 window of
Au25(PET)18 (inset of trace a′ in Figure 1A) shows all the
isotope features of the molecular ion. Detailed assignment of
the spectrum in trace b′ of Figure 1B is given in Figure S2.
Absorption features of Au25(PET)18 changed significantly and
those due to Ag44(FTP)30 were not observed at all upon mixing
the two clusters (trace c in Figure 1C). Comparing the ESI MS
spectra in Figure 1A−C, we notice that a series of peaks at m/z
lower than Au25(PET)18 appeared immediately after mixing.
(description of these peaks follows later). These changes in the
absorption and mass spectral features confirm that the clusters
react with each other spontaneously in solution. Time-
dependent changes during the reaction at various
Au25(PET)18:Ag44(FTP)30 ratios (Figures S3−S5) show that a
series of peaks at lower m/z than Au25(PET)18 (labeled as
group I) and a broad feature at m/z higher than Ag44(FTP)30
(labeled as group II) appeared immediately after mixing the
clusters. While a larger distribution of product peaks appeared
in group I just after mixing, only 3−4 prominent peaks were
observed after 10−15 min. The mass spectra after 1 h were
similar to the spectra after 10−15 min, indicating that the
reaction got equilibrated/completed in this time scale.
Reaction was studied at various Au25(PET)18:Ag44(FTP)30

ratios. MALDI MS spectra of Pthese reaction mixtures after 1 h
of the reaction are shown in Figure 2. As the concentration of
Ag44(FTP)30 was increased, the centroid of group I shifted
continually toward lower m/z values. Simultaneously, intensity
of group II increased. Peaks in group I of Figure 2 are expanded
in the insets. Mass difference between these peaks is either 89
Da or 99 Da. The difference of 89 Da is due to the loss of an Au
atom (197 Da) from Au25(PET)18 and a simultaneous inclusion
of an Ag (108 Da) atom into it from Ag44(FTP)30. Mass
difference of 99 Da is attributed to the loss of an Au-PET
moiety (334 Da) and the inclusion of an Ag-FTP moiety (235
Da). Apart from these processes, there is a possibility for the
exchange of ligands alone, i.e., FTP-PET exchanges. Because of
the broadness of the MALDI MS peaks and small mass
difference between FTP and PET ligands (10 Da),
unambiguous confirmation of such exchange processes is not
possible with MALDI MS measurements alone. Therefore, ESI
MS measurements were carried out to reveal the details of the
peaks in group I. Group II peaks will be discussed later in the
text.

ESI MS of the react ion mixtures a t var ious
Au25(PET)18:Ag44(FTP)30 ratios are shown in Figure 3.
Reaction products in the Au25(PET)18 region alone are
shown here. Two features from each panel (marked in open
rectangles) are expanded in the corresponding insets. Expanded
features of the panels A−C are given in Figures S6−S9. These
data reveal that each feature in these panels is a bunch of peaks
separated by m/z 10. For example, the feature (2, 0−4) in
Figure 3A is a collection of (2, 0), (2, 1), (2, 2), (2, 3) and (2,
4) peaks. The first number in parentheses of peak labels gives
the number of Ag atoms exchanged. The second number gives
the number of FTP ligands exchanged. MALDI MS measure-
ments (Figure 2) indicated the presence of features separated
by either m/z 89 or 99 and ESI MS measurements confirmed
these features. For example, the peaks (1, 0), (2, 0), (3, 0), etc.
and (1, 2), (2, 2), (3, 2), etc., are separated by m/z 89 Da (see
Figure S10). Peaks such as (1, 1), (2, 2), (3, 3), etc. are
separated by m/z 99. Mass difference of 89 Da is due to the
Ag−Au exchange and the mass difference of 99 Da is due to
(Au-PET)-(Ag-FTP) exchange, as mentioned earlier. Theoreti-
cal and experimental isotope patterns of peaks in the (2, 0−4)
feature are shown in Figure S11 which further confirms the
inclusion of the FTP ligand into Au25(PET)18. Thus, ESI MS
measurements unambiguously confirm that the group I peaks
observed in MALDI MS are due to the Ag−Au and (Ag-FTP)-
(Au-PET) exchanges between Au25(PET)18 and Ag44(FTP)30.
From Figure 3, we see that FTP-PET exchange is also occurring
in Au25(PET)18 (see the feature (0, 0−3) in Figure 3A and

Figure 2. Negative ion mode MALDI MS spectra of the reaction
mixtures for the Au25(PET)18:Ag44(FTP)30 ratio of (A) 14.0:1.0 (B)
7.0:1.0 and (C) 1.7:1.0. Each inset shows the expansion of the
collection of peaks labeled I. The numbers (x, y) in parentheses (in the
insets), correspond to the general molecular formula,
Au25−xAgx(PET)18−y(FTP)y. Shifts in the centroids of group I with
increase in concentration of Ag44(FTP)30 are marked with dotted lines.
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Figure S10), in addition to Ag−Au and (Ag-FTP)-(Au-PET)
exchanges. This aspect will be discussed later. However, the
total number of metal atoms and ligands were unchanged in the
product clusters in group I. Hence, the series of peaks in group
I h a v e b e e n a s s i g n e d t h e g e n e r a l f o rmu l a ,
Au25−xAgx(PET)18−y(FTP)y. The larger the concentration of
Ag44(FTP)30, the more Ag and FTP ligands are incorporated
into Au25(PET)18. Inclusion of up to 1−5, 2−7 and 8−13 Ag
atoms were observed for Au25(PET)18:Ag44(FTP)30 ratios of
14.0:1.0, 7.0:1.0 and 1.7:1.0, respectively. Insets of Figure 3
show that as the number of incorporated Ag atoms increases,
peaks within a bunch become less resolved because of the
isotope distribution of Ag. While distinct mass separations (of
m/z 10) due to pure ligand exchange are seen in the reactions
of clusters with differing ligands, these cannot be observed for
clusters of the same ligands. We will revisit this aspect later in
the text. Temporal changes in the absorption and luminescence
spectra during reactions at various Au25(PET)18:Ag44(FTP)30
ratios are presented in Figures S12−S14. These results confirm
the formation of Au25−xAgx(PET)18−y(FTP)y, bimetallic clusters
with mixed ligands.

The maximum numbers of Ag incorporations observed so far
in the case of mixed ligand- and all thiolate-protected Au25
clusters12−14 are 13 and 11, respectively. In contrast to these
reports, we observed Ag doping of up to 13−16 and 16−20
atoms into Au25(SR)18 at higher concentrations of Ag44(FTP)30
(see Figures S15 and S16). Absorption spectra of these reaction
mixtures are displayed in Figures S17 and S18, respectively.
Thus, our experiments demonstrate for the first time that
replacement of more than 13 Au atoms with Ag atoms is
possible in Au25. It is important to recall that the Au−Ag system
is miscible in the entire composition window. This indicates
that the intercluster reaction is much more facile in comparison
to the coreduct ion methods used to synthesize
Au25−xAgx(SR)18 clusters.

(B). Reaction between Clusters Having Same Ligands.
While the products of intercluster reactions have been assigned
in the earlier section, complications arise due to the
simultaneous exchange of the metal atoms and the ligands.
Definite confirmation of metal atom exchange is possible by
using clusters containing the same ligands. For this purpose, we
prepared Au25(FTP)18. Reactions of Au25(FTP)18 with
Ag44(FTP)30 unambiguously confirm the incorporation of Ag

Figure 3. Negative ion mode ESI MS spectra of the reaction mixtures for the Au25(PET)18:Ag44(FTP)30 ratio of (A) 14.0:1.0 (B) 7.0:1.0 and (C)
1.7:1.0. Each inset shows the expansion of features marked in open rectangles. The numbers (x, y) in parentheses, are according to the general
molecular formula, Au25−xAgx(PET)18−y(FTP)y. Each peak (x, y) has its own isotope pattern and overlap of these features complicate the spectrum.
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into Au25(FTP)18. MALDI MS and UV/vis spectra of
Au25(FTP)18 shown in Figure S19 confirm the identity of the
cluster. Time-dependent changes in the MALDI MS spectra of
a mixture of these clusters are given in Figure S20. The mass
spectra in the group I region after 1 and 3 h of reaction are
shown in Figure 4. The mass difference of 89 Da (MAu − MAg)

between the peaks in group I clearly confirms the formation of
Au25−xAgx(FTP)18 clusters. This shows that Ag inclusion of 1−
5 atoms and 1−13 atoms was observed after 1 h and 3 h of the
reaction, respectively. After 24 h of reaction, Ag inclusion of up
to 17 atoms was observed (see Figure S20 and S21). Analysis of
the time-dependent MALDI MS data for clusters with same
and different ligands (Figures S3−S5 and S20) show that the
ligand shell on the clusters plays an important role in
controlling their reactivity (see the text associated with Figure
S20).
As we observed both metal and ligand incorporations in

Au25(PET)18, we proceeded to develop an understanding of the
sequence of events leading to the formation of
Au25−xAgx(PET)18−y(FTP)y clusters. We wanted to see which
of the events, FTP-PET, Ag−Au or (Ag-FTP)-(Au-PET)
exchange, is the first step. For this, mass spectra of reaction
mixtures were measured immediately after mixing the clusters.
These measurements shown in Figure 5 reveal that the Ag−Au,
(Ag-FTP)-(Au-PET) and FTP-PET exchanges occur even at
the beginning of the reaction. Parent Au25(PET)18 also
undergoes FTP-PET exchange (see the peak (0, 1) in Figure
5A and 5B). However, only one FTP-PET exchange was
observed for Au25(PET)18 and its relative intensity remained
almost the same even at about a 6-fold increase in the
concentration of Ag44(FTP)30 (see Figure 5A,B). These

observations show that Ag−Au and (Ag-FTP)-(Au-PET)
exchanges are much faster than pure FTP-PET exchange.
Occurrence of peaks with a separation of m/z 10, in the

insets of Figure 3 and Figure S10, may be tempting to conclude
that all of these clusters are formed through FTP-PET
exchange. For example, the peaks (1, 1) to (1, 4) in Figure
S10 may, at first, be considered as the products of sequential
FTP-PET exchange of (1, 0) cluster. Mass spectral measure-
ments immediately after mixing (Figure 5 and S22) the clusters
reveal that this is not the case. Comparison of Figure 5A and 5B
shows that while the relative intensities of the (1, 0) and (1, 1)
peaks significantly increases with concentration of Ag44(FTP)30,
there is no such notable increase in the intensity of the (0, 1)
peak. Also, as mentioned before, only one peak due to FTP-
PET exchange of Au25(PET)18 was observed even when the
concentration of Ag44(FTP)30 was increased about six times,
i.e., no (0, 2) or (0, 3) peaks were observed even at higher
concentration of Ag44(FTP)30. These observations suggest that
the clusters (1, 0) and (1, 1) are produced from (0, 0), i.e., the
parent Au25(PET)18, through Ag−Au and (Ag-FTP)-(Au-PET)
exchanges, respectively. For the same reasons, it is unlikely that
the (1, 1) clusters are formed by a Ag−Au exchange of (0, 1)
because the intensity of the latter is significantly less than that
of (0, 0). Even though clusters such as (1, 2) and (2, 3) are
observed in the initial stages of reaction (Figure 5A,B), no (0,
2) and (0, 3) clusters were observed. Hence, the (1, 2) and (2,
3) clusters are more likely to be formed by FTP-PET exchange
of (1, 1) and (2, 2) clusters and cannot be the result of Ag−Au
exchange from (0, 2) and (0, 3) clusters. Thus, it can be
conc l uded th a t t h e p r e s enc e o f FTP in t h e

Figure 4. Negative ion mode MALDI MS spectra showing the time-
dependent changes in the reaction mixture of Au25(FTP)18 and
Ag44(FTP)30 after 1 h (A) and 3 h (B) of the reaction.
[Au21−xAgx(FTP)14]

− are the fragments from the alloy clusters due
to the loss of Au4(FTP)4 (see Figure S1).

Figure 5. Negative ion mode ESI MS spectra measured immediately
after mixing Au25(PET)18 with Ag44(FTP)30 in the Au25:Ag44 ratio 14:1
(A) and 2.5:1.0 (B). The numbers (x, y) in parentheses are according
to the general molecular formula, Au25−xAgx(PET)18−y(FTP)y.
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Au25−xAgx(PET)18−y(FTP)y clusters formed is mostly due to
(Ag-FTP)-(Au-PET) exchanges rather than due to FTP-PET
exchanges.
T h e s e o b s e r v a t i o n s t o g e t h e r s u g g e s t t h a t

Au25−xAgx(PET)18−y(FTP)y clusters were formed principally
by two processes: (Ag-FTP)−(Au-PET) and Ag−Au ex-
changes. For example, the (1, 1) cluster (see Figure 3 for
numbering) is formed by the (Ag-FTP)-(Au-PET) exchange
from a (0, 0) cluster. The (1, 1) cluster may then undergo Ag−
Au or (Ag-FTP)-(Au-PET) exchange, producing (2, 1) or (2,
2) clusters, respectively. These processes continue to give
higher Ag- and FTP-incorporated clusters. There may be other
complicated events as well.
Transformation of Au25(SR)18 into Au25−xAgx(SR)18 is

confirmed from the above measurements. Similarly, our
measurements indicate that Ag44(SR)30 has been transformed
into AuxAg44−x(SR)30 due to its reaction with Au25(SR)18. As
mentioned earlier, the mass spectral features due to
Ag44(FTP)30 disappeared immediately after mixing it with
Au25(PET)18. MALDI MS measurements show the emergence
of a broad peak (group II) at m/z higher than that of
Ag44(FTP)30 (see Figures 2 and S15). Also, the intensity of this
peak increased as the concentration of Ag44(FTP)30 increased.
The difference between the molecular mass of Ag44(FTP)30
(m/z 8567) and the maxima of group II peaks, at different time
intervals (1−24 h) of the reaction between Ag44(FTP)30 and
Au25(FTP)18, (see Figure S23) suggests the formation of
AuxAg44−x(FTP)30 with x = 14−16. However, such an analysis
may not give accurate compositions of a mixture due to the
high energy provided by the MALDI laser. ESI MS measure-
ments (see Figure S24) clearly indicated the formation of a
series of clusters with x varying from 0 to 12. MALDI MS could
not resolve the features of these individual clusters due to the
broadness of the peaks. Recent reports on the AuxAg44−x(SR)30
clusters15 (prepared from ionic precursors) indicate that the
total number of metal atoms is the same and the structural
framework of these clusters is similar to that of Ag44(SR)30.
UV/vis spectra of reaction mixtures at higher concentrations of

Ag44(FTP)30 (see Figure S25B) resemble that of previously
reported Au12Ag32(SR)30 clusters.15 At lower Ag44 concen-
trations, (Figure S25A) the absorption spectra resemble
Au25−xAgx(SR)18, as seen in previous reports.16 Hence, our
MALDI and ESI MS measurements confirm the formation of
AuxAg44−x(SR)30 in the reaction between Ag44(FTP)30 and
Au25(SR)18. Reactions were also carried out with Au25 and Ag44
clusters of different protecting ligands (n-butanethiol and 4-
mercaptobenzoic acid) (see Figures S26 and S27). Our
experiments show that similar reactions occur between other
types of Ag and Au clusters and even with plasmonic
nanoparticles. Experiments are in progress in these directions.
A discussion of the possible locations of Ag atoms in the alloy
clusters, based on the charge states of Au25(SR)18, previous
reports of Au25−xAgx(SR)18 clusters and the recent report of
Au25Ag2(SR)18,

16 is given in the Supporting Information.
However, analysis of the structures formed requires more work.

(C). DFT Study of Structural Isomers and Reaction
Energetics. To understand the driving force behind the
reaction, we used DFT to calculate energies of the reactants
[Au25(SR)18 and Ag44(SR)30], the products [Au25−xAgx(SR)18
and AuxAg44−x(SR)30] and the likely species being exchanged in
the intermediate steps such as metal atoms (M), and thiolate
fragments (M-SR) (see Tables S1−S7, see Figure S28 for a
description of the fragments). We calculated the energy of the
overall reaction (i.e., Au25(SR)30 + Ag44(SR)30 →
Au25−xAgx(SR)18 + AuxAg44−x(SR)30) and reaction energies
for substitution of metal atom (M = Ag/Au) and metal−
thiolate fragments (M-SR) in different combinations of
substituent positions in Au25(SR)18 and Ag44(SR)30, respec-
tively (see Table 1 and Tables S4−S7). The overall reaction,
either through M or M-SR substitutions, was found to be
exothermic for certain combinations of substituent positions as
shown in Table 1C. This can be attributed to the lowering of
the total energy by inclusion of (i) Au atoms or Au-SR into
Ag44(SR)30 and (ii) Ag-SR into Au25(SR)18, rather than the
inclusion of Ag atoms into Au25(SR)18 (see Tables S4−S7).
The more exothermic Au atom or Au-SR substitution into

Table 1. Energies for the Substitution Reaction of (A) Au in Ag44(SR)30, (B) Ag in Au25(SR)18 and (C) the Overall Reaction
Energies (in eV) as a Function of Their Positions in the Product Clusters, AuxAg44−x(SR)30 and Au25−xAgx(SR)18 for x = 1a

aLocations of substitution for each cluster are described in the Computational Details.
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Ag44(SR)30 and Ag-SR substitution into Au25(SR)18 compen-
sates for the endothermic17 silver atom inclusion into the
Au25(SR)18, in contrast to the exothermic Pd or Pt
inclusion.18,19 The details are discussed below.
We investigated which substituent atom (M) or M-SR

fragment positions in each cluster were most preferred
energetically and the dependence of the reaction energy as a
function of the final substituent positions. Initially we calculated
the energies of different isomers of Au25−xAgx(SR)18 and
AuxAg44−x(SR)30 for x = 1, relative to the unalloyed clusters.
For simplicity, we considered events involving one metal atom
substitution into Au25(SR)18 and Ag44(SR)30. There are a large
number of symmetry nonequivalent isomers for each
substitution; for eg., when x = 2 there are 28 isomers for
Au25−xAgx(SR)18).

20 The preferred locations of substituent
metal atoms or fragments in the alloy clusters are indicated by
the substitution energy differences between the parent clusters
and their alloy isomers, listed in Table 1 A and B.
In case of Au25−xAgx(SR)18, Ag atoms prefer to stay on the

icosahedral vertex positions (see Table S2) as in earlier
reports.14a,c For AuxAg44−x(SR)30, we found that the order of
preference of the position of Au atom is the innermost
icosahedron (−0.72 eV), followed by the outermost staple
atoms (−0.48 eV), and last, the middle dodecahedral positions
Dcv and Dcf (−0.14 and −0.32 eV) (see Table S1). Reaction
energies as a function of substituent positions for Au25−x(SR)18
and AuxAg44−x(SR)30 in the alloy clusters (Table 1C) suggest
that at fewer numbers of substituent metal atoms (x ≤ 12), the
most energetically favored final metal atom positions are in the
icosahedral sites in both Au25(SR)18 and Ag44(SR)30 (−0.486
eV), and next, in the staples of one cluster and the icosahedral
core of the other cluster (−0.245 and −0.276 eV). Two further
final metal atom positions in both clusters which are slightly
less favorable but still exothermic are the Dcf position of
Ag44(SR)30 and the icosahedral core of Au25(SR)18 (−0.083 eV)
and the staples in both clusters (−0.035 eV), as listed in Table
1C. As mentioned earlier, the similarity of the absorption
spectra of the reaction mixture at higher concentrations of
Ag44(SR)30 (see Figure S25B) with the previously reported
Au12Ag32(SR)30 also supports this conclusion that Au atoms
preferably occupy the icosahedral core of AuxAg44−x(SR)30, and
that for x = 12, the Au12Ag32(SR)30 structure would be identical
to that of the reported crystal structure of Au12Ag32(SR)30.

2e

We considered the energetics of Au-SH and Ag-SH
fragments in the unalloyed clusters, and compared this with
the energetics of single metal atom substitution to obtain
further clues on the mechanism and its driving force. There are
three possible Au-SR fragment positions in Au25(SR)18 and four
different Ag-SR fragments in Ag44(SR)30, as shown in Figure
S28.
Reaction energies suggest that Ag-SR substitution in

Au25(SR)18 is more favorable than the Ag atom exchange in
the corresponding position, as seen by comparing the
substitution energies in Tables S6 and S7. We also note that
the endothermic Ag atom substitution in the icosahedral core
of Au25(SR)18 (+0.22 eV) becomes slightly exothermic (−0.01
eV) in the case of the Ag-SR fragment (fragment F3 in Figure
S28A) involving an icosahedral Ag atom. In contrast, the Au-SR
fragment exchanges in Ag44(SR)30 are slightly less favorable
than Au atom substitution, but nevertheless still exothermic for
the majority of fragment positions (Tables S4 and S5). The
substitution energies for the different combinations of final
fragment positions in Ag44(SR)30 indicate that the exchange of

fragments involving the terminal ligand and the staple Ag atoms
(F1 and F2) are energetically more favored compared to the
exchange of fragments involving bridging ligand and Ag atoms
in Dcf positions (F3). However, in the case of Au25(SR)18, the
exchange of fragment F3 involving icosahedral Au atoms is the
most favored energetically followed by exchange between the
fragments (F1 and F2) containing the staple atoms of both
clusters. Overall, the exchange of M-SR fragments between the
clusters is an energetically favorable process due to (i) the
exothermic Au-SR substitutions in specific positions (F1, F2
and F4) of Ag44(SR)30, (ii) less endothermic (for F1 and F2)
and exorthermic (for F3) Ag-SR fragment substitutions in
Au25(SR)18 (see Tables S5 and S7).

(D). Mechanistic Aspects of the Reaction. We suggest
that the metal−thiolate interface plays a significant role in the
mechanism of the reaction. In thiolate-protected molecular
metal clusters, these interfaces often assume the form of metal−
thiolate staple/mount motifs.2 Atoms in these motifs are
considered to be in MI oxidation state while those in the core
are considered to be in M0 oxidation state. Ag clusters and
nanoparticles reduce AuI or AuI−SR thiolates8b,c due to the
higher reduction potential of AuI. At the sub-nanometer scale,
conversely, gold clusters can also reduce AgI ions and AgI-
thiolates,9 even though such reduction is not feasible for the
bulk forms of these metals. Therefore, redox processes might
also occur between the clusters since they are composed of
silver and gold atoms in both the M0 and MI states. The relative
energies of the HOMO (d derived) and LUMO (sp derived)
states of the Au25(SR)18 and Ag44(SR)30 and their alloy isomers
determine the feasibility of electron transfer from one cluster to
another and which would behave like donor or acceptor. The
HOMO level of Ag44(SR)30 is about 3.8 eV higher than the
LUMO of Au25(SR)18 (see Table S8 and S9). This indicates
that an electron transfer into the states above the LUMO of
Au25(SR)18 followed by non-radiative relaxation into other
levels of the cluster would release enough energy to overcome
activation energy barriers and to break bonds, possibly in the
staples and the core, leading to partial fragmentation. Although
both the clusters are overall negatively charged, locally the
electric field in the neighborhood of the ligands is both
inhomogeneous21 and screened by the solvent molecules.
Metallophilic interactions between the Au(I) and Ag(I) centers
(closed shell species),22,23 could also occur if their relative
orientations permit closer approach within less than 3−4 Å.
Attractive π−π stacking interactions between these aromatic
ligands may also occur. These interactions are expected to bring
clusters into proximity and to find their suitable orientation.
The observed intercluster reactions might occur via the

following three stages. In the first stage, destabilization of
clusters can occur upon their closer approach facilitated by
redox processes and/or metallophilic/π−π interactions. These
factors could weaken the M−S bonds in the staples and may
result in fragmentation. However, the exact reason behind the
destabilization and fragmentation of the clusters cannot be
understood from the present studies.
In the next stage, the unstabilized clusters might undergo

fragmentation to form small M-SR, M-(SR)2, M2(SR)3, etc.
units or clusters with partially opened staples or mounts
followed by the nucleophilic attack of these fragments onto the
staples of the cluster. Considering the polar nature of the M-S
bonds in the staples due to greater electronegativity of the
sulfur atom, these fragments become nucleophilic in nature.
Anionic fragments such as M(SR)2 and M2(SR)3 (where M =
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Au/Ag), etc., have been observed in mass spectrometry of
Au25(SR)18 and Ag44(SR)30.

24,2e,g Among these fragments, Au-
(SR)2 and the Ag(SR)2 are the two most abundant species (see
Figure S31) and may be the most probable nucleophiles in the
reaction. Similar mechanisms have been observed in ligand
exchange reactions of monolayer protected clusters6k and metal
exchange reactions of small metal−thiolate complexes.25

However, we note that mechanisms of metal exchange in
monolayer protected clusters have not yet been investigated
thoroughly.
The proposed mechanism for the reaction between

Au25(SR)18 and Ag(SR)2 fragment resulting in the exchange
of Au atoms and various Au-SR fragments is depicted in
Schemes S1 and S2. However, in the case of Ag44(SR)30 these
reactions could consist of several steps of bond-breaking events
due to the more complicated bonding network of the Ag2(SR)5
mounts. This mechanism shows that even though the M-(SR)2
unit is involved in the reaction, the net result is the inclusion of
either M or M-SR groups depending on the specific reaction
pathways. The exchange of the Ag-SR and Au-SR units between
the clusters could be facile as they may be considered to be
isolobal fragments. Exchange of similar metal−ligand isolobal
units are also commonly encountered in coordination
complexes.26

In the final stage of the reaction, the open staples or the
mounts of the clusters now containing the substituent can
rearrange, reconstructing the overall structural framework with
substituted metal atoms or ligands resulting in the final
products.
An intuitive and alternative way of visualizing the structural

changes during the reactions can be inferred from the recent
structural model of aspicules20 showing that Au25(SR)18 can be
viewed as three interlocked (Borromean) Au8(SR)6 rings
around the central gold atom (see Figure S29). These rings
in the destabilized clusters may undergo opening, and once the
staple chains or mounts are opened, they become more flexible
and assume elongated conformations which gives the atoms of
their free ends greater reach with which to interact with the
corresponding open chains or mounts on the other cluster. A
similar reorganization of the staples has been proposed
(theoretically) earlier.27 The ends of the open chains or
mounts can interact more easily exchanging the M and the M-
SR units between them. The ring model of Au25(SR)18 also
suggests that inclusion of Ag into the Au13 core is not as
significantly hindered from the steric factors as might be
expected when Au25(SR)18 is viewed as separate core covered
by Au2(SR)3 staples. The opening and reorganization of the
chains or mounts away from the core would make the core
atoms more exposed, and facile for reaction. This may also be
facilitated by structural rearrangements in the core and staples,
or Au8(SR)6 rings as a whole due to rearrangements in the
positions of the individual Au8(SR)6-rings. Similarly, the
icosahedral Ag atoms in Ag44(SR)30 become more accessible
when certain Ag−S bonds are broken (see Figure S30). Thus,
our mechanistic model implies that M and M-SR substitutions
in the staples can originate from the reactions and rearrange-
ments involving the metal−thiolate fragments and the open
chains and mounts, while substitutions of the core atoms could
involve the exposed core of one of the clusters and the
fragments or open chains or mounts of the other cluster.
The initially formed alloy clusters with fewer numbers of

substituents could also undergo similar reactions producing
clusters with higher number of substituents until the

thermodynamic equilibrium for the particular reactant concen-
tration is reached (see Figure S4−S5). Final positions of the
substituent metal atoms in the alloy clusters are dictated by
their relative energies which depend on the number and
positions of substituents, as mentioned earlier.

■ CONCLUSIONS
In conclusion, we report the first example of intercluster
reactions of monolayer protected noble metal clusters. Metal
core-thiolate interfaces of these clusters play an important role
in these reactions. The reaction results in exchange of the metal
atoms as well as the metal−thiolate fragments. The intercluster
reaction route seems to be a more facile way than the
coreduction route and thiolate reaction route10a for bimetallic
clusters . DFT calculations show that in case of
AuxAg44−x(SR)30, Au atoms prefer to occupy the icosahedral
core followed by the outer staples and last the inner
dodecahedron. Calculations also revealed that the overall
reaction is energetically favorable due to the lowering of the
energy of Au or Au-SR substitution into Ag44(SR)30 rather than
the Ag or Ag-SR substitution into Au25(SR)18. A discussion of
some of the essential aspects of the reaction mechanism is
presented. Further experimental and theoretical efforts are
needed to understand the phenomena behind these reactions in
detail. We hope that our work will draw greater attention to the
role of the monolayers in determining the chemistry of these
clusters and the role of metallic core and the surrounding
monolayers in determining the chemistry of these clusters.
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Instrumentation 
  
Matrix assisted laser desorption ionization mass spectrometric (MALDI MS) studies were 
conducted using a Voyager DE PRO Biospectrometry Workstation (Applied Biosystems) matrix 
assisted laser desorption ionization time-of-flight mass spectrometer (MALDI TOF MS).  
Spectrometer was operated in the linear mode. The UV/Vis spectra were recorded using a Perkin 
Elmer Lambda 25 UV/Vis spectrometer. Absorption spectra were typically measured in the 
range of 200-1100 nm. Luminescence measurements were carried out on a JobinYvonNanoLog 
instrument. 
 
ESI MS measurements 
 
Waters Synapt G2-Si High Definition Mass Spectrometer equipped with Electrospray ionization, 
matrix assisted laser desorption ionization and ion mobility separation was used. All the samples 
were analyzed in negative mode electrospray ionization. The instrumental parameters were first 

S4 
 



optimized for Au25(PET)18 and other samples were analyzed using the similar setting with slight 
modification depending on the sample. About 0.1 mg of as prepared samples were diluted 
dichloromethane (DCM) and directly infused to the system without any further purification. The 
instrument was calibrated using NaI as calibrant. The optimized conditions were as follows: 
 
Sample concentration: 0.1 mg/mL 
Diluents: DCM 
Sample flow rate: 10-20 µL/min 
Source Voltage: 2.5-3 kV 
Cone Voltage: 120-140 V 
Source Offset: 80-120 V 
Trap Collision Energy: 0-20 V (For higher Ag44(FTP)30 concentration) 
Transfer Collision Energy: 0-2 V 
Source Temperature: 80-100°C 
Desolvation Temperature: 150-200°C 
Desolvation Gas Flow: 400 L/h 

 
For fragmentation of Au25(PET)18, the molecular ion peak was first mass selected in the 
quadruple which is situated before T-wave region. Collision induced dissociation was performed 
in the first T-wave region (trap) and analyzed in the TOF region. A nominal collision energy of 
80-120 V was used for the CID experiments. Below 50 V, Au25(PET)18 did not show any 
considerable fragmentation. Similar fragmentation was observed when the same sample was 
fragmented in-source without any mass selection. 
 
Ag44(FTP)30 clusters were analyzed in DCM medium as the reaction was carried out in pure 
DCM. The experimental parameters optimized for Ag44(FTP)30are as follows: 
 
Sample concentration: 0.05 mg/mL 
Diluents: DCM 
Sample flow rate: 10 µL/min 
Source Voltage: 0.3-1.5 kV 
Cone Voltage: 20-60 V 
Source Offset: 30-40 V 
Trap Collision Energy: 0-4 V  
Transfer Collision Energy: 0-2 V 
Source Temperature: 80°C 
Desolvation Temperature: 150°C 
Desolvation Gas Flow: 400 L/h 
 
MALDI MS measurements: The matrix used was trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB, > 98%). A solution of 6.2 mg of DCTB in 0.5 mL of 
dicholoromethane was used for the measurements. Appropriate volumes of the sample solutions 
and DCTB solutions in DCM were mixed thorougly and spotted on the sample plate and allowed 
to dry at ambient conditions. All the MALDI MS measurements were carried out at the threshold 
laser fluenece in order to minimize fragmentation. All the spectra reported are of negative ions. 
An average of 100 shots were taken for each mass spectrum.  
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Synthesis of Na4[Ag44(MBA)30]: Initially 128 mg of AgNO3 was added to a mixture of DMSO 
and water (4:7 volume ratio) in a beaker under constant stirring. About 173 mg of MBA was then 
added to the mixture while stirring. This results in the formation of thiolates which gives a 
cloudy appearance to the solution. About 50% CsOH was then added drop wise till the solution 
was clear and a greenish yellow color appeared. After this, NaBH4 solution (283 mg in 9 mL 
water) was added dropwise. Slowly the color changes to deep brown and after 1 h the color 
becomes deep red indicating the formation of clusters. This crude cluster solution was purified 
by precipitating it by the addition of  DMF. The precipitate was collected by centrifugation. The 
centrifugate was then removed and the cluster was extracted in citric acid containing DMF. Role 
of citric acid is to acidify all the protons of carboxylic acid groups of MBA ligand which will 
make the cluster soluble in DMF. The resultant cluster solution was then again precipitated using 
toluene and centrifuged. The acidification step was repeated one more time. After this, the 
precipitate was redissolved in DMF to get the purified cluster. 
 
 
Computational Details: The Ag(4d105s1), Au(5d106s1), and S(3s23p4) electrons were treated as 
valence and the inner electrons were included in a frozen core. The GPAW setups1 for gold and 
silver included scalar-relativistic corrections. The exchange-correlation functional employed was 
the generalized gradient approximation of Perdew, Burke and Ernzerhof (GGA-PBE).2 We used 
a 0.2Å grid spacing for electron density in all calculations and a convergence criterion of 0.05 
eV/Å for the residual forces on atoms was used in all structure optimizations, without any 
symmetry constraints. For computational efficiency during the structural optimizations, rather 
than employing the finite-difference real-space grid method for the expansion of the 
pseudowavefunctions, we used instead the LCAO method3 as implemented in GPAW by 
employing a double zeta plus polarization (DZP) basis set. For greater precision in our reaction 
energy calculations, we then recalculated the total energies at this geometry minimum using the 
finite-difference method in GPAW. The crystal structures of Au25(SR)18

4 and Ag44(SR)30
5 were 

used for the initial structures of the calculations. For efficient computations, we terminated each 
sulfur atom with a hydrogen atom in all the clusters. 
 
The initial structures of [Au25(SR)18]- and [Ag44(SR)30]4- were first geometry optimized, and 
then a single metal (Ag or Au)  atom was replaced in a symmetry non-equivalent position and 
the geometries of the resulting [Au24Ag(SR)18]- and [Au43Au(SR)30]4-  configurations were then 
optimized. The value of the total energy of each isomer was taken at the geometry-optimized 
configuration using the LCAO method but then recalculated using the more accurate finite-
difference method in GPAW. We also computed the total energies of Au and Ag atoms using 
spin-polarization applying Hund’s rule to the ground-state electronic configuration (of the 
isolated atoms) and the energies in the geometry-optimized configurations of AuSH and AgSH 
clusters in charge neutral states. The exchange reaction energies of Au(Ag) and Au(Ag)-SH into 
different positions in both of the clusters were calculated as E(Reaction) = E(Products) -
E(Reactants) 
 
The structures of Au25[PET]18  and Ag44[FTP]30 were built up with the help of Avogadro 
software package6 and visualizations were created with Visual Molecular Dynamics (VMD) 
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software.7 The structures have been modeled assuming coordinates from the crystal structures of 
Au25(SR)18

4 and Ag44(SR)30.5 
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Figure S1. Collision energy-dependent ESI MS spectra of Au25(PET)18. Loss of Au4(SR)4 unit 
resulting in Au21(SR)14 is the typical fragmentation mode of Au25(SR)18.8 
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Figure S2. ESI MS spectrum of Ag44(FTP)30 shown in trace b' of Figure 1B. Lower m/z region 
in A is expanded in B to show the fragmentation of [Ag44(FTP)30]4- to give [Ag43(FTP)28]3-. 
Such a fragmentation pattern is in accordance with previous reports (see Ref. 2e and 2g in main 
manuscript). Isotope distribution of [Ag44(FTP)30]4- is shown in C. Species such as 
[Ag45(FTP)30]3- and [Ag46(FTP)31]3- were also detected which could be due to minor byproducts. 
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Figure S3. MALDI MS spectra showing the temporal evolution of the products formed after 
mixing of Au25(PET)18 and Ag44(FTP)30 clusters at Au25:Ag44 ratio of 14:1. Traces a and b in 
(A) are the mass spectra of the reaction mixture immediately after mixing and after 1h of mixing, 
respectively. The group I in a and b are expanded in a’ and b’, respectively. The numbers in 
parentheses, (x, y), are according to the general molecular formula, Au25-xAgx(PET)18-y(FTP)y. 
Au4(SR)4 loss is a standard fragementation pattern of Au25(SR)18 clusters (see Figure S1). 
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Figure S4. MALDI MS spectra showing the temporal evolution of the products formed after 
mixing of Au25(PET)18 and Ag44(FTP)30 clusters at Au25:Ag44 ratio of 1.7:1. Traces a and b in 
(A) are the mass spectra of the reaction mixture immediately after mixing and after 1h of mixing, 
respectively. The group I in a and b are expanded in a’ and b’, respectively. The numbers in 
parentheses, (x, y), are according to the general molecular formula, Au25-xAgx(PET)18-y(FTP)y. 
Au4SR4 loss is a standard fragementation pattern of Au25(SR)18 clusters (see Figure S1).  
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Figure S5. MALDI MS spectra showing the temporal evolution of the products formed after 
mixing of Au25(PET)18 and Ag44(FTP)30 clusters at Au25:Ag44 ratio of 1.0:1.0. Traces a and b in 
(A) are the mass spectra of the reaction mixture immediately after mixing and after 1h of mixing, 
respectively. The group I in a and b are expanded in a’ and b’, respectively. The numbers in 
parenthesis, (x, y), are according to the general molecular formula, Au25-xAgx(PET)18-y(FTP)y.  
 
Note: In Figures S3, S4 and S14, peaks labels are assigned considering the peak maxima alone. 
However, ESI MS data (see Figure 3 insets, Figures S5-S9), shows that there are additional 
peaks in each of these features which is not resolved in MALDI MS due to the broadness of 
peaks.  
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Figure S6. Panels A-D shows the expansion of features (0, 0-3), (1, 0-4), (2, 0-4) and (3, 0-4), 
(shown in Figure 3), respectively. The numbers, for example, (0, 0-3) is according to the general 
formula, Au25-xAgx(PET)18-y(FTP)y. 
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Figure S7. Panels A-D shows the expansion of features (4, 1-5), (5, 1-5), (6, 3-8) and (7, 3-8), 
(shown in Figure 3) respectively. The numbers, for example, (4, 1-5) is according to the general 
formula, Au25-xAgx(PET)18-y(FTP)y. 
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Figure S8. Panels A-D shows the expansion of features (8, 3-9), (9, 3-9), (10, 4-9) and (11, 4-9), 
(shown in Figure 3) respectively. The numbers, for example, (8, 3-9) is according to the general 
formula, Au25-xAgx(PET)18-y(FTP)y. 
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Figure S9. Panels A and B shows the expansion of features (12, 4-9) and (13, 4-9), (shown in 
Figure 3) respectively. The numbers, for example, (12, 4-9) is according to the general formula, 
Au25-xAgx(PET)18-y(FTP)y. 
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Figure S10. Expansion of the mass spectra in panel A of Figure 3 in the Article. 
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Figure S11. Experimental (black trace) and theoretical (red trace) isotope distributions of (A) 
Au23Ag2(PET)18,  (B) Au23Ag2(PET)17(FTP)1, (C) Au23Ag2(PET)16(FTP)2 and (D) 
Au23Ag2(PET)15(FTP)3. These species corresponds to those labeled as (2, 0), (2, 1), (2, 2) and 
(2, 3), respectively in Figure 3A inset.  
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Figure S12. Time-dependent changes in the UV/Vis (A) and emission (B) spectra during the 
reaction between Au25(PET)18 and Ag44(FTP)30 clusters taken in the ratio (Au25:Ag44) of 14:1. 
Solvent used was dichloromethane. 
 
Note: Emission spectrum of Au25(PET)18

- shows a peak at 720 nm and a hump at 800 nm as 
reported previously by Jin et al.9 When Ag44(FTP)30 was added to Au25(PET)18, in all the cases 
(Figures S12-S14), there was an immediate decrease in intensity of these features. But, as time 
goes on, intensity increased with a slight redshift of about 10 nm (for both features). 
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Figure S13. Time-dependent UV/Vis spectra (A) and emission (B) spectra during the reaction 
between Au25(PET)18 and Ag44(FTP)30 clusters taken in the ratio (Au25:Ag44) of 7:1. 
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Figure S14. Time-dependent UV/Vis spectra (A) and emission (B) spectra during the reaction 
between Au25(PET)18 and Ag44(FTP)30 clusters taken in the ratio (Au25:Ag44) of 1.7:1.0. 
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Figure S15. Negative ion mode MALDI MS spectra of the Au25-xAgx(PET)18-y(FTP)y (x=0,1-13; 
y=0,1-8) product clusters formed at Au25(PET)18:Ag44(FTP)30 ratio of (A) 0.7:1 and (B)1:1. 
Group I is expanded in the inset. The numbers (x, y) in parenthesis (in the insets), are according 
to the general molecular formula, Au25-xAgx(PET)18-y(FTP)y.  
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Figure S16. ESI MS spectrum of the mixture of Au25(PET)18 and Ag44(FTP)30 (in Au25:Ag44 
ratio 1:1) measured 1h after mixing. Features labelled in panel A are expanded in panels B-E. 
The peak labels in B-E are given according to the peak maxima in each bunch. However, due to 
large number of Ag atoms and resulting isotopic width, features within these bunches are not 
resolved fully (unlike in the Figure S6 and S7). 
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Figure S17. Time-dependent UV/Vis spectra during the reaction between Au25(PET)18 and 
Ag44(FTP)30 clusters taken in the ratio (Au25:Ag44) of 1.0:1.0. 
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Figure S18. Time-dependent UV/Vis spectra during the reaction between Au25(PET)18 and 
Ag44(FTP)30 clusters taken in the ratio (Au25:Ag44) of 0.7:1.0. 
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Figure S19. MALDI MS of the Au25(FTP)18 clusters synthesized through ligand exchange of  
Au25(n-BuS)18 with 4-fluorothiophenol. Inset shows the UV/Vis spectrum of Au25(FTP)18. 
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Figure S20. Time-dependent changes in the MALDI MS spectra of the products formed during 
the reaction between Au25(FTP)18 andAg44(FTP)30. The spectra for 1 h and 3 h are shown in the 
main manuscript (Figure 4). The spectrum for 24 h is shown in the Figure S21. 
 
Note: Comparison of group I in Figures S3-S5 and S20 reveal that there is a drastic difference in 
rates of reactions between Au and Ag clusters depending on whether the same or different ligand 
is used to protect them. Time-dependent MALDI MS measurements show that irrespective of the 
concentrations of the reactant clusters, the reaction between Au25(PET)18 and Ag44(FTP)30 got 
completed/equilibrated within 10-15 min. In contrast, the reaction between Au25(FTP)18 and 
Ag44(FTP)30 continued for several hours ( Figure S20). During the reaction between clusters 
with different ligands, the mass spectra show peaks arising from the inclusion of one to several 
Ag atoms, which in turn transform to only 3-4 prominent peaks after about ten minutes. But in 
the case of clusters having thesame ligands, only 1-6 Ag inclusions are observed in group I even 
after 1 h of the reaction. When the ligands are different, the inter-cluster reaction may be initiated 
by a fast (Au-SR)–(Ag-SRʹ) exchange step, starting the disruption of the thiolate staples. This in 
turn can make the clusters unstable leading to the incorporation of Ag and ligands. Thus, we 
believe that the nature of the ligand shell on the reactant clusters play an important role in 
controlling the reactivity of the clusters.  
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Figure S21. MALDI MS spectra of the clusters formed after 24 h (expansion of the group I in 
the uppermost panel, i.e., spectrum for 24 h, Figure S20) the reaction between Au25(FTP)18 and 
Ag44(FTP)30. The peaks labeled as (13, 12)’, (12, 13)’, etc., are due to the exchange of a single 
FTP ligand in (13, 12) and (12, 13) clusters with a single n-BuS ligand (mass difference between 
these peaks are 38 Da, MFTP-Mn-BuS). The numbers in parenthesis, (m, n), are according to the 
general molecular formula, AumAgn(FTP)18. 
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Figure S22: ESI MS spectra measured immediately after mixing Au25(PET)18 and Ag44(FTP)30 
at a Au25:Ag44 ratio of 1.7:1. The numbers (x, y) in parenthesis are according to the general 
molecular formula, Au25-xAgx(PET)18-y(FTP)y. 
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Figure S23. Time-dependent changes of group II features appeared in the MALDI MS spectra 
during the reaction of Ag44(FTP)30 and Au25(PET)18. Groups II in Figure S20 are expanded here. 
A gradual shift of the peak maxima to higher m/z is seen. 
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Figure S24. ESI MS spectra showing the formation of AuxAg44-x(FTP)30 during the reaction 
between Au25(FTP)18 and Ag44(FTP)30 at a Au25:Ag44 ratio of 0.7:1.0. The peaks in between are 
due to the n-butanethiol-containing AuxAg44-x species as the latter could not be completely 
removed from Au25(FTP)18 (see Figure S21). 
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Figure S25. UV/Vis spectra of the reaction mixtures (after 1h of the reaction) at Au25:Ag44 
ratios of 14:1, 7:1, 1.7:1 (A) and 1:1 and 0.7:1 (B). At lower Ag44 concentrations (in A) the 
spectra resembles more with the previously reported spectra of Au25-xAgx(SR)18 (see Ref. 16 in 
main manuscript). At higher concentrations of Ag44 (in B), the spectra resembles more with the 
previously reported spectra of AuxAg44-x(SR)30 (see Ref. 15 in the Article). 
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Figure S26. Negative ion mode MALDI MS spectra of the products formed immediately (A) 
and after 1h (B) of mixing Au25(n-BuS)18 and  Ag44(FTP)30  clusters in dichloromethane. Group 
I in B is expanded in C. Group I are the molecular ion peak of the alloy clusters with mixed 
ligands formed during the reaction and the group I* are due to their fragments (due to Au4(SR)4 
loss). Peaks due to BuS-FTP, Ag-Au and (Ag-FTP)-(Au-BuS) exchanges are labeled in C. 
   
 
   
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

S29 
 



Supporting Information 24 

[A
u 2

5(
PE

T)
18

]-

[A
u 2

5(
PE

T)
17

(M
BA

) 1
]-

[A
u 2

4A
g 1

(P
ET

) 1
8]

-

[A
u 2

3A
g 2

(P
ET

) 1
8]

-

[A
u 2

2A
g 3

(P
ET

) 1
8]

- [A
u 2

4A
g 1

(P
ET

) 1
7(

M
BA

) 1
]-

[A
u 2

3A
g 2

(P
ET

) 1
6(

M
BA

) 2
]-

[A
u 2

2A
g 3

(P
ET

) 1
5(

M
BA

) 3
]-

 
Figure S27. MALDI MS spectra of the products formed immediately after mixing Au25(PET)18 
and  Ag44(MBA)30  clusters. Peaks due to MBA-PET, Ag-Au and (Ag-MBA)-(Au-PET) 
exchanges are marked. 
 
Supporting Information 25 

 

F1

F2

F3

F1
F2

F3
F4

S

I

S

Dcv

Dcf

IC

(A) (B)

 
 

Figure S28. Structures of (A) Au25(SR)18 and (B) Ag44(SR)30 showing different types of Ag/Au 
atoms and Ag-S/Au-S bonds. Color codes of Ag atoms: staple (blue), dodecahedron (light and 
dark green), icosahedron (red). Au atoms are in orange and S atoms are in light yellow. Light 
green Ag atoms forms the vertices of the cube of the Au20 dodecahedron and the darker green 
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Ag atoms are at the faces of this cube. The labels F1-F4 correspond to different types of Ag-
S/Au-S bonds. In Ag44(SR)30, F1 involves the terminal ligand while the others involve the 
bridging ligand. In F3 the bridging ligand binds to the Ag atoms in the cube vertices of the 
dodecahedron (Dcv). In F4 the bridging ligand binds to the cube faces of dodecahedron (Dcf). 
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Table S1: Isomers of Ag43Au(SH)30 and their energies 
 
 
 
 
 
 
 
 
 

 
Table S2: Isomers of Au24Ag(SH)18 and their energies 

 
 
 
 
 
 

 
 
 
 

Table S3: Energies of undoped clusters, metal atoms, and metal-ligand fragments 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Isomer Au location Energy E/eV E-E0/eV 

I Central icosahedron -349.995 -0.72 
Dcv Dodecahedron 

(cube vertex) 
-349.416 -0.14 

Dcf Dodecahedron(cube face) -349.592 -0.32 
S Staple -349.754 -0.48 

Isomer Ag location Energy E/eV E-E0/eV 

C Centre of 
icosahedron 

-219.576 +0.71 

I Icosahedron 
 

-220.047 +0.23 

S Staple -219.837 +0.44 

Structure E0/eV 
Ag44(SH)30 -349.275 
Au25(SH)18 -220.281 

Ag -0.1862 
Au -0.2035 

AgSH -8.658 
AuSH -8.902 
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Table S4. Energies of the reaction, Au + Ag44(SR)30→ AuAg43(SR)30 + Ag 
 

Isomer Position of Au in AuAg43(SR)30 Energy E/eV 
I Inner icosahedron -0.70 

Dcv Dodecahedron Cube  vertex -0.12  
Dcf Dodecahedron Cube face -0.30  
S Staples -0.46 

 
 
 

Table S5. Energies of the reaction, Au-SR + Ag44(SR)30 → AuAg43(SR)30 + Ag-SR 
 

Position of Au-SR in AuAg43(SR)30 Energy E/eV 
Dodecahedron Cube vertex (F3) +0.10 
Dodecahedron Cube face  (F4) -0.07 

Staples (F1 and F2) -0.24 
 
 
 

Table S6. Energies of the reaction, Ag +Au25(SR)18 → Au24Ag(SR)18 + Au 
 

Isomer Position of Ag in Au24Ag(SR)18 EnergyE/eV 
C Centre of icosahedron +0.69 
I Icosahedron  +0.22 
S Staples +0.43 

 
 

Table S7. Energies of reaction, Ag-SR + Au25(SR)18 → Au24Ag(SR)18 + Au-SR 
 

Position of Ag-SR in Au24Ag(SR)18 EnergyE/eV 
Icosahedron (F3) -0.01 

Staples (F1 and F2) +0.2 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

S32 
 



Table S8. HOMO-LUMO energy difference of un-exchanged and alloy clusters 
 

 
 
 

Table S9. Energy difference (in eV) between the HOMO of AuAg43(SR)30 and LUMO of 
Au24Ag (SR)18 as a function of the substituent positions. The values showed in bold are those for 

the most favorable combinations of substituent positions.  
 

 
 
 
 
 
 
 
 

Cluster Metal 
substituent 

position 

HOMO/eV LUMO/eV HOMO-
LUMO 
Gap/eV 

Fermi 
Energy/eV 

Ag44(SH)30 none 2.59 3.45 0.86 
 

3.01 

Ag43Au(SH)30 I 2.57 3.44 0.87 3.01 

Ag43Au(SH)30 Dcv 2.61 3.43 0.82 3.02 

Ag43Au(SH)30 Dcf 2.63 3.44 0.81 
 

3.04 

Ag43Au(SH)30 S 2.63 3.44 0.81 3.04 

Au25(SH)18 none -2.53 -1.24 1.29 
 

-1.88 

Au24Ag(SH)18 C -2.49 -1.35 1.14 -1.92 

Au24Ag(SH)18 I -2.51 -1.22 1.28 -1.86 

Au24Ag(SH)18 S -2.56 -1.30 1.26 -1.93 

        Au Position in 
Ag44 
 
 
Ag Position in Au25 

I Dcv Dcf S 

C 3.92 3.96 3.98 3.98 
I 3.79 3.83 3.86 3.85 
S 3.87 3.91 3.93 3.93 

S33 
 



 
Supporting Information 27  

D3

D1

D6

3

5

3

1

4

2

1

3

4

4

4

1

1

5

4
5

5

2

2

12

4

3

2

5

1
2 3

5

D5
3

8 5

67

1 2

3

i

4

9

10

11

12

Au
SMe

D2

y

z

x

C2(y)

C2(z)

C2(z)

D4

1

7
12

22

1

8

4 11

5
6

3

C2(y)

C2(x)

C2(z)

i

i)

 
Figure S29. Borromean-Rings diagram of Au25(SMe)18. The rings formed by pairs of coplanar 
staples are shown as ellipses. Gold atoms are shown by black dots and dark blue stars represent 
the SMe ligands whose positions are taken to be identical with their sulfur atom.The core Au 
atoms are numbered from 1 to 12 and the staple atoms are numbered clockwise from end of the 
staple, from 1 to 5. The lines that join core Au atoms on opposite ends of the same staple are 
shown by the green lines. The three perpendicular C2 axes are marked with the associated 
Cartesian axis direction in brackets. The staple directions are labeled by the six staple locants D1 
to D6, marked in red. Inset (i) shows a 3D visualization of the ring structure of the core and 
staples of Au25(SR)18 aspicule, with each (Au8S6)-ring consisting of two coplanar staples and the 
core atoms that are bonded to these staples. The three rings are colored red, blue and green, and 
the numbers of the core atoms are marked. This figure and caption are adapted from Ref. 20 of 
the main manuscript. 
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Figure S30. Structure of Ag44(SR)30 showing the accessibility of the icosahedral core Ag atoms. 
The bonds marked with orange arrows when broken make the core atoms more exposed. 
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Figure S31. Mass spectra showing the  thiolate fragments of (A) Ag44(FTP)30 and (B) 
Au25(PET)18. 
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Supporting Information 30: Schematic of the reaction between Au25(SR1)2 with Ag(SR2)2 
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Scheme S1. Schematic of the reaction between Ag(SR2)2 anion and the staples of Au25(SR1)18 
resulting in exchange of (A) fragment F1 (B) fragment F2. Color codes of the atoms: dark yellow 
(Au), light yellow (S), blue (Ag). Au and sulfur atoms in the staple are numbered from 1 to 5 
(red). Gold atom labeled as 6 is part of the icosahedral core. Atoms in the Ag(SR2)2 are labeled 
as 2ʹ, 3ʹ and 4ʹ (blue). Structures in the intermediate steps are labeled I to VII. Comparison of 
structures I and V in (A) shows that the fragment F1 was exchanged between the staples and 
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fragment. Comparison of structures IIIʹ and VII shows that the fragment F2 was exchanged 
between the staple and fragment.  
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Scheme S2. Schematic of the reaction between Ag(SR2)2 anion and the staples of Au25(SR1)18 
resulting in Ag/Au exchange. Color codes of the atoms: dark yellow (Au), light yellow (S), blue 
(Ag). Au and sulfur atoms in the staple are numbered from 1 to 5 (red). Atoms in the Ag(SR2)2 
are labeled as 2ʹ, 3ʹ and 4ʹ (blue). Comparison of the structures IIIʹʹ and IX show that Au atom (4) 
is exchanged with Ag atom (2ʹ). 
 
Note: Structures III, IIIʹ and IIIʹʹ differ only in the position of attack of the R2S- and the 
subequent  bond breaking steps. Also note that structures having the same labels labels (IV, VIII) 
are identical and differ only in their orientation. Similar to the schemes S1 and S2, it is possible 
to draw mechanistic pathways showing the replacement of Au atoms in the icosahedral core 
(atoms labeled 6, for example) also. But there will be significant steric effects in the various 
steps.  
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Discussion on the charge states of Au25(SR)18 and the position of Ag in the Au25-

xAgx(PET)18-y(FTP)y: 
Au25(SR)18 exists in two most stable charge states: neutral and anionic.10 Crystal structures of 
both the anionic and neutral Au25(SR)18 have been solved.4,10a In the anion,12 of the 25Au atoms 
are part of six Au2(SR)3 staples and they are in +1 oxidation state. The 12 terminal sulfurs of the 
six Au2(SR)3 staples bind to the 12 icosahedral core Au (Aucore) atoms. Among these twelve 
Sstaple-Aucore bonds, six of them localize the valence electrons of those six Aucore atoms. The 
remaining six valence electrons of the Au13 core, in addition to that of the central Au and the 
negative charge, provide eight free electrons fulfilling the magic number criterion for electronic 
stability. Thus, only seven of the icosahedral Au atoms contribute to the free electron count of 
the anionic Au25. This implies that any substitution of the Austaple with another metal like Ag 
(having a similar electronic configuration) will not reduce the free electron count and the overall 
charge of the bimetallic cluster because Ag is likely to exist as Ag(I) in the staples rather than as 
Ag(0), similar to the Au(I) in Au2(SR)3 staples. Substitution of Aucore with Ag can alter the free 
electron count depending upon the nature of Au (i.e., whether the Au is strongly or weakly 
bound to Sstaple) that is being replaced and the oxidation state of the incoming Ag (whether Ag(I) 
or neutral Ag). AgxAu25-x(SR)18 (x<6) clusters synthesized by co-reduction of HAuCl4 and 
AgNO3 by sodium borohydride are also anionic with eight free electrons as in case of undoped 
anionic Au25(SR)18. Experimental observations and theoretical calculations11 on these clusters 
show that the incoming Ag atoms are preferably located at the icosahedral positions, replacing 
the Aucore atoms. These observations show that the incoming Ag (upto 6) atoms are present in 
the icosahedral positions of AgxAu25-x(SR)18 as Ag(0), not as Ag(I). This reduction of the Ag(I) 
to Ag(0) could be due to the external reducing agent used. 
  
As opposed to the above case, reaction of anionic Au25(PET)18 with Ag(I) salts in acetonitrile 
results in the formation of neutral Au25Ag2(PET)18 and its structure has been predicted through 
DFT calculations.12These calculations show that one of the two incoming Ag(I) is incorporated 
into the thiolate shell of the clusters as Ag(I)-SR which does not alter the free electron count. The 
second Ag(I) is situated outside the Au13 core and it is bonded to one of the Aucore atoms. The 
bonding of this Ag(I) to icosahedral Aucore decreases the free electron count by one. Hence, 
anionic Au25(PET)18 produces neutral Au25Ag2(PET)18 clusters due to its reaction with Ag(I). 
Thus, it is obvious that incorporation of metals, with similar electronic configuration as Au, into 
Au25(SR)18 using their cationic precursors in the absence of an external reducing agent will 
reduce the free electron count if the dopant metal makes any electron localizing bonds to Aucore. 
Further, the report of Au25Ag2(SR)18 suggests that the positions of the dopant atoms/ionsin the 
bimetallic clusters vary depending on the nature of the precursors and reaction conditions 
(whether any external reducing agent is used or not).  
 
In this regard, it is worthwhile to understand the nature of the incoming Ag in the inter-cluster 
reaction. MALDI and ESI MS features of Au25-xAgx(SR)18 (x=1-20) (formed through the inter-
cluster reaction route where Ag44(SR)30 was the Ag source and not Ag(I) salts; no external 
reducing agents were used) in positive ion mode were of very low intensity and low signal to 
noise ratio compared to those observed in the negative ion mode. This indicates that these 
clusters are also anionic. This also indicates that Ag inclusion through this reaction has not 
changed the free electron count and the charge state of the resultant bimetallic cluster, as in the 
case of the clusters obtained through co-reduction methods. Based on the above discussion, it can 
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thereby be concluded that both the inter-cluster reaction and co-reduction routes incorporate Ag 
into Au25(SR)18 as Ag(0). According to the suggested mechanism depicted in the Schemes 1 and 
2, replacement of the Au-SR with Ag-SR would not change the overall charge state and the free 
electron count in the alloy clusters as there are only rearrangement of bonds involved after the 
nucleophilic attack and no reduction of Ag+ or Ag-SR is required. Thus it is likely that in the 
initial stages of doping, Ag and Ag-SR substituents are more likely to be present on the staples 
than in the core. Once the staples are opened, substitution of core atoms would become more 
facile. However, crystal structure data are needed to unambiguously confirm this. 
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a b s t r a c t

We report the preparation of a carbon aerogel (CA) material utilizing the simultaneous co-assembly of
organic and inorganic precursors, having a high BrunauereEmmeteTeller surface area of 2600 m2/g,
through a one-step solegel process. This CA was characterized using different spectroscopic and
microscopic techniques. The as-synthesized CA with its tunable porosity, high mechanical strength,
transport property and electrical conductivity was found to be a suitable candidate for water desalination
via capacitive deionization (CDI). The optimum working potential for CDI was in the range of 1.2e1.4 V.
The material was tested for the removal of different ions of varying charges and the experiment was
performed for multiple cycles. The result showed high adsorption capacity of 10.54 mg/g for Cl� in
laboratory batch experiments compared to 3e4 mg/g reported for most of the CDI materials. The ma-
terials were also characterized after adsorption/desorption cycles. Adsorption was physical in nature and
the ions desorbed completely after reversing the polarity. The result showed that the material can be
used for multiple cycles without any change in its spectroscopic and adsorption properties.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Shortage of clean drinking water globally, due to rapid increase
in population and industrialization; probably the most important
problem of the planet, has to be addressed from multiple di-
rections. Environmental contamination and pollution has led to the
deterioration of water quality, even in water rich regions [1]. In
order to solve the water crisis, we require clean and cost effective
methods [2] for decontaminating polluted waters. Desalinating
fresh water from rivers or groundwater can generate water suitable
for human consumption [3,4]. Reverse osmosis [5], ultra-filtration
[6] and electro-dialysis [7] have been traditionally used to
generate drinking water from brackish water. However, all these
techniques require heavy equipment and more power and there-
fore, involve high installation and operational costs.
radeep), ashutos@iitk.ac.in
Among all the water desalination processes, capacitive deion-
ization (CDI) is cost effective and easy to operate. CDI removes
primarily ions from water by using two oppositely charged carbon
electrodes of high porosity, electrical conductivity and a large sur-
face area. The electrodes are separated by a spacer and connected to
a direct current (DC) source by a current collector (typically
graphite or titanium sheet). On applying a voltage, the surface of
the electrodes gets charged and an electrical double layer is formed
between the electrode and the solution. These charged electrodes
adsorb the counter ions present in the feed water and thereby,
desalinate it. The electrodes are regenerated by reversing the po-
larity discarding the heavily saline stream generated during this
step. No additional efforts are required for this process. Capacitive
desalination is attractive because it is a non-membrane based
approachwhich requires low voltage (an applied potential between
0.8 and 2.0 V that is below the hydrolysis potential of water at the
electrode surface) and requires only low pressure for operation.

The electrode materials that have been used for wastewater
treatment using CDI include porous activated carbons [8], carbon
cloth [9,10], activated carbon fiber [11], carbide derived carbon
(CDC) [12], carbon nanotubes [13], graphene [14], graphene aerogel
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[15,16], carbonecarbon composite [17], conducting polymer carbon
composite [18], and carbon metal oxide composites [19]. Among
these materials, carbon aerogels (CA) have high surface area
(400e1100 m2/g), low resistivity (~400 Um/cm), high electrical
conductivity and excellent electrochemical stability in aqueous
solutions. The main advantage of carbon aerogel is that its micro
and meso-porosity can be tuned by using an easy to implement
solegel technique [20]. The ion adsorption capacity is dependent
on tailoring its microstructure [21] either by using an inorganic
precursor (like silica) or metal oxides [22,23]. Yang et al. [24] pre-
pared a carbon aerogel on a silica gel template for CDI of NaCl so-
lution. In another study, manganese and iron oxide-doped carbon
aerogel electrodes were tested for CDI of saline water [22]. Both the
materials showed enhanced capacity than CA alone.

A unique property of a CA is the presence of inter-connected
particles, which along with a simple synthesis procedure, is ad-
vantageous when used as an electrode in capacitors, fuel cells and
Li ion batteries and catalytically active substrates [25]. Previously,
resorcinoleformaldehyde (RF) gels have been used to make CAs by
combining the two precursors in suitable molar ratios and
employing different processing conditions, such as, reactant con-
centrations, catalyst concentrations, pH, activation temperature
and pyrolysis temperature [26,27]. Recently, Wu et al. [21] have
synthesized an ordered mesoporous carbon aerogel by incorpo-
rating a carbon precursor in a calcium carbonate based hard tem-
plate network that was subsequently removed selectively to
generate mesopores. Surfactant-assisted soft template has also
been reported to create a porous carbon structure [25]. However,
such techniques are limited by the template size and the pore
structure and are therefore, unable to control the pore size distri-
bution and achieve porosity beyond a narrow range.

It is a standard practice to generate carbon aerogels by super-
critical drying of wet RF gels and this method requires high pres-
sures (up to 1000 psi) that raises safety issues [28,29], and makes it
expensive and difficult to scale-up for industrial use. To reduce the
cost, new techniques are needed which will eliminate the super-
critical drying step and substitute it with ambient pressure drying
at feasible temperatures, while preserving the mechanical strength
and maintaining the porosity of the material. Jung et al. [30] have
reported RF derived carbon aerogel electrodes for capacitive
deionization, prepared by ambient pressure drying.

In this work, we have used a simple and cost effective solegel
technique to fabricate a resorcinolesilica composite aerogel
monolith with a highly porous structure and high surface area. The
interpenetrating network of organic and inorganic phases was self-
assembled during the gelation process. After removing the solvent
phase present in the monolith, the ambient drying helped to
maintain the micro and meso porosity and mechanical integrity of
the monolith structure. After carbonization of the prepared
monolith, some shrinkage occurred due to the removal of volatile
substances generated due to the decomposition of carbonaceous
precursors. In further steps, silica was etched from the carbon-
esilica aerogel to form a carbon aerogel with increased surface area
and electrical conductivity. This material was used for water
desalination using the CDI technique.

2. Material and methods

2.1. Materials

Resorcinol (R), formaldehyde solution (F), tetraethyl orthosili-
cate (TEOS), and 3-aminopropyl tri-ethoxysilane (APTES) were
purchased from SigmaeAldrich. Acetone, sodium hydroxide
(NaOH), sodium chloride (NaCl), magnesium chloride (MgCl2), and
ferric chloride (FeCl3) were purchased from LobaChemie. All
reagents were used as-received, without further treatment.

2.2. Synthesis of carbonesilica composite aerogel

Carbonesilica aerogel was prepared by the solegel condensa-
tion method of resorcinol, formaldehyde and TEOS. Briefly, 0.732 g
of resorcinol was mixed in 4.20 mL of acetone, 2.73 mL of TEOS, and
320 mL of APTES, and 240 mL of APTMS was added into the reaction
mixture. Finally 1.5 mL of formaldehyde was added and the mixed
solution was kept in a polypropylene container. The container was
tightly packed to avoid solvent loss. The mixed solution was kept
undisturbed at room temperature for 5e6 h for gelation. After
gelation was complete, the gel was washed three times with fresh
acetone and kept at 60 �C for 10 h in a hot air oven to slowly
evaporate the solvents. At this stage, color of the dried gel was
reddish brown. Finally, the formed gel was carbonized in a tubular
furnace at 900 �C for 1 h in an inert atmosphere using nitrogen gas.
The heating rate was maintained at 5 �C/min. The as-synthesized
aerogel was the carbonesilica composite aerogel (CSA).

2.3. CDI experimental scheme

CA electrodes of dimension 3 � 3 � 0.5 (l � b � h) cm3 were
taken and were separated by a 0.4 mm nylon spacer. Two graphite
rods were used as current collectors and were connected to a DC
source. This single electrode set-up was immersed in a 100 mL
beaker containing 80 mL of NaCl solution of 500 mg/L concentra-
tion. Magnetic stirrer was used with a stirring speed of 200 rpm.
The electrodes (CA) are connected to the DC source (applied a po-
tential of 1.2 V) such that one of the electrodes becomes positive
and the other is negative. When the feed water (NaCl/salt solution)
is passed through the electrodes, the cations (Naþ) and anions (Cl�)
get adsorbed on the cathode and anode, respectively. This process
continues for a certain period of time until the electrodes become
saturated enough that it cannot adsorb more ions. At this point, the
maximum adsorption capacity of the material is calculated. As the
terminals of the DC source are changed, the electrodes also reverse
their potential and thereby, desorbing all the adsorbed ions on its
surface due to electrostatic repulsion. In this process, the reject
comes out as brine and the porous CA material is regenerated to be
further used in another adsorption cycle. These steps should
continue for multiple times without loss of capacity for ideal CDI
electrodes.

2.4. Etching of silica from carbonesilica composite aerogel

Silica was etched from CSA by dipping it in a 2 M NaOH solution
at 70e80 �C for 12 h. This step was performed three times for
complete removal of silica. After this, the aerogel was washed with
water several times to ensure complete removal of NaOH and then
dried overnight at 80 �C to remove water. This material was termed
as carbon aerogel (CA). The density of the material was found to be
0.13 g/cm3. The ultra low density for this material proves it to be
aerogel rather than xerogel as reported elsewhere [31] and was
further confirmed by porosity measurements. The total pore vol-
ume of the CA was found to be 2.12 cc/g with average pore size of
3.26 nm (data in supporting information (SI), Fig. S1) A schematic of
the preparation of CSA and CA by using solegel technique is
depicted is Fig. 1.

2.5. General characterization

The surface morphology of the prepared samples was charac-
terized by using field emission scanning electron microscopy
(FESEM, ZEISS Supra 40VP, Germany). Energy dispersive X-ray



Fig. 1. Schematic of the preparation of carbon aerogel by the solegel technique. (A color version of this figure can be viewed online).
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spectroscopy (EDS) with elemental mapping (Oxford instruments)
was combined with FESEM. The crystal structure of carbon aerogel,
before and after desalination, was analyzed by X-ray diffraction
(XRD) (PAN Analytic Germany), using a Cu Ka radiation
(l ¼ 1.5406 Å) from 5 to 80� at a scanning speed of 2� per min.
Raman spectra (Model: Alpha, Make: Witec, Germany) of the CAs
were measured in the frequency range of 400e3000 cm�1 with a
514 nm laser source. X-ray photoelectron spectroscopy (XPS) was
performed with an Omicron ESCA Probe spectrometer employing a
polychromatic Mg Ka X-ray source (hn¼ 1253.6 eV). Majority of the
spectra were deconvoluted to their component peaks using the
software, CasaXPS. The energy resolution of the XPS spectrometer
was set at 0.1 eV at a pass energy of 20.0 eV. The binding energywas
corrected with respect to C 1s at 284.5 eV.

The surface area and pore volume of CA was measured by the
BrunauereEmmeteTeller (BET) BET-surface area analyzer (Quan-
tachrome) Autosorb iQ. The pore size distribution (PSD) was ob-
tained from the BarretteJoynereHalenda (BJH) method. The
mechanical strength of the material was measured by Instron 1195
(in compression mode). The electrical conductivity was measured
by a four probe point conductivity equipment (SES Instruments,
Roorkee). A Keithley current source-voltmeter was attached to the
four probe setup for the collection of data. The electrochemical
capacitive behavior of CA was determined by cyclic voltammetry
(CV). All electrochemical experiments were carried out at room
temperature in a three-electrode cell with 1 M NaCl electrolyte
solution. CV was performed at various scan rates using a poten-
tiostat/galvanostat (AUTOLAB 302N) in a potential range of �0.8 V
to 0.2 V versus Ag/AgCl (3 M KCl). The specific capacitance was
calculated from the CV curve based on the following equation:

Cm ¼
�

1
mRDV

�Z
IðVÞdV (1)

Where, Cm is the specific capacitance, m is the mass of the active
material, R is the scan rate, DV is the potential window of scanning,
which is the integral area under the CV curve.

3. Results and discussion

The carbon aerogel (CA) prepared by our solegel method was
characterized using different spectroscopic and microscopic tech-
niques. Fig. 2A shows the photograph of the synthesized CA block of
7 cm (length)� 3 cm (width)� 1 cm (thick). Thematerial exhibited
high mechanical strength having Young's modulus of 1.12 MPa
which was calculated from compressive stressestrain curve (data
are shown in supporting information (SI), Fig. S2) and was found to
possess high monolithic integrity, such that it can be used as an
electrode, without the need of a binder. This would prove to be an
advantage as a binder generally decreases the conductivity of an
electrode material, and thereby reduces the adsorption capacity.
The electrical conductivity of CA was determined to be between 1
and 80 S/m, and its surface area was found to be ~2600 m2/g.

The SEM image of carbon silica aerogel (CSA) presented in
Fig. 2B clearly illustrates the spherical nature of the carbon nano-
sphere. The high resolution SEM image (inset in Fig. 2B) of CSA
further reveals that the carbon nanosphere has a uniform size of
around 200 nm. Fig. 2B also shows the presence of voids in CSA at
the nanoscale, which leads to excellent porosity (mesoporosity of
12.5%). The porosity of the material was tuned by using different
concentrations of the silica precursor (TEOS). The porosity was very
low in the absence of TEOS, but substantially increased upon
addition of the SiO2 precursor. However, at an optimum amount of
TEOS (2%) the porosity reached a maximum and then decreased
with further increase in SiO2concentration (see Fig. S3) alongwith a
reduction in mechanical strength of CA.

Etching the silica precursor from CSA using 1 M NaOH led to the
formation of CA with a increased porosity that enhanced the per-
formance of CDI by 80%.The SEM image of CA is shown in Fig. 2C.
Interestingly, while the porosity increased (mesoporosity increased
by 15%), the mechanical strength was not adversely affected. XPS
was performed to understand the chemical composition of CA. The
spectrum displayed in Fig. 2D show that carbon and oxygen are the
only two components present in the system. The deconvoluted C 1s
spectrum (inset of Fig. 2D) consists of two peaks at 284.5 and
286.7 eV, whose relative intensities suggest that carbon in CA oc-
curs mainly as C]C and partially as CeO. The presence of Si in the
parent material (CSA) was confirmed by its XPS spectrum as shown
in SI, Fig. S4. The absence of the corresponding peak in Fig. 2D af-
firms that SiO2was completely removed by etching.

The SEMeEDS of CA illustrated in Fig. 3 shows the presence of
carbon and oxygen alone, similar to XPS data in Fig. 2D. The
elemental mapping performed on the SEM image in Fig. 3(i)
depicted the uniform distribution of carbon (see Fig. 3(ii)) and
negligible amount of oxygen (see Fig. 3(iii)) in CA. Fig. 3b shows that
the elemental ratio of carbon and oxygen in CA is almost around
19:1, which is in good agreement with the deconvoluted XPS
spectrum of C 1s in the inset of Fig. 2D. The SEMeEDS and



Fig. 2. A) Photograph of carbon aerogel. B & C) FESEM image of Si and Si etched carbon aerogel, the inset in both the figures show higher magnification image and D) XPS spectrum
of carbon aerogel, the inset shows the C 1s spectrum. C and O were the only elements noticed. (A color version of this figure can be viewed online).

Fig. 3. SEMeEDS of CA showing the presence of carbon and oxygen. The inset displays its i) SEM image and EDS mapping of ii) carbon and iii) oxygen, a) shows the Raman spectrum
of CA and b) depicts the elemental ratio of carbon:oxygen in ratio 19:1 (SEMeEDS). (A color version of this figure can be viewed online).
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elemental mapping results for CSA are provided in SI Fig. S5. The
Raman spectrum of CA is shown in Fig. 3a which shows the pres-
ence of D, G and 2D bands at 1383, 1601 and 2769 cm�1, respec-
tively. The presence of these bands suggested that the material is
graphenic in nature, as expected after a high temperature
treatment.

Electrical conductivity determines the charge transfer and in-
ternal resistance of a material and its value at room temperature
was evaluated for both CSA and CA using the four probe method. It
can be seen from Fig. 4A that for achieving the same current, CA
requires a much lower potential than CSA. The electrical conduc-
tivities of CSA and CA electrodes were calculated to be 2.3 and
71.0 S/m, respectively. The lower conductivity of CSA is due to the
non-conducting nature of silica that is impregnated in the CSA. This
interpenetrating network of silica formed between the carbon
matrixes reduces electrically conducting pathways.

CV was performed in 1 M NaCl electrolyte solution in a potential
window of �0.2e0.8 V to determine the potential of CA as a CDI
electrode with high electrosorptive salt adsorption and specific
capacitance. Fig. 4B shows the CV curves of CA obtained at a range
of scan rates between 2 and 200 mV/s. It is noticeable that at low
scan rates, the CV curve has a rectangular shape, which becomes
distorted at high scan rates due to large current and increase
resistance. This confirms the picture that at low scan rates, the
electrolyte is able to penetrate into the pores of the CA electrode
with an unrestricted motion, which does not occur at a high scan



Fig. 4. A) Electrical conductivity of CSA and CA. The inset in the figure shows the variation of specific capacitance with respect to scan rate. B) Cyclic voltammetry of CA using 1 M
NaCl as electrolyte. (A color version of this figure can be viewed online).

R. Kumar et al. / Carbon 99 (2016) 375e383 379
rate when the ohmic resistance affects the formation of the elec-
trical double layer [32]. The effect of scan rate is also reflected by
the specific capacitance which is calculated to be 262 and 86 F/g for
CA (inset in Fig. 4A) and 170 and 55 F/g for CSA (from CV curves in
SI, Fig. S6) at 2 mV/s and 100 mV/s, respectively calculated from
equation (1).

Next, we developed a laboratory batch CDI set-up to examine
the desalination performance of CA. The set-up consisted of two CA
electrodes (one acting as a positive and the other as a negative
electrode) separated by a porous nylon membrane (spacer), and a
graphite rod as a current collector. Salt water of known concen-
tration was taken in a glass beaker to function as the electrolyte.
The electrodes were dipped into the salt solution along with a
conductometer to monitor any change in the conductivity of the
solution. Finally, a DC source, which can supply a voltage from 0.0 to
5.0 V, was connected to the graphite rod. The above set-up is
illustrated in SI, Fig. S7.

Electrochemical capacity is a measure of the electrosorptive
behavior of an electrode material. The electrical double layer
formed onto the pores of the electrode material and the electrolyte
leads to the adsorption of charged species over the electrode. The
thickness of electrical double layer and the size of the charged
species, therefore, govern the adsorption capacity. The former
parameter in turn depends on the concentration of electrolyte so-
lution and size of the electrolyte ions. Thus, to understand the effect
of these key factors on the electrochemical properties of CA, we
chose a set of three different salt solutions, namely, NaCl, MgCl2 and
FeCl3 as electrolytes.

The voltage required for CDI was first optimized by measuring
the adsorption capacity as a function of the applied voltage (be-
tween 0.4 and 2.0 V) using the DC source. It can be seen from Fig. 5A
that, when using NaCl as the electrolyte, as the applied voltage was
increased the removal capacity of the electrodes also increased. The
optimum voltage was found to be 1.2 V, as further increase in
voltage over 1.8 V led to electrolysis of water in the presence of
NaCl, which was evidenced by the decrease in the volume of water
upon prolonged operation. In Fig. 5B the desalination capacity of CA
at 1.2 V using different salt solutions (200 ppm) is showcased. It can
be seen that higher the valence of the metal ion, higher is the ef-
ficiency of salt removal, all other parameters being the same. The
maximum adsorption capacity of the material was found to be 7.68
and 10.45 mg/g for CSA and CA, respectively. These values are
higher than most of the previously reported adsorption capacities
for carbon based CDI electrodes in batch mode [33]. Table 1 shows
the comparison of efficiency of different electrode materials
reported in the recent past. The rate of adsorption of the material
was evaluated and it was noted that a three step event occurred: a)
an initial kinetics where the electro-adsorption was 0.280 mg/min
for 12 min (fast kinetics as all the vacant sites are available for
adsorption), b) 0.098mg/min from 12 to 80 min (slow kinetics) and
c) 0.002 mg/min from 80 to 120 min (very slow kinetics, where
equilibrium is reached and no more adsorption occurred); data are
shown in SI Fig. S8a. It was observed that the material reached
saturation at 80 min from the initiation of the electro-adsorption
process. Lagergren pseudo-first-order [34] and Ho's pseudo-
second-order [35] mathematical models were used for describing
the kinetic data. Details are given in supporting information Fig. S8.
The fitting shows that Lagergren pseudo-first-order matches more
with the experimental data as shown in SI Fig. S8b.

To test the potential of CA in real time CDI applications for water
treatment, we examined desorption from the electrode material,
following an adsorption step, by changing the terminal of the DC
source. Multiple such adsorptionedesorption cycles were carried
out to evaluate the efficiency of the electrodes using 200 ppm of
NaCl solution. Fig. 5C and D shows that even after five cycles, there
was no loss in the adsorption capacity of both CSA and CA. It can
also be deduced that the adsorption efficiency of CA is higher than
that of CSA. At the end of each adsorption step, ~60 and 100 ppm of
metal ions are adsorbed by CSA and CA, respectively. The effect of
varying concentration of the electrolyte was analyzed by per-
forming CDI for CA using NaCl solution at three different concen-
trations (200, 400 and 800 ppm) (SI, Fig. S9). We found that the
adsorption capacity of CA did not change as NaCl concentrationwas
increased and for each case it was ~10 mg/g, this indicates that the
material has reached saturation limit at 200 ppm itself. These ex-
periments prove that CA is suitable for CDI applications.

The electrode material (CA) was characterized after one
adsorption cycle. For this the adsorption process was continued
until the electrodes got saturated using NaCl as the electrolyte. It is
seen that the cathode contains only positive ions and the anode
contains only negatively charged ions. The SEM-EDS of the cathode
and anode in Fig. 6A and B confirm the presence of sodium in the
former and chloride in the latter. The elemental mapping shows
that these ions are uniformly distributed on the surface of the
electrodes. The XRD spectrum of CA before and after a single
adsorption step is shown in SI Fig. S10. The XPS spectra of the
electrodes after the adsorption step in Fig. 6C and D reaffirm the
presence of sodium and chloride ions in the anode and cathode,
respectively based on the peaks for sodium and chlorine at
1072.1 eV and 198.5 eV, respectively.



Fig. 5. A) Adsorption capacity of CA (with 1 M NaCl as the electrolyte) as a function of the applied voltage in the range of 0.4e2.0 V and B) CDI performance of CA using different
electrolytes at 1.2 V. CDI efficiency of C) CSA and D) CA over five adsorptionedesorption cycles. The fit over figure C represents the variation of voltage with respect to time from 1.2
to �1.2 V. (A color version of this figure can be viewed online).

Table 1
Comparison of electrode material efficiency in term of salt adsorption capacity in mg/g reported in the recent past.

First author/journal [ref] Year of
publication

Material Initial salt concentration (mg/
L)

Salt adsorption (mg/
g)

Joseph C. Farmer/J. Electrochem. Soc. [36] 1996 CA 50 1.40
CA 500 2.90

Kai Dai/Mater. Lett. [37] 2005 MWCNT's 3000 1.70
Linda Zou/Water Res. [38] 2008 Mesoporous carbon 25 0.68
Lixia Li/Carbon [39] 2009 Mesoporous carbon 50 0.93
Zheng Peng/J. Mater. Chem. [40] 2012 Mesoporous carboneCNTs 46 0.63
Min-Woong Ryoo/Water Res. [41] 2003 TiO AC cloth 5844 4.30
Juan Yang/Desalination [42] 2011 MnO2eAC 25 1.00
Yu-Jin Kim/Sep. Purif. Technol. [43] 2010 AC 200 3.70
X.Z. Wang/Electrochem. Solid-State Lett. [44] 2006 CNT-nanofibers 110 3.30
Gang Wang/Electrochim. Acta. [11] 2012 Carbon nanofiber webs 95 4.60
Haibo Li/J. Electroanal. Chem. [42] 2011 SWCNT's 23 0.75
Haibo Li/J. Mater. Chem. [45] 2009 Graphene 25 1.80
Zhuo Wang/Desalination [46] 2012 Functional RGO 65 3.20
Haibo Li/Environ. Sci. Technol. [47] 2010 Graphene-like nanoflakes 25 1.30
Dengsong Zhang/J. Mater. Chem. [48] 2012 GrapheneeCNT 29 1.40
Haibo Li/J. Mater. Chem. [49] 2012 Reduced graphene oxideeAC 50 2.90
Yue Wang/Desalination [50] 2014 CNTeCNT 1000 11.00

Polypyrrole/CNT 1000 43.99
Lumeng Chao/J. Mater. Chem. A [51] 2015 Porous carbon materials 40 34.27
Nalenthiran Pugazhenthiran/ACS Appl. Mater. Interfaces.

[52]
2015 Cellulose derived graphenic

fibers
500 13.10

Xiaoyu Gu/Electrochem. Acta [53] 2015 GrapheneeFe3O4 300 10.30
Xiaoyu Gu/ACS Sustain. Chem. Eng. [54] 2015 GrapheneechitosaneMn3O4 300 12.70
Changming Wang/Desalination [55] 2015 AC 100 14.32
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The XPS survey spectrum in Fig. 7A represents CA after
adsorptionedesorption cycles. Fig. 7a represents the XPS spectrum
of CA before adsorption (also shown in Fig. 2D). After the first
adsorption cycle, the material was characterized (cathode) and it
showed sodium at 1072.1 eV along with carbon and oxygen
(Fig. 7b). The same material after desorption (Fig. 7c) shows a
similar survey spectrum as that of the initial material (Fig. 7a).
Similarly, the same material was characterized by XPS after tenth
adsorptionedesorption cycle (Fig. 7d and e). Sodium was getting
adsorbed on to the electrodes and was desorbed completely after



Fig. 6. SEMeEDAX of A) cathode and B) anode and the deconvoluted XPS spectrum of C) sodium in cathode and D) chloride in anode after a single adsorption cycle. (A color version
of this figure can be viewed online).

Fig. 7. A) XPS spectrum of carbon aerogel a) before adsorption (pristine CA), b) after adsorption (first cycle), c) after desorption (first cycle), d) after adsorption (tenth cycle) and e)
after desorption (tenth cycle). Areas of importance are marked. B) Schematic showing the adsorption of the counter ions on the electrodes. i) FESEM image of carbon aerogel and ii)
the schematic of the anode surface showing the presence of anion on its surface after adsorption. (A color version of this figure can be viewed online).
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the desorption cycle. The intensity ratio of carbon:oxygen remains
the same even after the tenth cycle which confirms that no
oxidation is occurring on the electrode surface during the process.
The deconvoluted carbon and oxygen spectra of the material (sur-
vey spectra are in traces a, d and e of Fig. 7A) show that there is no
change in the oxidation state. The data are shown in SI Fig. S11. The
data further confirm that the material can be used for multiple
cycles. The schematic in Fig. 7B shows the adsorptionedesorption
process used in multiple cycles.

4. Conclusion

In this paper we have a synthesized a porous carbon aerogel
with tunable porosity, high surface area of 2600 m2/g and good
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mechanical strength. We employed a simple and cost effective one
step solegel process, which avoided supercritical and freeze drying
processes and did not require any hard or soft template for fabri-
cation. This process to build a carbon inorganic framework can be
easily scaled up for industrial applications such as water desalina-
tion. The as-synthesized CA was used as a CDI electrode for water
desalination to remove salts such as NaCl, MgCl2 and FeCl3. The
NaCl removal capacity of CA with and without silica etching was
determined to be 10.54 and 7.64 mg/g, respectively at 1.2 V. Mul-
tiple adsorptionedesorption cycles were performed to test the ef-
ficiency of the electrodes and it was illustrated that CA can be
scaled up and used in a real time water desalination unit.
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Fig. S1: N2 adsorption–desorption isotherm and data of pore size distribution of CA. 

Porosity measurement of CA sample shows that the total pore volume was 2.12 cc/g and 
average pore size was 3.26 nm. The pore size distribution (PSD) was obtained from the 
Barret-Joyner-Halenda (BJH) method. 

The hysteresis in the curve at higher P/P0 value shows the presence of large mesopores which 
arises due to the cross linking of smaller particles. 
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Fig. S2: Compressive stress-strain curve for carbon aerogel. The expanded region shows the 
elastic region and the yield point (marked). Fracture point is marked in the figure. The 
Young’s modulus was calculated to be 1.12 MPa from the straight line (tangent) drawn in the 
elastic region. 
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Fig. S3: Variation of porosity of CSA with the change in concentration of the SiO2 precursor. 
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Fig. S4: XPS survey spectrum of CSA. 
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Fig. S5: A) SEM image of CSA B, C,D) EDS mapping of carbon, silica and oxygen  and 
E)SEM-EDS with weight ratio of SiO2 carbon aerogel. 
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Fig. S6: CV curves of the carbon-silica aerogel at scan rates between 2 to100 mV/s. 
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Fig. S7: Photograph of the CDI laboratory batch experimental set-up. 
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Fig. S8: a) Rate of adsorption for the CA material, having 200 ppm of NaCl solution. The 
kinetics shows a three step adsorption and b) represents the electrosorption kinetics for the 
CA electrodes and comparison with existing mathematical models. 

 

The mathematical representations of the models are given below: 

Pseudo-first-order equation:            (1) 

 
Pseudo- second-order equation:          (2) 

 

Here, qe and qt (mg/g) denotes the amount of salt ion adsorbed at equilibrium and at time t 

(h), respectively. k1 (1/h) and k2 (g/mg h) are the first-order and second-order rate constants, 

respectively. 
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Fig. S9: CDI performance of CA with different initial concentrations of NaCl solution as 
electrolyte a) 200 ppm, b) 400 ppm and c) 800 ppm. 
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Fig. S10: XRD of CA A) before and B) after a single adsorption cycle. 
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Fig. S11: Decovoluted XPS spectrum of C1s and O1s, a & b) of pristine CA, c & d) after 
tenth adsorption cycle and e & f) after tenth desorption cycle. The corresponding XPS survey 
spectrum is shown in Figure 6A in the manuscript. 
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Metallic Nanobrushes Made using Ambient Droplet
Sprays
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There are important implications for science and technology
in the ability to create structures composed of tens of mi-
crometer long, uniformly aligned, nanowires. They include
improvements in understanding electronic structures of mate-
rials, creation of photonic devices, band gap engineering, and
surface-derivatized nanostructures for use as sensors and for
fundamental studies of catalysis.[1] While advances in materi-
als science have contributed various methods for the synthesis
of aligned nanostructures on surfaces, often such methods
involve processing in vacuum and/or the use of special fea-
tures like magnetic fields,[2] dipole–dipole attraction,[3] direc-
tional freezing,[4] and template mediation.[5] Here, we intro-
duce an ambient solution-state procedure for making oriented
1D nanostructures which can cover and pattern large areas.

Spray pyrolysis is an established method of making
materials,[6] especially thin films. Several variations of this
method exist which result in nanoscale oxides[7] and related ma-
terials. However, these methods do not produce metal nanopar-
ticles. Anisotropic growth of nanostructures has not been ob-
served in such cases. Here we report spontaneous electric field
induced assembly of charged microdroplets in air, producing
nanowires (NWs) by the 1D assembly of nanoparticles (NPs).
The possibility of extending this over cm2 areas and control of
individual wires so prepared are presented here. The possibility
to control compositions and novel properties of the structures
derived are demonstrated.

In the present experiment, a home-built nanoelectrospray
source was directed to deliver charged droplets of silver acetate
(AgOAc) in water onto a conductive mesh (usually a trans-
mission electron microscopy (TEM) grid), placed on top of an
indium tin oxide (ITO) coated glass collector. The TEM grid
was used as a static mask to intercept a portion of the spray
plume. The collector was grounded through a picoammeter to
monitor the deposition current and a potential in the range
of 1–1.5 kV was applied to the solution through a platinum

D. Sarkar, M. K. Mahitha, A. Som, Prof. R. G. Cooks, Prof. T.
Pradeep, DST Unit of Nanoscience (DST UNS) and Thematic
Unit of Excellence (TUE), Department of Chemistry, Indian
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IN, 47907, USA
Correspondence to: Prof. R. G. Cooks (Email:
cooks@purdue.edu), Prof. T. Pradeep (Email:
pradeep@iitm.ac.in)Q1
10.1002/adma.201505127

Figure 1. A) Optical image of an electrospray experiment using
AgOAc solution, showing the spray plume, B) large area TEM
image of an empty TEM grid (used as mask during deposition)
showing uniform NWs all over it, C) mass spectrum collected
from the spray showing the presence Ag and solvated Ag ions,
D) TEM image of the nanobrush formed on the mask (an empty
TEM grid in this case), showing 1D structure of the NWs, and E)
Higher magnification TEM image of single building block (NW)
with its pearl necklace morphology. Q2

(Pt) wire electrode. A plume of solvated silver ions (notably,
Ag(H2O)+ and Ag(H2O)2

+) was ejected from the nanospray
tip, as confirmed by mass spectrometry. Figure 1A,C shows an
optical image of the sprayer, the spray plume, and the mass
spectrum collected from the plume, respectively.

In the course of silver deposition, a black circular spot (typ-
ical diameter 2 mm) due to the impinging plume appeared on
the mask itself. Microscopy of the grid revealed an unprece-
dented brush-like growth of nanowires, with a linear arrange-
ment of NPs comprising each nanowire. Figure 1B,D shows
TEM images of such nanowires at different magnifications. A
higher magnification image of the same sample (Figure 1D)
clearly shows a structure having linear morphology, some of
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Figure 2. A,B) TEM images; C, D) FESEM images. A) TEM im-
age of a grid after electrolytic spray deposition of Ag, B) HRTEM
shows Ag lattice plane in one NP constituting the brush, inset is
a high magnification TEM image showing a "pearl necklace" col-
lection of NPs, C) FESEM of the same grid showing Ag growth all
over the grid (inset shows large area image), and D) high mag-
nification SEM image of the same grid showing rough edges of
the NWs.

them somewhat bent. The growth in each NW is clearly 1D
and not dendritic; although the imaging electron beam can
cause the wires to adhere (Figures 1C, 2A); they are clearly
not branched. This 1D wire-like growth occurred only on the
mask: the same ion plume generated a collection of NPs when
it fell directly onto the collector (Figure S1, Supporting Infor-
mation). Close examination showed that the NWs are typically
assembled in small groups (nanobristles) and these in turn are
arrayed on the surface to create a nanobrush. Each nanobristle
is braided. Figure 1D shows a TEM image from the tip of a
brush, where it is clearly visible that nanobristles are protrud-
ing from the brush. So, this image proves that each brush is a
braid of a member of nanowires of 5–7 nm diameter. If we look
closely at the nanobristles, they are composed of NPs of sim-
ilar shape and size, oriented linearly (Figure 1E), reminiscent
of the conidial growth of fungi. In short, deposition of the sol-
vated metal ion plume results in neutralization, aggregation,
and orientation to form nanostructures.

Detailed examination of the TEM data reveals further inter-
esting features. A TEM image of a single square of the mesh
(Figure 2A) shows uniform arrays of bristles of NW structures
protruding from the vertical edges of the grid. The apparently
continuous nanowires and nanobristles in low magnification
(Figures 1B and 2A) images prove, upon closer inspection, to
have a "pearl necklace" morphology, derived from individual
nanoparticles (Figures 1E and 2B inset). The TEM image in Fig-

ure 2B inset shows the assembly of NPs leading to elongated
NW growth and their assembly into bristles. In this experiment,
the wire length was kept deliberately small by controlling the
deposition time, to reduce electron beam induced distortions
of the individual structures. Figure S2 in the Supporting In-
formation shows TEM images of such an aggregated structure
where individual NPs of similar sizes are clearly visible. Figure
2B shows a high resolution transmission electron microscopy
(HRTEM) image of one of the NPs in a nanowire. The mea-
sured Ag (111) lattice spacing (Figure 2B) and scanning elec-
tron microscopic–energy dispersive spectroscopy (SEM–EDS)
spectrum (Figure S3, Supporting Information), confirm the
presence of crystalline AgNPs.

TEM images are 2D projections of 3D objects; hence they
may be misinterpreted to imply that the NW structures are
formed only at the edges of the square apertures of the mesh.
For better understanding of their growth, field emission scan-
ning electron microscopic (FESEM) analysis was performed on
the circular plume spot (≈1.5–2.5 mm in diameter, depending
upon the distance of the collector surface from the spray emit-
ter) on the mask. An FESEM image (Figure 2C) of the grid
surface shows uniform growth of nanostructures all over the
exposed surface of the grid, not only at its edges. A magnified
image (Figure 2D) shows that the growth of the metallic brush
appears as an extended grassland-like morphology.

The images just discussed were typically of those collected
from a sample that had undergone electrospray (1 mM AgOAc
solution) for 1 h. Typical deposition currents during electro-
spray were 40 nA corresponding to an arrival rate of 2 × 1012

ionss−1. On a 2 mm diameter spot, this converts to ≈213 mono-
layers (ML) in 1 h. Using the Ag lattice constant of 0.408 nm,
the thickness of 213 contiguous silver layers (of (110) stacking)
is about 86.5 nm. The actual measured length of the NWs in a
typical experiment is 20 micrometer, ≈231 times greater. The
major source of this difference is the sparse spacing of the NWs
making up the nanobrush surface. Figure 2A shows that in a
linear distance of 100 micrometer, only about 50 nanobristles
(≈60 nm each, composed of ≈75 NWs) exist. This ≈0.3% oc-
cupancy of the available space gives rise to the ≈3 orders of
magnitude increase in the number of layers of Ag found in the
NW forming regions. The NW growth occurs only when the
droplets were neutralized on the conducting grid. Powerful or-
ganizing forces must be involved in such dramatic structuring
of a surface to create these brush structures. Obviously NPs
formed by the deposition are arranged by this organization
force, as evident from the 1D assembly shown in Figure 1E.

Coulombic assembly and basic mechanism: Aspects of the
mechanism of NW growth are the following. First, as just
noted, powerful electrostatic forces are involved. Second, the
crystalline nature of the NWs suggests that microdroplets or
solvated metal ions are deposited on the surfaces and spa-
tial reorganization occurs while solvent is evaporating leaving
behind a neutralized silver deposit. Third, small NP "pearls"
attach to each other to form the growing nanowire. The edges
of these structures are rough, which is ascribed to head-on
accumulation of NPs as well as their orthogonal association
to form nanobristles. Finally, the NPs constituting the NWs
are remarkably uniform in size, especially considering that

2 wileyonlinelibrary.com c© 2015-12 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2015-12, 0, 2–7
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no capping agent is used. These facts are all consistent with a
Coulombic control mechanism. The electric field strength near
the wires which form on the grounded metal grid is strongly
enhanced with field lines radiating out from these structures.
The Coulombic force due to the potential difference (≈1200
V, and the field strength calculated at this potential difference
was 2 × 105 V m−1) between the grid and the emitter harpoons
metal ion microdroplets into the high field region and deposits
and neutralizes them on the metal grid surface. At high fields,
especially after some NW growth, field emission may be im-
portant in determining droplet neutralization. The material so
formed represents a point of even higher electric field and this
leads to the growth of elongated NWs. The fact that lengths
of the NWs are attenuated (clearly visible in Figure 2A) in the
corners of the grid also supports the role of electric fields in the
growth of NWs because of the lower electric fields there. We
do not understand why the NPs which make up the NWs have
well-defined (5–7 nm) sizes. It could be because each micro-
droplet contains approximately the same number of Ag ions
as there are in a 5–7 nm particle. A deposition current of 40
nA and solvent flow rate of 20 nL min−1 would contain enough
silver ions to produce 5–7 nm NPs if the droplets were 260–370
nm in size. Droplets smaller than 500 nm cannot be visualized
but have been estimated[8] as a plausible size in nanoelectro-
spray ionization. In this mechanism, the next incoming droplet
would drop its cargo of Ag making a new NP instead of aggre-
gating with the previous NP. The growth of 1D NWs would
be due to preferred deposition at a NW tip (or nascent NW
tip), as a result of the enhanced high electric field that exists at
the tips of the NWs.[9] A difficulty with this mechanism is the
lack of experimental evidence that the NW geometry depends
on spray distance and hence droplet size and the fact that a
relatively tight range of droplets sizes must be invoked. Note
that the process could continue to extend NWs until very long
structures have been grown as shown in Figure 2D and in Fig-
ure S4 in the Supporting Information, where an aperture in the
grid is almost closed by the inwardly growing NWs. A control
experiment demonstrated the role of the electric field in the
formation of both the NPs collected on the ITO substrate and
the NWs collected on the mask. In this experiment, one TEM
grid was laid on top of another with in-plane rotation to avoid
complete superimposition so that a portion of the bottom grid
is exposed to the impinging ion beam. Deposition of silver ions
now gives SEM images (Figure S5, Supporting Information)
which demonstrate that the bottom grid did not grow brushes,
it only accumulated AgNPs, just as the ITO slide did; on the
other hand, brushes formed on the top grid. This experiment
was repeated with different concentration of solution. The re-
sult obtained in all the cases were same as discussed above. We
interpret this result as suggesting that the cavity formed by the
grid above the open spots on the bottom surface acts to weaken
the electric field at this surface and that a strong electric field
is responsible for creating the strong Coulombic force which
causes charged microdroplets to be deposited as NWs.

Rapid deposition, use of other substrates and applications: The
low dose of silver in these deposition experiment means that
it takes a long time to make long wires or large area struc-
tures, so higher flux experiments were performed using higher

concentrations of silver salts. Interestingly the structures were
unaffected by the increasing concentrations. The TEM images
(Figure S6, Supporting Information) show that longer struc-
tures were produced using higher concentration in much less
time. Figure S6 in the Supporting Information shows TEM
images of this growth using electrospray deposition of 10 mM

solution. Figure S6 A,B in the Supporting Information shows
the growth after 3 and 5 h spray time, respectively. In all the
above experiments, copper grids were used as masks for NW
deposition, but other mask materials like stainless steel (SS)
wire mesh were also used. Figure S7 in the Supporting Infor-
mation shows similar growth of silver on the SS wire mesh.
Metallic or in general, conducting mesh surfaces, appear to
be necessary for the growth of nanobrushes. Insulating sur-
faces do not grow brushes. Figure S7C,D shows SEM images
of Ag deposition on cotton cloth. In this case no 1D NWs were
seen. Hence we propose that a conducting metallic mesh is
required for making these brushes. On the other hand, differ-
ent underlying substrates gave the same result. Experiments
were done with ITO-coated glass slide, copper plate, SS plate,
etc., all of them accumulated AgNPs whereas the mesh on top
formed NWs. Rapid deposition with morphology control may
be important in applications.

Plasmonic nanostructures find use as sensors[10] being sur-
face enhanced Raman active substrates.[11] Figure 3A shows a
hyperspectral image of the AgNPs in the prepared nanobrush.
The scattering spectra collected from these particles show sharp
peaks, indicating that they are plasmonic, and have a small
range of sizes. The inset a in Figure 3A shows a dark field
optical image of Ag brushes protruding from the edge of a
TEM grid. Continuous structures are not seen as they would
have been broken by the coverslip which presses against them
during imaging. Inset b in Figure 3A shows scattering spec-
trum collected form the AgNPs. The sharpness of the spectra
proves that they are plasmonic in nature. X-ray photoelectron
spectroscopic (XPS) analysis (Figure S8, Supporting Informa-
tion) shows that the 3d5/2 peak of the brushes occur at 367.9 eV
supporting the existence of Ag(0) state in the sample. Figure
3B shows a Raman image of a TEM grid, using 1 × 10−8 M

crystal violet (CV) as the analyte. The copper edges of the grid
are visible in the Raman image as they contain silver brushes
which are SERS active. The inset shows the Raman spectrum
of CV; an enhancement factor of 2.4 × 106 was measured.

The surface enhancement exhibited by these structures
could be useful in sensing trace amounts of materials from
air, automobile emissions or water as many of them have Ra-
man spectral features. The advantages of these substrates in
SERS are that the structures are readily made in air and can act
like nanoscale brushes to capture particles or bacteria present
in the air due to their mechanical porosity.

To demonstrate the capture of micron-sized particles, a mist
of bacteria (from a suspension of Escherichia coli) was sprayed
onto a NW structure, but the structures were easily destroyed
by mechanical strain of the spray. To stabilize the structures,
a molecular bond between the NPs was first established using
1,8-octanedithiol. After treatment with 1,8-octanedithiol, the
brushes were strong enough to withstand a mechanical strain
like an incoming spray plume from a commercial water spray

Adv. Mater. 2015-12, 0, 3–7 c© 2015-12 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 3
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Figure 3. Hyperspectral images of the AgNPs. A)Inset a)
shows a large area image, b) scattering spectra collected from
AgNPs in a single NW, sharpness of the scattering spectrum
taken from the particles shows that they are plasmonic in na-
ture, each scattering spectrum is from an isolated particle or
an aggregate (color variation is due to their size differences).
Colors of the scattering spectra correspond to particles from
which they were collected (with circles of the same color). B)
Raman image of the Ag brush containing grid using 1 × 10−8

m

crystal violet as analyte. Inset shows the corresponding Raman
spectrum.

bottle. A pretreatment of the TEM grid was also performed with
the same reagent to ensure strong bonding between the brush
and the grid. The procedure of NP stabilization is elaborated in
the methods section. This made the structures strong enough
to be used as traps for particles in air flows. Figure 4A,B shows
SEM images of E. coli captured by the brushes from a mist
of bacterial suspension passing over it. As Ag is known to be
antibacterial,[12] the NWs are expected to kill captured bacteria.
In the SEM image in Figure 4B one bacterial cell is visible,
trapped in between the Ag brushes. Exploring additional appli-
cations, the brushes were shown to capture particulate matter
(PM2.5),[13] when exposed to smoke created by burning incense
which produced particles below 2.5 micron size. The SEM im-
ages (Figure 4C,D) show the brushes, before and after 60 s
exposure to smoke. It is clear that they become thicker after
capture. The SEM image shown in Figure 4E was taken after
300 s of exposure to smoke. The image clearly shows the pres-
ence of particulate matter in between the brushes also. Raman
spectrum shown in the inset also supports the presence of
carbonaceous material. SEM images in Figure S9 in the Sup-
porting Information shows changes of Ag brushes with respect
to time of smoke exposure. These brushes are not reusable; but
can capture much more mass than their own body mass. This
is possible due to the fact that they have substantial void space
in between. The silver present in the material can be reused,
however.

Composition control: Bimetallic brushes can be made by this
methodology by changing the precursor composition. In an ex-
periment, a 1:1 mixture of palladium acetate in acetonitrile (1
mM) and silver acetate in water (1 mM) was electrosprayed and
collected in the same way as described earlier (same as electro-
spray deposition of silver acetate). In this case also an empty
TEM grid was used as a mask in between the spray tip and
the collector surface. After deposition for 2 h at a deposition

Figure 4. A, B) SEM images of the Ag brush on grid after cap-
turing E. coli from corresponding suspensions. The dashed line,
in (A) shows an area where E. coli is trapped among the brushes,
and in (B) it shows the perimeter of a captured bacterium (with-
out sputter coating of a metal film, the nonconductive bacteria
show a vague image under SEM), C, D) SEM images of the
brushes before and after 60 s exposure of PM2.5, and E) SEM
image of the brushes after 60 s exposure of PM2.5, which was
generated by burning incense sticks. Inset shows the Raman
spectrum taken after PM2.5 exposure; clear peak identifies black
carbon present in this PM2.5.

current of 45 nA, the mask was examined under an electron
microscope. Figure 5A–C show SEM images, at different mag-
nifications, of the grid showing the formation of thicker NWs
than the earlier case (only Ag deposition). Figure 5D shows
a SEM image of a single square of the TEM grid containing
Ag brushes on it. Differences in morphology are clearly visi-
ble if we compare the images in Figures 5B,D. In the case of
AgPd bimetallic structures, the NWs are not 1D in nature. TEM
images (Figures 5E,F) taken from the same sample show the
presence of crystalline AgPd NPs in each bristle. These brushes
are made up of bimetallic NP assembly. Composition variation
of Ag and Pd precursors has a significant role on the formation
of bimetallic brushes. Control experiments show that when the
content of Pd was high in the precursor solution (1:3 Ag/Pd),
bimetallic brushes did not form.

Catalysis: These bimetallic structures can be used as catalytic
platforms for different chemical reactions. Figure 6 shows the
mass spectrum of diphenylamine (DPA), polymerized using
AgPd bimetallic brushes as a catalytic platform. In this experi-
ment, first AgPd bimetallic structures were made on a stainless
steel wire mesh and a 100 ppm methanolic solution of DPA
was electrosprayed at a deposition current of 40 nA for 10 min.
After deposition of DPA, the brushes were washed gently with

4 wileyonlinelibrary.com c© 2015-12 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2015-12, 0, 4–7
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Figure 5. A–C) SEM images of AgPd bimetallic nanobrushes
at different magnifications, D) SEM image of Ag brush showing
different morphology in the case of bimetallic brushes, and E,F)
TEM images of bimetallic structures showing the presence of
AgPd NPs in each bristle.

methanol and ESI mass spectrum of the solution was taken. It
showed that DPA polymerizes on the AgPd bimetallic brushes.
Conversion efficiency was calculated as 81% in the case of
bimetallic brushes. To prove that these bimetallic brushes are
playing a catalytic role in the polymerization reaction, control
experiments were done. In one experiment the same solution
of DPA was sprayed on an ITO-coated glass slide using the
same deposition current (40 nA) as in the earlier case. After de-
position was complete, the ITO-coated slide was washed with
methanol and mass spectrum was taken. In this case polymer-
ization was not seen, whereas a clear intense peak of DPA was
visible in the spectrum at m/z 170 (Figure 6, inset). In another
control experiment AgPd particles were deposited on a copper
plate. We know that electrospray deposition of metal on copper
does not produce any particular morphology: in this process
NPs of the metal are deposited on the plate. In the control
experiment, a 1:1 mixture of palladium acetate (1mM) in ace-
tonitrile and silver acetate (1mM) in water was electrosprayed
on the copper plate at the same deposition current (40 nA).
The experiment was repeated with DPA on this bimetallic sur-
face. The mass spectrum (Figure S10, Supporting Information)
showed polymerization of DPA with a conversion efficiency of
58%. Although the amount of NPs deposited was more in this
case because the whole spray plume was collected (there was no
mask in this case), lower conversion efficiency was seen. This
supports the fact that brush-like morphology is more efficient
in conversion than NPs. This enhanced efficiency may extend
to other chemical reactions.

An ambient solution-state method for growing metallic
brushes of micrometer length spread over cm2 areas is pre-
sented. The brushes are composed of 1D assemblies of uni-
form nanoparticles, grown by the Coulombic forces present
in the electrolytic spray system. Various control experiments
prove that the electric field is the key to the oriented growth.
The solvent droplets are shown to deposit the metallic nanopar-
ticle cargo one after the other, upon droplet collision at metallic

Figure 6. Mass spectrum taken after electrospray deposition
of DPA on AgPd nanobrushes, showing polymerization of DPA.
Inset shows the mass spectrum taken from electrospray de-
posited DPA on an ITO-coated glass slide.

surfaces. The growing brushes act as nanoscale antennae. The
resulting structures are shown to act as molecular sensors due
to their large surface enhanced Raman activity. Their porosity
allows them to act as collector surfaces for particulate matter.
Composition of such structures can be varied easily. Bimetallic
Ag:Pd nanostructures act as catalysts for polymerization re-
actions. The ease of fabricating such structures directly from
solutions and the efficient control of size and composition are
expected to generate interest in this method for creating metal-
lic grasslands.

Experimental Section

For all experiments, nanospray emitters were made using a
micropipette puller (P-97) purchased from Sutter instrument,
USA. MilliQ water was used for the electrospray experiments.
A homemade nanospray source was made by pulling a borosili-
cate glass capillary (1.5 mm outer diameter and 0.86 mm inner
diameter) using a micropipette puller and cutting into two
pieces. The internal diameter of the spray tip was estimated to
be 8–12 µm and electrode used was 0.5 mm diameter platinum
wire (Sigma Aldrich, India). The capillary was filled with 1 mM

aqueous solution of AgOAc using a micro-injector pipette tip.
Experiments with different solvents mixtures (different compo-
sition of water/MeOH, water/acetonitrile, etc.) were also done.
Water gave the best result among all the solvents, hence for all
other experiments water was used as the solvent. The platinum
wire was connected to a high voltage power supply through a
copper clip, and a potential in the range 1–1.5 kV was applied.

The collector surface, an ITO-coated glass slide in this case,
was firmly mounted on a stable platform and a copper TEM
grid was placed over it. The collector surface and the grid
were grounded through a picoammeter. The spray emitter was
manually positioned above the grid center at a distance of 5–

Adv. Mater. 2015-12, 0, 5–7 c© 2015-12 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 5
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10 mm and deposition was done. Parameters like distance of
the spray emitter tip to the substrate and the deposition cur-
rent, optimized by trial and error, were 5–10 mm and 20–40
nA, respectively. In the case of longer wires, we used 10 mM

concentrations of aqueous silver salt (AgOAc). Electrospray of
higher concentrations Ag gave similar structures in shorter
time. From these images, it is clearly visible that the structures
are not dendritic, they are 1D.

To confirm the presence of solvated Ag+ ions, mass spectra
were collected using an ion trap LTQ XL (Thermo Scientific,
San Jose, California) mass spectrometer. Indium tin oxide-
coated glass slides (Toshniwal brothers (SR) Pvt. Ltd., India)
was the usual deposition substrate. Copper TEM grids with
100 × 100 micron apertures (Tedpella Inc. USA) were used
as masks and served as substrates for NW growth. Locally
available stainless steel wire mesh was used as substrate when
indicated. All TEM measurements were made using a JEOL
3010 (JEOL Japan) transmission electron microscope. A field
emission scanning electron microscope (FEI Quanta FEG 200,
USA) was used to image these structures. EDS analyses were
done with an attachment on the SEM instrument. Some im-
ages were collected with a FEI Quanta 100 instrument with
tungsten filament source. Raman measurements were made
using a Confocal Raman micro spectrometer (Witec GmbH,
Germany) with 532 nm and 633 nm laser excitation. Silver ac-
etate and palladium acetate (Sigma Aldrich, India) were used
for electrospray. Hyperspectral images were collected with a Cy-
toviva instrument working in the spectral range of 400–1000
nm. XPS measurements were conducted using an Omicron
ESCA probe spectrometer with polychromatic MgK"Xrays (hν

= 1253.6 eV). Microparticles (PM2.5) were generated by burning
locally available incense sticks. E. coli were purchased commer-
cially from MTCC (identification number MTCC 739).

Mechanical Stabilization of Ag Brushes: The brushes made
of bare NPs have weak van der Waals interactions between
the constituent NPs. Hence, they are not stable to mechan-
ical strain. To increase stability to forces like the passage of
air or immersion in water, postdeposition electrospray of 1,8-
octanedithiol was done. It is expected that the terminal SH-
groups will bind with two adjacent NPs and strengthen their
bonding. Figure S11 in the Supporting Information shows
SEM images of a dithiol-stabilized nanobrush on a TEM grid,
before and after holding it under water. The image in Fig-
ure S11 B in the Supporting Information shows that brushes
are lost from the grid due to the strain. Therefore, to bind
the brushes to the substrate (TEM grid in this case), the 1,8-
octanedithiol was electrosprayed on the substrate prior of cre-
ating the brushes. SEM images in Figure S11 C,D in the Sup-
porting Information shows that nanostructures are now stable
after water exposure.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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Figure S1. A) TEM image of AgNPs formed on a carbon coated TEM grid, B) HRTEM shows the Ag 

(111) lattice plane in a single NP.
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Figure S2. TEM image of Ag brush, formed by accumulat

different magnifications. In some instances, single NP strings (comprised of 6 nm NPs) have been 

observed to coalesce to create these nanobristles (as shown in Figure 1).

Figure S3. SEM EDS spectrum showing the

 

Figure S4. Deposition of 10mM silver acetate at a constant current of 100nA for 7 h, forming 70

micron long nanowires which almost completely block a100 micron square grid element.

Figure S2. TEM image of Ag brush, formed by accumulation of uniform AgNPs. Images A and B are at 

different magnifications. In some instances, single NP strings (comprised of 6 nm NPs) have been 

observed to coalesce to create these nanobristles (as shown in Figure 1). 

Figure S3. SEM EDS spectrum showing the presence of silver. Cu is from the grid.

 

Figure S4. Deposition of 10mM silver acetate at a constant current of 100nA for 7 h, forming 70

micron long nanowires which almost completely block a100 micron square grid element.
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Figure S4. Deposition of 10mM silver acetate at a constant current of 100nA for 7 h, forming 70-80 

micron long nanowires which almost completely block a100 micron square grid element. 



Figure S5. Experiment done using two grids. SEM images at successive magnifications  A), B), and C) 

show formation of NPs on the bottom rim whilst NWs which assemble into nanobrushes form on the top 

grid as seen in SEM images D), E), and F. Inset in A shows the schematic of the gr

experiment. 

Figure S6. TEM images of Ag brushes formed by electrospray deposition of 10 mM aqueous AgOAc 

solution, at different times. 
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Figure S6. TEM images of Ag brushes formed by electrospray deposition of 10 mM aqueous AgOAc 
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Figure S7. A), B) SEM images of Ag brushes on stainless steel wire mesh and C), D) SEM image of 

deposition on cotton cloth. No brush

Figure S8. X-ray photoelectron spectrum of Ag brush in the Ag 3d region.
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Figure S7. A), B) SEM images of Ag brushes on stainless steel wire mesh and C), D) SEM image of 

deposition on cotton cloth. No brush-like growth is seen in C and D. 

ray photoelectron spectrum of Ag brush in the Ag 3d region. 
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Figure S9. A), B) and C) SEM image of Ag brushes after particulate matter (PM

increasing time of collection, and D) higher magnification SEM image of the sample shown in C.

Figure S10: Polymerization of DPA on AgPd NPs. It shows a relatively low conversion efficiency 

compared to NWs. 
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Figure S9. A), B) and C) SEM image of Ag brushes after particulate matter (PM2.5

increasing time of collection, and D) higher magnification SEM image of the sample shown in C.
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Figure S10: Polymerization of DPA on AgPd NPs. It shows a relatively low conversion efficiency 
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Figure S11. A) and B) SEM image of a Ag nanobrush on a TEM grid stabilized with 1,8-octanedithiol 

before and after washing in water; C) and D) SEM images of the same, but in this case the grid was pre-

treated with 1,8-octanedithiol before building the nanobrush. 
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ABSTRACT: Atomically precise monolayer protected clus-
ters are molecules comprising a few-atom cluster core of a
noble metal, typically Au or Ag, surrounded by a protective
layer of ligands, exhibiting many special optical, electrical,
catalytic, and magnetic properties, and are emerging as
important materials in biology, medicine, catalysis, energy
conversion and storage, and sensing. The structural diversity of
these clusters or aspicules, as we definitively term them,
meaning shielded molecules, combining the Greek word aspis
(shield) with molecule, is rapidly increasing due to new
compositions and modification routes such as ligand-exchange,
alloying, or supramolecular functionalization. We present a structural analysis of the most stable cluster of this kind, Au25(SR)18,
and propose a Borromean rings diagram for the cluster, showing its topological configuration of three interlocked (Au8S6)-rings.
This simplified two-dimensional diagram is used to represent its structure and modifications via ligand or metal atom substitution
uniquely. We enumerate and name its isomers with two-ligand or metal atom substituents. Among the several structural insights
obtained, the identification of the Borromean rings-interlocked configuration in Au25(SR)18 may explain its high geometric
stability and indicate a possible general unified structural viewpoint for these clusters without the division between core and
staple motifs. On the basis of our structural analysis, we developed a structure-based nomenclature system that can be applied to
both describe and understand the structure and modifications of gold thiolate clusters, AuM(SR)N, and is adaptable to the general
case of MM(X)N (M, metal and X, ligand). The application of structural analysis and diagrams to Au38(SR)24 and Au102(SR)44,
revealing the possible formation of the cluster core by stacking or growth of rings of metal atoms, is also presented.

1. INTRODUCTION

Over the past two decades, since the pioneering work of Brust
and Shiffrin on the synthesis of small alkanethiolate monolayer
protected clusters of gold,1 noble metal clusters of ultrasmall
size consisting of a few (∼10 to ∼1000) atoms surrounded by a
monolayer of organic ligands have evolved into an area of
intense research.2−11 A significant advancement in this area
came in late 1998 after the isolation of the very first molecularly
precise clusters of this kind, Au28SG16, by Whetten and co-
workers12 (where SG is glutathione, later reassigned as
Au25SG18 by Tsukuda and co-workers13), composed of an
Au(0) core and protected with ligands; the cluster itself was
synthesized from Au(I)SG polymers. In the subsequent years,
research on this class of materials gained momentum.6,11,14−18

Properties such as unique absorption,6,12,19,20 lumines-
cence,10,21−25 unusually strong chiroptical activity,26−29 elec-
trical30−32 and catalytic properties,33−35 magnetic proper-
ties,36−39 etc., proved these clusters to be unprecedented and
useful for a host of potential applications.5,7,9−11,40 In that
perspective, various synthetic approaches have been developed

to make clusters with different core sizes, surface functionalities,
and chemical compositions.5,41−47 The molecular science of
these materials became even more important as their structures
became known from single crystal studies, for example, through
the efforts of Kornberg,48 Murray,49 Jin,50−54 Dass,55−60

Tsukuda,61 Bigioni,62 Zheng,63−66 Ackerson,67,68 Zhu,69−71

Wang,72,73 Maran,71 Simon,74 Wang,75 Bakr,76 Liu,77 and co-
workers. Because each composition has a unique structure that
depends on the number of metal atoms and ligands, a large
variety of fascinating structures exist, but understanding their
origin and predicting them remain important challenges that
are still not resolved completely.
Modifications may involve changes in the metal core as in the

case of Au25−xMx(SR)18,
57,78,79 where M is a metal atom, or in

the ligand as in the case of Au25(SR1)18−x(SR2)x,
80,81 where SR1

and SR2 are two different thiols. Mixed ligand-exchanged
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clusters containing a distribution of chemical compositions of
Au24Pd(SR1)18−x(SR2)x have been separated and isolated using
high-performance liquid chromatography (HPLC), and evi-
dence of isomers in ligand-exchanged clusters was acquired.80

Different regioisomers of Au38(SR1)23(SR2)1 have also been
identified and isolated using HPLC.82 Similarly, a small number
of experimental studies have determined the precise positions
of the substituted ligands or metal atoms by X-ray diffraction or
other techniques,55,57,67,68 and structural studies by Ackerson
and co-workers have found the precise position of ligands
exchanged for Au25(SR1) 1 6 (SR2) 2 and a l so fo r
Au102(SR1)40(SR2)4.

68 A combined experimental and theoretical
approach to gain more information on the exact substituent
locations may also be fruitful, for example, in the cases of R-
1,1′-binaphthyl-2,2′-dithiol (BINAS) ligand-exchanged
Au38(SR)24

83 and copper doping of Au25(SR)18.
79,84 With the

growth of this new family of molecules with associated
chemistry, one requires a system to describe the structure
and composition, and also to precisely describe the positions of
atoms and their connectivity both in the core as well as in the
outer shells of these clusters.
Being distinct from both small gas-phase atomic clusters and

their monolayer protected nanoparticle counterparts,85,86 these
clusters may be rightly regarded as molecules because they
consist of a finite aggregate of atoms which are chemically
bonded to each other, have well-defined and measurable
physical and chemical properties, and also form the building
blocks of molecular crystals. Hence, the term nanomolecule is
frequently used for them. A variety of other names have been
used to describe this class of molecules as a whole such as
monolayer protected clusters, ligand-stabilized clusters, clusters,
nanoclusters, quantum clusters, superatoms, faradaurates,
fluorescent nanoparticles, molecular clusters, atomic clusters,
etc., to list a few. However, no consensus has been reached on
what to call these molecules, and new names are constantly
being generated. Many of the names have deficiencies mostly
due to either being nonspecific to this class of molecule, and
thus are nonunique; for example, the term monolayer protected
clusters (MPCs) is also used to describe larger nanoparticles.
The ubiquitous term “cluster” has its principal application to
atomic/molecular assemblies, typically in the gas phase, and
considering the molecular nature of these systems we find that
this name is unsuitable for them. The addition of prefixes to
yield names such as metallic clusters, molecular clusters, etc.,
also fails to remedy the situation. IUPAC nomenclature names
often include a compact single-word name for the category of
molecules such as in fullerene nomenclature.87 A unique and
specific name is therefore desirable to describe this class of
materials that captures their two defining characteristics, first
that they are molecules, and second that they have a protecting
layer of ligand groups peripheral to an inorganic core. The
ligand layer is crucial to the stability of the entire molecule, as it
prevents the metal cores from etching or aggregating to form
small metal complexes and larger metal nanoparticles,
respectively, during synthesis in solution (generally) as well
as in the solid phase, and protects the core from reactive
molecules and ions. Furthermore, electron transfer from the
core to the ligands and reverse is crucial to both the electronic
and the geometric stability of the monolayer protected clusters,
which leads to the appearance of “magic numbers” of core
atoms. Electronic interaction of the core and the ligand layer is
thus essential for the stability of the system as a whole. All of
these reasons lead us to propose a name capturing the

molecular character of an entity, which itself is protected with
molecules. We propose the compound term “aspicule” for this
class of molecules; the name is derived by combining the Greek
root word aspis meaning shield and the word molecule, to
denote a shielded molecule. The name aspicule may be
extended to other protected metal clusters, composed primarily
of other metals rather than gold and silver, and for which the
shielding effect of the ligands is crucial to their stability, for
example, those containing Pd,88 Al, and Ga.88,89 We note that
the term metal aspicule may be a yet more precise description,
and its derivatives such as gold, silver, and palladium aspicules,
and so on. We appreciate that several other names already in
use such as (nano)clusters, quantum clusters, nanomolecules,
faradaurates, etc., may continue to be used. Hereafter, we refer
to monolayer protected clusters as aspicules in this Article. We
may define the term aspicule precisely to mean those entities
that have a molecular formula and consist of a closed cage
metal cluster of more than a few atoms in their central region
bonded to a surface arrangement of ligands or atoms or ions,
which shield the inner metallic core structure from destructive
chemical interactions in the solution and solid states. This
definition distinguishes aspicules from their larger monolayer
protected nanoparticles and nanocrystal counterparts com-
posed of thousands of atoms, which do not have precise
molecular formulas (at the current experimental capability,
especially using mass spectrometry), but have an overall
morphology and lattice arrangement with associated dimen-
sions, and it also distinguishes them from smaller noble metal
complexes.
We investigated the structure, symmetry, and network

topology of the three aspicules, Au25(SR)18, Au38(SR)24, and
Au102(SR)44. We found simplified structural representations,
derived structural insights from them, and produced labeled
diagrams of these molecules to represent their modifications. As
a secondary aspect, we also created an overall framework in the
form of a structure-based nomenclature, which integrates our
structural analysis and provides names for the structures and
their modifications in the general case of AuM(SR)N or
AuM(X)N. We emphasize that the structural analysis and its
insights are the central aspect of this Article, and the
nomenclature is only a byproduct.
We begin with a description of the general structure of gold

thiolate aspicules, and develop simplified representations of the
structure of Au25(SR)18 in section 2.1. This is followed by a
systematic presentation of the nomenclature and precise
terminologies in sections 2.2−2.5, which can be applied to
describe the structure of any gold thiolate aspicule or its
chemical modifications at different levels of structural detail.
Modifications of Au25(SR)18 are represented using locants and
structural diagrams for cases of ligand and metal atom
exchange, their two-substituent isomers, and specific supra-
molecular/conjugated interactions (section 2.6−2.8). Sections
2.9 and 2.10 show how we applied this structural analysis to
Au38(SR)24 and Au102(SR)44. Last, in section 2.11, we review
some of the main structural insights gained and their
implications to the general structure of aspicules.

2. METHODOLOGY, RESULTS, AND DISCUSSION
2.1. Aspicule Structure and Simplified Structural

Representation of Au25(SR)18. The structure of an aspicule
may be represented as three concentric shells of atoms: the
protective shell of ligand R-groups, an intermediate mantle, and
the inner metal core (Scheme 1).
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For example, in Au25(SR)18, the core consists of an Au12
icosahedron, plus a single gold atom at the center, while for
Au38 it is a face-sharing bi-icosahedron with two gold atoms at
the center of each icosahedron. The second shell or mantle is
the structure that is found between the core and the ligands,
which follows the “divide and protect” scheme,90 in which the
staple-like structures containing both metal and chalcogen
(usually sulfur) atoms project out from core atoms and then
bond back to a different core atom. This coordinating atom
forms bonds linking the core atoms and staple metal atoms,
which is sulfur in the case of thiolate ligands. Different sizes of
staples (oligomeric forms), which have the general formula
−(S−Au)n−S− consisting of repetitive units of the monomer
(S−Au) and a single terminating sulfur atom at one end, are
named according to the number of repeating −(S−Au)− units
contained in the staple: monomer −S−Au−S−,48,51 dimer
−(S−Au)2−S−,

49,50 trimer −(S−Au)3−S−,
91 tetramer −(S−

Au)4−S−,
92 pentamer −(S−Au)5−S−,

91 and heptamer −(S−
Au)7−S−,91with smaller staple sizes being found typically in the
larger core sizes of aspicules. There are also instances of single
sulfur atoms (−S−) bridging two core atoms.59,93,94 The third
and outermost layer is the ligand shell where the R-groups of
organic thiolates (RS−) of phenylethanethiol (PET), gluta-
thione (SG), 4-tert-butylbenzyl mercaptan (BBSH), etc., are
bonded to the sulfur atoms in the staples or directly to sulfur
atoms that bridge the core atoms. At the outset, we make some
general simplifications about the structure. First, we need only
consider (in most cases) the structures of the core and mantle
shells omitting the ligand R-groups because chalcogen (S, Se,
Te) atoms represent the termini of the ligands.
This reduces the total number of atoms to 43 and 62 for

Au25(SR)18 and Au38(SR)24, respectively, for example. Second,
aspicule structures from experiments are not perfectly
symmetric; they exhibit variations in bond length, angles, and
also a dihedral distortion in the staples, for example, in
Au25(SR)18.

50 Here, we ignore these minor distortions in the
geometry and assume symmetric core and staple structures.

Third, we neglect orientation of the ligand with respect to the
staples (cis−trans), and also its internal conformation. The
directions of the S−C bonds, relative to the staples, may be
included at a later stage to give a description of their cis−trans
isomerism and the inversion symmetry of the coordinating
atom−carbon atom (S−C for thiolates) bond directions on
opposite sides of a pair of coplanar staples, as found for
example in Au25(SR)18. Similarly, the torsional angles of the
first ligand C−C bond with respect to the staple Au−S bonds
and its own internal torsional angles may be specified using
terms such as trans and gauche(±). We consider only gold
thiolate (Au−S) aspicules in our examples, but our methods
could be applied with some additional modifications to take
account of different types of staple motifs for the case of other
metals such as silver and different coordinating atoms by
substitution of S for Se, P, or Cl, where in the latter two cases
there are no staple motifs, for example, in the name.
For concreteness, we will write as though the ligand is

methylthiol(ato) (SMe) and the substituted ligands are always
PET (2-phenylethanethiol(ato)), and similarly we designate the
metal substituent by Pd (palladium) in our examples. Although
multiple Pd substituents are a rarer case than Ag substituents,
for example, we have used Pd to avoid confusion between
majority silver and gold aspicules, which generally have marked
structural differences. We assume for simplicity that the charge
of the modified aspicules that we present as examples is the
same as that of the parent aspicule.
The first objective of our structural analysis is to find a

simplified representation of the structure in the form of a
diagram, with unique positional labels (locants) for (a) the core
atoms, (b) the staples, (c) the ligands, and (d) the staple metal
atoms. For this purpose, we made extensive use of the
molecular building and visualization software Avogadro95 and
VMD96 for structural manipulation and visualization. The core
and staple structure is obtained from the crystal structure/
DFT-optimized crystal structure by extracting the entire
molecule from the crystalline unit cell, and subsequently

Scheme 1. Generic Structure of Gold Thiolate Aspiculesa

aSchematic of the shell structure of an aspicule (left), with the size of a typical Au25(SR)18 aspicule (1−3 nm) marked. Examples of the constituent
structures of the core, staple, and ligand R-group regions with their terminating sulfur atoms are shown (right).
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isolating the gold and sulfur atoms from the model by replacing
the R-group in the crystal structure by Me or removing it
completely, and we refer to the latter as the core and mantle
(staple) structure. Initially, a detailed consideration of
symmetries and the orientation of Au25(SR)18 was carried
out, which is shown in Supporting Information (SI) 1.
The general approach we follow is to first simplify the

structure and bonding network by focusing on different groups
of atoms and bonds, and also selecting representations that
capture the entire structure as simply as possible. We
considered various possible structural representations and
labeling schemes for Au25, such as polyhedral shells (Figure
S2 in SI 2), core and staple motif Au25(SR)18 with Cartesian
locant labels for atoms (Figure S3 in SI 2), and the molecular
graph (Figure S4 in SI 2). The simplest representation we
found was based on a simplification of the core and staple
structure, which, apart from the central gold atom, shows the
staples and only the core Au−Au bonds that lie on three
(Au8S6)-rings, leading to the diagram shown in Figure 1, and
this figure is the central idea of this Article. This simple
topological representation is based on a projection of the three-
ring structure of Au25(SR)18, and shows all of the essential
atoms and the octahedral symmetry; Figure 1 represents the
central result of this Article. Figure 1, inset i, shows a 3D
visualization of the core and staple structure of Au25(SR)18,

where there are three perpendicular (Au8S6)-rings, colored red,
blue, and green, with each ring consisting of two coplanar
staples and the four core atoms to which their ends are bonded.
The presence of these (Au8S6)-rings has been noted earlier
from the crystal structure;49 however, we examined their
relative arrangement more closely. We found that the
arrangement of these rings is identical to the configuration of
interlocked rings known as the Borromean rings. The
Borromean rings satisfy the condition that the removal of
one ring causes the other two to fall apart, and no two rings are
linked together and are therefore the smallest possible
“Brunnian link” having only three components (rings). The
rings can be viewed as a cover over the central gold atom. The
physical significance of these rings is discussed in detail in
section 2.11. This ring representation is obtained by omitting
the core Au−Au bonds that are not part of the red, blue, and
green rings as shown in inset (i). The Borromean-rings
condition can be verified by direct observation of inset i of
Figure 1. If we imagine the core Au−Au bonds that are not part
of the rings (shown in gold) and the central gold atom are not
present, then the removal of the green ring allows us to lift the
red ring upward and outside of the plane of the blue ring, thus
freeing these two rings, which would otherwise be impossible.
Structural manifestation of additional stability due to ring

Figure 1. Borromean-rings diagram of Au25(SMe)18. The rings formed by pairs of coplanar staples are shown as ellipses. Gold atoms are shown by
black dots, and dark blue stars represent the SMe ligands whose positions are taken to be identical with their sulfur atom. The core Au atoms are
numbered from 1 to 12, and the staple atoms are numbered clockwise from the end of the staple, from 1 to 5. The lines that join core Au atoms on
opposite ends of the same staple are shown by the green lines. The three perpendicular C2 axes are marked with the associated Cartesian axis
direction in parentheses. The staple directions are labeled by the six staple locants D1 to D6, marked in red. Inset (i) shows a 3D visualization of the
ring structure of the core and staples of Au25(SR)18 aspicule, with each (Au8S6)-ring consisting of two coplanar staples and the core atoms that are
bonded to these staples. The three rings are colored red, blue, and green, and the numbers of the core atoms are marked; the aspicule name for
Au25(SR)18 is shown in red below it. The core Au atoms and also Au−Au bonds that are not part of the rings are shown in gold, while the other
atoms are colored according to which ring they are part of. Inset (ii) shows a close-up of the numbering scheme of the core atoms marked on the
edge-projection of the core icosahedron. The arrow indicates the angle of the anticlockwise rotation about the y-axis, needed to bring the
icosahedron into a face-projected view of the face defined by the atoms 6, 7, and 9.
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structure is discussed in section 2.11, which renders additional
proof to its existence and significance.
Projecting the three-dimensional ring structure onto the

plane and representing each ring as an ellipse, and adding
symbols for atoms in the appropriate places results in the
Borromean-rings diagram at the center of Figure 1. We label
each ring of the structure by the symbol of the symmetry axis
passing through the bridging sulfurs that lie on the ring, that is,
C2(y) for the blue ring, C2(z) for the red ring, and C2(x) for the
green ring. The central parts of the ellipses represent the core,
and the ends of the ellipses represent the staples. The gold and
sulfur atoms are represented by “●” and “★”, respectively,
placed according to their connectivity, and we note that the
bond distances are not to scale in this schematic representation.
The three-dimensional effect in Figure 1 is brought out by

using thicker lines for those ellipse-edges that are projecting out
of the plane of the paper, while those that are going into the
plane of the paper are shown by thin dashed lines, in the same
way as in stereochemical diagrams of molecules. A close-up
view of the icosahedral core in its edge projection with core
atoms numbered is shown in inset (ii) of Figure 1. We found
that this Borromean-rings diagram has the advantage that it
allows one to easily visualize ligand-exchanged and alloyed
Au25(SR)18 aspicules. Step-by-step instructions for drawing the
diagram by hand are provided in Scheme S1 in SI 4. It is
possible for a Borromean-rings type of diagram to be extended
to Au144(SR)60, because the core and staple structure would
most likely be identical to that of the experimentally
determined, Au144Cl60 structure, which contains six
(Au20Cl10)-rings surrounding a central 24-gold-atom vertex-
capped icosahedron.97

For the purpose of describing modifications precisely, we
must assign to each metal atom or ligand of Figure 1 (or,
equivalently, a sulfur atom) a unique label, and this assignment
is described below. The term substituents is used to denote
modifications of the ligands, metal atoms on a staple, or metal
atoms in the core, and their positions are all specified using the
positional labels of substituents, or locants. The parent
structure of Au25(SR)18 has locants as follows: The locants
for each of the staples consist of the letter D for dimer,
indicating the number of gold atoms in the staple, followed by
the staple number that uniquely identifies it. The three C2 axes
have been rotated to coincide with the Cartesian axes as shown
in Figure 1. For Au25(SR)18 shown in Figure 1, the staples are
labeled as D1 and D2 for the staples pointing in the z- and z′-
directions (where the prime denotes the negative Cartesian
direction), D3 and D4 for the staples pointing in the y- and y′-
directions, and D5 and D6 for the staples in the x- and x′-
directions. The core atoms are labeled according to which
staple they are bonded to, so that core atoms 1, 2 are associated
with staple D1, atoms 2 and 3 with staple D2, atoms 4 and 5
with staple D3, and D4, etc. Each atom on a staple is given a
positional number (“staple atom number”), in sequence (as in
the IUPAC nomenclature of inorganic chains), beginning with
1 for the sulfur atom at the end of the staple bonded to the core
atom that has lowest locant, and counting clockwise the atoms
in sequence around the dimer staple. The locants of the ligands
are formed by the staple locant followed by a hyphen and the
staple atom number of the sulfur atoms (1, 3, or 5). Hence, the
sulfur atoms on the D1 staple, for example, are referred to as
D1-1, D1-3, and D1-5, while the staple metal atoms are referred
to as D1-2 and D1-4.

We used the Borromean-rings diagram to represent the
ligand-exchange and alloy modifications, and their respective
isomers, of Au25(SR)18 (see sections 2.6 and 2.7). On the basis
of this labeled diagram, we created a structure-based
nomenclature as a tool for understanding the structure, to
refer to the positions of the substituent atoms, and also to name
the structure and their modifications precisely in the general
cases of AuM(SR)N and AuM(X)N.

2.2. Development of a Structure-Based Nomencla-
ture. Precise and systematic structure-based names for these
molecules would also enable the structure and details of ligand-
exchanged and alloyed molecules to be conveyed accurately and
efficiently in a standardized format. There is also a need to
depict them on paper, retaining the essential structural details.
These requirements are fulfilled by a structural nomenclature,
which provides a framework within which it is possible to
associate with a molecule a unique name containing essential
structural aspects such as the bonding topology and geometry,
and compositional information.
Structure-based nomenclatures also serve as a framework and

a tool for understanding the molecule itself and its
modifications, because the structural representations shown in
the diagrams also carry physical significance. By means of the
unique labels (locants) for the atoms, we may specify the
positions of modifications in the name, even in cases where
modifications break the symmetry. The lack of structural
nomenclature is not exclusive to monolayer protected clusters
but applies to nanomaterials as a whole, and some effort has
been initiated to create a unified framework and classification of
nanomaterials.98 IUPAC (International Union of Pure and
Applied Chemistry) nomenclature exists for certain nanoma-
terials such as fullerenes87 and boranes,99 and we therefore
anticipate that nomenclature would be useful in the case of this
category of materials as well.
The following criteria were forefront while developing this

nomenclature: It should (i) be symmetry based, (ii) be
universal and be able to describe the structure and/or
modifications of any aspicule, (iii) have resemblance to
IUPAC nomenclature, and (iv) be simple enough to use and
remember, so that it would be useful to workers in the field.
The latter condition also entails that the resulting names of
aspicules should be as succinct as possible, and that diagrams of
their structure should be drawable by hand, if possible, after
some training. Throughout, we follow the general IUPAC
convention of placing the substituent locants as a prefix to the
name of the substituent with a hyphen between the prefix and
the substituent name. Three stages are involved in the
development and application of a structure-based nomencla-
ture.
(1) Structural and symmetry analysis: Finding a suitable

structural representation for the aspicule so that a diagram of
the structure can be drawn. Selecting a standard symmetry-
based orientation. This is an important aspect as a unique
representation is needed to locate atoms.
(2) Locant assignment: Assigning unique labels to the

relevant parts of the structural diagram in a systematic way so
that modifications can be named.
(3) Naming: Assigning names that contain information

(descriptors) about different structural, compositional, and
molecular properties, for both the parent structure and its
modifications. Creation of syntax for linking these descriptors
to form the names.
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On the basis of the three-shell description, a name that
completely describes the parent structure of an aspicule would
contain the following information.
(1) Core: The geometric shape of the core and its

composition.
(2) Staples: The number and size of each type of staple and

the connectivity of the atoms of the staple to the core atoms at
their ends.
(3) Ligands: The number and type of each ligand R-group

and their positions of attachment on the staples. Stereo-
descriptor prefixes may be used for cis−trans isomerism of the
ligands with respect to the staple, and their internal
conformation.
(4) Other details: The total number of metal atoms, the

name of this class of molecules (aspicule), and the electrical
charge; the latter two may be appended to the name as part of a
final suffix. The geometric shape of the core and the principal
symmetry axis, and the formula name of the crystal counterion,
may also be added in parentheses as an additional suffix.
Stereodescriptor prefixes for the intrinsic chirality of the core

and staple structure may be added to the front of the name,
describing the type of isomerism, which may be configurational,
the latter being defined by the relative position of the
substituents on the staples.
We have developed a complete structural nomenclature,

which we call “aspicule structural nomenclature”. It incorpo-
rates all of the above aspects of the structure, and is presented
in SI 5. Describing the connectivity of the staples to the core
atoms increases the lengths of the structural names, and
detailed names with this information intact may be found in SI
5 and Tables S7 and S10 in SI 9. For this reason, we have
chosen in this Article to describe the modifications of parent
aspicules, and we have condensed the names by omitting the
unnecessary details of the structure. We term this reduced
version “aspicule nomenclature”, and the resulting names are
“aspicule names”. In aspicule nomenclature, a parent aspicule
name has three parts: the first part describes the ligands
consisting of their type and number, while the second part
describes the names of the metal present, both in the core and
in the staples, and includes the total number of metal atoms.
The third part of the name specifies the name of the family of
molecules (aspicule) and the electrical charge. Structural details
such as geometric isomerism and chirality can be included as
prefixes to the front of the whole name.
The nomenclature has been developed to be valid for any

gold thiolate aspicule and utilizes the core and staple motif
picture of the structure. Before describing the nomenclature in
detail, we present as an introduction the name for Au25(SMe)18
according to our nomenclature, which is 18(methylthiolato)-
auro-25 aspicule(1−) or (SMe)18-auro-25 aspicule(1−), in its
condensed form. The name for Au25(SMe)16(PET)2, based on
the locants of Figure 1, which has two PET ligands exchanged
at the bridging positions on the D1 and D2 staples, is (D1-
3,D2-3)-di(2-phenylethanethiolato),16(methylthiolato)-auro-
25 aspicule(1−) or, in its condensed form, (D1-3,D2-3)-
(PET)2,(SMe)16-auro-25 aspicule(1−). In this name, the locant
prefix (D2-3,D2-3) denotes that the ligand exchange occurs at
the two bridging sulfur atoms on opposite dimer staples in the
z- and z′-directions, D1 and D2. We now systematically present
the aspicule nomenclature in sections 2.3−2.5, apply it to
modifications and isomers of Au25(SR)18 in sections 2.6−2.8,
and finally in sections 2.9 and 2.10 we show how it can applied
to Au38(SR)24 and Au102(SR)44 and their modifications.

2.3. Symmetry Axes, Orientation, and Diagrams.
Locants are generally assigned with respect to a single
symmetry axis by counting atoms lying in the parallel planes
lying perpendicular to the symmetry axis.

2.3.1. Principal Symmetry Axis. Before locant assignment
can be carried out, the aspicule symmetry axes, around which
the numbering of staples and core atoms will take place, must
be identified and must be oriented in a standard way. Usually,
the highest axis of rotational symmetry may be chosen as the
principal axis about which numbering of the staples and core
atoms is carried out. The chosen axis of rotational symmetry
should, if possible, apply to both the core and the staples of the
aspicule, because these two parts of the structure may not share
all of the axes of rotational symmetry present. If any of staples
do not share the core symmetry axis, but are nevertheless
spatially distributed around this axis, we may choose the highest
rotational symmetry axis of the core as the principal one. The
principal symmetry axis is oriented to coincide with the z-axis,
with its top end being associated with the z-direction.

2.3.2. Orientation and Diagram. The aspicule should then
be rotated into a unique standard orientation, which is as
unique as its symmetry permits. This could be achieved by
bringing other symmetry axes or some other distinctive
structural feature, such as a particular staple, into a fixed
orientation with respect to the Cartesian axes.
Visualization of the 3D structure of a molecule may serve as a

diagram, after reduction of the structure to simpler elements
such as rings as we demonstrated for Au25(SR)18 so that a two-
dimensional diagram can be drawn by hand. In the special case
where there are three perpendicular C2 axes as in Au25(SR)18, it
is preferable to align these with respect to standard Cartesian
axes, to show the octahedral staple symmetry clearly, and this
view may sometimes be preferred over the tomographic
representation about a single principal C3 axis (Figures S5
and S6 in SI 3). For the C2 axes scheme, we identify three
perpendicular planes, which contain the C2(x), C2(y), and
C2(z) rings of atoms, and the numbering of staples and core
atoms can proceed around the rings that lie perpendicular to
each of these three axes.

2.4. Aspicule Locants and Their Assignment. The
locants for the staples, ligands and staple metal atoms, and core
atoms and their assignment schemes are described in sections
2.4.1−2.4.3.

2.4.1. Staple Locants. The locants of the staples have two
parts, first, one or two letters that correspond to the type of
staple determined by the number of gold atoms it contains, and
this is followed by the identification number of the particular
staple. The following upper case letters are used: M for a
monomer staple, D for a dimer staple, and TR for a trimer
staple. Others are TE (tetramer), P (pentamer), HX
(hexamer), HP (heptamer), O (octamer), N (nonamer), D
(decamer), U (unadecamer), DO (dodecamer), etc.; the two-
letter symbolism is used in some cases to avoid confusion. A
slightly more precise way of notating the staple types would be
MS, DS, TrS, etc., where S stands for terminating sulfur;
however, for simplicity we prefer to omit the S.
Two further cases arise when the ligands are bonded to the

core rather than the staples; first, when the ligand (SR) bridges
two core atoms, we use the Greek letter μ, as it is
conventionally used to denote bridging atoms in IUPAC
inorganic nomenclature, in the same manner as the staple type
letter, so a set of three bridging ligands would be labeled μ1, μ2
μ3, etc. Second, if the ligand is only bonded to a single core
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atom, we use the letter C, which stands for core, instead. The
assignment of the identification numbers of these ligands
follows the same procedure as that for the staples. Staples of the
same type are numbered in separate sequences, for example,
D1−D6 for the six dimer staples of Au25(SR)18 and Au38(SR)24,
and M1−M3 for the three monomer staples of Au38(SR)24.
Depending on the types of symmetries present, scheme 2.4.1.1
or 2.4.1.2 can be adopted to assign the staple locants.
2.4.1.1. Single Principal Symmetry Axis. 2.4.1.1.1. Staple

Groups. We may consider staples as being grouped, first, by the
fact that their bridging sulfur atoms are located on the same
planes perpendicular to the principal axis or, second, by the
different rings of core atoms to which their ends are bonded.
2.4.1.1.2. Sense of Staple “Rotation”. The direction of

“rotation” of a staple can be defined from the projection of the
aspicule structure onto a plane perpendicular to the symmetry
axis as to whether a clockwise or anticlockwise rotation is
needed to bring the core atom bonded to the sulfur atom of the
staple with the lowest staple atom number into coincidence
with the core atom bonded to the sulfur atom with higher
staple atom number on that staple.
2.4.1.1.3. Assignment of Staple Locants. The direction of

assigning of the staples in a group is carried out according to
the direction of rotation of the staples, being either clockwise
(C) or anticlockwise (A). Numbering of staples in each group
is carried out starting from the staple group at the top, and if
the staples are rotating in clockwise fashion just to the right of
the 12 o’ clock position (in the x′-direction), counting
clockwise around the principal symmetry axis. While for staples
that rotate anticlockwise, these are numbered in an
anticlockwise direction from the same 12 o’ clock position.
For example, in a case where there are six dimer staples located
at the top and bottom regions of the C3 axis, as in C-
Au38(SR)24, the staples would be numbered D1, D2, and D3 in
the upper bridging sulfur plane and D4, D5, and D6 in the
lower bridging sulfur plane. Hence, in special cases like this
where all of the staples “rotate” in the same direction, this
scheme is equivalent to numbering the staples winding both
around and moving downward with respect to the principal
symmetry axis.
2.4.1.2. Special Scheme: Three Perpendicular C2 Axes for

Au25(SR)18. In Au25(SR)18 due to the octahedral arrangement of
staples, it is convenient to make further use of symmetry by
using the three perpendicular C2 axes, which, when this aspicule
is rotated appropriately, correspond to the x, y, and z Cartesian
axes that are oriented as in Figure 1. The staples that lie at
either end of each Cartesian (C2) axis are numbered in
sequence according to the reverse order of the six Cartesian
directions (so that the z-direction takes priority): z, z′, y, y′, x,

x′. For Au25(SR)18, the staples directions, respectively, staples
D1, D2 are assigned to the z and z′ ends of the C2(z) axis, D3
and D4 are assigned to the y and y′ ends of the C2(y) axis, and
staples D5 and D6 to the x and x′ ends of the C2(x) axis.

2.4.2. Ligand Locants and Staple Metal Atom Locants.
The ligand and staple metal atom locants are described in
sections 2.4.2.2 and 2.4.2.3, and are formed by combining the
staple locant with the appropriate staple atom number,
described in section 2.4.2.1.

2.4.2.1. Staple Atom Number. Atoms on a staple are
assigned a staple atom number, which counts the position of
the atoms clockwise from the end of the staple that is bonded
to the core atom with the lowest locant. The staple atom
numbers for a monomer staple are 1(Sc), 2(Au), 3(Sc) (a total
of three atoms), and for a dimer staple they are 1(Sc), 2(Au),
3(Sμ), 4(Au), 5(Sc) (a total of five atoms), where we have
indicated the type of atom in brackets and use the subscripts
“μ” and “c” to indicate bridging and nonbridging sulfur
positions.

2.4.2.2. Ligand Locants. The position of a ligand on a
particular staple is specified by appending to the staple label
(D1, M1, etc.) a hyphen and the staple atom number of the
sulfur atom, which is bonded to the ligand R-group. In the case
where we have no staples, where the ligand or a terminating
atom is directly attached to a core atom, we use the core locant
as the ligand locant.

2.4.2.3. Staple Metal Atom Locants. The position of a
staple metal atom is specified by appending to the staple locant
a hyphen followed by the staple atom number of the metal
atom substituent.
Scheme 2 illustrates the assignment of ligand and staple

metal atom locants of the M1 and D1 staples, for example. The
ligand locant D1-3 indicates the third atom counting clockwise
around the staple, which is a sulfur atom in the bridging
position on dimer staple 1, while D1-1 corresponds to the first
nonbridging sulfur atom counting clockwise from the left end
of the staple and D1-5 to the fifth atom counting clockwise
from the left of the staple, which is the second nonbridging
sulfur. Similarly, D1-2 and D1-4 indicate the positions of the
two metal atoms on a dimer staple. Examples of monomer
ligand and staple metal atom locants are M1-1, M1-2, and M1-
3, which correspond to the ligand R-group bonded to the first
nonbridging sulfur atom, the central metal atom, and the ligand
R-group bonded to the second nonbridging sulfur atom on the
staple.

2.4.3. Core Atom Locants. If the core of an aspicule consists
of at least two concentric polyhedra, we term the innermost of
these the central polyhedron, which we label separately. The
locants of core atoms in the first noncentral polyhedron are

Scheme 2. Assignments of Ligand and Staple Metal Atom Locants in Monomer and Dimer Staplesa

aTaken to be staples M1 and D1 in this example.
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numbers, and if there is more than one such polyhedron
comprising the core, we number the inner polyhedron first, and
then for the next surrounding polyhedron, we begin the
numbering again from one, and so on for each successive outer
polyhedron. Furthermore, the locants of the atoms of the outer
polyhedra are distinguished from each other by prefixing the
number by a letter, which indicates the type of polyhedron or
polyhedral fragments.
There are two possible schemes described in sections 2.4.3.1

and 2.4.3.2 of assigning core locants. The first is based on
numbering around the principal symmetry axis, and is generally
applicable, while the second is more convenient for small to
medium sized aspicules with, for example, less than 44 metal
atoms.
2.4.3.1. Core Ring Locants (Tomographic Representation).

In this section, we describe a general procedure to carry out a
tomographic sectioning of the strucure around the principal
symmetry axis and assign locants to the core atoms.
The numbering of the core ring locant procedure is

illustrated in Scheme 3. We assume the core region has been

separated into different polyhedrons of atoms, the innermost
polyhedron or atom is taken to be the central one, and we then
carry out the following five steps:
(1) The core atoms in each polyhedron are sectioned into a

set of parallel atomic planes that are perpendicular to the
principal symmetry axis.
(2) Core atoms are then identified in each plane, and if there

are more than three they are grouped into rings, by joining
these coplanar core atoms to their nearest in-plane neighbors
by bonds. In the case that there are only two atoms lying in a
plane, then the same clockwise numbering scheme is used to
number the atom on the right first and then the left.
(3) If there are central atoms or a central polyhedron, these

are numbered separately and their locants are written as i, for a
single central atom, and i1, i2, i3, etc., for the atoms of the
central polyhedron. If the shape of the central polyhedron is
not known a priori, once the core structure has been sectioned
into rings, the central atoms may be identified with those that
lie on inner concentric rings or isolated atoms at the center of a
larger ring. Central atoms may also be identified in rings, or in
isolated atoms, which lie on a plane that is sandwiched between
neighboring planes above and below it that contain larger rings

of core atoms, where the size of the ring is defined by its radial
dimension.
(4) Numbering of the atoms of a polyhedral cluster in each

plane is carried out in a circular manner, counting clockwise
around the symmetry axis, and continuing through each of the
parallel planes in sequence, from the first plane, which is at the
top (or right), to the last plane, which is at the bottom (or left).
(5) In each plane, we give the lowest number to the atom in

a ring that is on or just on the right of the 12 o’ clock position
(which is in the x′ direction), viewing the ring from the
direction down the symmetry axis from the top to the bottom.

2.4.3.2. Special Assignment Scheme: Core Locants from
Staple Locants (for Au25(SR)18). The core atoms are numbered
in pairs according to the number of the staple to which they are
bonded (see Scheme 4). Core atoms 1 and 2 are bonded to

staple D1, core atoms 3 and 4 are bonded to staple D2, and in
general staple Dn is bonded to core atoms 2n−1 and 2n. Core
atoms that do not bond to the staples may be numbered in a
sequence beginning after the last core atom that is associated
with a staple. This scheme is suitable for the smaller aspicules,
such as Au25(SR)18, where staples bond to nearly all of the core
atoms with the exception of the central one. In the case of
aspicules with large cores, where there are many interior core
atoms that do not bond to staples, it is best to apply the core
ring locant scheme as we will demonstrate for Au38(SR)24 and
Au102(SR)44.

2.5. Aspicule Name Syntax. The third part of our
nomenclature is naming, and we assemble a three-part name of
the form below:

‐(Ligand Name) Metal Name aspicule(charge)

The word “aspicule” indicates the family of molecules in an
analogous way to the suffix fullerene in IUPAC fullerene
nomenclature. The word aspicule is followed without a space
by the electrical charge, which is written in parentheses as a
final suffix to the name in accord with IUPAC nomenclature,
for example, (1−), (1+), or (0), etc. Optionally, the
compositional formula name of the counterion of the crystal
structure may be specified in parentheses leaving a space after
the charge. A further optional structural descriptor, in
parentheses, may be specified after the charge or counterion
formula, preceded by a space.
In aspicule names, we treat core and staple metal atoms

equally and describe them using the single metal name. A
hyphen is placed between the last ligand name and the metal
name, and the only space in the name is left between the metal
name and the suffix. If the ligand name is abbreviated using the
(SR)n notation, then a hyphen is placed between the last ligand
name, or (SR)n, and the metal name:

Scheme 3. Assignment of Core Locants According to the
Core Ring Schemea

aThe core icosahedron of Au25(SR)18 with principal C5 axis is used as
an example.

Scheme 4. Core Locants Associated with the D3 and D4
Staples of the C2(y) Ring of Au25(SR)18

a

aThe staple atoms are not shown.
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‐(SR) Metal Name aspicule(charge)n

For concreteness, we present as an example the name for
Au25(SMe)18 according to our nomenclature, which is 18-
(methylthiolato)-auro-25 aspicule(1−) or (SMe)18-auro-25
aspicule(1−), in its condensed form. The name for
Au25(SMe)16(PET)2, based on the locants of Figure 1, which
has two PET ligands exchanged at the bridging positions on the
D1 and D2 staples, is (D1-3,D2-3)-di(2-phenylethane-
thiolato),16(methylthiolato)-auro-25 aspicule(1−) or, in its
condensed form, (D3-3,D4-3)-(PET)2,(SMe)16-auro-25 aspic-
ule(1−). In this name, the locant prefix (D3-3,D4-3) denotes
that the ligand exchange occurs at the two bridging sulfur atoms
on opposite dimer staples in the y- and y′-directions, D3 and
D4.
The rules of forming the ligand name and the metal name are

formally described in sections 2.5.1 and 2.5.2. In section 2.5.5,
we outline the stereodescriptor prefixes to the names.
2.5.1. Ligand Name. The following rules are observed in

forming the ligand name of an aspicule:
2.5.1.1. Ligand Name and Number of Ligands. Ligand

names may be specified, first, using the IUPAC nomenclature
name of the ligand including its thiol group name, all enclosed
in brackets. The number of ligands is specified using Greek
multiplicative prefixes such as mono-, di-, tri-, etc., as in IUPAC
nomenclature, or, as we introduce for brevity, a numerical
multiplicative prefix. Thus, (PET)2 could be written as di(2-
phenylethanethiolato), or as 2(2-phenylethanethiolato), where
there is no space or hyphen between the prefix and the brackets
around the ligand name.

2.5.1.2. Shorter Ligand Names. The second and more
compact way of describing the ligands is using the (SR)n
terminology with an acronym for the R-group formed from its
systematic name that is prefixed by the element symbol of the
chalcogen atom, e.g. SG, or just the acronym of the R-group if it
already includes an explicit reference to the thiol group, for
example, (PET). In this terminology, the number of each type
of ligand is written as a subscript outside the brackets. For
brevity, we have chosen in certain places to present ligand
names compactly by employing the (SR)n terminology. If any
of the ligands are chiral, the handedness is specified by prefixing
a stereodescriptor from IUPAC organic nomenclature to the
ligand name in its IUPAC form or before the S in the (SR)n
terminology name.

2.5.1.3. Order and Spacing of Ligand Names. The ordering
of the ligand names and their prefixes is in the order of
increasing number of the ligand, and a comma separates these
different ligand names. A hyphen is used after the ligand names
to separate them from the metal name following them.

2.5.1.4. Positions of Ligand Substituents. Each substituent
ligand name is prefixed by its comma-separated locants in
parentheses, followed by a hyphen to separate it from the ligand
name, as in (D1-3,D1-5)-(PET)2. The ordering of the ligand
locants is, first, in the order of the staple number; for example,
D1 always precedes D5, and then, second, in order of the
positional number on the staple, for example, (D3-3,D3-5). No
spaces are left after the commas separating the locants.

2.5.1.5. Example of a Name for Au25(SR)18 with Ligand
Substituents. An example of a name for Au25(SMe)16(PET)2,
depicted in Figure 2B, which has two PET ligands substituted is

Figure 2. Modifications of Au25(SMe)18 with ligand and metal atom substituents for the following cases: (A) a single bridging ligand (PET)
exchange, (B) two bridging ligands exchanged in a trans configuration, (C) two bridging ligands exchanged in a cis configuration, (D) six bridging
ligands exchanged, and (E) six bridging ligands and five metal (Pd) atoms exchanged (which is at present a hypothetical structure). For each
example, the current formula name is shown above the diagram and its aspicule name is shown below. The atoms are colored and represented
according to the legend, and the ligand (Me and PET) and metal atom type (Pd) are to be taken in a representative sense.
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(D3-3,D4-3)-di(2-phenylethanethiolato),16(methylthiolato)-
auro-25 aspicule(1−), or in its compact form (D3-3,D4-3)-
(PET)2,(SMe)16-auro-25 aspicule(1−). The first part of this
name (D3-3,D4-3)-(PET)2,(SMe)16 indicates that two Me
ligand R-groups are substituted by PET ligand R-groups at
precisely the D3-3 and D4-3 positions, which are bridging
ligand positions on opposite staples. If there are substituents
located at the same position on a series of staples, a contraction
of the locants of a contiguous sequence of staple numbers is
possible. We may condense this by specifying the first and last
staples separated by a hyphen, all enclosed in square brackets,
followed by the common position on each of the staples; for
example, [D1−D6]-3 stands for (D1-3,D2-3,D3-3,D4-3,D5-
3,D6-3).
2.5.2. Metal Name. The metal name contains the

description of the metal atoms that are present in the core
and the staples, and if there is more than one type of metal
element, then the positions of the substituents are described
using locant prefixes, in a way similar to ligand substituent
prefixes.
The following rules are observed in forming the metal name

of an aspicule:
2.5.2.1. Metal Element Names. Metal element names are of

the form auro, pallado, and so on. These names are formed
from the root word of the IUPAC Latin element names and
adding an ending “o” to this root, for example, aur-o. We note
that these names are also used elsewhere in IUPAC
nomenclature for the “metallo” part of the names for
metallocenes47 (e.g., ferrocene) and metalloboranes (e.g.,
cobaltoborane). In the case that there is more than one type
of metal element present, the metal name consists of minority
metal element names being prepended to the majority metal
element name, giving rise to compound names such as
palladoauro, argentoauro, etc. It should be noted that these
names have advantages of being unique and forming euphonic
combinations, and hence are easy to remember.
2.5.2.2. Number of Metal Substituents. The number of

metal atom substituents of a particular element is indicated by
prepending the Greek multiplicative prefixes mono-, di-, tri-,
tetra-, penta-, hexa-, hepta-, octa-, nona-, deca-, etc., to the
substituent metal element name. Optionally, if there are a larger
number of metal atom substituents, as might possibly be found
in a larger aspicule such as Au102(SR)44, the number of
substituents can be prefixed in Arabic numerals.
2.5.2.3. Positions of Metal Atom Substituents. The

positions of metal atom substituents are described by prefixing
their locants to the name of the respective substituent
(minority) metal name within the compound metal name; for
example, (i,2)-dipalladoauro represents substitution of the
central atom and core atom 2. In the case of two minority
metals, the locant prefix is inserted before the relevant name
with a hyphen before it; for example, with Pd in positions 1 and
2 and Ag in positions 3 and 4, the compound metal name
would be (1,2)-dipallado-(3,4)-diargentoauro-25. The ordering
of the metal atom locants is to put the core locants first in
numerical order, and then the staple metal atom locants.
2.5.2.4. Total Number of Metal Atoms. The total number of

metal atoms that is characteristic of the structure is appended to
the metal name as a final suffix, with a hyphen separating it
from the metal name, for example, auro-25.
2.5.3. Example of a Name with Both Metal and Ligand

Substituents. An example of a name for the six-ligand- and five-
metal-atom-exchanged Au20Pd5(SMe)12(PET)6, shown in

Figure 2E, is ([D1−D6]-3)-hexa(2-phenylethanethiolato),-
dodeca(methylthiolato)-(i,5,6,D3-2,D4-4)-pentapalladoauro-25
aspicule(1−) or, in its shorter form, ([D1−D6]-3)-(PET)6,
(SMe)12-(i,5,6,D3-2,D4-4)-pentapalladoauro-25 aspicule(1−).
The six ligands are exchanged at the bridging sulfur positions,
and of the five Pd substitutions, three are in the core and two
are in the staples.

2.5.4. Examples of Multimetallic Substituents. A five Pd
atom-exchanged structure is certainly hypothetical at present,
but we provide this example to show the potential scope of the
nomenclature. Recently, trimetallic Au25(SR)18 aspicules have
been synthesized.84 Examples of hypothetical multimetallic
Au25(SR)18 aspicules are the trimetallic Au21Ag2Pd2(SMe)18,
which has two Pd atoms and two Ag atoms in the core, and
could, for example, be named (SMe)18-(i,1)-dipallado-(2,3)-
diargentoauro-25 aspicule(1−), and the tetrametallic
Au18Ag3Pd2Pt2(SMe)18, one isomer of which might be named
(SMe)18-(i,2)-dipallado-(3,4)-diplatino-(5,6,7)-triargentoauro-
25 aspicule(1−).

2.5.5. Stereodescriptors and Structure Descriptors.
2.5.5.1. Chirality Intrinsic to the Core and Staple Structure.
The prefixes C and A used for intrinsic chirality are described in
sections 2.9 and 2.10 on Au38(SR)24 and Au102(SR)44, which are
aspicules that have chiral isomers. The chirality of organic
ligand can be specified as a prefix to the ligand name following
IUPAC organic nomenclature.

2.5.5.2. Geometric Isomerism of Ligands Bonded to the
Same Staple. One descriptor of ligand configuration is the
direction of the sulfur−carbon (S−C) bonds, which are
described by additional prefixes (SI 7), and S−C bond
directions are represented diagrammatically for Au25(SR)18 in
Figure S7, which is based on the diagram of Figure 1. Because
of the presence of a sulfur stereogenic center, the CIP priority
and R/S system have been used for this purpose,28 but we
present an intuitive scheme based on the direction of the S−C
bond with respect to the right-hand screw direction associated
with a rotation following the sense of moving around the staple
in order of increasing staple atom numbers. We note that for
small high symmetry aspicules, each staple may be associated
with the Cartesian axis that passes through the center of the
core and the central atom of that staple. This provides a
spatially intuitive alternative to using the staple locants (D1,
D2, etc.), and this hybrid-directional locant scheme (SI 8) has
been applied to Figure 1 (Figure S8).

2.5.5.3. Geometric Isomerism of Ligand and Metal
Substituents on Different Staples. We observe in Figure 2B
and C that concepts from stereochemistry and coordination
chemistry such as cis and trans isomerism are applicable to
ligand-exchanged isomers, because if we have substituted
ligands at D3-3 and D4-3, it will be trans, while if the
substitution occurs at D1-3 and D4-3, it would be cis. The cis
and trans isomerism also applies to metal atom substituents.
The prefixes cis and trans may be added to the beginning of an
aspicule name or terminology to indicate the type of isomer
followed by a hyphen between the aspicule name, or the
terminology, for example, cis-Au25(PET)2(SMe)16. A more
accurate name involving ligand locants would be, for example,
cis-(D2-3,D3-3)-(PET)2,(SMe)16-auro-25 aspicule(1−).

2.5.5.4. Internal Ligand Conformation and Ligand
Chirality. Isomerism arising from changes in the ligand
conformation of organic ligands (e.g., rotations about internal
bonds) and the chirality of the ligand itself may be included as a
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prefix and included as part of the ligand name, and described
using terms such as trans and gauche(±).
2.5.5.5. Core Structure Descriptor and Staple Connectivity.

If there is another structural isomer with the same number of
metal atoms but with a different core structure and symmetry,
the distinction between the two aspicules can first be seen in
the ligand name and number of ligands. We may also optionally
add a descriptor describing the core polyhedral structure, after
the charge, leaving a space. Structural descriptors for different
core geometries may be found in SI 5. The main difference
between the structural nomenclature and condensed nomen-
clature is that the staple connectivity to the core information
must be included. The names are prefixed by the staple−core
locant, which are of the form, for example, D1(1,2), which
means that the staple D1 is bonded to core atoms 1 and 2. For
Au25(SR)18 in the topological representation with staple locants
from the core locants, this connectivity information is actually
contained in the staple locants, and the following locant
sequence D1(1,2):D2(3,4):D3(5,6):D4(7,8):D5(9,10):D6-
(11,12) is prefixed to the front of the name to describe the
staple−core connectivity of the parent aspicule. In the longer
version of the names, the structure descriptor and the principal
symmetry axis or axes must also be included. More precise
syntax details on the structural nomenclature may be found in
SI 5.
We can improve upon existing terminologies, such the

formula name, Au25(PET)2(SMe)16, by adding a prefix
containing the locants of substituents to the relevant part of
the formula name. For example, a two PET ligand substitution

of Au25(SR)18 at the bridging positions of D1 and D2 staples
would be Au25(D1-3,D2-3-PET)2(SMe)16, where we have left
out the second bracket around the locant prefix and also the
first bracket around the ligand name. Several examples of
terminologies for ligand and metal-atom-exchanged Au25(SR)18
are shown in Tables S1 and S2 in SI 6.
We stress here that the nomenclature and terminologies

described should only be applied to structures that have been
determined through either X-ray diffraction or single-particle
electron microscopy. A list of many of the known parent
structures of AuM(SR)N and closely related structures
containing silver, selenium, and chlorine, with their correspond-
ing aspicule names, are given in Table S11 in SI 10.

2.6. Ligand and Metal-Atom Substituents in
Au25(SR)18. We considered various examples of ligand-
exchanged and alloy modifications of Au25(SR)18 and visualized
the modifications using the diagram of Figure 1. Figure 2 shows
several examples, including those mentioned earlier, for
exchange of Me with a PET R-group for (A) a single bridging
ligand, (B) two bridging ligands in a trans configuration, (C)
two bridging ligands in a cis configuration, (D) six bridging
ligands, and finally for (E) six bridging ligands and five Pd
substituents.
Further examples of aspicule names with substituent

positions for modified Au25(SR)18 aspicules may be found in
Tables S3 and S4 for different cases such as Au25(SR)18 with six
bridging ligand substitutions and one nonbridging ligand
substitution, and two cases of metal-atom exchange with Pd

Figure 3. (A) The core and staple structure of C-Au38(SMe)24 with the triangular rings of atoms lying in atomic planes perpendicular to the vertical
C3 axis (marked by the arrow at the top of the figure). The Au−Au bonds of the core have been omitted for clarity. The core atoms and the triangles
are colored according to the type of staple they are located in (red for dimer staples and blue for monomer staples and magenta for the face sharing
atoms of the bi-icosahedron). The staple and gold atoms at the center of the icosahedra are colored gold, while the sulfur atoms are colored green.
Part (B) shows the complete structure of Au38(SR)24 aspicule with Me ligand R-groups, and part (C) shows the bi-icosahedral core with the triangles
of atoms in addition to Au−Au bonds. Triangles and the core atoms shown in (B) and (C) follow the same coloring scheme as in (A).
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are also presented. Many of these cases have isomers (see
below).
2.7. Isomers of Ligand and Metal-Atom-Exchanged

Au25(SR)18. We now consider examples of the structures and
resulting names of geometric isomers of ligand and metal-atom-
exchanged Au25(SR)18. For the simplest case of a single ligand
substitution, there are two symmetry-unique isomers, corre-
sponding to exchange at either a bridging sulfur atom or a
nonbridging sulfur atom, replacement of the central atom, a
core surface metal atom, or an exterior (staple) metal atom. We
now consider the case of substitutions of either two ligands or

two metal atoms: how many symmetry-unique isomers are
there of each type, and what would be their structures and
aspicule names? We used a method which takes into account
the C2, C3, and chiral symmetry operations utilizing the diagram
of Figure 1 to enumerate the number of symmetry-unique
isomers, and this is described in SI 11. For two-ligand-
exchanged Au25(SMe)16(PET)2, we counted 15 symmetry-
unique isomers, and these are shown in Figure S9 in SI 11. In
the case of alloying, we counted 28 symmetry-unique isomers
for Au23Pd2(SMe)18, and we have depicted 18 of these in Figure
S10 in SI 11 and provide a complete list of locants for all 28

Figure 4. (A) Core atoms of C-Au102(SMe)44. The 49-atom Marks decahedron is shown at the center, and the two Au15 “polar caps” are shown
displaced slightly above and below the Marks decahedral core for clarity. The Au79 gold core atoms have been divided into rings of atoms lying in
planes perpendicular to the C5 axis. The atoms and the edges of the rings that are shown by connecting “bonds” have both been colored uniquely
according to the latitudinal position of the ring in which they lie with blues being used for rings in the Northern “hemisphere” and reds in the
Southern “hemisphere”, while the equatorial ring is shown in orange. (B) Staple structure of C-Au102(SMe)44. The staples and those rings of core
atoms that bond to the staples have been shown using the stick-bond representation, with their staple locants alongside. The staples are color coded
in groups according to their position and size (as described in SI 12). Sulfur atoms on the monomer staples are shown in yellow and on dimer staples
in green, while the color scheme for the gold atoms is described in the text. The staple-atom numbers on each of the staples have not been shown,
but may be generated from this diagram and the core locants. (C) The complete structure of C-Au102(SMe)44 with representative Me ligand R-
groups is shown with its aspicule name in red below it. The gold, sulfur, carbon, and hydrogen atoms are colored gold, green, black, and white,
respectively. Because of inherent structural irregularities in the mantle shell, the C5 axis does not apply to the entire structure, including all of the
staples, but only to the Au15 polar caps, the M1−M5 and M15−M19 staples bonded to these polar caps, and the Marks decahedral core.
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isomers in Table S12 in SI 11. Examples of possible two metal-
atom alloy isomers which involve only the core atoms are
shown by visualization of their core icosahedron in Figure S11
in SI 12. The choice of Pd as the substituent is purely
representative because it is known that Pd prefers to occupy the
central site, while other metals such as silver do not.
2.8. Au25(SR)18 Supramolecular and Conjugated

Functionalization. Aspicules whose ligands have either been
functionalized or interact supramolecularly can be described by
modifying the ligand name appropriately so that the ligand
name where the interaction occurs and the type of interaction
may be specified. Supramolecular interaction of Au25 with
differing numbers of β-cyclodextrin molecules gives rise to
Au25(BBSH)18−n(BBSH∩CD)n adducts, and these aspicules can
be named as shown in Table S5. For the four β-cyclodextrin
(CD)-attached Au25(BBSH)14(BBSH∩CD)4 supramolecular
adduct, we have used the positions of Mathew et al.100

Fluorescein isothiocyanate (FITC) molecules interact with
the amine group of the dansyl glutathione (SDG) ligands of
Au25(SDG)18

101 to form Au25(SDG)18−n(SDG-FITC)n adducts,
and names for adducts with between one and four FITC
molecules are given Table S6. We remark that the above
systems are given as examples because their precise structures
have not yet been determined experimentally.
2.9. Au38(SR)24. In this section and the next, we describe

how we obtained tomographic ring representations of the core
and staples of two highly stable aspicules with crystal structures,
Au38(SR)24 and Au102(SR)44. The tomographic sectioning is
more straightforward to carry out than finding the rings
containing both the core and the staple atoms as we did for
Au25(SR)18; hence, we opted for this kind of representation.
The structural insights derived from these representations are
outlined in section 2.11, and we also label our diagrams with
locants so that modifications can be identified. The core
structure of Au38(SR)24 consists of a face-fused bi-icosahedron
with two central atoms and six dimer staples, which are
arranged in two groups of three staples twisting around the C3
axis at either end of the bi-icosahedron, and the point group is
pseudo D3h.

51,102 We have used the structure of Qian et al.40 for
visualization and analysis, and Figure 3B shows this structure
with Me ligand R-groups, and also with the core atoms colored
according to which plane perpendicular to the C3 axis they lie in
and their bonding environment.
The bi-icosahedral core is sectioned into seven triangles

(three-membered rings) located in parallel planes lying
perpendicular to the C3 axis, as shown in Figure 3C. Each
triangle of core atoms is colored blue or red according to
whether the atoms are bonded to monomer or dimer staple
atoms, respectively. The central triangle, shown in magenta of
face-sharing atoms, may be grouped with the two central gold
atoms to constitute a central trigonal bipyramid whose atoms
may be labeled i1−i5. The numbering of the remaining core
atoms proceeds from the top red triangle to the bottom red
triangle according to the core ring locant scheme.
Figure 3A shows the core and staple structure of Au38(SR)24

with locants. The dimer staples, D1, D2, and D3, are counted in
a clockwise manner (D1 → D2 → D3) around the C3 axis. We
count the staple closest and to the right of the x′ direction
going into the paper, because it coincides with the direction of
the 12 o’ clock position looking down the C3 axis from the top.
This procedure is repeated for the other three dimer staples at
the bottom end, D4, D5, and D6, and finally the three centrally
located monomer staples are numbered as M1, M2, and M3.

We note that there is already a terminology for chiral and
achiral isomers of Au38(SR)24 introduced by Knoppe et al.,103

based on IUPAC stereochemical nomenclature of coordination
compounds: A,A-Au38(SR)24, C,C-Au38(SR)24, and the achiral
A,C-Au38(SR)24 isomer, where A and C stand for anticlockwise
and clockwise. A single prefix, A or C, may be used if all of the
staples “rotate” in the same direction, as appropriate.
In Figure 3A, if we look down the C3 axis from above, we see

that core atom 4 bonded to the lower end of the D1 staple,
located in the third triangle from the top, is found in a
clockwise direction around the symmetry axis with respect to
core atom 1 bonded to the upper end of the staple. This
direction of rotation is also the case for the other two staples
D2 and D3.28,104 A similar scenario is found for D4, D5, and
D6, if we now look upward from the bottom of the C3 axis.
Thus, the staples in this enantiomer are considered to be
rotating clockwise and have C or right-handed chirality. The
structure shown in Figure 3 is the chiral C,C-Au38(SR)24 or C-
Au38(SR)24 isomer in this notation.
An example of a name for the parent structure of Au38(SR)24

is C,C-24(methylthiolato)-auro-38 aspicule(0), and this would
shorten to C-(SMe)24-auro-38 aspicule(0). One example with
four ligand substitutions in the bridging positions of two dimer
and two monomer staples, and with two central Pd atoms, is C-
(D1-3,D2-3,M1-1,M2-3)-(PET)4,(SMe)20-(i1,i5)-dipalladoauro-
38 aspicule(0), or C-(D1-3,D2-3,M1-1,M2-3)-tetra(2-
phenylethanethiolato),20(methylthiolato)-(i1,i5)-dipalladoauro-
38 aspicule(0).

2.10. Au102(SR)44. We apply our structural analysis to
Au102(p-MBA)44, or equivalently Au102(SMe)44, which was the
first aspicule to have its crystal structure determined, and a
visualization of the right-handed enantiomer C-Au102(SMe)44
can be seen in Figure 4C. Au102(SR)44 has 89 gold atoms that
have pseudo D5h symmetry, apart from the 13 irregularly
located ones in the staples around the equatorial region.48,105

We used the structure of C-Au102(SR)44 from Jung et al.106 for
visualization. We select as the principal symmetry axis the C5
axis passing through the center of the 49-atom Marks
decahedron (MD49) located in the inner-core region, and
rotate the structure into a standard orientation, as described in
SI 13 and shown in Figure 4C. The 10 monomer staples
bonded to the “polar caps” also exhibit C5 symmetry, but the
two dimer staples and the remaining nine monomer staples do
not; however, this does not affect the choice of the C5 principal
axis.
The three regions of N and S Au15 polar caps, where N

(north) and S (south) distinguish the upper and lower
fragments, and the outer shell of the Marks decahedron and
its central pentagonal bipyramid are numbered in separate
groups following the core ring locant procedure, and the result
is shown in Figure 4A. Because of the equatorial C2 symmetry
plane, we numbered the south polar Au15 fragment starting
from the southernmost ring, rather than the one above it.
The staple locant assignment, shown in Figure 4B, is carried

out in six groups, with each group consisting of a set of staples
of similar size and latitudinal position. The staples in each
group are counted clockwise around the C5 axis, beginning
from the northernmost monomer staple group, proceeding
downward through each group in turn until the southernmost
monomer staple group and then counting the two dimer staples
in the final group. Further details of the standard orientation,
locant assignment, the staple groups, and color scheme of
Figure 4B are given in SI 13. The staple−core connectivity is
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shown in Figure S12 in SI 13, which is similar to Figure 4B, but
with the locants for core atoms in the outer shell being shown.
We have not shown the locants for the ligands and the staple

metal atoms in Figure 4B, but these may be ascertained by
assigning the staple atom numbers to each staple following the
schemes in section 2.4.2.1. The parent structure of
Au102(SMe)44 can be named immediately as 44-
(methylthiolato)-auro-102 aspicule(0) or auro-102 aspicule(0),
the latter being the mirror image of the structure of Figure 4C.
An example of a modification is the name of one isomer of C-
Au102(SMe)40(PET)4, which has four PET ligands substituted
on four monomer staples. The substituent locations are on two
different staples bonded to the north polar cap, and on two
other staples: one in the northern hemisphere and one in the
equatorial staple group. This would be named as C-(M1-1,M2-
3 ,M7-1 ,M10-3) - t e t r a (2 -pheny le thane th io l a to) ,40 -
(methylthiolato)-auro-102 aspicule(0), or, more compactly, C-
(M1-1,M2-3,M7-1,M10-3)-(PET)4,(SMe)40-auro-102 aspic-
ule(0). A comparison of aspicule names for Au25(SR)18,
Au38(SR)24, and Au102(SR)44 with a single modification is
given in Table S8, while names for these aspicules, which
include more structural information, are shown in Tables S9
and S10, and the latter table presents names that include
complete staple connectivity to the core. An extension to other
multishell core clusters of other metals, such as (μ12-
Pt)Pd164−xPtx(CO)72(PPh3)20 (x ∼ 7) of ref 88, which has
both terminal ligands on the surface of the core and intershell
bridging ligands inside the core, is possible by assigning its
locants following a procedure similar to Au102(SR)44. Because
there are no staples, we use ligand locants beginning with the
letters μ and C, to denote bridging or terminal sulfur atoms. A
basic example of a name with locants for the Pt positions would
be (CO)72,(PPh3)20-(i,1,2,3,4,5,6,7)-octaplatinopallado-165
aspicule(0). The specific locants for the eight Pt atoms are
given as an example and are not based upon the structure, apart
from the central one. Further prefixes may be inserted
specifying ligand positions for modifications or structural
descriptors if greater structural detail is required.
2.11. Structural Insights. First and foremost, the

identification of a topologically interesting configuration such
as the Borromean rings is a very significant but hitherto
unrecognized finding in the context of understanding the
structure of Au25(SR)18 but also, perhaps, that of the structures
of gold thiolate aspicules in general. This is the most important
example of an interlocked ring configuration found for an
aspicule, which has a known crystal structure, the others being
Au10(SR)10,

107 which is a catenane, and Au20(SR)16.
108

These two examples suggest that rings and topological
linking or interlocking of rings may be a more general feature of
part of the inner bonding network of aspicules, and represent a
unified view of this part of the structure involving both core and
staple atoms, rather than the division between the core and the
staples.
A physical distinction of these rings may be seen in the

differences found in the lengths of the Au−Au core bonds
(colored red, blue, and green in inset (i) of Figure 1), which lie
in the (Au8S6)-rings, being all of same length (∼2.79 Å) and
slightly shorter71 than the other Au−Au bonds in the
icosahedron (∼2.99 Å) (colored gold in Figure 1, inset (i)),
apart from the bonds to the central atom, which are also of
length similar to those in the rings.71 The geometric stability
arising from the greater depth of the energy minimum at the
ground-state geometry of Au25(SR)18 may be in part related to

the shorter71 and therefore stronger bonds in the rings and to
the triple-interlocking of the rings around the central atom,
which provides a strong framework for the whole molecule.
The second structural viewpoint was the tomographic one,

where parallel rings of core atoms and staples winding around a
common symmetry axis are found, which might also be
generally applicable to many more aspicules. The bonds
between core atoms lying on adjacent rings have been left
out, which clearly shows the parallel sets of atomic rings, or
planes containing single atoms, in the core region and with
different groups of staples joining different rings together. We
use the term ring in the sense of the connectivity, because the
atoms in these rings actually lie in triangles or other polygons
(e.g., as shown in Figures 3A and 4A). We may distinguish
three types of rings depending on whether all of the atoms in
the ring are bonded to each other (e.g., the triangle with atoms
1, 2, and 3 of Figure 3A), some are bonded to each other and
some not (e.g., the atoms in the orange equatorial ring in
Figure 4A), and last, none of the atoms in the ring are bonded.
The latter case occurs if all of the atoms are separated by at
least next nearest-neighbor bond distances (e.g., the triangle
with atoms 4, 5, 6 in Figure 3A). The core atom ring
configurations shown in Figures 3A and 4A suggest a
mechanism by which the core forms by stacking (or growth)
of ring configurations (with or without intraring bonds) of gold
atoms, above and below a central polyhedron or central atom in
Au38(SR)24 and Au102(SR)44. From this representation, we
cannot, however, conclusively identify the precise structural
units that lead to this formation. One further significance of
these core rings is that the preferential sites of Ag alloy
substituents in Au38(SR)24, for example, lie in these rings.

55 The
smaller triangles at the top, center, and bottom of Au38(SR)24 in
Figure 3A are precisely those that are preferred for Ag atom
alloying. A slight preference for opposite triangles of Ag atoms
lying perpendicular to the C3 axis in Ag doping of Au25(SR)18
has also been observed.57

Third, a detailed understanding of the structure of isomers
was obtained through the enumeration and naming of the cases
of two ligand or two-metal atom substituents for Au25(SR)18.
Here, we took into account symmetry equivalence and chirality,
and diagrammatically represented the structures of chiral
isomers and cis−trans analogue isomers.
Finally, we note that a set of symmetry-equivalent sites would

only be equivalent with respect to the metal or sulfur atom site
positions, but not with respect to the metal or ligand atoms
associated with those sites once a modification has broken the
symmetry. Hence, the locant system we have presented
provides a unique label for each metal atom or ligand and is
a more general and precise system for specifying substituent
positions.

3. SUMMARY
We carried out a structural simplification of the highly stable
Au25(SR)18 and identified within the bonding network the
topological configuration consisting of interlocked Au8S6
(Borromean) rings, which provides a unified structural
viewpoint including both core and staple atoms, and which
forms a strongly bonded framework that is possibly responsible
for the high geometric stability of this molecule. The
Borromean rings diagram of Au25(SR)18 was also used to
represent its various modifications, such as ligand-exchange,
alloying, and functionalization (supramolecular/conjugated
interaction). We also incorporated our methods of structural
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analysis into a structure-based nomenclature, including
positionally precise terminologies, for gold thiolate aspicules
that is symmetry-based, provides a complete framework to
describe and understand the structural diversity of AuM(SR)N
and AuM(X)N, and is adaptable to the general case of MM(X)N
with additional modifications to account for any atypical
structural features that may be encountered.
Developing simplified structural representations of gold

thiolate aspicules of different sizes, both smaller than
Au25(SR)18 (e.g., Au15(SR)13

91 and Au18(SR)14
109) and also

larger (e.g., Au133(SR)52,
54,60 and Au144(SR)60

111,112) with
coordinating atoms other than sulfur, and also of aspicules
with different predominant metals such as silver, for example,
Ag44(SR)30,

62,63 is the subject of ongoing and further work.
Because chirality is found in nearly all aspicules, it is necessary
to produce simplified diagrams for each of the enantiomers.
Finding symmetry-equivalent isomer structures for the general
cases of isomers with n substituent ligands/metal atoms is
another possible direction. Finally, we wish to emphasize that
this Article is not about the name aspicule for this class of
molecules, which may be decided by a consensus of workers in
the field, but is focused on understanding the structure and
modifications within a unified framework.
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Symmetries and Standard Orientation of Au25(SR)18 

 

 

 
 

 

 

Figure S1: Views of Au25(SR)18 aspicule along different axes of rotational symmetry: 1) C2 and 

2) C3 axes. In 1) the edge projection of the Au12 core is shown with the portion of the front 

outward pointing staple between sulfur atoms marked A and B deliberately removed to expose 

the core structure. In 2) the Au12 core is seen in the face projection with a C3 axis pointing 

outward in the z-direction from the front central triangular face, and the projection of the three 

other C3 axes onto the x-y plane are shown and the direction of each of these projected lines of 

symmetry is indicated in brackets. Gold atoms are shown in gold and the sulfur atoms in green, 

and the size of the central gold atom has been increased slightly for clarity.  

 

It is appropriate to begin with a review of the molecular symmetry of Au25(SR)18 aspicule which 

is shown viewed along two different symmetry axes in Figure S1.
1
 The core icosahedron has 12 

vertices (atoms), 20 triangular faces and 30 edges (bonds) and it belongs to the Ih point group. 

The six dimer staples are arranged in an octahedral manner around the core, so that the central 

sulfur atom of the staple lies along the directions of the C2 axes. Au25(SR)18 being a composite 

entity, consisting of an icosahedral core and an octahedral arrangement of surrounding staples, 

will have a total symmetry that is reduced from Ih to the octahedral point subgroup of distorted 

Oh (dOh).
2
 The dOh point group lacks C4 elements, due to the positions of exterior Au atoms in 

the staples breaking the full octahedral symmetry. There are two types of rotational symmetry 

axes in Au25(SR)18. Firstly, the four C3 axes passing through the centre of the icosahedron and 

through four pairs of opposite triangular faces, one view of which is shown in Figure S1(2). 

Secondly, the three perpendicular C2 axes (marked on Figure S1(1) using white dotted lines) 

which intersect the midpoint of bonds of the icosahedron which lie in the three perpendicular 

planes that pass through the six pairs of bridging sulfurs which belong to coplanar staples. The 

C2(z) 

C2(y) 

z 

C3(y´z) 

y 
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C2 axes naturally permit a Cartesian axis system to be superimposed on them. Our first objective 

was to create a labeled diagram of Au25(SR)18 in a standard orientation, as there are 

visualizations from many different angles in the literature and with the individual Cartesian axes 

assigned differently with respect to the C2 axes. 

 

In Figure S1, two views of Au25(SR)18 are shown depending on whether it is viewed along a C2 

or a C3 axis. We therefore made two conventions: one for the orientation of Cartesian axis and, 

secondly, for the direction of each of the Cartesian axes with respect to the C2 axes of 

Au25(SR)18. We setup Cartesian axes to be fixed in the plane of the paper, as shown in Figure S1, 

with the y-axis towards the right, the z-axis upwards, and the x-axis coming out of the paper. 

Secondly, the left hand view, which we term the edge projection, is taken by us to be the 

standard view used for nomenclature diagrams, unless stated otherwise. The reason for this is 

that the octahedral arrangement of staples is seen most clearly, while in the face projected view, 

the staples twist around the core structure.  

 

We defined the standard view of Au25(SR)18 as seen towards the negative z-direction with the 

rings in each Cartesian plane appearing exactly as shown in Figure S1(1). Viewing the structure 

along the different Cartesian axes directions will result in a different view of these rings 

(staples), even though the core always appears in the edge projection. 
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Supporting Information 2 
 

Structural Representations of Au25(SR)18 

 
A. Polyhedral Shells 

 

The first approach we tried was based on what we term the polyhedral representation of 

aspicules. The core and mantle regions of several aspicules such as Au25(SR)18 and Au102(p-

MBA)44
3
 have been found to consist of a set of polyhedra, one inside the other, and so this 

appears to be a generic structural characteristic. The polyhedra may be viewed as a 

generalization of polyhedra for coordination compounds as their sides do not always represent 

bonds between the atoms, except in the case of the Au12 core, but rather indicate their relative 

positions in space and symmetries. Polyhedral shells may be defined either by analysis of the 

bonding network or by classifying atoms according to their element and positional type as shown 

in the inset of Figure S2(a). The four types of atoms in Au25(SR)18 are: core Au atoms (Auc), 

exterior metal atoms in the staples (Aue), bridging sulfurs (Sμ) which bridge exterior metal atoms 

and are located at the central position of the staple and lastly the non-bridging sulfur (Sc) atoms 

which join gold atoms in the core to the exterior gold atoms. 

 

The crystal structure available in the literature for Au25(SR)18 was used.
1
 We made extensive use 

of the molecular building and visualization software Avogadro
3
 and VMD

4 
for structural 

manipulation and visualization. We analysed the structure of Au25(PET)18 obtained from its 

crystal structure by extracting the molecules from the crystalline unit cell, and isolating the gold 

and sulfur atoms from the model by removing the atoms of the PET ligands, which we refer to as 

the core and mantle structure. The Au25(SR)18 aspicule is oriented in the edge-projected, 

octahedral staple configuration shown in Figure S1(1).  

 

For the visualization as concentric shells of polyhedra, the bond radii were chosen such that only 

the nearest neighbours in each category of atoms would be joined together by a bond. The bond 

radii between each type of atom in VMD were chosen as 3.2 Å for Au-Au core bonds, 5.5 Å for 

exterior Au atoms and 5.5 Å for the non-bridging sulfurs and 8.8 Å for the bridging sulfurs. 

Bonds between the atoms in each category are drawn when the distance between them is less 

than the bond radii mentioned above. The four polyhedra are shown superimposed on each other 

in Figure S2(a). Figure S2(a) shows the inner Au icosahedron in gold, the bridging sulfur 

octahedron in yellow, and the exterior gold icosahedron in blue which protrude out from the 

green cuboctahedron of non-bridging sulfurs. Figure S2(b) shows only the sulfur polyhedra with 

the inner sulfur octahedron capping the six square faces of the cuboctahedron. We note that this 

arrangement of sulfur atoms has already been visualized in the context of ligand exchange.
2
 

Thus, by labeling each of the sulfur atoms of the octahedron and the cuboctahedron, we would 

have a notation for ligand positions. 

 

Generally the positional labels of atoms in a molecule, known as locants, are denoted by 

numbers or letters in IUPAC nomenclature. Here, we use the Cartesian axis directions, which 

may also be regarded as Cartesian quadrant bounding directions, to uniquely describe the 

positions of the atoms in the core and mantle regions
6
. The bridging sulfurs are located at 

vertices of the yellow octahedron and are labeled by one of the six perpendicular Cartesian  
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Figure S2. Concentric polyhedral representation of the core and staple atoms of Au25(SR)18 

aspicule. Polyhedra formed by connecting atoms of the same category to their nearest neighbors 

of the same category for (a) both gold and sulfur atoms, and (b) sulfur atoms only with Cartesian 

atom labels, according to the Cartesian axes shown. The atoms and the lines joining them are 

colored according to their category as shown in the inset to (a) gold and cyan for the core and 

exterior gold atoms, while yellow and green represent bridging and non-bridging sulfurs. A shell 

structure terminology for Au25(SR)18 is given below (a). 

 

 

directions. Shell directions x, y, z, x', y', z' where the primes indicate the negative direction. The 

primes on the Cartesian axis directions, eg. x', represents the negative direction of the x-axis. The 

non-bridging sulfur atoms are associated with the vertices of the cuboctahedron, or equivalently, 

a pair of the vertices of the octahedron at either end of the edge. Hence they may be labeled by 

the associated pairs of Cartesian axes. Figure S3, shows the ball and stick visualization of 

Au25(SR)18 with Cartesian locant labels. Using the ordering of these twelve Cartesian pairs for 

the non-bridging sulfurs allows us to preserve this information, by placing the direction for the 

staple on which the core-bonded sulfur resides first. A simple rule is shown at the top left of 

Figure S3, which is that the pairs are taken anticlockwise when x, y, and z are arranged in a 

circle. For example, the nonbridging sulfur at the xz position cannot be referred to as zx because 

the staple this sulfur is located points in the x direction and not in the z direction. The twelve 

unique ordered pairs specifying the Cartesian quadrants are xz, xz', x'z, x'z', yx, yx', y'x, y'x' and zy, 

zy', z'y and z'y'. It should be noted that the ordering of these pairs are specific to our conventions 

and about the relative orientation of the Cartesian axes and the Au25(SR)18 aspicule as described 

in SI 2. 
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We can also uniquely identify the core gold and exterior gold atoms using the same twelve 

Cartesian quadrant specifiers as the non-bridging sulfurs since each pair of these gold atoms are 

the nearest neighbors of the non-bridging sulfurs. Hence, by adding a „c’ or an „e’ to before the 

direction pair we can indicate the directions of the gold atoms too eg. c-xy or e-xy indicate the 

core and exterior gold atoms which are bonded to the non-bridging sulfur located in the xy-

direction. The interstitial gold atom is identified by the italicized „i'. Some terminologies for 

ligand and alloy exchanged Au25(SR)18 are given in Table
 
S2. 

 

 
Figure S3. Au25(SR)18 aspicule with Cartesian locant labels for atoms. The core and staple atoms 

are colored as shown in the inset of Figure S2(a). The same locants are used for core atoms, non-

bridging sulfur atoms, and exterior gold atoms which lie in the same Cartesian octant. The red 

arrows indicate the use of the same zy locant for the green non-bridging sulfur atom which 

applies to it and its two nearest neighbor atoms consisting of a gold core atom and a light blue 

exterior gold atom. 
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B. Molecular graph of Au25(SR)18 aspicule 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. The molecular graph of Au25(SR)18 aspicule. Small black circles show sulfur atoms 

while large open circles represent sulfur atoms. Au-S bonds are shown by the dashed lines, while 

Au-Au bonds are shown by the solid lines. The locants of each atom are shown alongside in 

blue. 

 

The visualizations of Au25(SR)18 in Figures S1, S2 and S3 being in three dimensions are less 

convenient for developing nomenclature which is generally based on diagrams involving lines 

and element symbols to represent the bonds and the atoms of the 3D structure on the 2D plane. 

The molecular graph of Au25(SR)18, shown in Figure S4, is just such a 2D representation showing 

all Au/S atoms as dots/circles and the bonds as lines joining them. The icosahedron is shown in 

face projection and the bonds from the aurophilic interactions between the core and exterior Au 

atoms and those between the interstitial Au atom and the other core atoms have been omitted. 

The highest symmetry C5 axis of the icosahedral core is oriented vertically the atoms are 

numbered on planes perpendicular to this axis, as shown in Figure S4. Numbering of the atoms 

within a plane is done in a clockwise fashion with the lowest number being to the far right of the 

C5 axis. The staple atoms are numbered from 1 to 5, starting at the leftmost atom of the staple 

and counting clockwise around it. Each staple may be identified by the start and end atoms of the 

core atoms to which it is bonded. Nevertheless, this diagram is quite difficult to remember and 

draw by hand due to the use of the face projection so we searched for a simpler representation 

based on the edge-projected structure of Au25(SR)18 based on its three ring structure.  
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Supporting Information 3 

 
Au25(SR)18 Tomographic Diagram with a C3 Principal Axis 

 

 
 

 

Figure S5. Au25(SR)18 aspicule with locants with the C3 axis as the principal axis. Only the core 

and staple structure is shown with the ligands. The connectivity of core atoms in the same plane 

are indicated by bonds, Both the bonds and core atoms which are shown as small spheres, are 

colored blue in the case that the core atoms are bonded to the upper group of three dimers staples 

(D1-D3) and red in the case that they are bonded to the lower group of three dimer staples (D4-

D6). The interstitial Au atom as larger yellow sphere, staple Au atoms are shown in yellow and 

the sulfur atoms in green. The locants of the core atoms are colored by the same scheme as the 

triangle they lie on. The six dimer staples, D1 to D6, are labeled in red. Staple atom numbers are 

not shown, but may added according to the rules given in the Manuscript.  
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Figure S6. A “Star of David” projection of Au25(SR)18 aspicule in planes perpendicular to the C3 

axis coming out of the plane of the paper with the twelve core atoms of the icosahedron 

sectioned into four parallel triangles each containing three atoms. The triangles are colored 

alternately blue and red, with the smaller blue and red triangles being at the front and back, 

respectively and the larger triangles in the middle. The stick bond representation has been used 

and the staples are shown in yellow and gold for the sulfur and gold stick bonds respectively. 

Right: A schematic of the core icosahedron in face-projection with the Au-Au bonds shown as 

lines and atoms represented by filled circles colored according to the color of the triangle they lie 

in.  
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Supporting Information 4 

 
Drawing the Borromean-Rings Diagram of Au25(SR)18 

 

Scheme S1: Visual instructions are shown below for drawing the Borromean-Rings diagram of 

Au25(SR)18 in nine steps.  
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Supporting Information 5 

 
Structural Nomenclature of Aspicules  
 

This section can be appreciated better after going through Figure 1 of the Manuscript. In this 

section we present names, which can describe the structure of the parent aspicule in detail and 

also the type and nature of substituents, either metal atoms or ligands. We assume the locant 

assignment scheme for Au25(SR)18 aspicule shown in Figure 1 in the Manuscript and provide 

examples for modifications in this structural nomenclature in Table S7. 

 

The general structure of the name would be: 

 

Staple-core locants-(Ligand-Staple name)-(Core name) (Suffix)  

 

where the brackets have been used for clarity but are not included in the actual name.  

 

A name which describes the full structure of Au25(SMe)18, would then be: 

 

D1(1,2):D2(3,4):D3(5,6):D4(7,8):D5(9,10):D6(11,12)-hexa(1,3,5-methylthiolato-2,4-Au)-auro-

25 aspicule(1-) (i@I,3C2) 

A slightly shorter name using the (SR) terminology for the ligand, as described in the 

Manuscript) would be:  

 

D1(1,2):D2(3,4):D3(5,6):D4(7,8):D5(9,10):D6(11,12)-(1,3,5-SMe-2,4-Au)6-auro-25  

aspicule(1-) (i@I,3C2) 

 

The above structural name is interpreted as follows: This is an aspicule which has six dimer 

staples, with locants D1 to D6, and these six staples are attached to the core atoms with numbers 

1 and 2, 3 and 4, 5 and 6 and so on. It has SMe ligands at the 1, 3 and 5 positions along each of 

the staples, counting from the left hand end of the staple. The whole structure has a total of 25 

gold atoms and there is a single negative charge on the molecule. Lastly, the core polyhedron is 

an icosahedron with an additional central atom and the principal symmetry axes used for locant 

assignment are the three perpendicular C2 axes (denoted by 3C2 which coincide with the 

Cartesian x, y, z axes oriented in the standard way). 

 

 

A. Ligand and Staple name 

The various parts of the structural name are now described in detail. We regard the staple and its 

ligands as a branched chain molecule, with the staple being the chain and the ligands the 

branches. The ligand and staple name is a combined name of the form (in its shorter version): 

(1,3,5-SMe-2,4-Au).  

 

The name of the ligand (SMe) is prefixed by 1,3,5 followed by a hyphen which are the sulfur 

positions on the dimer staple, and this is followed by a hyphen and the positions of the Au atoms 

on the chain. We use square brackets to enclose the ligand name and staple name, and we place 
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the number of staple/ligand combinations of that kind in the subscript outside the brackets. 

Hence, when presented with the structure of a modified Au25(SR)18 aspicule, we first identify the 

different combinations of staple metal atoms and their attached ligands eg. (3-PET,1,5-SMe-2-

Pd,4-Au), and we use as many ligand and staple names as are needed to name each of the distinct 

combinations present. In the case of unmodified Au25(SR)18, we have the same ligand and staple 

configuration repeated, and so we put its multiplicity in the subscript eg. (1,3,5-SMe-2,4-Au)6.  

 

Whenever there is more than one ligand-staple name they are separated by a comma. The ligand-

staples name and their prefixed staple locants are placed in increasing order of prevalence. Each 

ligand-staple name is prefixed by the locants of all the staples that are described by it. The 

description of the staples consists of a staple locant and the staple-core locant described below.  

 

B. Staple locants 

 

1. The locants of the staples have two parts, a letter which corresponds to the type of staple and 

the number of the staple. The following letters are used: M for a monomer staple, D for a dimer 

staple and Tr for trimer, etc. Further details on the method of assignment of the staple locants are 

given in the Manuscript. Examples of staple locants are M1, D1, etc. 

 

2. A consecutive sequence of staples the first and last staple separated by a hyphen, also all 

enclosed in square brackets eg. [D1-D6].  

 

3. A staple-core locant consist of the pair of comma-separated numbers of the core atoms on 

which the staples begin and end (eg. 1,2) with each pair being enclosed in brackets and prefixed 

by the staple locant eg. D1(1,2) is an example of a staple-core locant which signifies that the 

dimer staple one is bonded to core atoms 1 and 2. Staple-core locants are separated by a colon 

with spaces either side of it, and there are no spaces after the commas. In Au25(SR)18, from the 

locants of Manuscript Figure 1, we obtain the six staple-core locants as 

D1(1,2):D2(3,4):D3(5,6):D4(7,8):D5(9,10):D6(11,12).  

 

We note that if the locants of the molecular graph of Figure S4 are used, a more difficult to 

remember sequence of staple-core locants results which is 

D1(1,8):D2(6,12):D3(7,9):D4(3,11):D5(4,10), hence we will employ those of Manuscript Figure 

1 for reasons of simplicity.  

 

5. We may also use a contracted staple locant sequence, if all the the locant numbers are in 

consecutive order by placing an ellipsis between the colons to indicate the missing locants in the 

sequence: D1(1,2):, ... ,:D6(11,12)-(1,3,5-SMe-2,4-Au)6.  

 

There are spaces after the commas when they surround an ellipsis. 

 

C. Core Metal Name 

 

(i) The core metal name contains the description of the metal atoms of the core and staples and 

their substituents. Metal names of the form auro, pallado and argento, which correspond to the 

elements Au, Pd and Ag, are assigned using IUPAC inorganic nomenclature. The presence of 

more than one type of metal element present is indicated by forming compound names, and the 
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additional metal element is treated as a substituent and hence carries a prefix to indicate the 

positions of substitution. The following rules are applied: 

 

(i) The minority (substituent) metal element names being placed in front of the majority metal 

element names such as palladoauro and argentoauro. 

 

(ii) The number of metal atom substituents of a particular element is indicated by adding the 

Latin prefixes mono, di, tri, tetra, penta, hexa, hepta, octa, nona, deca, etc., to the substituent 

metal element name. Optionally, and if there are larger number of metal atom substituents, the 

number of them can be prefixed to the substituent name eg. (23)-palladoauro-25.  

 

(iii) The sets of locants for the positions of the minority metal atoms, separated by commas and 

in parantheses, are prefixed to their respective minority metal names. Eg. (1,2)-dipalladoauro. 

For example, a case where there are two types of minority metal element, with Pd in positions 1 

and 2 and Ag in positions 3 and 4, might be called (1,2)-dipallado-(3,4)-diargentoauro-25 

aspicule(1-). A hyphen is used after the first metal minority atom name to separate it from the 

locant prefix of second (more numerous) metal element name.  

 

(iv) The number of metal atoms which is characteristic of the structure; eg. auro-25, where a 

hyphen separates it from the metal name.  

 

D. Suffix of the name  

 

Following the core name we attach a suffix of the form: aspicule(charge) (structural 

descriptor). 

 

The word aspicule indicates the family of molecules in an analogous way to the suffix fullerene 

in fullerene nomenclature. The charge is written in brackets as the final suffix eg. (1-), (1+), or 

(0). 

 

After the charge a space is left and a final suffix consisting of a structural descriptor of the form: 

(core polyhedral descriptor, principal symmetry axis). The rules below govern the formation 

of the structural descriptor.  

 

(i) The geometrical shape of each polyhedral cluster comprising the core is designated by a core 

polyhedral descriptor which is its first letter which is italicized and in capitals, eg. tetrahedro (T), 

octahedro (O), dodecahedro (D), icosahedro (I), or, by forming an acronym out of several of its 

letters by splitting the name into its distinctive parts eg. rhomboicosidodecahedron (R-I-D) to 

form RID. If the polyhedron name consists of more than one word for example a Marks 

decahedron, we use the first letter of each word (MD).  

 

(ii) If there is a core atom polyhedron inside the other, we may use, for example, the notation 

I@D for a central icosahedral (I) cage within a dodecahedral (D) cage.  

 

(iii) If there is a single central atom within the polyhedral core it is designated by adding the 

symbol „i‟, which stands for interstitial, and if there is more than one central atom each of their 
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locants may be designated as i1, i2, i3, i4, etc., and if these central atoms form a polyhedron we 

place this polyhedron‟s acronym first in the core polyhedral descriptor. For example, Au38(SR)24 

consists of an interstitial trigonal-bipyramidal (TBP) structure capped on its top and bottom by 

nine-atom caps designated as BIC18, an 18-atom fragment of the bi-icosahedron (BIC) and the 

complete core structure of Au38(SR)24 aspicule would be described as TBP@(BIC18) which is an 

alternative way of viewing the structure to a bi-icosahedral core consisting of a face-fused pair of 

icosahedra. For Au102(SR)44 we find a central pentagonal bipyramid (PBP) within a 42-atom 

Marks decahedral shell (MD42) which may be written as PBP@MD42, and this comprises the 49-

atom Marks decahedron.  

 

E. Stereodescriptor prefixes 

 

A prefix to the front of the name indicating chiral and geometric isomerism may be added as 

described in the Manuscript, and S-C bond directions may also be included. (See SI 6). 

   

F. Compact structural name 

 

A more compact structural name can be obtained by omitting the connectivity information of the 

staples to the core atoms and substituting these by the labels of the staples and placing these as a 

prefix to the ligand-staple name they apply to.  

 

Staple locants-(Ligand-Staple name)-(Core name) (Suffix)  

  

A compact structural name for Au25(SR)18 would be [D1-D6]-(1,3,5-SMe-2,4-Au)6-auro-25 

aspicule(1-) (i@I,3C2). 

 

Examples of aspicule structural names are given in Table S8 for modifications of Au25(SR)18, 

Au38(SR)24 and Au102(SR)44 and modifications in both compact and standard aspicule structural 

nomenclature are given in Tables S9 and S10. 
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Supporting Information 6 
 

Terminologies of Au25(SR)18 with Substituent Positions for Modifications 
 

 

Table S1: Aspicule terminologies for ligand-exchanged and alloy modifications of Au25(SR)18 

aspicules. Only one of the names of the isomers of a given formula name of a modification is 

presented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Formula name Aspicule Formula name 

Au25(SMe)18 Au25(SMe)18 

Au25(SMe)17(PET)1 Au25(SMe)17((D1-3)-PET)1 

Au25(SMe)16(PET)2 Au25(SMe)16((D1-3,D2-3)-PET)2 

Au25(SMe)12(PET)6 Au25(SMe)12(([D1-D6]-3)-PET)6 

Au25(SMe)11(PET)7 Au25(SMe)11(([D1-D6]-3,D3-5)-PET)7 

Au24Pd(SMe)18 Au24((i)-Pd)(SMe)18 

Au22Pd3(SMe)18 Au22((i,D1-2,D1-4)-Pd)3(SMe)18 

Au21Pd4(SMe)18 Au21((i,2,D1-2,D1-4)-Pd)4(SMe)18 
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Table S2: Precise terminologies for ligand-exchanged and alloy modifications of Au25(SR)18 

using formula names and polyhedral shell names. Only one of the names of the isomers of a 

given formula name of a modification is presented. 

 
 

Formula name Aspicule Formula Name Shell Name 

 

Au25(SMe)18 

 

Au25(SMe)18 

 

Au@Au12@Au12@S6@S12@Me18 

 

Au25(SMe)17(PET)1 

 

Au25(SMe)17(D1-3-PET) Au@Au12@Au12@S6@S12@(Me17)((D1-3)-PET) 

 

Au25(SMe)16(PET)2 

 

Au25(SMe)16(D1-3,D2-3-

PET)2 

Au@Au12@Au12@S6@S12@(Me16)((D1-3,D2-3)-

PET)2 

 

Au25(SMe)12(PET)6 

 

Au25(SMe)12([D1-D6]-3-

PET)6 

Au@Au12@Au12@S6@S12@(Me12)(([D1-D6]-3)-

PET)6 

 

 

Au25(SMe)11(PET)7 

 

 

Au25(SMe)11([D1-D6]-3,D1-

5)-PET)7 

 

Au@Au12@Au12@S6@S12@(Me)11(([D1-D6]-3,D1-5)-

PET)7 

 

 

Au24Pd(SMe)18 

 

 

Au24(i-Pd)(SMe)18 Pd@Au12@Au12@S6@S12@Me18 

 

 

 

Au22Pd3(SMe)18 

 

 

 

 

Au22(i,D1-2,D1-4-Pd)3(SMe)18 Pd@Au12@((D1-2,D1-4)-Pd)2Au10@S6@S12@Me18 

 

 

Au21Pd4(SMe)18 

 

 

Au21(i,2,D1-2,D1-4-

Pd)4(SMe)18 

 

Pd@((2)-Pd)Au11@((D1-2,D1-4)-

Pd)2Au10@S6@S12@Me18 
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Supporting Information 7 
 

Borromean-Rings Diagram with S-C Bond Directions for Au25(SR)18 

 

 
 

Figure S7. Borromean ring diagram for Au25(SR)18 aspicule including S-C bond directions. Gold 

atoms are shown by black dots and sulfur atoms (ligands) by magenta and blue stars, 

respectively. The clockwise direction for each staple is defined by the path around the staple 

beginning at 1 and ending 5. The magenta stars correspond to an S-C bond direction which is 

parallel to the direction of a right-handed screw rotating in clockwise direction on that staple. The 

S(R) bond directions are in the z´ direction on the C2(y) ring, the x´-direction on the C2(z) ring, 

and the y´-direction for the C2(x) ring. S(L) sulfur atoms are shown by blue stars are those for 

which the S-C bond direction is parallel to a right-handed screw rotating anticlockwise, and is 

opposite to the S(R) bond direction on each ring. We have assumed that C-S-Au bond angles are 

right angles for simplicity.  

 

We may include S-C bond direction information for Au25(SR)18 on a diagram similar to 

Manuscript Figure 1, and the result can be seen in Figure S7 above. We assumed that C-S-Au 

bond angles are right angles for simplicity. We indicate the direction of an S-C bond at a 

particular sulfur atom by the color of the star symbol used to represent it. Hence, blue and 

magenta stars indicate the direction of the sulfur-carbon (S-C) bond pointing in a clockwise 

screw and anticlockwise screw direction, respectively, with respect to the clockwise and 

anticlockwise directions around the staple. We specify the S-C bond directions by R (clockwise), 

and L (anticlockwise). We may form a prefix by concatenating the S-C bond directions for each 

ligand counting clockwise around a staple, eg. LRR indicates the S-C bond directions in 

positions 1(L), 3(R) and 5(R) on the staple. The staple locants of the staples which have a 
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specific S-C bond direction may be placed as a prefix to that S-C bond-direction-prefix eg. 

(D2,D3,D5)-LRR. We consider the name of Au25(SMe)12(PET)6 with six substituents at the 

bridging ligand sites and include the S-C bond directions.  

In the aspicule nomenclature, a name for ([D1-D6]-3)(PET)6, (SMe)12 auro-25 aspicule(1-) 

including the S-C bond direction sequence together with the staple locants could be prefixed to 

the name to give ((D2,D3,D5)-LRR, (D1,D4,D6)-RLL)-([D1-D6]-3)-(PET)6, (SMe)12 -i-auro-25 

aspicule(1-). 
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Supporting Information 8 

 
Borromean-Rings Diagram of Au25(SR)18 with Hybrid Directional Locants 

 

 
 

Figure S8. Borromean-Rings diagram of Au25(SMe)18 with hybrid-directional locants for the 

staples. Gold atoms are shown by black dots and SMe ligands by the blue stars. The Cartesian 

direction associated with each of the staples is marked alongside the relevant staple. Insets (i) 

shows the 3D ring structure within Au25(SMe)18 and inset (ii) the core icosahedron, respectively.  

 

 

We introduce just such a hybrid-directional locant scheme for Au25(SR)18. Instead of using the 

staple type and number (eg. D1, D2, etc.) to specify staple locants we use the direction the 
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axes of symmetry with a set of Cartesian axis as oriented in supporting information 1. This 
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convenient as it allows the structure to be visualized with or without the aid of a diagram. We 

note that labeling atoms using directions for Au102(SR)44 and Au144(SR)60 is impractical as the 
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Figure S8 shows Figure 1 from the manuscript with the positions labelled using Cartesian 
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Cartesian directions in the locants. The name hybrid directional locant stems from this 

combination of the use of both numerals and Cartesian axis directions such as x, y and z. An 

example of a name for a ligand substitution on the bridging ligands in the x and xʹ direction 

would be (x3,xʹ3)-(PET)2,(SMe)16-auro-25 aspicule(1-). We remark that this method of 

providing locants has the advantage that the position of the substituent is very easy to identify 

compared to existing locant systems and could be applied to other classes of molecules. 
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Supporting Information 9 
 

Tables of Names for Au25(SR)18, Au38(SR)24 and Au102(SR)44 

 

Table S3: Table of aspicule names for Au25(SMe)18 and some examples of names for ligand-

exchange and alloy modifications. The (SR) terminology for the ligands has been used here. 

Only one of the names of the isomers of a given formula name of a modification is presented. 
 

Formula Name Aspicule Name 

Au25(SMe)18 (SMe)18-auro-25 aspicule(1-) 

Au25(SMe)17(PET)1 

1 bridging PET ligand 

(D1-3)-(PET)1,(SMe)17-auro-25 aspicule(1-) 

Au25(SMe)16(PET)2 

Two bridging PET ligands (trans) 
(D1-3,D2-3)-(PET)2,(SMe)16-auro-25 aspicule(1-) 

Au25(SMe)16(PET)2  

Two bridging PET ligands (cis) 

 

 

 

 

2 bridging ligands (cis) 

 

(D1-3,D3-3)-(PET)2,(SMe)16-auro-25 aspicule(1-) 

Au25(SMe)12(PET)6 

Six bridging PET ligands 

([D1-D6]-3)-(PET)6,(SMe)12-auro-25 aspicule(1-) 

Au25(SMe)11(PET)7 

Six bridging ligands and one non-

bridging ligand 

([D1-D6]-3,D1-5)-(PET)7,(SMe)11-auro-25 aspicule(1-) 

Au24Pd(SMe)18 

One central Pd atom 

 

(SMe)18-i-monopalladoauro-25 aspicule(1-) 

Au22Pd3(SMe)12(PET)6 

Three Pd atoms: one central, two in 

core. Six bridging ligands  

([D1-D6]-3)-(PET)6,(SMe)12-(i,1,2)-tripalladoauro-25 aspicule(1-) 

Au21Pd4(SMe)12(PET)6 

Four Pd atoms: one interstitial, two in 

the core and one on a staple. Six PET 

bridging ligands 

([D1-D6]-3)-(PET)6,(SMe)12-(i,1,2,D1-2)-tetrapalladoauro-25 

aspicule(1-) 
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Table S4: Table of aspicule names for Au25(SMe)18 and some examples of names for ligand-

exchange and alloy modifications. The IUPAC terminology names for the ligands has been used 

here. Only one of the names of the isomers of a given formula name of a modification is 

presented. 

 

Formula Name/Substituent 

details 
Aspicule Name 

Au25(SMe)18 18(methylthiolato)-auro-25 aspicule(1-) 

Au25(SMe)17(PET)1 

One bridging PET ligand 

(D1-3)-mono(2-phenyethanethiolato),17(methylthiolato)-auro-25 

aspicule(1-) 

Au25(SMe)16(PET)2 

Two bridging PET ligands 

(trans) 

(D1-3,D2-3)-di(2-phenylethanethiolato),16(methylthiolato)-auro-25 

aspicule(1-) 

Au25(SMe)16(PET)2  

Two bridging PET ligands (cis) 

 

 

 

 

2 bridging ligands (cis) 

 

(D1-3,D3-3)-di(2-phenylethanethiolato),16(methylthiolato)-auro-25 

aspicule(1-) 

Au25(SMe)12(PET)6 

Six bridging PET ligands 

([D1-D6]-3)-hexa(2-phenylethanethiolato),dodeca(methylthiolato)-auro-25 

aspicule(1-) 

Au25(SMe)11(PET)7 

Six bridging and one non-

bridging PET ligand 

([D1-D6]-3,D1-5)-hepta(2-phenylethanethiolato),unadeca(methylthiolato)-

auro-25 aspicule(1-) 

Au24Pd(SMe)18 

One central Pd atom 

 

18(methylthiolato)-(i)-monopalladoauro-25 aspicule(1-) 

Au22Pd3(SMe)12(PET)6 

Three Pd atoms: one central, two 

in core. Six PET bridging ligands 

 

([D1-D6]-3)-hexa(2-phenylethanethiolato),dodeca(methylthiolato)-(i,1,2)-

tripalladoauro-25 aspicule(1-) 

Au21Pd4(SMe)12(PET)6 

Four Pd atoms: one central, two 

in the core and one on a staple. 

Six PET bridging ligands 

 

 

 

([D1-D6]-3)-hexa(2-phenylethanethiolato),dodeca(methylthiolato)-

(i,1,2,D1-2)-tetrapalladoauro-25 aspicule(1-) 
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Table S5: Table of names for supramolecular adducts formed between β-CD and Au25(BBSH)18. 

We provide example names for one possible isomer for each number of attached β-CDs (from 1 

to 4). The positions for the four β-CD attached structure are taken from Mathew et al
5
. Only one 

of the names of the isomers of a given formula name of a modification is presented. The (SR) 

terminology for the ligands has been used here. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S6: Table of names for some possible conjugated FITC complexes with Au25(SR)18 with 

dansyl glutathione (SDG) ligands. We provide example names for one possible structural isomer 

for several numbers of conjugated FITCs. In the ligand name, SDG-FITC, the dash indicates the 

SDG ligand is conjugated with FITC. Only one of the names of the isomers of a given formula 

name of a modification is presented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Formula Name Aspicule name 

Au25(BBSH)17 

(BBSH∩CD)1 
(D1-3)-(BBSH ∩CD)1,(BBSH)17-auro-25 aspicule(1-) 

Au25(BBSH)16 

(BBSH∩CD)2 
(D1-3,D2-3)-(BBSH∩CD)2,(BBSH)16-auro-25 aspicule(1-) 

Au25(BBSH)15 

(BBSH∩CD)3 
(D3-3,D4-1,D4-5)-(BBSH∩CD)3,(BBSH)15-auro-25 aspicule(1-) 

Au25(BBSH)14 

(BBSH∩CD)4 

(D6-1,D2-5,D2-1,D3-5)-(BBSH∩CD)4,(BBSH)14-auro-25 

aspicule(1-) 

Formula Name Aspicule name 

Au25(SDG)18(FITC)1 (D1-3)-(SDG-FITC)1,(SDG)17-auro-25 aspicule(1-) 

Au25(SDG)18(FITC)2 (D1-3,D2-3)-(SDG-FITC)2,(SDG)16-auro-25 aspicule(1-) 

Au25(SDG)18(FITC)3 (D1-3,D3-3,D5-3)-(SDG-FITC)3,(SDG)15-auro-25 aspicule(1-) 

Au25(SDG)18(FITC)6 ([D1-D6]-3)-(SDG-FITC)6,(SDG)12-auro-25 aspicule(1-) 
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Table S7: Aspicule structural names with staple-core locants for ligand-exchanged and alloy-

modifications of Au25(SR)18. Only one of the names of the isomers of a given formula name of a 

modification is presented. 

 

Formula Name/Substituent 

positions 
Structural Aspicule Name 

Au25(SMe)18 D1(1,2):D2(3,4):D3(5,6):D4(7,8):D5(9,10):D6(11,12)-(1,3,5-SMe-2,4-Au)6-

auro-25 aspicule(1-) (i@I,3C2) 

Au25(SMe)17(PET)1 

One bridging PET ligand 

D1(1,2)-(3-PET,1,5-SMe-2,4-

Au)2,D2(3,4):D3(5,6):D4(7,8):D5(9,10):D6(11,12)-(1,3,5-SMe-2,4-Au)-auro-

25 aspicule(1-) (i@I,3C2) 

Au25(SMe)16(PET)2 

Two bridging PET ligands 

(trans) 

D1(1,2):D2(3,4)-(3-PET,1,5-SMe-2,4-Au)2, 

D3(5,6):D4(7,8):D5(9,10):D6(11,12)-(1, 3,5-SMe-2,4-Au)4-auro-25 

aspicule(1-) (i@I,3C2) 

Au25(SMe)16(PET)2 

Two bridging PET ligands 

(cis) 

 

 

 

 

2 bridging ligands (cis) 

 

D1(1,2):D4(7,8)-(3-PET,1,5-SMe-2,4- 

Au)2,D2(3,4):D3(5,6):D5(9,10),D6(11,12)-(1,5-SMe,3-PET-2,4-Au)4-auro-25 

aspicule(1-) (i@I,3C2) 

Au25(SMe)12(PET)6 

Six bridging PET ligands 

D1(1,2):, … ,:D6(11,12)-(3-PET,1,5-SMe-2,4-Au)6-auro-25 aspicule(1-) 

(i@I,3C2) 

Au25(SMe)11(PET)7 

Six PET bridging ligands 

and one PET non-bridging 

ligand 

 

D1(1,2)-(1-SMe,3,5-PET-2,4-Au),D1(1,2):, … ,:D6(11,12)-(3-PET,1,5-SMe-

2,4-Au)5-auro-25 aspicule(1-) (i@I,3C2) 

Au24Pd(SMe)18 

One interstitial Pd atom 

 

D1(1,2):D2(3,4):D3(5,6):D4(7,8):D5(9,10):D6(11,12)-(1,3,5-SMe-2,4-Au)6-

monopalladoauro-25 aspicule(1-) (i@I,3C2) 

Au22Pd3(SMe)12(PET)6 

Three Pd atoms, one 

central, and two in the core 

 

 

D1(1,2):, … ,:D6(11,12)-(3-PET,1,5-SMe-2,4-Au)6-(i,1,2)-tripalladoauro-25 

aspicule(1-) (i@I,3C2) 

Au21Pd4(SMe)12(PET)6 

Four Pd atoms, one central, 

two in the core and one on a 

staple. Six PET bridging 

ligands. 

 

 

 

D1(1,2)-(3-PET,1,5-SMe-2-Pd,4-

Au)1,D2(3,4):D3(5,6):D4(7,8):D5(9,10):D6(11,12)-(1,5-SMe,3-PET-2,4-Au)5-

(i,1,2,D1-2)-tetrapalladoauro-25 aspicule(1-) (i@I,3C2) 
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Table S8: Aspicule names for Au25(SR)18, Au38(SR)24 and Au102(SR)44 and one modification of 

each. Only one of the names of the isomers of a given formula name of a modification is 

presented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Formula Name Aspicule name 

Au25(SMe)18 (SMe)18-auro-25 aspicule(1-) 

Au23Pd2(SMe)16(PET)2 

Two PET on the bridging 

ligands opposite each other, and 

2 Pd in the core. 

(D1-3,D2-3)-(PET)2,(SMe)16-(i,2)-dipalladoauro-25 aspicule(1-) 

Au38(SMe)24 (SMe)24-(i1,i5)-auro-38 aspicule(0) 

Au36Pd2(SMe)20(PET)4 

Two Pd in interstitials, Two PET 

ligands in bridging positions on 

dimer staples and two on 

monomer staples 

(D1-3,D2-3,M1-1,M2-3)-(PET)4,(SMe)20-(i1,i5)-dipalladoauro-38 aspicule(0) 

 

Au102(SMe)44 (SMe)44-auro-102 aspicule(0) 

Au100Pd2(SMe)40(PET)4 

 

Two Pd in MD core. Two PET 

ligands at bridging positions of 

the dimer staples and two on 

monomer ligands of the N Au15 

cap. 

(D1-3,D2-3,M1-1,M2-3)-(PET)4,(SMe)40-(1,42)-dipalladoauro-102 

aspicule(0) 
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Table S9: Compact aspicule structural names for Au25(SR)18, Au38(SR)24 and Au102(SR)44 and 

one modification of each. Only one of the names of the isomers of a given formula name of a 

modification is presented. 

 

 

 

 

 

 

 

 

 

Formula 

Name/substituent 

positions 

 Compact Aspicule Structural Name Aspicule name 

Au25(SMe)18 

[D1-D6]-(1,3,5-SMe-2,4-Au)6-auro-25 

aspicule(1-) (i@I,C2) 

 

(SMe)18-auro-25 aspicule(1-) 

Au23Pd2(SMe)16(PET)2 

Two Pd in the core. 

Two PET at the bridging 

ligands   

D1,D2-(3-PET,1,5-SMe-2,4-Au)2,[D3-D6]-

(1,3,5-SMe-2,4-Au)4-(i,2)-dipalladoauro-25 

aspicule(1-) (i@I,C2) 

(D1-3,D2-3)-(PET)2,(SMe)16-(i,2)-

dipalladoauro-25 aspicule(1-) 

Au38(SMe)24 

[D1-D6]-(1,3,5-SMe-2,4-Au)6,[M1-M3]-(1,3-

SMe-2-Au)2-auro-38 aspicule(0) 

(TBP@BIC18,C3) 

(SMe)24-auro-38 aspicule(0) 

Au36Pd2(SMe)22(PET)2 

Two Pd atoms in the 

icosahedra centres. Two 

PET ligands in bridging 

positions of two dimer 

staples  

D1,D2-(3-PET,1,5-SMe-2,4-Au)2,[D3-D6]-

(1,3,5-SMe-2,4-Au)4,[M1-M3]-(1,3-SMe-2-

Au)3-(i1,i5)-dipalladoauro-38 aspicule(0) 

(TBP@BIC18,C3) 

(D1-3,D2-3)-(PET)2,(SMe)22-(i1,i5)-

dipalladoauro-38 aspicule(0) 

 

Au102(SMe)44 

[M1-M19]-(1,3-SMe-2,4-Au)19,D1,D2-(1,3-

SMe-2,4-Au)2-auro-102 aspicule(0)  

(PBP@MD42@(N-RID15,S-RID15),C5) 

(SMe)44-auro-102 aspicule(0) 

Au100Pd2(SMe)40(PET)4 

 

Two Pd atoms in the 

MD core. Two PET 

ligands at bridging 

ligands of the dimer 

staples and two on 

different monomer 

staples in different 

positions.  

M1-(1-PET,3-SMe-2-Au),M2-(3-PET,1-SMe-

2-Au),[M3-M19]-(1,3-SMe-2-Au)17,D1,D2-

(3-PET,1,5-SMe-2,4-Au)2-(1,42)-

dipalladoauro-102 aspicule(0) 

(PBP@MD42@(N-RID15,S-RID15),C5) 

(D1-3,D2-3,M1-1,M2-3)-

(PET)4,(SMe)40-(1,42)-dipalladoauro-

102 aspicule(0) 
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Table S10: Aspicule structural names and aspicule names for Au25(SR)18, Au38(SR)24 and 

Au102(SR)44 and one modification of each. The ligand-staple names have been shown in bold for 

clarity. Only one of the names of the isomers of a given formula name of a modification is 

presented. 

 

Formula Name  Aspicule Structural Name Aspicule Name 

Au25(SMe)18 
D1(1,2):D2(3,4):D3(5,6):D4(7,8):D5(9,10)-(1,3,5-

SMe-2,4-Au)6-auro-25 aspicule(1-) (i@I,3C2) 

(SMe)18-auro-25 

aspicule(1-) 

Au23Pd2(SMe)16(PET)2 

Two PET ligands on the 

bridging positions, and 

two Pd atoms in the 

core 

D1(1,2):D2(3,4)-(1,3,5-SMe-2-Au,4-Pd)2, 

D3(5,6):D4(7,8):D5(9,10):D6(11,12)-(1,3,5-SMe-

2,4-Au)4-(i,2)-dipalladoauro-25 aspicule(1-) 

(i@I,3C2) 

(D1-3,D2-3)-

(PET)2,(SMe)16-(i,2)-

dipalladoauro-25 

aspicule(1-) 

Au38(SMe)24 

D1(1,9):D2(2,10):D3(3,8):D4(14,22):D5(15,23)-

(1,3,5-SMe-2,4-

Au)6,M1(4,18):M2(5,19):M3(6,20)-(1,3-SMe-2-

Au)3-auro-38 aspicule(0) (TBP@BIC18,C3) 

(SMe)24-auro-38 

aspicule(0) 

Au36Pd2(SMe)22(PET)2 

Two Pd atoms in central 

positions, 

Two PET in dimer 

staples 

D1(1,9):D2(2,10)-(3-PET,1,5-SMe-2,4-

Au)2,D3(3,8):D4(14,22):D5(15,23)-(1,3,5-SMe-

2,4-Au)4,M1(4,18):M2(5,19):M3(6,20)-(1,3-SMe-

2-Au)3-(i1,i5)-dipalladoauro-38 aspicule(0) 

(TBP@BIC18,C3) 

(D1-3,D2-3,M1-

1,M2-3)-(PET)2, 

(SMe)22-(i1,i5)-

dipalladoauro-38 

aspicule(0) 

 

Au102(SMe)44 

M1(N1,N7):M2(N2,N9):M3(N3,N11):M4(N4,N13)

:M5(N5,N15):M6(N6,31):M7(N10,26):M8(N14,30

):M6(17,18):M2(1,22):M8(25,26)M12(17,S15):M1

3(19,S7):M14(23,S11):M15(S6,S2):M16(S8,S3):M

17(S10,S4):M18(S12,S5):M19(S14,S1)-(1,3-SMe-

2-Au)19,D1(N8,S9):D2(N14,S13)-(1,3,5-SMe-2,4-

Au)2-auro-102 aspicule(0) (PBP@MDS42@(N-

RID15,S-RID15,C5) 

 

(SMe)44-auro-102 

aspicule(0) 

Au100Pd2(SMe)40(PET)4 

 

Two Pd in the MD core. 

Two PET ligands on 

bridging ligands of the 

dimer staples and two 

PET ligands on 

different positions of 

monomer staples. 

M1(N1,N7):M2(N2:N9)-(1-PET,3-SMe-2-

Au)2,D1(N8,S9):D2(N14,S13)-(3-PET,1,5-SMe-

2,4-Au)2, 

M3(N3,N11):M4(N4,N13):M5(N5,N15):M6(N6,31

):M7(N10,26):M8(N14,30):M9(17,S15):M10(19,S7

):M11(23,S11):M12(17,S15):M13(19,S7):M14(23,

S11):M15(S6,S2):M16(S8,S3):M17(S10,S4):M18(

S12,S5):M19(S14,S1)-(1,3-SMe-2-Au)17-(1,42)-

dipalladoauro-102 aspicule(0) (PBP@MD49@(N-

RID15,S-RID15,C5) 

 

(D1-3,D2-3,M1-

1,M2-1)-

(PET)4,(SMe)40-

(1,42)-dipalladoauro-

102 aspicule(0) 
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Supporting Information 10 
 

Table of Crystal Structures and their Corresponding Nomenclature Names 
 

Table S11: A list of crystal structures together with their aspicule names for AuM(SR)N is shown 

below. Both aspicule names with (SR) notation for the ligands and with their IUPAC name are 

given. A few structurally related compositions containing silver, selenium and chlorine, have 

also been included in this table. In the case of charged species, the counterion is shown in 

brackets after the aspicule name. Modifications of these structures may be specified using the 

locant prefixes as shown in Tables S3-S8. Aspicule structural names with information on the 

staple type and arrangement and the core shape may be formed from these names in a similar 

way to those shown in Tables S7, S9, and S10. This table has been based on inputs from the 

literature
3
. 

No Crystal structure Aspicule Name Ref. 

1 Au10(TBBT)10 (TBBT)10-auro-10 aspicule(0) 6 

10(4-tert-butylbenzenethiolato)-auro-10 aspicule(0) 

2 Au18(CHT)14 (CHT)14-auro-18 aspicule(0) 7 

14(1-cyclohexanethiolato)-auro-18 aspicule(0) 

3 Au20(TBBT)16 (TBBT)16-auro-20 aspicule(0) 8 

16(4-tert-butylbenzenethiolato)-auro-20 aspicule(0)  

4 [Au23(CHT)16]
1-

 (CHT)16-auro-23 aspicule(1-) (TOAA) 9 

16(1-cyclohexanethiolato)-auro-23 aspicule(1-) 

5 Au24(ADT)16 (ADT)16-auro-24 aspicule(0) 10 

16(1-adamantanethiolato)-auro-24 aspicule(0) 

6 Au24(SePh)20 20(SePh)-auro-24 aspicule(0) 11 

20(phenylselenolato) auro-24 aspicule(0) 

7 [Au25(PET)18]
1-

 (PET)18-auro-25 aspicule(1-) (TOAA) 12,1 

18(2-phenylethanethiolato)-auro-25 aspicule(1-) (TOAA) 

8 [Ag25(PET)18]
1-

 (PET)18-argento-25 aspicule(1-) (TOAA) 13 

18(2-phenylethanethiolato)-argento-25 aspicule(1-) (TOAA) 

 9 [Au25(SePh)18]
1-

 (SePh)18-auro-25 aspicule(1-) 14 

18(phenylselenolato)-auro-25 aspicule(1-) (TOAA) 

10 Au28(TBBT)20 (TBBT)20-auro-28 aspicule(0) 15 

 

 

 

20(4-tert-butylbenzenethiolato)- auro-28 aspicule(0) 

11 Au30(TBT)18 (TBT)18-auro-30 aspicule(0) 16 

18 (2-methylpropane-2-thiolato)-auro-30 aspicule(0) 

12 Au36(TBBT)8Cl20 (Cl)20,(TBBT)8-auro-36 aspicule(0) 17 

 
20(chlorido),8(4-tert-butyl-benzenethiolato)-auro-36 aspicule(0) 

 

13 Au36(TBT)24 (TBT)24-auro-36 aspicule(0) 18 

 24(2-methylpropane-2-thiolato)-auro-36 aspicule(0) 

14 Au38(PET)24 (PET)24-auro-38 aspicule(0) 19 

24(2-phenylethanethiolato)-auro-38 aspicule(0) 
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15 Au38S2(PET)20 

 

(PET)20,S2-auro-38 aspicule(0) 20 

20(2-phenylethanethiolato),di(sulfido)-auro-38 aspicule(0) 

16 Au40(o-MBT)28 (o-MBT)28-auro-40 aspicule(0)ic acid 21 

 28(2-sulfanylbenzenethiolato)-auro-40 aspicule(0) 

17 Au52(TBBT)32 (TBBT)32-auro-52 aspicule(0) 22 

32(4-tert-butylbenzenethiolato)-auro-52 aspicule(0) 

18 Au68(3-MBA)34 (3-MBA)34-auro-68 aspicule(0) 23 

 34(3-mercaptobenzoic acid)-auro-68 aspicule(0) 

19 Au102(p-MBA)44 (p-MBA)44-auro-102 aspicule(0) 24 

44(p-mercaptobenzoic acid)-auro-102 aspicule(0) 

20 Au130(TBT)50 (TBT)50-auro-130 aspicule(0) 25 

50(2-methylpropane-2-thiolato)-auro-130 aspicule(0) 

21 Au133(TBT)52 (TBT)52-auro-133 aspicule(0) 26, 

27 52(2-methylpropane-2-thiolato)-auro-133 aspicule(0) 

22 Au144(PET)60 (PET)60 -auro-144 aspicule(0) 28 

60(2-phenylethanethiolato)-auro-144 aspicule(0) 
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(x1, x5)-(SPET)2, (SMe)16

auro-25 aspicule (1-)

(x3, x5)-(SPET)2, (SMe)16

auro-25 aspicule (1-)

(x1, x3)-(SPET)2, (SMe)16

auro-25 aspicule (1-)
(x1, x′5)-(SPET)2, (SMe)16

auro-25 aspicule (1-)

(x3, x′3)-(SPET)2, (SMe)16

auro-25 aspicule (1-)

(x3, y5)-(SPET)2, (SMe)16

auro-25 aspicule (1-)
(x3, y3)-(SPET)2, (SMe)16

auro-25 aspicule (1-)
(x3, y1)-(SPET)2, (SMe)16

auro-25 aspicule (1-)

(x3, x′1)-(SPET)2, (SMe)16 

auro-25 aspicule (1-)
(x1, x′1)-(SPET)2, (SMe)16

auro-25 aspicule (1-)

(x5, y1)-(SPET)2, (SMe)16

auro-25 aspicule (1-)

(x1, y1)-(SPET)2, (SMe)16

auro-25 aspicule (1-)
(x1, y5)-(SPET)2, (SMe)16

auro-25 aspicule (1-)

(x5, y5)-(SPET)2, (SMe)16

auro-25 aspicule (1-)

1
3

5 1
3

5 1
3

5

Supporting Information 11 
 

Isomers with Two-Substituents of Ligand-Exchanged and Alloyed Au25(SR)18 
 

For two ligand exchanges of Au25(SMe)16(PET)2, we counted 15 symmetry-unique isomers and 

these are shown in Figure S9. In the case of alloying, we found that Au23Pd2(SMe)18 has 28 

symmetry-unique alloy isomers, and we have shown a selection of eighteen these in Figure S10  

and provided locants for the substituent atoms for all the isomers in Table S12. The three-ring 

diagram of Au25(SR)18 is a useful device for both representing and finding the possible isomers 

taking into account the dOh symmetry elements. Using the Borromean-rings diagram of 

Au25(SR)18 we can easily identify structures that are equivalent under the C2 and C3 rotation 

operations in the reduced point group of the modified configuration. We checked for chiral 

isomers of the modified aspicule (which are symmetry-non-equivalent) by testing whether the 

mirror image was superimposable on the modified aspicule, where this image was obtained by 

reflection in a plane parallel to the mirror plane of the symmetry element which is broken by the 

modification. For clarity, when considering ligand exchanges one need not show the Au atoms 

on the diagram, and when considering alloy exchanges one can dispense with showing the S 

atoms.  

 

The procedure used to the numbers and structures of the isomers was as follows: First we 

replaced two ligands (marked by an X) and then identified all the symmetry equivalent isomers 

to that configuration. The second step was to replace a different pair of ligands from all the 

previous symmetry equivalent isomers found in the previous steps, and then we repeated this 

step until there were no more possible symmetry-unique placements. 

 

The whole procedure was repeated for the different classes of ligand placements, which consist 

of choosing the two ligands to be on the same staple, secondly, to both on a single ring which 

includes the staple and its coplanar pair, and then thirdly, on two perpendicular rings. The 

number of ligand isomers can be counted in the following way: there are six isomers on the same 

ring and nine isomers on perpendicular rings making a total of fifteen. The same procedure was 

used to enumerate the alloy isomers. The number of alloy isomers can be counted as follows: 

two involving the central atom, ten on the same ring, and sixteen on perpendicular rings making 

a total of 28. We neglected the S-C bond directions in this analysis, if they are included then 

there would be a greater number of different isomers. For six of the alloy isomers (Nos: 2, 10, 

11, 12, 17 and 18 in Figure S10) which involve only substitution of two core atoms, the 

configuration of substituent atoms in the core icosahedron is visualized in Figure S11. These 

core alloy isomers may be distinguished as to whether the two substituent atoms are nearest 

neighbors, next-nearest neighbors, and third neighbors on opposite ends of a C5 axis. It can be 

seen that although S11(b) and S11(c) appear to be equivalent in that the substituted atoms are 

nearest neighbors, they are in fact separate isomers since in (c) both substituent atoms are bonded 

to staples on different rings rather than the same ring, which makes their local bonding geometry 

slightly different. A similar case as S11(b) and S11(c) also occurs for the next-nearest neighbors 

S11(e) and S11(f).  
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Figure S9. Ligand-exchanged isomers of Au25(SMe)16(PET)2. The fifteen symmetry unique isomers are depicted in 

the following order: Isomers 1 and 2 have two PET ligands substituted on a D1 staple. Isomers 3, 4, 5, and 6 have 

PET ligands substituted on the C2(x) ring. Isomers 7 to 15, have PET ligands substituted on perpendicular C2(x) and 

C2(y) rings. An open circle indicates the sulfur bonded to methyl ligand R-groups, while a cross is used to denote a 

sulfur atom bonded to a PET ligand. The aspicule names for each isomer are shown underneath their respective 

diagrams.  
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Please see the caption on the next page. 
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Figure S10. Alloy-exchanged isomers of Au23Pd2(SMe)18. A selection of 18 out of the 28 

symmetry-unique isomers are depicted in the following order: (1) and (2) substitution of the two 

Pd atoms with one at the central position (i), (3)-(12) on the same C2(y)-ring, and (13)-(18) on 

perpendicular C2(y) and C2(z) rings. For clarity only the Au atoms have been shown and not the 

SMe ligands). 
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(x1, x5)-(SPET)2, (SMe)16

auro-25 aspicule (1-)

(x3, x5)-(SPET)2, (SMe)16

auro-25 aspicule (1-)

(x1, x3)-(SPET)2, (SMe)16

auro-25 aspicule (1-)
(x1, x′5)-(SPET)2, (SMe)16

auro-25 aspicule (1-)

(x3, x′3)-(SPET)2, (SMe)16

auro-25 aspicule (1-)

(x3, y5)-(SPET)2, (SMe)16

auro-25 aspicule (1-)
(x3, y3)-(SPET)2, (SMe)16

auro-25 aspicule (1-)
(x3, y1)-(SPET)2, (SMe)16

auro-25 aspicule (1-)

(x3, x′1)-(SPET)2, (SMe)16 

auro-25 aspicule (1-)
(x1, x′1)-(SPET)2, (SMe)16

auro-25 aspicule (1-)

(x5, y1)-(SPET)2, (SMe)16

auro-25 aspicule (1-)

(x1, y1)-(SPET)2, (SMe)16

auro-25 aspicule (1-)
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auro-25 aspicule (1-)

(x5, y5)-(SPET)2, (SMe)16

auro-25 aspicule (1-)
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Table S12: Examples of locants of Pd atoms for the complete set of 28 symmetry-unique 

isomers of Au23Pd2(SMe)18. Isomers involving the central atom are Nos: 1 and 2, those involving 

the atoms on a single ring are Nos: 3-11 and No: 28. Isomers involving Pd atoms on 

perpendicular rings are Nos: 12-27. 

 

Isomer 

number 
Aspicule 

locants 
Isomer 

number 
Aspicule  

Locants 
Isomer 

number 
Aspicule 

Locants 

1 (i,D3-4) 14 (D1-2,D3-4) 27 6,D1-2 

2 (i,7) 15 (2,D3-4) 28 5,7 

3 (D3-2,D3-4) 16 (D1-1,D3-4)   

4 (5,D3-4) 17 (5,2)   

5 (8,D3-4) 18 (1,6)   

6 (D3-4,D4-4) 19 (2,6) 

7 (D3-4,D4-2) 20 (D1-2,D3-2) 

8 (7,D3-4) 21 (D1-4,D3-2)   

9 (6,D3-4) 22 (1,D3-2)   

10 (6,7) 23 (2,D3-2)   

11 (6,8) 24 (6,D1-2)   

12 (5,6) 25 (5,D1-4)   

13 (D1-4,D3-4) 26 (6,D1-4) 
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Isomer Diagrams for Two Metal Atom Substituents in the Icosahedral Core of 

Au25(SR)18 

 

 
 
Figure S11. (a)-(f) Alloy isomers of Au25(SR)18 aspicule with two metal (Pd) substituents in the 

core with nos. 2, 10, 11, 12, 17, 18, respectively in Figure S10. These six symmetry-unique 

isomers are shown by marking the positions of the substituent atoms using a thick black circle 

around the respective atom. The core atoms are colored red, green and blue according to inset of 

Figure 1 in the Manuscript, and the icosahedron is shown in its face projection. (g) The edge 

projection of an unmodified core icosahedron is shown for reference so that the positions may be 

understood as they appear on the diagrams of Figures S10. 
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Staple to Core Connectivity Diagram of Au102(SR)44 and its Standard 

Orientation and Locant Assignment 

 

 
 

Figure S12. Au
102

(SR)44 staples and their connectivity to the surface core atoms. The core atoms 

are shown as rings lying in planes perpendicular to the C
5
 symmetry axis marked at the top of the 

figure. The core atom rings and their colors are the same as in Figure 4 in the Manuscript. Staple 

gold atoms are colored gold, monomer staple sulfur atoms yellow, while dimer staple sulfur 

atoms are colored green. The “North” and “South” hemispheres are labeled N and S respectively, 

and the prefixes N and S are also used in the locants of atoms of the respective Au15 polar caps. 

The arrow at the top indicates the principal C5 symmetry axis.  

 

 

The following two sections contain more details about the standard orientation and locant 

assignment of Au102(SR)44 aspicule
29

 which is described only briefly in the Manuscript.  
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(i) Standard orientation of Au102(SR)44 

 

We select a standard orientation by placing the C5 axis along the z-axis (vertical) as shown in 

Figure S12 and secondly by using the asymmetry of the dimer and equatorial staple 

arrangement. Observing that the dimer staples slant at a fairly small angle from the vertical and 

are located on opposite sides and within one half of the Au102(SR)44 "globe", this asymmetry can 

be used to define the front and reverse of Au102(SR)44. The hemisphere with the dimer staples in 

it is taken to be the front half of Au102(SR)44. 

 

(ii) Locant assignment of Au102(SR)44  

 

The core atoms of the 49-atom Marks decahedron are numbered as in Figure 4(A), following the 

core-ring locant scheme. The two Au15 polar caps are labelled as N(North) and S(South), and 

each polar cap consists of two rings of atoms. The N Au15 polar cap upper ring is shown in light 

blue and the lower ring in dark blue. The Au15 South polar cap upper ring is shown in purple and 

lilac for the lower ring. The numbering of the Au15 South (S) polar cap begins from the lower 

ring rather than the upper ring as an exception to the general rule due to the C2 symmetry with 

the Au15 North (N) polar cap. The 49-atom Marks decahedron is divided into six planes of atoms, 

in which each ring (plane) of atoms in the Marks decahedron is colored differently to indicate its 

position, blues being used for the Northern hemisphere and reds being used in the Southern 

hemisphere, while orange represents the equatorial ring of atoms. This 49-atom structure may be 

further broken down into an outer 42-atom Marks decahedral shell and a central pentagonal 

bipyramid of atoms, whose atoms are numbered from i1 to i7, once again following the core ring 

locant scheme.  

 

For the purpose of assigning staple locants and staple core locants we may view the structure of 

the staples and the outer shell of core atoms in isolation. This structure includes the two Au15 

polar caps and an equatorial ring of atoms of the Marks decahedron, to which the staples are 

connected to, as shown in Figure 4(B). Figure S9 above shows this structure and also the locants 

of the core atoms to which the staples bond to.  

 

The color scheme below is used for the gold atoms present in the 19 monomer staples of Figure 

4(B) which are divided into five groups of (1)-(5) below, with each group being distinguished by 

its different connectivity to the rings of core atoms:  

 

(1) M1-M5 in dark blue bonded to N Au15 polar cap, (2) M6-M8 in cyan are three staples bonded 

from N Au15 polar cap to the orange equatorial ring of the Marks decahedron, (3) M9-M11 in 

orange for staples bonded solely to the equatorial ring of the Marks decahedron, (4) M12-M14, 

for staples bonded from the equatorial ring to the S polar Au15 cap structure, and finally (5) M15-

M19 for those bonded solely to the S Au15 polar cap. The gold atoms in the sixth group 

comprising the two dimer staples are shown in gold, while dimer-staple sulfur atoms are shown 

in green and monomer-staple sulfur atoms are shown in yellow.  
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ABSTRACT: Ionization of molecular species from one-dimensional (1D)
tellurium nanowires (Te NWs) has been achieved at 1 V. Molecules with a range
of chemical functional groups gave quality mass spectra with high signal/noise
ratios and no fragment ions. Experiments suggest the possibility of emission of
microdroplets of solution due to the intense fields at the ends or interfaces of
nanostructures. It appears that electrolytic conduction of the solution wetting of
the nanostructures and not the electronic conduction of the nanostructures
themselves is involved in the ionization event. Anisotropy was seen when two-
dimensionally aligned Te NWs were used for ionization. The orientation effect
of aligned Te NWs on molecular ion intensity is demonstrated for many analytes
including organic molecules and amino acids with experiments done using a
silicon substrate having aligned Te NWs. These measurements suggest the
possibility of creating a MS source that extends the applicability of mass
spectrometry. Analysis of a variety of analytes, including amino acids, pesticides,
and drugs, in pure form and in complex mixtures, is reported. These experiments suggest that 1D nanostructures in general could
be excellent ionization sources.

Creation of molecular ions using the high electric fields
associated with the application of electrical potentials to

small objects is embodied in the methods of field ionization
(FI) and field desorption (FD) mass spectrometry.1,2 These
ionization methods, although still in use,3 inconveniently
involve unit operations in a vacuum. The development of
ambient ionization methods which employ unmodified samples
in the open air4−13 has led to ionization from solutions on
paper substrates14−18 by application of voltages in the low kV
range. Addition of carbon nanotubes to the paper substrate19

yields mass spectra with the application of just 3 V. Recently
these MS techniques have found a significant role in the study
of various biologically important systems also.20,21

We now show that (i) one-dimensional (1D) aligned
tellurium nanowires (Te NWs) supported on a suitable
substrate give mass spectra with high signal/noise ratios upon
application of just 1 V and that (ii) ion emission is strongly
anisotropic, the orientation of the support relative to the inlet
of the mass spectrometer exerting a strong effect on ion
intensity as a result of preferential orientation of the Te NWs.
The data suggest that solution-phase emission of charged
microdroplets occurs and that electrolytic conduction over the
nanostructures is responsible for this effect.
Tellurium is a semiconducting material which has high

inherent tendency for anisotropic growth.22 One-dimensional
(1D) nanowires of Te can be prepared with ease, in solution.23

These nanowires can be aligned over a substrate, and this
property is utilized for the measurements outlined here. In
particular, the high electric fields associated with the nanowires
even at low applied voltages facilitate ionization.

■ EXPERIMENTAL SECTION
Materials. The chemicals used for the synthesis of aligned

Te NWs (TeO2, NaOH, PVP, ammonia solution, N2H4·H2O,
and butanol) were purchased from Sigma-Aldrich, India. The
medicinal tablets used in these experiments were purchased
from a local pharmacy. All the amino acids were bought from
Sisco Research Laboratories Pvt. Ltd., Mumbai, India. The
pesticides were purchased from Sigma-Aldrich, India. Triphe-
nylphosphine and tributylphosphine were bought from
Spectrochem Pvt. Ltd., Mumbai, India and Wako Pure
Chemical Industries Ltd., respectively. Diphenylamine (DPA)
and triethylamine were from Merck Ltd., Mumbai, India. The
salts for the preformed ion study were purchased from Sigma-
Aldrich, India.

Synthesis of Te NWs. A well-known synthetic strategy was
modified for the preparation of Te NWs.22 For this, a TeO2
solution was prepared by dissolving 66.3 mg of TeO2 in a basic
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medium containing 0.3 g of NaOH in 2 mL of distilled water.
This solution was mixed with a polyvinylpyrrolidone (PVP)
solution containing 500 mg of PVP (30 kDa) in 30 mL of
distilled water in a Teflon-lined stainless steel autoclave. To
this, 2.5 mL of ammonia and 500 μL of 99% N2H4·H2O were
added and stirred for 15 min. The reaction was kept at 180 °C
for 3 h. A dark blue colored Te NWs suspension was obtained
from which the Te NWs were precipitated by centrifugation.
The NWs were characterized by transmission electron
microscopy (10 μm long wires of ∼10−12 nm diameter) and
by optical absorption spectroscopy.
Freestanding Aligned Layers of Te NWs. The freshly

synthesized ultrathin Te NWs were washed thoroughly by
centrifuging at 20 000 rpm, and the pellet was dispersed in 1
mL of n-butanol. The resulting suspension was carefully added
dropwise to water in a Petri dish to form a thin bluish layer of
NWs (8 μm length and 10 nm diameter) between the water−
butanol interface due to their buoyancy and capillary forces.23 A
schematic illustration of NWs alignment is shown in Figure S1.
A TEM grid was placed upside down over the surface to
capture the NW layer, which was dried and characterized under
TEM. The aligned nanostructures can be transferred to other
substrates such as a silicon (001) single crystal surface, which
were used for the ionization anisotropy experiments discussed
later in the paper.
For most experiments, the so-prepared aligned tellurium

nanowire suspension in butanol was transferred directly onto a
piece of Whatman 42 filter paper. For this, the filter paper was
held parallel over the surface of the NW suspension in the Petri
dish and the suspension was transferred carefully to the paper
(by moving the substrate along the water−butanol interface).
The paper was dried under laboratory conditions at room
temperature and cut using a pair of scissors in a rectangular
shape in dimensions of 4 × 6 mm (base × height). In the case
of Si, a precut substrate (by using a diamond knife) was used to
deposit the Te NWs. It was mounted on a copper clip and held

in front of the mass spectrometer (MS) inlet at a distance of
∼1−2 mm. This distance was set manually and was not
precisely controlled. The copper clip was connected to an
external voltage supply, and a voltage of 1 V was applied for all
the measurements except when indicated otherwise. The paper
was not cut in the triangular shape typically used in paper spray
ionization to ensure that the enhanced fields at the (macro-
scopic) corners of the triangular paper tip did not cause an
artifact in the measurement of effects associated with the
microscopic NW features. Many samples were analyzed
including amino acids, pesticides, and commercial medical
tablets. All samples (2 μL) were used at a concentration of 50
ppm. For all the experiments, HPLC grade methanol (Sigma-
Aldrich) and methanol/water (1:1 by volume) were used as
solvents. All the mass spectra were recorded at 1 V in positive
ion mode with negative ion mode data also being acquired
when analyzing preformed ions. The following experimental
conditions were maintained for all the measurements: source
voltage: ± 1 V; capillary temperature: 150 °C; capillary voltage:
0 V; and tube lens voltage: 0 V.

Techniques. All the measurements were made using an ion
trap LTQ XL (Thermo Scientific, San Jose, California).
Collision-induced dissociation was used for MS2 analysis. A
field emission scanning electron microscope (FE SEM) was
used for imaging of the paper. Raman measurements were
made using a Witec GmbH Confocal Raman Microspectrom-
eter, Germany with 532 and 633 nm laser excitation sources.

■ RESULTS AND DISCUSSION

Suitably cut Te NWs-coated paper was supplied with the
desired potential, delivered from a power supply, and the
modified paper was mounted in front of the MS inlet for the
current experiments. A schematic of the process is shown in
Figure 1A. Here a rectangular piece of paper was held in front
of the MS inlet at a distance of ∼1−2 mm. The shape of the
paper is unimportant in the measurements. Normal paper

Figure 1. (A) Schematic of the ionization process (include appropriate scale bars), (B) low magnification TEM image of aligned Te NWs , (C) high
magnification HRTEM image of TE NWs, and (D) FE SEM image of aligned Te NWs-coated paper clamped onto carbon tape. Various lattice
planes observed are marked in C. The edge of the paper substrate is marked in D. The NWs coat the surface uniformly and a thin coating visibly
changes the color of the paper. In panels B and C, copper grids were used as substrates.
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(without NWs) does not give detectable ion signals below 500
V (Figure S2B). Various analytes in methanol/water (1:1) at a
concentration of 50 ppm were added onto the paper with a
micropipette. About 2 μL of sample (i.e., 10−7 g, absolute) was
used for a single measurement. Under these conditions, the
aligned Te NW paper gave ions which were analyzed using an
ion trap LTQ XL mass spectrometer. The rectangularly cut
paper was examined with a field emission scanning electron
microscope (FE SEM). The image, shown in Figure 1D,
revealed the presence of aligned Te NWs on the paper. The
corresponding low magnification TEM and HRTEM images of
Te NWs on a standard copper grid display the same features, as
shown in Figure 1B and 1C.
A fascinating feature of ionization at low voltage is the

presence of [M + H]+ (M = molecule) without any fragment
ions. These low voltage mass spectra are characterized by their
high signal/noise ratios. Such a low voltage (1 V) mass
spectrum of DPA is shown in Figure 2A. The figure represents

a full range mass spectrum which was collected at 1 V by
applying 50 ppm of DPA in methanol/water to the substrate.
The volume of the sample solution used for a single experiment
was 2 μL (corresponding to 100 ng, absolute). Typically, 50
scans were recorded and averaged from this quantity of analyte.
The spectrum is characterized by the presence of the
protonated molecule at m/z 170 with a well-defined isotopic
distribution (shown in the inset). The identity of the
protonated molecule was confirmed by MS-MS analysis,
which is also shown as an inset. The expected benzene loss
product was seen at m/z 92. The results are shown in Figure 2B
and Figure 2C, which represent the mass spectrum of
diphenylamine at 0 and 1 V, respectively. (There are processes
which can give minor signal even at 0 V, but these depend on
the experimental and atmospheric conditions.) For comparison,
the mass spectrum of diphenylamine at 1 kV (using the same
Te NWs-coated paper) is shown in Figure 2D. This has a more
noisy background and lower signal/noise ratio than the mass
spectrum at 1 V. The variation of S/N ratio as a function of
voltage is depicted in Figure S2C. It is important to note that
the signal at 1 V is 102 times smaller than that at 1 kV. This is
an approximation made, as signal intensity is a function of many
factors (substrate to MS inlet distance, capillary voltage,
capillary temperature, etc.). Integration time for 1 V and 1
kV spectra are 0.4 and 1.5 min, respectively.

The role of aligned nanostructures (Te NWs) in ejecting
ions at 1 V has been verified by conducting the same
experiment with similarly cut Whatman 42 filter paper (without
Te NWs on it). This paper did not give any ions at low voltage
demonstrating that 1D nanostructures can act as electrodes that
eject ions even at 1 V. The threshold voltage for ion ejection
from Whatman 42 filter paper of the same shape and placement
without NWs was tested with various analytes and a minimum
of 400−500 V was found to be necessary for ejecting ions. The
results are shown in Figure S2A and Figure S2B, which
represent the mass spectra of DPA from normal Whatman 42
filter paper at 500 V and below 500 V, respectively. The
dependence of signal intensity on voltage was tested with
nanowire-coated paper and normal Whatman 42 filter paper.
The results are shown in Figure S2D and Figure S2E,
respectively. Here DPA at 50 ppm was analyzed at various
voltages starting from 1 V to 5 kV (for nanowire-coated paper).
The data showed an enhancement in signal intensity with
increasing voltage, plateauing at 3 kV. Similar results were
obtained for normal Whatman filter paper also.
Ionization at 3 V from protruding carbon nanotubes has been

suggested to follow a “field ionization of microdroplet”
mechanism.24,25 The main feature of this mechanism is that
ionization occurs in the solution phase. This was supported by
various experimental data. The present data also support
solution-phase ionization and emission of charged micro-
droplets. The key role of solvent in the ionization at 1 V was
tested with various amines and phosphines by varying the pH.
Two amines (diphenylamine and triethylamine) and two
phosphines (triphenylphosphine and tributylphosphine) were
selected, and mass spectra of these analytes were recorded
before and after the addition of dilute acid (HCl). The results
are shown in Figure 3. The results show an enhancement in

intensity of the protonated molecule after the addition of dilute
acid (HCl). This reveals the role of solution-phase acid/base
equilibria in the ionization process and supports the proposed
solution-phase ionization mechanism. This was also supported
by another experiment of introducing vapors of a highly volatile
analyte species (triethylamine dissolved in acetone) between
the tip of the paper and the MS inlet. The absence of a
molecular ion peak in this case supports the solution-phase

Figure 2. (A) Full scan mass spectrum of 100 ng DPA with inset
showing isotopic distribution of the molecular ion peak (a) and MS2 of
molecular ion peak (b). (B), (C), and, (D) show mass spectra of DPA
at 0 V, 1 V and 1 kV, respectively. There are processes which give
minor signals even at 0 V.

Figure 3. Signal intensity enhancement for various analytes (a, before
adding HCl, and b, after adding HCl). (A) Triphenylphosphine, (B)
tributylphosphine, (C) diphenylamine, and (D) triethylamine.
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ionization mechanism and is not consistent with ionization in
the gas phase.
Solution-phase ionization at 1 V was further supported by

results obtained for salts from which preformed ions of both
the polarities are observed in low-voltage mass spectra.
Solutions of preformed ions were made in methanol/water
(1:1) at a concentration of 50 ppm, and they were introduced
onto a rectangularly cut Te NWs-coated paper in volumes of 2
μL at a time (i.e., again in 100 ng amounts). Figure 4 represent

the results obtained. The mass spectra were collected both in
positive and negative modes for the positive and negative
counterions, respectively. These experiments also substantiate
solution-phase ionization via microdroplet emission.
To evaluate the structural and chemical changes that might

have occurred to the Te NWs on the paper due to the applied
voltage, Raman spectra of the nanowire-coated paper were
recorded before and after the experiment. Three kinds of
samples (neutral species, positively charged species, and
negatively charged species) were analyzed continuously for 25
min, and Raman spectra of the paper were recorded before and
after analysis. These spectra (Figure 5) showed a prominent
peak due to the Raman active A1 singlet mode of the t-Te
lattice vibration.26 The other peaks at 267 and 375 cm−1 are
due to various vibrational modes of Te−O bond.27 These were
collected at various points on the paper to ascertain
reproducibility. For a better presentation of the Raman spectra
before and after experiments, a vertical shift of spectra has been
done. There may be a small intensity variation in the spectrum
before and after the experiment. That variation in the intensity
is due to the changes in the experimental parameters, like the
focus spot for Raman measurement, the amount of NWs
present at that point (can be seen from the FE SEM images
that the NWs concentration is not same at all the points), and
so forth. There is no physical degradation seen for the NWs.
The data suggest that the Te NWs are unchanged in the course
of the experiment.
The experiments presented suggest that ionization does not

lead to changes in the electrodes. Tellurium being a
semiconductor, application of a potential at the electrode
surface should result in a potential drop. We measured a

potential drop of 0.40 V upon the application of 1 V on the
NWs-coated paper (Supporting Information, SI-3). The
existence of ions even under these conditions implies that ion
formation is unlikely to be occurring at this reduced potential at
the end of the NWs (opposite to the point of electrical
contact). Similar to our previous report,19 experiments with
vapors introduced between the electrodes and the mass
spectrometer inlet did not produce ions. Creation of ions
from solutions and their detection as preformed ions imply
ionization in solution, and emission presumably as micro-
droplets. Conduction seems to involve ions in the solution
covering the NWs and droplet emission occurs from the end of
the wet electrode where the field is highest. This is supported
by the enhancement of ion signals in acidic pH for a range of
analytes.
In order to verify the mechanism of ionization, solutions of

the same analyte (DPA) were prepared in a homologous series
of alcohols with decreasing dielectric constant. Although ions
were detected in methanol and ethanol, they were not
detectable in butanol and only with substantial reduction in
intensity in propanol (see Table S1). These findings highlight
the key role of solvents in the ionization mechanism. The
mechanism of ionization was tested with another experiment
for which solutions of DPA (50 ppm) in butanol with varying
conductivity were prepared. This was done by adding an
external ionic species, at different concentrations, to the analyte
system. Butanol solution of sodium acetate was prepared and
was added to the analyte solutions so that the final salt
concentrations were 1, 10, 50, 100, and 500 ppm. Mass spectra
were collected, and the signal intensity is listed in Table S2.
Ions were not detectable up to 50 ppm concentration of
sodium acetate (in the analyte system), but ionization started
occurring at 100 ppm of sodium acetate. This is ascribed to the
enhancement of electrolytic conductivity of the analyte system.
This confirms the role of electrolytic conductivity of the
solution in ejecting ions from NWs. Electronic conductivity of
the nanostructure does not seem to be important. This is
supported by the fact that the nature of carbon nanotubes,
whether single-walled or multiwalled, did not make a difference
in ionization.19

Figure 4. Analysis of preformed ions. (A) Tetramethylammonium
chloride, (B) tetramethylammonium bromide, (C) tetramethylammo-
nium nitrate, and (D) tetrabutylammonium iodide.

Figure 5. Raman spectra of tellurium-coated paper. (A) Before the
experiment, after the experiment for (B) neutral molecules, (C)
positive counterpart of a preformed ion, and (D) negative counterpart
of a preformed ion. The spectra have been shifted vertically for clarity.
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The dependence of alignment of these nanostructures on
molecular ion intensity has been tested with various analytes.
To do this, the aligned tellurium nanowire suspension was
transferred on to a square cut silicon (001) single crystal
substrate and analysis of various molecules was done with the
silicon substrate in different positions (from position 1 to 8 as
shown in Figure 6A). Alignment of NWs was checked with

SEM imaging. The substrate with aligned Te NWs was held in
front of the MS inlet at an approximate distance of 1 mm, and it
was rotated repeatedly in steps of approximately 45°
anticlockwise with respect to the MS inlet. The rotation caused
different regions of the substrate to face the MS inlet in turn.
Measurements were done with various analytes. Results for a
set of experiments using TPP are shown in Figure 6C, and
others are given in Figure 7.There is a large variation in
molecular ion intensity at different positions of the silicon

substrate. In particular, we note that positions 1 and 5 have
much larger intensities than others. Analysis of these particular
regions under a microscope revealed the difference in
alignment of nanostructures in these positions with respect to
the MS inlet. The microscopic image is shown in Figure 6B.
The edge of the silicon substrate is marked in the image, and

the alignment of nanostructures is shown by an arrow. The
positions where ion intensity got enhanced are those at which
nanowire alignment is along the axis of the MS inlet. Other
regions where intensity is less are those where NWs lie at an
angle with respect to the mass spectrometer inlet. At certain
positions, most of the NWs are orthogonal to the mass
spectrometer inlet. However, even in these positions, certain
NWs will be protruding from the substrate oriented toward the
inlet as would be expected from Figures 1B and 1D. This makes
a gradual variation in ion intensity with positions with maxima
at 0 and 180° with respect to the MS inlet.
Positions 1 and 5 are edges of the substrate cut that the tips

of NWs facing the MS inlet. The Te NWs at these positions are
8 μm in length and 10 nm in diameter. These are distributed
over a 4 mm long edge (the substrate dimension is 4 × 4 mm).
So there can be 4 × 105 wires over the entire edge (assuming
monolayer coating). The distribution of NWs is unlikely to be
the same at positions 1 and 5, because they are nanoscale
materials and the monolayer is made by solution casting. There
is difference in morphology as well as number density between
these positions (Figure S4A). These contribute to variations in
the ion intensity at apparently equivalent positions such as 1
and 5 as well as 7 and 3. To confirm the existence of anisotropy
in such ionization events we performed measurements with a
variety of analytes as well as varying substrates. The results
show the reproducibility of the main finding of anisotropy in
the experiment. These data are shown in Figure S5 and S6. The
difference in arrangement of NWs can be understood from
microscopy, in general as seen in Figure 1B. Nearly similar
intensities are observed upon reversal of electrode positions.
Because precise position control was not possible in these
experiments (note that the control possible in electrode
alignment is much smaller than the dimensions of NWs), the
observed alignment-dependent intensity variation was con-
firmed by performing similar measurements with a silicon
substrate deposited with nonaligned Te NWs (Figure S4B). In
this case, all positions have almost equal intensity. Data using
TPP are shown in Figure 6D, and similar results for other
analytes are presented in Figure 7. Signal intensity data of DPA

Figure 6. Analysis of TPP at different positions of a silicon (001)
single crystal substrate coated with Te NWs. (A) Schematic of the
silicon substrate showing different positions (from 1 to 8) which are
analyzed consecutively, (B) microscopic image of the silicon substrate
coated with aligned Te NWs. At the edge of the Si substrate, the Te
NWs would bend downward. Variation in ion intensity of
triphenylphosphine collected from (C) aligned Te NWs, and (D)
nonaligned Te NWs, both deposited on silicon substrates. Some
disorder in the alignment of NWs is shown.

Figure 7. Variation of signal intensity with different orientations of the TeNWs: aligned (top) and nonaligned (bottom) for (A) diphenylamine, (B)
isoleucine, (C) threonine, and (D) phenyl alanine. Positions are as in Figure 6.
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as a function of position for both types of Te NWs are shown in
Table S3.
Because it was difficult to accurately reproduce the position

of the substrate containing Te NWs with respect to the
entrance to the mass spectrometer, the effects of applied
potential were explored by switching from 1 to 0 V keeping
other conditions the same. Similarly, orientation was studied
under two extreme conditions of parallel and orthogonal. These
experiments were done at various pH values for DPA, thymine,
adenine, and guanine, and the results are summarized in the
Supporting Information, Table S4. These data confirm that (i)
there is a significant orientation effect (an order of magnitude
or more), (ii) there is an increase in ion signal of about a factor
of 2 on going from 0 to 1 V, and (iii) there is a significant pH
effect with acidic solutions strongly favoring observation of [M
+ H]+.
The applicability of this low-voltage ionization has been

tested with various analytes. These include amino acids,
pesticides, and drugs. The zwitterionic nature of amino acids
allows them to exist in solution as charged species. Ionization of
these species was achieved at 1 V from Te NWs-coated paper,
and the result of an experiment using phenylalanine is shown in
Figure 8A. The spectrum is dominated by the protonated

molecule peak at m/z 166. This study was extended to various
amino acids ranging from alanine (m/z 90) to methionine (m/z
150) as shown in Figure S7. Similarly, various pesticides were
studied. Pesticides at 50 ppm concentration were applied on
the surface of an orange. The rectangle of nanowire-coated
paper was rubbed on the orange surface and solvent
(methanol/water) added, and mass spectra were collected at
1 V. The spectrum of carbofuran recorded in this way is shown
in Figure 8B. The result suggests the possibility of detecting
250 ng of pesticides from fruit surfaces. Results for various
pesticides are shown in Figure S8. The figure shows mass
spectrum of chloropyrifos, parathion, and methyl parathion
with their MS2 data, confirming their identity. The ultralow

voltage ionization method has been extended to identify the
contents of various medicinal tablets also. A number of tablets
were purchased from a local pharmacy, and the tablet surface
was rubbed with the Te NWs-coated paper and analyzed using
methanol/water at 1 V. Figure 8C presents the mass spectrum
of metformin which was analyzed from a metformin tablet.
Various other tablets were analyzed and the signal intensity data
are given in Table S5.

■ CONCLUSIONS
In conclusion, we present a widely applicable low voltage
ionization process involving one-dimensional nanostructures.
Ionized molecular species are detected without accompanying
fragment ions. It is shown that ionization is independent of the
substrate used for the nanostructures. Ion formation occurs as a
result of the enhanced electric fields at the tips of the
nanostructures causing charged droplet emission. Electrolytic
conduction in solution over the nanostructures is found to be
the basis for conductivity. Alignment of nanostructures with
respect to the mass spectrometer inlet has a significant effect on
ion intensity. The observed anisotropy is ascribed to the effects
of NW alignment on the electric field direction, but it might
also contain contributions from physical flow profiles across the
oriented NWs. High sensitivity and selectivity to the molecular
species expressed on surfaces offer certain analytical advantages
to this methodology. Simplification of mass spectrometry
ionization is possible using easily prepared nanostructures. The
data also indicate that there are processes that produce ions at
zero applied potential; these processes are studied in a separate
publication.28
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Supporting information 1: 

 

Figure S1. Schematic illustration of Te NWs alignment along water-butanol interface. Here 

Te NWs suspension was introduced to a petridish containing water with a micropipette. The 

capillary and buoyancy forces help the NWs to align along the interface. This can be easily 

transferred to a substrate under study. Note that the alignment is side by side along the 

interface. 
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Figure S2. A) Mass spectrum of DPA from normal paper at 500 V, B) spectrum below an 

applied potential of 500 V, C) variation of S/N ratio with voltage for DPA, D) variation of 

signal intensity with voltage from a Te NW-coated paper, and E) variation of signal intensity 

with voltage from an ordinary Whatman filter paper. Parts D) and E) are separately 

normalized but the maximum ion currents are similar. 

 

Supporting information 3: 

Calculation of potential drop 
 
Potential drop was determined manually by measuring the voltage at two positions using a multimeter. 
Potential at position 1 = 1 V, potential at position 2 = 0.6 V (with respect to the copper clip). So there is 
a decrease in potential of 0.4 V (1 - 0.6) across the paper due to paper and Te NWs resistances. 

Here position 1 refers to paper edge which is near to copper clip and position 2 refers to edge near to 
MS inlet. This is shown in the schematic below. 
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Figure S4. FE SEM image of A) position 5 and B) non-aligned NWs deposited on Si 

substrate.   

Note: The deformation and discontinuity of NWs at position 5 edge is clearly visible in 

the image. Also there is bending of long NWs at the edge. 
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Figure S5. Anisotropic measurements done on multiple analytes with aligned Te NWs on 

silicon substrate, A) tributylphosphine, B) glutamine, C) alanine, and D) thymine.  

Supporting information 6: 

 

Figure S6. Anisotropic measurements done with aligned Te NWs on A) copper and B) steel 

substrates. Data with various analytes are shown.   
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Figure S7. Mass spectra of various amino acids at 1 V using Tellurium nanowire-coated 

paper. A) Alanine, B) proline, C) threonine, D) isoleucine, E) leucine, F) aspargine, G) 

glutamine, H) glutamic acid and I) methionine.  
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Figure S8. Detection of various pesticides from the surface of an orange at 1 V using 

tellurium nanowire-coated paper. A) Chloropyrifos, B) parathion and C) methylparathion. 

MS2 data are given along with the mass spectra.  
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Table S1. Signal intensity of diphenylamine in different solvents at 1 V 

 

Table S2. Signal intensity of diphenylamine in butanol solutions of different conductivity 

recorded at 1 V.  

 

 

 

 

 

 

 

 

 

 

 

No Analyte system 
studied

m/z Signal intensity

1 DPA in methanol 170 4.0 × 10-1

2 DPA in ethanol 170 3.2 × 10-1

3 DPA in propanol 170 2.5 × 10-2

4 DPA in butanol 170 0

No Analyte system studied m/z Signal intensity

1 DPA (in butanol without  
sodium acetate)

170 0

2 DPA (Butanol with 1ppm 
sodium acetate)

170 0

3 DPA (Butanol with 10 ppm 
sodium acetate)

170 0

4 DPA (Butanol with 50 ppm 
sodium acetate)

170 0

5 DPA (Butanol with 100 ppm 
sodium acetate)

170 3.3 × 101

6 DPA (Butanol with 500 ppm 
sodium acetate)

170 1.70 × 102
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Table S3. Signal intensity of DPA collected from positions 1 to 8 on a silicon substrate 

coated with aligned and non-aligned Te NWs. Positions are as in Figure 6. 

 

 

 

 

 

No Position m/z Signal intensity

A 1 170 1.12 × 102

B 2 170 3.58 × 101

C 3 170 3.57 × 101

D 4 170 3.13 × 101

E 5 170 5.69 × 101

F 6 170 2.19 × 101

G 7 170 1.77 × 101

h 8 170 1.11 × 101

No Position m/z Signal intensity

A 1 170 2.84 × 101

B 2 170 2.83 × 101

C 3 170 2.86 × 101

D 4 170 2.82 × 101

E 5 170 2.82 × 101

F 6 170 2.81 × 101

G 7 170 2.87 × 101

h 8 170 2.87 × 101

Aligned Te NWs Non-aligned Te NWs
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 Table S4. Effects of orientation, voltage and pH on protonated molecule signal intensity.   

Compound Directi

on 

Voltag

e 

pH  Sign

al 

Directio

n 

Voltag

e 

pH  Signal 

DPA,  

m/z 170 

Parallel 1 V neutr

al 

53 Orthogo

nal 

1 V Neutra

l 

0.7 

      “     “ 0 V neutr

al 

6      “     0 V Neutra

l 

0.4 

DPA,  

m/z 170 

Parallel 1 V 14 0 Orthogo

nal 

1 V 14  0 

      “     “ 1 V 9 0     “ 1 V 9 0 

      “     “ 1 V 7 9     “ 1 V 7 0 

      “     “ 1 V 2 10     “ 1 V 2 2 

      “     “ 0 V 14 0     “ 0 V 14 0 

      “     “ 0 V 9 0     “ 0 V 9  0 

      “     “ 0 V 7 2     “ 0 V 7 0 

      “     “ 0 V 2 6     “ 0 V 2 0.5 

Compound Directi

on 

Voltag

e 

pH  Sign

al 

Directio

n 

Voltag

e 

pH  Signal 

Thymine,  

m/z 126 

Parallel 1 V 7 0 Orthogo

nal 

1 V 7  0 

     “     “ 1 V 2 1     “ 1 V 2 3 
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     “     “ 0 V 7 0     “ 0 V 7 0 

     “     “ 0 V 2 2     “ 0 V 2 0 

Adenine,  

m/z 136 

    “ 1 V 7 8     “ 1 V 7 0.6 

     “     “ 1 V 2 2     “ 1 V 2 1 

     “     “ 0 V 7 5     “ 0 V 7 2 

     “     “ 0 V 2 1     “ 0 V 2 0.7 

Guanine, 

m/z 152 

    “ 1 V 7 0     “ 1 V 7 0 

     “     “ 1 V 2 2     “ 1 V 2 0 

     “     “ 0 V 7 0     “ 0 V 7 0 

     “     “ 0 V 2 0     “ 0 V 2 0 

 

Note: The data show that signals are detected at 0 V as well in cases where ions exist in 

solution. 
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Table S5. Signal intensity of various tablets at 1 V. 
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NO Tablet studied m/z Signal intensity

2 Diethylcarbamazine
(DIET pills)

200 1.37 × 102

3 Trimetazidine (flavdon
tablets)

267 1.80 × 102

4 Clopidogrel (from 
clopidogrel tablets)

322 2.90 × 102

5 Gliclazide (gliclazide
tablets) 

324 2.85 × 102

6 Levocetricine (xysal
tablets)

389 3.25 × 102
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ABSTRACT: We describe a simple and inexpensive cellulose-derived and layer-by-layer stacked
carbon fiber network electrode for capacitive deionization (CDI) of brackish water. The
microstructure and chemical composition were characterized using spectroscopic and
microscopic techniques; electrochemical/electrical performance was evaluated by cyclic
voltammetry and 4-probe electrical conductivity and surface area by Brunauer−Emmett−Teller
analysis, respectively. The desalination performance was investigated using a laboratory batch
model CDI unit, under fixed applied voltage and varying salt concentrations. Electro-adsorption
of NaCl on the graphite reinforced-cellulose (GrC) electrode reached equilibrium quickly (within
90 min) and the adsorbed salts were released swiftly (in 40 min) back into the solution, during
reversal of applied potential. X-ray photoelectron spectroscopic studies clearly illustrate that
sodium and chloride ions were physisorbed on the negative and positive electrodes, respectively
during electro-adsorption. This GrC electrode showed an electro-adsorption capacity of 13.1 mg/
g of the electrode at a cell potential of 1.2 V, with excellent recyclability and complete
regeneration. The electrode has a high tendency for removal of specific anions, such as fluoride,
nitrate, chloride, and sulfate from water in the following order: Cl− > NO3

− > F− > SO4
2−. GrC electrodes also showed resistance

to biofouling with negligible biofilm formation even after 5 days of incubation in Pseudomonas putida bacterial culture. Our
unique cost-effective methodology of layer-by-layer stacking of carbon nanofibers and concurrent reinforcement using graphite
provides uniform conductivity throughout the electrode with fast electro-adsorption, rapid desorption, and extended reuse,
making the electrode affordable for capacitive desalination of brackish water.

KEYWORDS: capacitive deionization, graphene, nanofiber, adsorption, water purification

■ INTRODUCTION

Shortage of clean water is the most exigent problem faced by
several communities in the developing world. Access to safe
and potable water is threatened by population growth, climate
change, and contamination of existing fresh water sources.1−3

The need for clean water for domestic, agricultural, and
industrial processes has resulted in intense search for alternate
sources of water supply, such as brackish groundwater and
seawater.1,3 Reverse osmosis (RO), ultrafiltration (UF), and
distillation processes are the most widely used treatment
technologies for water today.4 However, excessive energy
requirements and the need for skilled personnel to maintain
such facilities are limiting their large scale deployment in
resource-limited settings.5

Capacitive deionization (CDI) is increasingly being consid-
ered as a viable solution for water desalination that is more
energy efficient than the above-mentioned processes. This
technology fundamentally involves adsorption of oppositely
charged ions from the electrical double layer region over an
electrode upon application of a potential leading to
desalination. Subsequent desorption of the adsorbed ions

when the potential is reversed leads to regeneration of the
electrodes.5−9 Although CDI is associated with high theoretical
efficiency, cost effectiveness, and point-of-use (POU) utility, its
practical applications for desalination are yet to be realized
fully.6−10 The existing mainstream CDI materials with their
inherent limitations in stability and resistance to biofouling
confine such electrodes for larger scale operations. Various
methods are used to solve these issues and commercial
products are available; although capital costs are higher than
RO. An ideal CDI material should exhibit the following
characteristics: high specific surface area, high conductivity, fast
adsorption/desorption rates, electrochemical stability, resist-
ance to biofilm formation, and easy processability.6,11,12

The salt removal efficiency of various forms of carbon used as
an electrode for CDI is generally reported in terms of salt
(NaCl) adsorbed per gram of carbon. Li et al. and Kim et al.
reported the capacity to be 0.275 and 3.7 mg/g, respectively for
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activated carbon.13,14 In addition, multiwalled carbon nano-
tubes,15 single-walled carbon nanotubes,16 graphene-like nano-
flakes,17 graphene,18 graphene-carbon nanotubes,19 carbon
nanofiber webs,20 reduced graphene oxide-activated carbon,21

Ti−O activated carbon cloth,22 and MnO2 activated carbon23

have shown adsorption capacities of 1.7, 0.75, 1.3, 1.8, 1.4, 4.6,
2.9, 4.3, and 1.0 mg/g, respectively. These systems are excellent
in terms of electrical conductivity and pore-distribution, but are
found lacking in their symmetric adsorption and desorption of
counterions, electrochemical stability, and resistance to
biofouling. Additionally, they suffer from relatively complicated
manufacturing processes and high production cost.6 In
comparison, mesoporous carbon is an inexpensive and highly
porous material with varying pore sizes. This property can help
overcome the limited ion accessibility and slow diffusion
associated with activated carbon.9,24−27 However, the obtained
adsorption efficiency is less due to the high inner electrode
resistance of reported mesoporous carbon materials.24,26,28

Incorporation of conducting polymers, metal oxides, graphene
and carbon nanotubes into mesoporous carbon is an effective
approach for solving this issue.25,29−34 Though these agents
locally impart a pseudocapacitance on the surface, they do not
contribute much to the adsorption efficiency. Recently,
incorporating graphene into a mesoporous carbon increased
its conductivity, as a result, it leads to higher adsorption of salt
from brackish water compared to a carbon electrode
alone.13,21,35,36

With an objective to develop a cost-effective and superior
CDI electrode material with high surface area, low electrical
resistance, and electrochemical durability, in this work we have
synthesized a layer-by-layer stacked graphite reinforced-
cellulose (GrC) derived 3D mesoporous fibrous carbon
electrode. The material exhibits the above-mentioned character-
istics along with superior adsorption capability and resistance to
bacterial biofilm formation, while being cost-effective. The CDI
performance of this hybrid electrode was evaluated and the
effect of biofouling was examined via a temporal study
employing a biofilm-forming organism, Pseudomonas putida.
These characteristics make our graphite reinforced-cellulose
derived carbon fiber material a promising candidate for POU
water treatment, especially in resource-limited settings.

■ MATERIALS AND METHODS
Chemicals. Graphite flakes were a gift sample from Tamil Nadu

Minerals Limited (TAMIN) and tissue papers were purchased from a
local market in Chennai. Tetraethyl orthosilicate (TEOS) and 3-
aminopropyltriethoxysilane (APTES) were purchased from Sigma-
Aldrich and used as such. Unless otherwise specified, all the reagents
used were of analytical grade and the solutions were prepared using
deionized water.

Preparation of Layer-by-Layer Assembly of Graphite
Reinforced-Carbon Electrode. The typical procedure for the
preparation of a layer-by-layer assembly of a graphite reinforced-
carbon (GrC) electrode was as follows (see Scheme 1). First, 5 mg of
graphite (TAMIN) powder was coated on a single piece of tissue
paper (size 5 × 5 cm and thickness of 0.2 mm) and then 300 μL of a
TEOS:APTES mixture (ratio 1:0.5) was sprayed on it. This process
was repeated for each layer (total 50 layers were prepared). Next, the
entire set of graphite coated tissue paper layers were stacked on one
above another and was pressed for 5 min (at 5 ton load) by a press. It
was further dried at 60 °C for 3 h, which was followed by
carbonization under nitrogen atmosphere at 700 °C for 3 h. After
carbonization, silica was etched out from the stacked GrC electrode by
aqueous NaOH (1 mM) for 3 h to generate pores. Finally, the
electrode was washed with water several times until the pH of the
mother liquor reached 7 and then dried overnight at 60 °C to remove
water.

Capacitive Deionization Setup. The laboratory-scale CDI batch
reactor consisted of a single pair of GrC electrodes and a pair of
current collectors, as shown in Scheme 2. The current collectors were
made of graphite rods and the electrodes were held at a spacing of
∼0.2 mm by a piece of nylon membrane. Power was supplied to the
cell by connecting the current collectors to a direct-current (DC) Test-
tronic 30B DC power supply with a voltage range of 0−5 V and a
current range of 0−1 A. The conductivity was measured at the cell exit
stream by using a conductivity meter (cyberscan PCD 650 Eutech
instrument). The approximate volume of the solution in the cell was
80 mL, which was maintained in the system. The temperature of the
solution was kept at ∼25 °C. Regeneration of the electrodes was
carried out by reversing the terminal of the electrodes.

Biofilm Formation. Monoculture biofilms of Pseudomonas putida
were grown on the surface of the electrodes (a commercial electrode
used for capacitive deionization and GrC). The protocol for the
biofilm is reported elsewhere.37 A few selected electrodes were
immersed in 20 mL of a synthetic medium, inoculated with 108 colony
forming units (CFU) of Pseudomonas putida. The biofilm was allowed
to grow for 5 days while replenishment of the medium was done at an

Scheme 1. Schematic Representation of the Procedure for the Preparation of Layer-by-Layer Stacked Graphite-Reinforced-
Carbon (GrC) Fiber Electrodes
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interval of 48 h. Electrodes after biofilm growth were rinsed in distilled
water and air-dried for 24 h. The surfaces were sputtered with gold to
increase their electrical conductivity before imaging. Scanning electron
microscopy (SEM) studies were performed using a FEI QUANTA-
200 operated at 12.5 kV.
Characterization Studies. Morphological studies of the electrode

surface, elemental analysis, and elemental mapping were carried out
using a scanning electron microscope equipped with energy dispersive
analysis of X-rays (EDAX or energy dispersive spectroscopy, EDS)
(FEI Quanta 200). The high resolution transmission electron
microscopy (HRTEM) images of the electrodes were obtained with
an instrument, JEM 3010 (JEOL, Japan) which was operated at 200
keV (to reduce beam induced damage) and the samples were drop-
cast on carbon-coated copper grids and allowed to dry under ambient
conditions. X-ray photoelectron spectroscopy (XPS) measurements
were performed using ESCA Probe TPD of Omicron Nanotechnology
with polychromatic Mg Kα as the X-ray source (hυ = 1253.6 eV) and
the binding energy was calibrated with respect to C 1s at 284.5 eV. A
Flowsorb II 2300 Micrometrics surface area analyzer was employed for
measuring the surface area, pore volume, and pore diameter of the
samples. Total sodium and chloride concentrations in the water were
estimated using inductively coupled plasma spectroscopy (ICP-MS)
(PerkinElmer NexION 300 ICP-MS) and ion chromatography
(Metrohm 883 Basic IC plus), respectively. Raman spectra were
obtained with a WITec GmbH, Alpha-SNOM alpha 300 S confocal
Raman microscope having a 532 nm laser as the excitation source. The
electrical conductivity was measured at room temperature by a four
probe conductivity instrument (SES Instruments, Roorkee). A
Keithley current source-voltmeter was attached to the four probe
setup for the collection of data. The electrochemical capacitive
behavior of CA was determined by cyclic voltammetry (CV). All
electrochemical experiments were carried out at room temperature in a
three-electrode cell with 1 M NaCl electrolyte solution.

■ RESULTS AND DISCUSSION
Characterization of Layer-by-Layer Stacked Assembly

of Graphite Reinforced-Carbon (GrC) Electrode. To
investigate the morphology of the GrC electrode, FESEM
and HRTEM images were analyzed. Figure 1A,B,C shows that
the prepared GrC electrodes are collectively intertwined in a
unique fiber-like morphology with a thickness of 4−5 μm and a
length of ten to several hundred micrometers. The graphite
reinforcement into the consecutively stacked layer-by-layer
assembly of carbon fiber is also evident from Figure 1A,B,
marked in white arrows. This arrangement established an
effective way for improving conductivity as well as mechanical
strength. The material proved to be superior to similar carbon−
carbon composites.38−41 The elemental mapping confirmed the

presence of silica in the initial material (Supporting
Information, Figure S1). Figure S2 in the Supporting
Information shows the complete etching of silica from the
parent material, which led to the characteristic porosity of the
GrC electrode. Furthermore, the Raman spectrum of the
assembly in inset c1 in Figure 1C clearly shows that the
material is graphenic in nature. The spectrum is composed of a
primary in-plane vibrational mode at 1580 cm−1 (G band) and
a second order overtone of a different in-plane vibration at
2690 cm−1 (2D band) and a defect band at 1350 cm−1 (D
band).42−44 This graphenic nature of the single carbon fiber
represents multilayer graphene as shown in the HRTEM image
in the inset of Figure 1C (c2). The X-ray photoelectron survey
spectrum of GrC electrode (Figure 1D) shows the presence of
carbon and oxygen as the only elements. The deconvoluted C
1s XPS (inset in Figure 1D) spectrum shows the presence of
CC at 284.6 eV and two “oxide” peaks that are shifted to
higher binding energy by 1.0 and 1.5 eV, respectively. The first
oxide peak is assigned to a carbon atom in alcohol (COH) or
ether (COC) groups. The second type of oxide
corresponds to a C atom in carbonyl (CO) type groups.
Structural properties (surface area and pore characteristic)

and electrical conductivity have a major effect on the CDI
performance of carbon materials. Therefore, the specific surface
areas and the pore size distributions of the GrC electrode were
measured using the BET and BJH methods. The nitrogen
adsorption−desorption isotherms observed for the GrC
electrode are shown in the Supporting Information, Figure
S3. The calculated BET surface area and pore volume of the
prepared samples are 598 m2 g−1 and 0.358 cm3 g−1,
respectively. The N2 adsorption increased for P/P0 > 0.1
owing to capillary condensation and multilayer adsorption of
N2 and the typical type-IV isotherm with H4 hysteresis loops
indicate that the layer-by-layer assembly of carbon electrode is
mesoporous in nature.27,32,44 The BET isotherm results suggest

Scheme 2. Schematic Representation of the Capacitive
Deionization Setup

Figure 1. (A and B) FESEM images of layer-by layer stacked graphite
reinforced carbon fiber. The white arrow in panel B shows the
presence of graphite flakes. The inset in panel B represents the single
layer graphenic carbon (b), (C) TEM image, the inset c1 represents
the Raman spectrum of the material and c2 represents the HRTEM
image of graphenic carbon, (D) XPS survey spectrum of the material
and the inset shows the deconvoluted C 1s spectrum (d).
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that the GrC electrode is expected to be a potential candidate
for salt adsorption from water in CDI.
Electrical conductivity of the material was around 128 S/m.

It is postulated to be due to the layered structure of the
electrode. The I−V graph is shown in the Supporting
Information, Figure S4A. Cyclic voltammerty was performed
with GrC electrodes in a potential window of −0.8 to +0.2 V in
1 M NaCl solution as shown in the Supporting Information,
Figure S4B. It is noted that at lower scan rates the curves are
symmetrical, but at higher scan rates the curves distort. This
can be attributed to the enhanced mass-transfer of the ions
onto the GrC electrodes at lower scan rate but as the scan rate
increases, the ohmic resistance also increases, which leads to the
formation electrical double layer and thereby restricts the
movement of the ions into the pores. The specific capacitances
calculated using the CV curves were 323 and 83 F/g at 2 and
100 mV/s. The superior electrochemical property of the
material enhances the electro-adsorption capacity of the GrC
electrodes.
CDI Performance of the GrC Electrode. The CDI

efficiency of the graphite reinforced-carbon electrode was
evaluated using NaCl solution at room temperature with a
single CDI cell (as depicted in Scheme 2) at an applied voltage
of 1.2 V. Generally, water with total dissolved solids (TDS)
higher than 500 mg/L is not considered suitable for
consumption.45 Bearing this in mind, we chose NaCl
concentrations of 500 mg/L to test the CDI performance of
these electrode materials. In Figure 2A, the NaCl electro-

adsorption and electro-desorption profiles of the electrode are
plotted as a function of time. It is noticeable from the figure
that the concentration of NaCl (500 mg/L) in the solution
decreases gradually with time and reaches equilibrium. In
comparison, when the potential was reversed, a rapid increase
in NaCl concentration in solution occurs, which later stabilizes.
One can further deduce from the electro-adsorption and
electro-desorption profiles that ∼30% of NaCl is adsorbed in
the first step, which is completely desorbed from the electrode

on reversing the potential.26,30,32,44 This implies that our
porous carbon−graphite hybrid electrode can be regenerated
efficiently.
The NaCl electro-adsorption capacity (qe) of the electrodes

is calculated from the following equation:

=
−

q
C C V

W
( )

e
0 f

(1)

where C0 and Cf are the initial and final NaCl concentrations
(in mg/L) in solution, respectively, V is the volume (in mL) of
the NaCl solution used, and W is the mass (in g) of the active
material in the working electrode. The qe of the graphite
reinforced-carbon electrode was evaluated as 13.1 mg/g.
Notably, the NaCl electro-adsorption capacity of the carbon−
graphite hybrid electrode in this work is much higher than that
of other recently reported CDI electrode materials, e.g., 0.731
mg/g for graphene incorporated-mesoporous carbon
sheet.7,34,46−50

A fast electro-adsorption rate is also an important criterion
responsible for allowing practical applications of CDI electrode
materials. Various carbon based materials require several hours
to reach their electro-adsorption equilibrium.47,49 From the
time dependent desalination behavior of the GrC electrode in
Figure 2A, it is evident that the electro-adsorption of 500 mg/L
NaCl reaches equilibrium quickly within 90 min, and the
adsorbed salts are swiftly released back into the solution in 40
min during discharge compared to Li et al., which reported
around 120 min for electro-adsorption.13

Elemental mapping and EDS analysis of the positive and
negative electrodes are shown in Figure 2B and the Supporting
Information, Figures S5 and S6. It clearly shows that the
graphite reinforced-carbon electrodes have the capacity to
remove salts from brackish water and get regenerated quickly.
The XPS spectra of the positive and negative electrodes after
application of potential are presented in Figure 2C. In
comparison with Figure 1D, new peaks due to sodium and
chloride ions adsorbed on the negative and positive electrode,
respectively can be seen in the spectra. Interestingly, adsorption
of these ions did not alter the binding energies of the carbon
and oxygen peaks. This demonstrates that electro-adsorption of
Na+ and Cl− ions on the electrodes is via physisorption
alone.42,51

Studies were performed to investigate the reversibility of the
GrC electrode during adsorption and regeneration. Figure 3A
shows the ratio of initial concentration (C0) to concentration at
a time t (Ct) over several consecutive cycles. The symmetrical
nature of the electro-adsorption (deionization) and desorption
(regeneration) curves is characteristic of first-order kinetics
associated with ion uptake and removal by the hybrid
electrode.52,53 The surface of the electrodes was characterized
using XPS as shown in Figure 3B. Interestingly, there was no
feature in the XPS spectrum corresponding to the negative and
positive ions, and no shift in the binding energy of carbon and
oxygen was observed. The EDS elemental mapping of the
anode and cathode after the tenth adsorption cycle is shown in
Figure 3C,D, and the corresponding EDS maps of the
regenerated electrodes are shown in the Supporting Informa-
tion, Figures S7 and S8. This study confirms that the GrC
electrode maintains its adsorption and desorption capacity even
after ten consecutive cycles. These results exhibit the high
electro-adsorption capacity and a fast and reversible electro-
adsorption/desorption.

Figure 2. (A) Electro-adsorption/desorption curve of the graphite
reinforced-carbon fiber electrode for a single cycle. The electrolyte
present is NaCl measured at room temperature. (B) EDS spectra of (i)
positive and (ii) negative terminals after single adsorption cycle. The
corresponding SEM images along with the elemental maps are shown
in the inset. (C) XPS survey spectrum of the material after single
adsorption cycle, (a) positive and (b) negative terminals. The inset
shows the deconvoluted XPS spectrum of Cl 2p and Na 1s.
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The electro-adsorption capacity is known to depend strongly
on the surface properties, such as surface area, pore
microstructure, and pore size distribution as well as solution
state properties of the electrode material.26,30,32,44,53 The layer-
by-layer assembly of our GrC electrodes increases the mass-
transfer of ions into the pores, ion electro-adsorption, and
energy storage in the electrical double layer of the electrode.
This consequently reduces the mass transport resistance of salt
ions inside the electrode as well as between the electrode and
saline water. This structural feature gives rise to a high electro-
adsorption rate of the GrC electrodes and therefore, leads to
excellent CDI performance.
The electro-adsorption capacity of the GrC electrodes was

further investigated with respect to the effect of cation charge
and size. For these solutions of NaCl, MgCl2, and FeCl3, each
at an initial concentration of 500 ppm, were selected. The
electro-adsorption and electro-desorption profiles of the GrC
electrode for these solutions are compared with those of NaCl
(500 ppm) in the Supporting Information, Figure S9. The
concentrations of Mx+ in solutions decrease with time and
varies in the order Fe3+ > Mg2+ > Na+ during the CDI
experiment. The adsorption capacity was found to be 16.9,
14.5, and 13.1 mg/g for FeCl3, MgCl2, and NaCl, respectively.
It is understandable that the ionic charge, ionic radii, and
hydrated radii of different cations may play a major role in
governing the electro-adsorption process. The hydrated radius
of Fe3+ is the largest whereas that of Na+ is the smallest in these
cations, based on which the electro-adsorption preference
should exhibit an opposite trend. The above order can instead
be explained in terms of charge of the cations; as cations with
higher charge will be more easily adsorbed on the electrode
surface on application of a potential at the electrodes. Thus, the
trivalent Fe3+ ion is most effectively removed, followed by the
bivalent Mg2+ ion, and then the univalent Na+ ion.25,53 The
GrC electrodes used in this study have a layer-by-layer assembly
which allows the cations to move easily over the carbon−
graphite electrode through the pores. This is confirmed from

EDS coupled with elemental mapping analysis (Supporting
Information, Figures S10−S13).
Anion contamination of both surface water and groundwater

is well documented.2,3,45 To test the effectiveness of our
electrode for electro-adsorption of anions, several experiments
were carried out using a solution containing different anions
(such as SO4

2−, Cl−, NO3
−, and F−). The initial concentration

of each of the selected anions was fixed at 50 ppm. About 2 mL
aliquots of the analyte were withdrawn at regular intervals, and
an analysis via ion chromatography was performed. Figure 4A

shows that for each anion the concentration decreases with
increase in time, indicating that they are adsorbed on the GrC
electrode. These results were further confirmed through Raman
spectroscopy (Figure 4B) and elemental mapping (Supporting
Information, Figures S14 and S15). Raman spectra evidently
indicate the presence of symmetric N−O and S−O stretching
vibrations at 1056 and 990 cm−1 for nitrate and sulfate,
respectively.54 These features appeared clearly in the positive
carbon−graphite electrode after electro-adsorption. Elemental
mapping of positive and negative electrodes provide further
evidence confirming electro-adsorption.
It can also be noticed from the adsorption profiles in Figure

4A that at a given time t, the measured anion concentration
variation in solution follows the order: Cl− > NO3

− > F− >
SO4

2−. The size of the hydrated radii of these anions decreases
as SO4

2− > F− > Cl−, NO3
−. Anions with smaller hydrated radii

can pass through the pores and arrive at the electrode surface
more easily.53,55,56 As a result, higher fractions of Cl− and NO3

−

are removed than the other two anions. Finally, the recyclability
of the GrC electrodes when treating water containing a mixture
of anions was tested. We found negligible difference between
the first and tenth cycles (Figure 4C), which indicateed that the
electrodes were completely regenerated even after ten cycles.

Figure 3. (A) Electro-adsorption/desorption cycles of the material (up
to four cycles). (B) XPS spectrum of regenerated positive terminal
after the tenth cycle showing the presence of carbon and oxygen only.
The inset shows the deconvoluted C 1s and O 1s spectrum. (C and D)
EDS spectra at the inset shows the SEM image and the corresponding
elemental mapping for carbon, oxygen, and respective adsorbed ions.
The electrolyte used in all cases was NaCl.

Figure 4. Plot of CDI performance of graphite reinforced carbon fiber
electrode in the mixed negative ions (Cl−, F−, NO3

−, SO4
2−) system

(A). Raman spectra of graphite reinforced carbon fiber electrode
before and after electro-adsorption of positive electrode (B), inset
shows enlarged Raman spectra of a narrower region. Plot of desorption
capability of electrode in 1st and 10th cycle (C). SEM images of before
and after 5 days growth of biofilms of Pseudomonas putida on
commercial electrode (D(i,ii)) and graphite reinforced-carbon fiber
electrode (D(iii,iv)).
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Further experiments were performed to test the efficiency of
the GrC electrodes at different concentrations of NaCl solution
(1000, 500, and 250 mg/L). In each case, we have found that
the adsorption capacity of the electrodes is around 13.0 mg/g
of material (keeping all other parameters constant). The graph
is shown in the Supporting Information, Figure S16.
Biofouling of electrodes is a major issue impeding their

utilization in the CDI process and is detrimental to their
practical applications.6 Though employing conventional bio-
fouling control methods during capacitive desalination process
can reduce biofouling of the electrodes, they also generate
harmful byproducts requiring additional treatment.57 In this
context, we tested the effect of biofouling with Pseudomonas
putida on the graphite reinforced-carbon fiber electrode. The
SEM results (Figure 4D) showed that in comparison with a
commercially available electrode, our graphite reinforced-
carbon fiber electrode has an enhanced resistance to biofouling.
This could be due to the graphenic nature of carbon fibers,58

which have been individually proven to be effective antibacterial
agents. The fiber-like surface morphology of the electrode
could also provide it resistance against bacterial adhesion and
proliferation. This is understandable because the surface charge
of the carbon fiber-like structure may effectively repel bacteria
from initial attachment on the GrC fiber electrode, thereby
making it an effective material for long-term use.57−59

■ CONCLUSIONS
We have synthesized a graphite reinforced-cellulose derived
carbon fiber electrode via a simple layer-by-layer stacking
method. The reinforced graphite structure increases the
conductivity of the electrode and results in excellent electro-
adsorption of NaCl (13.1 mg/g). The high electro-adsorption
performance is attributed to the layer-by-layer assembly of the
hybrid electrode that allows ions to move easily on the carbon−
graphite electrode. The graphenic carbon fiber-like surface
morphology of the electrode could also provide it resistance
against bacterial adhesion and proliferation. The preparation
methodology of the carbon fiber electrode opens up a new
avenue for the development of high-performance and cost-
effective CDI electrodes from renewable sources.
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Figure S1. EDS spectrum of the layer-by-layer stacked carbon-graphite electrode before SiO2 

etching. Inset: Its corresponding SEM image and elemental mapping images. 
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Figure S2.  EDS spectrum of the layer-by-layer stacked carbon-graphite electrode after 

etching SiO2. Inset: SEM and Elemental mapping images. 
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Figure S3. N2 adsorption–desorption isotherms of graphite-reinforced carbon fiber electrode. 
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Figure S4:A) I-V curve and B) CV curves of the GrC electrode at varying scan rates 
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Figure S5. Electro-adsorption and desorption performance of the graphite-reinforced carbon 

fiber electrode in NaCl solution. EDS spectrum and their elemental mapping images of the 

regenerated positive terminal carbon-graphite electrode (after first cycle). Note: Aluminum 

comes from the SEM sample stubs. 
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Figure S6. Electro-adsorption and desorption performance of the graphite-reinforced carbon 

fiber electrode in NaCl solution. EDS spectrum and their elemental mapping images of the 

regenerated negative terminal carbon-graphite electrode (after first cycle).    
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Figure S7. Electro-adsorption and desorption performance of the graphite-reinforced carbon 

fiber electrode in NaCl solution. EDS spectrum and their elemental mapping images of the 

regenerated positive terminal carbon-graphite electrode (after ten consecutive cycle). Note: 

Aluminum comes from the SEM sample stubs. 
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Figure S8. Electro-adsorption and desorption performance of the graphite-reinforced carbon 

fiber electrode in NaCl solution. EDS spectrum and their elemental mapping images of the 

regenerated negative terminal carbon-graphite electrode (after ten consecutive cycle).    
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Figure S9. Plot of CDI results of electro-adsorption and desorption performance of the 

graphite-reinforced carbon fiber electrode in different charged species ie., Na+, Mg2+ and 

Fe3+. 
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Figure S10. Electro-adsorption and electro-desorption performance of the graphite-

reinforced carbon fiber electrode in MgCl2 solution. EDS spectrum and their elemental 

mapping images of the negative terminal after electro-adsorption of the carbon-graphite 

electrode. Note: Calcium is from the water used. 
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Figure S11. Electro-adsorption and desorption performance of the graphite-reinforced carbon 

fiber electrode in MgCl2 solution. EDS spectrum and their elemental mapping images of the 

positive terminal after electro-adsorption of the carbon-graphite electrode. 
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Figure S12. Electro-adsorption and desorption performance of the graphite-reinforced carbon 

fiber electrode in FeCl3 solution. EDS spectrum and their elemental mapping images of the 

negative terminal after electro-adsorption on the carbon-graphite electrode. 
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Figure S13. Electro-adsorption and desorption performance of graphite reinforced carbon 

fiber electrode in FeCl3 solution. EDS spectrum and their elemental mapping images of the 

positive terminal after electro-adsorption on the carbon-graphite electrode. 
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Figure S14. CDI performance of graphite reinforced carbon fiber electrode in the mixed 

negative ions (Cl−, F−, NO3
−, SO4

2−) system. EDS spectrum and their elemental mapping 

images of the negative terminal after electro-adsorption on the porous carbon-graphite 

electrode. Note: Aluminum comes from the SEM sample stubs. 
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Figure S15. CDI performance of graphite reinforced carbon fiber electrode in the mixed 

negative ions (Cl−, F−, NO3
−, SO4

2−) system. EDS spectrum and their elemental mapping 

images of the positive terminal after electro-adsorption on the porous carbon-graphite 

electrode which shows the presence of O, Cl, F, N and S. Note: Aluminum comes from the 

SEM sample stubs. 
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Figure S16. CDI performance of the GrC electrode at different NaCl concentration A) 1000, 

B) 500 and C) 250 mg/L. All other parameters are kept constant. This measurement was 

performed as it is known that the salt concentrations used to measure the electrosorption 

performance influence the observed capacities. 
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Efficient red luminescence from organic-soluble
Au25 clusters by ligand structure modification†

Ammu Mathew,a Elizabeth Varghese,a Susobhan Choudhury,b Samir Kumar Palb and
T. Pradeep*a

An efficient method to enhance visible luminescence in a visibly non-luminescent organic-soluble 4-(tert

butyl)benzyl mercaptan (SBB)-stabilized Au25 cluster has been developed. This method relies mainly on

enhancing the surface charge density on the cluster by creating an additional shell of thiolate on the

cluster surface, which enhances visible luminescence. The viability of this method has been demonstrated

by imparting red luminescence to various ligand-protected quantum clusters (QCs), observable to the

naked eye. The bright red luminescent material derived from Au25SBB18 clusters was characterized using

UV-vis and luminescence spectroscopy, TEM, SEM/EDS, XPS, TG, ESI and MALDI mass spectrometry,

which collectively proposed an uncommon molecular formula of Au29SBB24S, suggested to be due to

different stapler motifs protecting the Au25 core. The critical role of temperature on the emergence of

luminescence in QCs has been studied. The restoration of the surface ligand shell on the Au25 cluster and

subsequent physicochemical modification to the cluster were probed by various mass spectral and spec-

troscopic techniques. Our results provide fundamental insights into the ligand characteristics determining

luminescence in QCs.

Introduction

Luminescent noble metal quantum clusters (QCs) with intri-
guing physicochemical properties such as near infrared (NIR)
emission, low toxicity, good biocompatibility, etc. have shown
significant promise in biolabeling, imaging and sensing.1–4

Consequently, various attempts have been made to synthesize
QCs with visible luminescence. The photophysical properties
of QCs largely depend on their structure and chemical environ-
ments such as the cluster core size, protecting ligands, sol-
vents, surface charge, etc.5 A better understanding of the
origin of luminescence in such clusters (whether from core or
staple atoms) can lead to new approaches for the design and
synthesis of clusters with strong luminescence and improved
quantum yields (QY). Though size-dependent emission, ranging
from UV to IR, is a commonly observed phenomenon in such
clusters;6 a change in visible emission might not always be a
direct indication of change in cluster core size.7 A recent study

suggests that nonluminescent oligomeric Au(I)–glutathione
complexes can generate very strong luminescence upon aggre-
gation. An aggregation-induced emission (AIE) mechanism
was proposed for the synthesis of a highly luminescent Au
cluster.8 Also similar-sized clusters protected by different
ligands often lead to clusters with varying QYs suggesting the
strong ligand effects on luminescence.9–11 Therefore, appro-
priate ligands are chosen for specific applications.2,3,12

Recently thermal treatment of mercaptosuccinic acid and
tiopronin protected Au clusters was found to enhance
the quantum efficiency of NIR emission significantly.13

However, the vast majority of QCs showing visible lumine-
scence are water-soluble and are prepared in polar solvents
with hydrophilic ligands.5,7,14–17 Visible luminescence in
hydrophobic ligand-stabilized QCs, in nonpolar organic
media, is rare.18 For organic-soluble clusters, emission is
typically in the NIR region with weak QYs (∼10−4 and
10−5).9,19–21 Such materials capable of dissolving in non-polar
and moderately polar solvents could be of great interest for
their applications in biomedicine and imaging.22–25 Among
the various nonpolar organic ligand-modified QCs known in
the literature, Au25SR18 (SR denotes the thiolate ligand) with a
known crystal structure,26–28 is well-studied. Though various
aspects of Au25 such as catalytic,29–32 electrochemical,33 mag-
netic,28,34,35 chiral,36 alloying,37–41 ligand exchange,42–44 supra-
molecular functionalization,45 etc.,2,20,46 have been explored,
the absence of strong visible luminescence in the organic

†Electronic supplementary information (ESI) available: Additional data on
characterization of red luminescent Au29 QC and comparison with parent
Au25SBB18 are given. See DOI: 10.1039/c5nr03457d

aDST Unit of Nanoscience (DST UNS) and Thematic Unit of Excellence, Department

of Chemistry, Indian Institute of Technology Madras, Chennai 600036, India.
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phase hinders their applications in areas such as sensing and
imaging. Even though fine-tuning of surface characteristics
has been exploited for modifying the physicochemical pro-
perties of QCs,9,13,16,45 new approaches to make significant
modifications in the physical and chemical properties of QCs
without disrupting the cluster core are highly desirable.
Herein, we describe an efficient strategy to increase the visible
luminescence of a visibly non-luminescent and organic thiol-
stabilized QC by increasing its surface charge density while
preserving its stability. This was achieved by making an
additional shell of Au(I)SR thiolate on a visibly non-lumines-
cent Au25 precursor via mild thermal annealing.

Results and discussion

For this study, we chose Au25 QCs protected by a 4-(tert-butyl)-
benzyl mercaptan (SBB) ligand, synthesized and characterized
in our previous work,45 as they exhibited well-defined optical
and mass spectral features. The optical absorption spectrum
of Au25SBB18 solution (black trace in Fig. 1A) revealed discrete
molecule-like features, characteristic of the cluster. The stabi-
lity of the cluster was confirmed using optical absorption
measurements. Fig. S1A in the ESI† shows the comparison of
the UV-vis absorption spectra of as-prepared Au25 (black trace)
and the same after 2 months (red trace) of synthesis. Moreover,
the Au25SBB18 QCs were stable against thiol-induced etching
of the core even in the presence of ten-fold excess BBSH
present in solution at room temperature (Fig. S1B†).

Au25 clusters stabilized by hydrophobic ligands such as
phenylethanethiol (PET), dodecanethiol (DDT), BBSH, etc.,
have a weak emission (10−5–10−7 QY) in the visible region and
a relatively stronger emission in the NIR region (10−3 QY). The
fluorescence is influenced by various factors such as the
nature of the protecting ligands9,10 as well as their charge
states.9,47,48 Au25SBB18 QCs also showed a strong luminescence
in the NIR region in comparison with the visible region (blue
and green traces in Fig. S1C†), an expanded version (125 000
times) of the original spectrum is also shown for comparison)
and no luminescence was observable to the naked eye (see
photographs shown in the inset of Fig. S1C†). Interestingly,
heating of purified Au25SBB18 clusters with Au(I)SBB thiolate
(1 : 1 Au3+ and BBSH thiol) for 2 h enhanced the visible
luminescence significantly (Fig. S2A†), along with increasing
amount of thiolate in the solution. This could possibly be due
to the surface charge modification of the QCs.8,9,49,50 The
intensity of luminescence reached a maximum after the
addition of 0.05 mL of thiolate to Au25 (1 mL, 0.1 mM)
(Fig. S2B†). No further enhancement in the intensity was
observed, suggesting the saturation of the cluster surface by
the thiolate shell that can directly interact with the cluster
core. Moreover, heating the purified cluster solution at 55 °C
for a period of 24 h with additionally added Au(I)SBB thiolate
was identified to yield a maximum emission intensity
(Fig. S2C†). These experiments are described in more detail in
the ESI.† The samples were cooled for 3 h before the PL
measurement. A bar diagram shown in Fig. S2D† illustrates
the improved luminescence obtained by the addition of thio-

Fig. 1 Comparison of the UV-vis absorption spectrum (A) and emission spectra (B) of Au25SBB18 (black trace) and the resultant red luminescent
cluster (red trace) in the visible (thick lines) and NIR range (thin lines), at excitation wavelengths of 467 and 992 nm, respectively. The inset of (A)
shows a visualization of the DFT-optimized structure of Au25SBB18. Gold, sulfur, carbon and hydrogen atoms are shown in gold, blue, dark gray, and
light grey, respectively. The MALDI mass spectrum of parent Au25SBB18 clusters showing a peak at m/z 8152 Da is also shown in the inset. Photo-
graphs of the Au25 (1, 1’) and red luminescent (2, 2’) clusters in visible light (1, 2) and UV light (1’, 2’), respectively are shown in the inset of (B).
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late to pure Au25 QCs with heating for 24 h (green bars), in
comparison with that without heating for 24 h (red bars). Such
a thiolate addition to previously prepared red luminescent
clusters resulted only in the quenching of cluster emission due
to dilution of the solution (blue bars). Based on the above
observation, we optimized the conditions to obtain red lumi-
nescent clusters in high yield, which involved the following
steps: (i) synthesis of the precursor Au25SBB18 QCs, (ii) thermal
treatment of Au25 QCs for 24 h and addition of definite
amounts of Au(I)SBB thiolate to the reaction medium at defi-
nite intervals and (iii) rapid cooling.

Optical properties of the parent Au25 QCs were modified
upon forming the red-emitting cluster (labelled as Au29 in the
figure; nuclearity explained later), as depicted in Fig. 1.
Though a dampening of the characteristic absorption features
of Au25 clusters (black trace in Fig. 1A) was observed for the
red-luminescent clusters (red trace), a distinct shoulder at
707 nm was observed in the case of the latter (see Fig. S3†).
The dampening could be due to the increased charges on the
cluster surface due to thiolate attachment.9 Photographs taken
under UV light (inset of Fig. 1B) clearly show the drastic
change in the visible luminescence of parent Au25SBB18 and
red-luminescent clusters. Photoluminescence spectra for both
the clusters at excitation wavelengths, 467 (thick line) and
992 nm (thin line), respectively are shown in Fig. 1B. Parent
Au25SBB18 emits primarily in the NIR region (see Fig. S1C†)
with a peak maximum at 1030 nm (black thin line in Fig. 1B)
while the red-emitting cluster showed an emission maximum
at 737 nm (red thick line) with a concomitant loss of NIR emis-
sion. The fluorescence QY of the resultant red luminescent
cluster was calculated to be 1.8% in THF medium at room
temperature. This was much higher than that of
parent Au25SBB18 clusters (0.04%) and that reported for other
organic thiolate ligand protected Au25 clusters.9,19–21 Fig. S4†
compares the NIR emission (excited at 992 nm) from the
parent Au25SBB18 QCs (green trace) and the resultant red lumi-
nescent clusters (blue trace). NIR emission from the red lumi-
nescent clusters is expanded (140 times, blue dotted line in
Fig. S4†) for clarity. The absence of the prominent emission
feature at 1030 nm (seen in parent Au25) in the red lumines-
cent cluster indicates the modification of the cluster. Identical
concentrations of both the clusters are compared in the
spectra, under similar instrumental conditions.

It is likely that the emergence of luminescence could be
due to the core etching of the cluster by unreacted ligands as
reported in earlier studies.51–56 Core etching of nanoparticles/
clusters in aqueous medium to form smaller clusters with
luminescence is well known in the literature. However, this
scenario can be ruled out in our case as the parent Au25SBB18

QCs exhibited high stability against core etching upon heating
in the presence of excess BBSH. Intact optical absorption fea-
tures of Au25SBB18 even in the presence of high thiol concen-
trations are observed in Fig. S1B.† Fig. S5A† shows the
luminescence spectra of the solutions before and after
addition of similar amounts of BBSH thiol (instead of Au(I)SBB
thiolate) to the Au25 cluster, under identical reaction con-

ditions. Though reports exist on the observation of lumine-
scence from various Au(I) complexes in solution under
different conditions,8,57 this was ruled out in our case as
heating the Au(I)SBB thiolate for 24 h under similar conditions
also did not result in luminescent species (Fig. S5B†), validat-
ing that the observed luminescence was not from a Au(I)SBB
thiolate. Moreover, comparison of the photoluminescence
profile of the red luminescent cluster with identical concen-
trations (with respect to BBSH thiol) of precursor species vali-
dates its formation (Fig. S6†).

The red-emitting cluster could be successfully separated by
preparative thin layer chromatography (TLC) with dichloro-
methane in hexane as the eluent (inset of Fig. 2A). TLC as a
methodology for separating clusters has been reported
earlier.58 It is important to have pure QCs in order to deter-
mine their molecularity using mass spectrometric techniques.
Both the clusters contain a certain amount of free BBSH which
is observed as a blue band on the TLC plate, under UV light.
Fig. S7† shows the SEM and EDAX images of a TLC plate with
the separated red luminescent fraction. Photographs of the
plate under UV and visible light (a and a′ in Fig. S7†) show the
distinct luminescence.

Electrospray ionization mass spectrometry (ESI MS) has
been considered as a reliable spectroscopic technique for the
precise characterization of the cluster in the absence of crystal
structures. Fig. S8A† compares the ESI mass spectra, in the
negative ion mode, collected from the parent Au25SBB18 QCs
(black trace) and the red luminescent cluster (red trace). In the
case of the red luminescent cluster (Fig. 2A), apart from a peak
at m/z 8152 (marked with a *) corresponding to the parent
Au25SBB18 species, three intense peaks at m/z 4467, 4656 and
4844 were observed (region marked with a # in Fig. 2A).
Fig. S8B† shows an expanded view of the region marked with
the symbol, # in Fig. 2A. A difference of m/z 188 between the
peaks, corresponding to (Au + SBB)/2, was observed between
the three peaks marked with i, ii and iii in Fig. 2A. The isotope
separation seen in each of the peaks is m/z 0.5, suggesting a
dianion. From a theoretical prediction and isotope distri-
bution, the peaks were assigned to [Au27(SBB)20S]

2−,
[Au28(SBB)21S]

2− and [Au29(SBB)22S]
2− corresponding to

[AunSBBnS]
2− (n = 2–4) in addition to Au25SBB18. The almost

equal intensity of the three species indicates that they are
formed as a result of fragmentation of a single species, due to
asymmetric cleavage of similar bonds, rather than the for-
mation of individual species in solution.

Evidence of the thiolate shell was obtained from matrix-
assisted laser desorption ionization (MALDI) mass spec-
trometry as well (green trace in Fig. 2B). Though weak features
were observed after 12 h, distinct peaks corresponding to the
addition of the [S(AuSBB)n] unit to Au25SBB18 QC emerged
after 24 h of the reaction (black to green trace in Fig. 2B). The
peaks were separated by a mass difference of m/z 376 corres-
ponding to a unit of (Au + SBB) and the highest peak was
Au29SBB22S. This is in agreement with ESI MS data shown in
Fig. 2A. Time dependent MALDI measurements confirmed
that the red luminescent cluster, henceforth termed as Au29,
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was formed in solution only after prolonged heating. DCTB
was used as the matrix for all measurements. Careful control
over the laser power was crucial to observe the peaks without
further fragmentation. The additional sulphur present in the
cluster is suggestive of an unusual ligand structure. However,
the cleavage of the R–S bond is observed in clusters45,59 and

crystal structures with additional sulphur atoms.60 Moreover,
Ag2S clusters have been formed from Ag25SR18 clusters61 in
solution which occurs especially at temperatures used here.
Thus, we believe that such clusters of the kind suggested are
possible. Recently, an AIE mechanism has been proposed for
water soluble glutathione protected Au8,49 and bimetallic

Fig. 2 ESI MS (A) and time dependent evolution of MALDI mass spectra (B) in negative ion mode of the red luminescent Au29 cluster. The three pro-
minent peaks (marked with a #) apart from parent Au25SBB18 (marked with a * and expanded to depict the isotopic distribution corresponding to −1
charge) are expanded in insets (i–iii). The green lines in (i–iii) are the simulated isotope patterns for (i) [Au27(SBB)20S]

2−, (ii) [Au28(SBB)21S]
2−, and (iii)

[Au29(SBB)22S]
2−. Peak separation of m/z 0.5 is marked in the experimental spectra. The inset of (A) also shows the TLC separation of parent Au25 and

the red luminescent Au29 cluster (marked with a dotted circle) eluted with a DCM/hexane mixture (80 : 20) as the eluent. Fragmentation due to the
C–S cleavage of the SBB ligand from Au25 (marked with an asterisk in B) is also observed.
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Au/Ag clusters50 wherein luminescence properties of the clus-
ters are thought to involve the long Au(I)–thiolate motifs on
the cluster surface. While ESI MS shows the formation of clus-
ters larger than Au25 in solution, photoluminescence data
from the cluster solutions showed a blue shift in the peak
maximum for Au29 QCs compared to parent Au25SBB18. As the
charge density has a critical role in the enhancement of
luminescence in the QCs,9,10 we proceeded to identify the role
of the charge state of Au25 QCs in organic media. Unlike Ag
clusters, surface oxidation is difficult in Au25 QCs. But, it is
likely that partial oxidation of the thiolate staples (Au2L3) on
the Au13 core can modify their overall charge.

In view of the critical role of surface charge density on the
emergence of fluorescence in Au29, X-ray photoelectron spectra
(XPS) of parent Au25 and red-emitting Au29 clusters were
recorded. The presence of surface thiolates in Au29 was also

evident from the XPS spectra of the two clusters (Fig. 3). Though
Au appears to exist in the near metallic (Au0) state in both QCs as
shown by the binding energy values of 4f7/2, a slight shift (0.4 eV)
towards a higher binding energy value is noted for the Au29
species (84.7 eV) relative to the parent Au25 QC (84.3 eV). Note
that binding energy values for Au 4f7/2 peaks are at 85.4 eV and
84.0 eV for Au+1 and Au0, respectively.62 Though small
amounts of Au(I) are found on thiolate protected QCs,63,64 the
observed shift indicates the higher percentage of Au(I) in the
Au29 cluster compared to parent Au25. This clearly suggests the
existence of oxidized thiolate staples on the cluster surface.
The S 2p3/2 peak, seen at 163.1 eV (Au25) and 162.8 eV (red
luminescent species), for both clusters supports the Au–S thio-
late binding to the core65 and confirms the existence of only
one type of S. On the basis of the above results, the enhanced
luminescence in Au25SBB18 upon heating could be attributed

Fig. 3 XPS spectra of Au 4f (A) and S 2p (B) regions in parent Au25SBB18 (black trace) and luminescent Au29 (red trace) clusters. The blue line in (A)
indicates the position of Au(0) at 84.0 eV. Deconvoluted XPS spectra of Au 4f (C, E) and S 2p (D, F) regions of the red luminescent Au29 clusters
(C, D) and parent Au25SBB18 clusters (E, F) are also shown.
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to the charge transfer from the oxidized surface thiolate
ligands to the core of QC through the Au–S bonds and direct
donation of delocalized electrons from electron-rich ligands to
the metal core, as described by Jin et al.9

The presence of the thiolate shell around the cluster
surface was further verified by thermogravimetric analysis
(TGA). The red-emitting Au29 QCs showed higher organic
content (observed metal to the organic content ratio
(57.9% : 42.0%)), than the parent Au25 (60.2% : 39.7%)
(Fig. S9†). The observed value was in accordance with the
theoretical prediction, confirming the existence of the
Au29SBB22S cluster. Additional data were collected which
further supported the proposed composition. A slight increase
in the average size of the cluster was observed in the trans-
mission electron microscopy (TEM) images of the red lumines-
cent Au29 QCs compared to parent Au25 QCs (Fig. S10†). Au29
QCs also showed a tendency to aggregate. Compared to Au25
QCs (Fig. S10A†) which were well separated on the TEM grid,
Au29 QCs (Fig. S10B†) showed a tendency to aggregate and
exist as islands throughout the TEM grid. Note that this
cannot be an effect of electron beam-induced aggregation, a
common phenomenon observed in other Ag and Au clusters,
as we observed no such effect on Au25 QCs. Scanning electron

microscopic (SEM) images of the clusters at various stages of the
reaction (Fig. S11A and B†) also show distinct changes in mor-
phology. While a powdery texture is usually observed in the case
of parent Au25 clusters (marked with a green circle in Fig. S11A†),
an amorphous nature was observed for the purified red lumines-
cent Au29 cluster (Fig. S11B†). Energy-dispersive analyses of X-ray
(EDAX) mapping and spectra confirmed the presence of the con-
stituent elements in the cluster (Fig. S11C†) and an Au/S ratio of
1 : 0.79 was seen in agreement with Au29SBB22S.

The presence of surface thiolates in red luminescent Au29
QCs was further confirmed by the addition of dilute sodium
borohydride to the QCs (Fig. S12†). A drastic quenching of its
visible luminescence accompanied by a significant red shift
was observed upon addition of increasing amounts of sodium
borohydride to the red luminescent Au29 QCs (black to tan
trace in Fig. S12A†). The plot shown in Fig. S12B† compares
the effect of similar amounts of NaBH4 on parent Au25 QCs
under identical conditions. Though a reduction in the lumine-
scence intensity is noted in the case of parent Au25 QCs as well
(red trace in Fig. S12B†), quenching is greater in the case of
the Au29 species (black trace). This could be attributed to the
reduction of the thiolate shell by sodium borohydride and con-
sequent reduction in the overall surface charge of the cluster.

Fig. 4 (A) Emission spectra of Au29 QC in THF–1,4 dioxane mixture with different mole fractions of THF. The inset compares the corresponding
emission spectra of Au25 QC in THF–1,4 dioxane solvent mixtures (see the text). (B) Picosecond-resolved decay transients of Au29 at 735 nm (ex
409 nm) in both THF and 1,4-dioxane solvents. The corresponding transients for Au25 in THF are shown as an inset. (C) Data corresponding to the
picosecond time-resolved luminescence transients of Au29 and Au25 in pure THF and 1,4-dioxane.
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The zeta potential of the parent Au25SBB18 QCs and the red
luminescent Au29 QCs was determined to be −70.1 mV and
+0.04 mV at room temperature, respectively. This enhanced
charge is in accordance with the thiolate shell over the surface
of Au25SBB18.

We conjectured that enhanced charge transfer in Au29 due
to the thiolate shell, compared to that in Au25 could be respon-
sible for the enhancement. To confirm this, we have per-
formed solvent dependent luminescence studies on both the
QCs. As shown in Fig. 4A, the luminescence from the Au29
cluster in 1,4-dioxane is significantly enhanced compared to
that in THF. The enhancement is found to be linear upon
increasing the concentration of 1,4-dioxane in THF–dioxane
binary mixture. It has to be noted that the dielectric constant of
the system can be varied from 7.58 (THF) to 2.25 (1,4-dioxane).
The inset of Fig. 4A illustrates the relatively less sensitivity of
Au25 QCS towards the polarity of the binary mixture of the host
solvent. The observations suggest the higher extent of charge
transfer in the case of Au29 QCs in comparison with Au25.

In order to investigate non-radiative processes associated
with the increased polarity of the host solvent of the QC, we
performed picosecond resolved fluorescence studies (Fig. 4B)
and the corresponding time scales are tabulated in the table
(Fig. 4C). Au29 QCs show tri-exponential fluorescence relax-
ation with time constants of 50 ps (84%), 790 ps (8.5%), and
35 ns (7.5%) in THF. Faster and slower time constants are
found to be similar in pure 1,4-dioxane. Interestingly, the
second time constant of 790 ps in THF is slowed down to

1.08 ns in 1,4-dioxane, revealing that the key time scale
accounts for the charge transfer dynamics, which is the conse-
quence of change in polarity.66 While the slowest component
(35 ns) accounts for the radiative life time of the QC HOMO–
LUMO transition,67,68 the fastest component of 50 ps can be
rationalised to thermalization dynamics in the QC69 which
depends upon the energy of excitation. We have performed
excitation dependent picosecond resolved studies using
various excitation lasers (409 nm, 510 nm and 635 nm) and
found that the fastest component is gradually decreased with
the increase in excitation wavelengths, revealing the vanishing
of small contribution of thermalization dynamics at 635 nm
excitation (Fig. S14†). We have calculated the non-radiative rate
in the case of THF with reference to 1,4-dioxane following the
equation,70

knr ¼ 1
kτl
� 1
kτ0l

and found it to be 1.2 × 108 s−1. As shown in Fig. 4B, inset, the
temporal characteristic of the Au25 cluster shows insignificant
dependency on the polarity of the host solvent. Thus the con-
tribution of the charge transfer effect in Au29 QCs in compari-
son with parent Au25 QCs is confirmed.

The mechanism of increased surface charge responsible for
visible luminescence enhancement was verified with the help
of other experiments illustrated below. These experiments
were intended to prove the possibility of ligand structure-
induced changes in luminescence and not to establish the

Fig. 5 Changes in emission spectra (λex 514 nm) of Au25PET18 QCs upon reaction with various amounts of Au(I)PET thiolate (A) and Au(I)SBB thiolate
(B). The inset of (B) shows the photographs of the cluster solution under conditions indicated in the figure. The inset also shows a cartoonic rep-
resentation of the thiolate shell above Au25PET18 QCs.
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nature of the metal core or composition of the resulting clus-
ters. Heating Au25SBB18 cluster loaded silica gel at 55 °C
(brown colored solid, see photographs shown in Fig. S14†)
showed luminescence (for 24 h). Photographs of the
Au25SBB18-loaded silica gel before and after heat treatment are
shown in the figure. Though no red luminescence was
observed from the material before heat treatment, a bright red
emission was observed from the silica gel after 24 h of heating
in a sand bath (set-up is shown in Fig. S14†). This confirms
that the observed luminescence was not a result of solution
state dynamics involving other species in solution as solid
cluster samples were heated in this case. Here, instead of Au(I)
thiolate, silica having hydroxyl groups on its surface may be
acting as an electron donor leading to charge transfer and
thus causing luminescence enhancement of the adsorbed
Au25 QCs.

Further, this strategy is also illustrated for yet another
hydrophobic Au25 QC with phenylethanethiol as the protecting
ligand. The Au25PET18 cluster was chosen as it is a well-studied
and characterized system with known crystal structure.26,27

Advantages of a solved X-ray crystal structure in the case of
Au25PET18 has triggered a lot of studies in catalysis, chirality,
magnetism, etc., involving these clusters which make use of
the structure–property correlations to understand their unique
properties. Imparting visible luminescence on such materials
can add another dimension to these studies. Fig. 5 shows vari-
ation in the emission spectra of Au25PET18 QCs upon heating
with two different thiolates namely, Au(I)PET (Fig. 5A) and
Au(I)SBB (Fig. 5B). Interestingly, a 35 times enhancement in
luminescence was observed in the case of the cluster treated
with Au(I)SBB thiolate compared to PET thiolate. While
addition of Au(I)PET thiolate showed little or no change in the
emission intensities of the parent clusters at an excitation of
514 nm, similar amounts of SBB thiolate resulted in drastic
enhancement in emission (black to cyan trace in Fig. 5B). The
stronger electron donating capability of the BBSH ligand
(Ph(tert-butyl)CH2– group) compared to PET (PhC2H4– group)
might be the reason for this enhancement. Emergence of
bright red luminescence in solution is evident from the photo-
graphs of the cluster (inset of Fig. 5B). Images 1–5 show
increasing amounts of Au(I)SBB thiolate in solution.

Experimental
Materials and methods

Tetrachloroauric(III) acid (HAuCl4·3H2O) and methanol were
purchased from SRL Chemical Co. Ltd, India. 4-(t-Butyl)benzyl
mercaptan (CH3)3C–C6H4–CH2SH (BBSH), 2-phenylethanethiol
C6H5–CH2–CH2SH (PET) and sodium borohydride (NaBH4)
were purchased from Sigma Aldrich. Silica gel (60–120 mesh)
was obtained from Merck, India. Tetrahydrofuran was pur-
chased from Rankem, India. All chemicals were analytical
grade and were used without further purification. Glassware
was cleaned thoroughly with aqua regia (HCl/HNO3, 3 : 1 vol%),

rinsed with distilled water, and dried in an oven prior to use.
Triply distilled water was used throughout the experiments.

Synthesis of Au25SBB18 and the red luminescent Au29 cluster

Au25SBB18 was synthesized as per our earlier report.6 Briefly,
10 mL HAuCl4·3H2O (14.5 mM in THF) was added to 15 mL
BBSH thiol (89.2 mM in THF) while stirring at 400 rpm at
room temperature (29 °C) in a round bottom flask. The solu-
tion becomes colorless after 15 min, indicating the formation
of the Au(I)SBB thiolates. An aqueous solution of 2.5 mL
NaBH4 (0.4 M) was added rapidly to the reaction mixture
under vigorous stirring (1100 rpm) and the solution turned
from colorless to black, indicating the formation of clusters.
The reaction was allowed to proceed with constant stirring for
3 h under ambient conditions and then for 3 h at 45 °C. The
solution was left overnight to yield monodisperse species. The
THF solvent was removed under vacuum and the residue was
washed repeatedly with a 1 : 1 water : methanol mixture to
remove excess BBSH thiol and other side products. The Au25
cluster thus precipitated was dried and used for further experi-
ments. The red luminescent Au29 clusters were synthesized via
thermal treatment of Au25 clusters followed by rapid cooling.
Approximately 10 mg of purified, solid Au25SBB18 (used as the
precursor) was dissolved in 3 mL THF and 3 mL water. The
cluster phase is separated from the organic layer and the
aqueous layer remains colorless. The solution was heated at
55 °C for 24 h with stirring in a sealed container. After 12 h,
0.6 mL of Au(I)SBB thiolate was added to the reaction mixture
and the reaction was allowed to proceed for another 12 h.
Afterwards, the dark reddish brown upper (organic) layer was
collected and cooled to 4 °C for 4 h. Visible bright red lumine-
scence was observed from the cluster after this cooling step.
Later the solvent was removed under vacuum and the residue
was washed repeatedly with 1 : 1 water/methanol mixture and
dried. To synthesize the thiolate, 8 mL HAuCl4·3H2O (13 mM
in THF) was dissolved in 5 mL THF and to this solution 20 µL
BBSH thiol (1 : 1 ratio of Au3+ and BBSH thiol) was added
while stirring at 300 rpm at room temperature (29 °C). The
solution was allowed to equilibrate for 12 h before use.

TLC separation

The cluster samples (both Au25 and Au29) in THF medium
(2 mg in 0.3 mL) were pipetted (1 μL each) to the TLC plates
and dried in air. After drying, the plate was eluted with a
DCM/hexane mixture (the optimal solvent ratio varies with the
cluster system58). In our case an 80 : 20 mixture of DCM :
hexane was used as the eluent. After the separation, the bands
were cut from the TLC plate, and the clusters from each band
were extracted separately and analyzed. The solid pieces of the
TLC plate were removed from these extracts via centrifugation.

Instrumentation

Mass spectral studies were carried out using a Voyager DE PRO
biospectrometry workstation (Applied Biosystems) matrix-
assisted laser desorption ionization (MALDI) time-of-flight
(TOF) mass spectrometer in the linear mode as well as using a
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MALDI TOF/TOF (UltrafleXtreme, Bruker Daltonics) mass
spectrometer. In the case of MALDI TOF MS, a pulsed nitrogen
laser of 337 nm was used (a maximum firing rate, 20 Hz; a
maximum pulse energy, 300 μJ) for the measurements. The
MALDI TOF/TOF mass spectrometer utilizes a 1 kHz smart-
beam-II laser, FlashDetector system, and a minimum 4 GHz
digitizer. Mass spectra were recorded in positive and negative
ion modes and were averaged for 500–700 shots. DCTB (trans-
2-[3-(4-t-butylphenyl)-2-methyl-2-propenylidene]malononitrile)
was used as the matrix for all MALDI MS measurements. All
spectra were recorded at a threshold laser intensity to keep
fragmentation to a minimum. The concentration of the
analyte and the mass spectral conditions (laser intensity and
spectrometer tune files) were optimized to obtain good quality
spectra. UV-vis absorption spectra were recorded using a
Perkin-Elmer Lambda 25 spectrophotometer. The experiments
were carried out at room temperature, and the absorption
spectra were recorded from 200 to 1100 nm. Luminescence
measurements were carried out on a Jobin Yvon NanoLog
instrument. The band pass for excitation and emission
was set at 3 nm. QYs were measured using cluster solutions
of appropriate dilutions (∼0.04 OD absorption at 467 nm)
using [Au25PET18]

− as a reference (QY 0.01% as reported
previously9). All picosecond-resolved fluorescence decay transi-
ents were measured by using a commercially available
spectrophotometer (Life Spec-ps, Edinburgh Instruments, UK)
with 90 ps instrument response function (IRF). The excitations
at 409 nm, 510 nm and 635 nm were obtained using a pulse
laser diode from PicoQuant, Germany. The observed fluo-
rescence transients were fitted by using a nonlinear least
squares fitting procedure to a function

XðtÞ ¼
ðt
0
Eðt′ÞRðt� t′Þdt′

� �
comprising of convolution of the

IRF (E(t )) with a sum of exponential RðtÞ ¼ AþPN
i¼1

Bie�t=τi
� �

with pre-exponential factors (Bi), characteristic lifetimes (τi)
and a background (A). The relative concentration in a multi
exponential decay was finally expressed as:

cn ¼ BnPN
i¼1

Bi

� 100

The quality of the curve fitting was evaluated by reduced
chi-square and residual data. It has to be noted that with our
time-resolved instrument, we can resolve at least one fourth of
the instrument response time constants after the de-convolu-
tion of the IRF. The average lifetime (amplitude-weighted) of a
multi-exponential decay is expressed as:

τav ¼
XN
i¼1

ciτi

ESI mass spectrometric measurements were done in the
negative mode using a Synapt G2 HDMS, quadrupole time-of
flight (Q TOF), ion mobility, orthogonal acceleration mass
spectrometer with electrospray ionization having a mass

range of up to 32 kDa. The Synapt instrument used for ESI
measurements combined an exact-mass quadrupole and a
high resolution time-of-flight mass spectrometer with Triwave
technology, enabling measurements in the TOF mode. The
purified samples were dispersed in THF and used for both
mass spectrometric measurements. The samples were electro-
sprayed at a flow rate of 5 μL min−1 and at a capillary tempera-
ture of 150 °C. The spectra were averaged for 80–100 scans.
SEM and EDAX images were obtained using a FEI
QUANTA-200 SEM. For the SEM and EDAX measurements,
samples were either spotted or stuck (in the case of the TLC
plate) on a carbon substrate and dried at ambient temperature.
TEM was conducted using a JEOL 3011, using a 300 kV instru-
ment with an ultra-high-resolution (UHR) polepiece. The
samples were prepared by dropping the dispersion on amor-
phous carbon films supported on a copper grid and dried
under laboratory conditions. The zeta potential measurements
were carried out using a Malvern Zetasizer nz (M3-PALS)
instrument.

Conclusions

In summary, an efficient method to enhance the visible
luminescence in visibly non-luminescent organic-soluble Au25
QCs is developed. Our study demonstrates that making an
additional shell of thiolate on the cluster surface can increase
the surface charge density resulting in enhancement of the
visible luminescence. The critical role of temperature in the
emergence of luminescence in QCs has been studied in detail.
The restoration of the surface ligand shell on the Au25 cluster
and subsequent physicochemical modification to the cluster
was probed by various mass spectral and spectroscopic tech-
niques. This method has been successfully illustrated by
imparting visible red luminescence in PET protected Au25
QCs. Our results provide fundamental insights into the ligand
characteristics on the origin of luminescence in QCs.
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Supporting information 1

Figure S1. Stability of UV-vis absorbtion spectral features of Au25SBB18 clusters (A) with 
time and (B) against etching using excess BBSH thiol. Various Au:BBSH ratios used for 
etching are indicated. (C) Emission spectra of parent Au25SBB18 in the visible (λex 467 nm, 
green trace) and NIR (λex 992 nm, blue trace) regimes. An expanded version (125k times) of 
the original spectra is also shown for visualization. Inset shows photographs of the 
Au25SBB18 cluster under visible light (a) and UV light (b). Note that no observable visible 
luminescence is present from the solution. 

Supporting information 2
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Figure S2. (A) Changes in the emission spectra (λex 467 nm) of Au25SBB18 in the visible 
region upon addition of Au(I)SBB thiolate and heating for 2 h. (B) Evolution of excitation 
and emission spectra of the red luminescent cluster with increasing reaction time; 0 h (red 
trace), 12 h (green trace) and 24 h (blue trace). The time shown indicates the time for which 
sample was heated at 55 oC with stirring. The samples were cooled for 3 h before PL 
measurement. A 24 h thermal etching treatment was thus identified to obtain clusters with 
highest luminescence intensity. (C) Bar diagram comparing the changes in relative 
fluorescence intensity at 737 nm (ex 467 nm) upon addition of Au(I)SBB thiolate to pure 
Au25 followed by incubation for 24 h (red bars), pure Au25 with heating for 24 h (green bars) 
and to previously synthesized red luminescent clusters (blue bars).
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Figure S3. Comparison of UV-vis absorption spectra of parent Au25SBB18 (black trace) and 
resultant red luminescent cluster (red trace). Inset shows an expanded view of the spectra.
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Figure S4. Comparison of emission in the NIR regime (excited at 992 nm) for parent 
Au25SBB18 QCs (green trace) and red luminescent Au29 (nucearity explained later) clusters 
(blue trace). An expanded spectra (140 times) showing the NIR features of the red 
luminescent clusters (blue dotted line) clearly indicates the absence of the prominent 
emission feature at 1030 nm (seen in parent Au25) in the red luminescent cluster. Spectral 
features shows a blue shift accompaned by a drastic quenching after the reaction. Identical 
concentrations of both clusters are compared n the spectra under similar instrumental 
conditions.  
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Figure S5. Control experiments showing the effect of emission spectra (ex 467 nm) of 
Au25SBB18 upon heating at 55 oC for 24 h in presence of similar concentrations of BBSH 
thiol (instead of Au(I)SBB thiolate used to synthesize red luminescent clusters) in 
comparison with parent clusters under identical conditions (A). (B) Effect of emission spectra 
of Au(I)SBB thiolate upon heating for 24 h at 55 oC. This validates that the visual 
luminescence enhancement observed upon heating Au25 QCs in presence of Au(I)SBB 
thiolate is neither a consequence of heating Au25 in presence of BBSH thiol nor an effect of 
heating Au(I)SBB thiolate for 24 h.
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Figure S7. SEM (c), EDAX images (d-i) and EDAX spectrum (b) from the TLC plate with 
the separated red luminescent fraction (photograph shown as inset) under UV light (a′) and 
visible light (a). 
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Figure S8. ESI MS of Au25SBB18 (black trace) and red luminescent cluster (red trace) in 
negative ion mode (A). Peak corresponding to Au25 is marked in the figure. (B) shows an 
expanded view of the area marked in (A). A difference of m/z 188, corresponding to 
(Au+SBB)/2, was observed between the three peaks marked i, ii and iii in the figure. Similar 
intensities of the peaks indicate fragmentation. 
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Figure S9. Comparison of TGA data from parent Au25SBB18 (red trace) and red luminescent 
Au29 QCs (green trace). Though both clusters show similar trend in thiolate desorption the 
organic content is more in the luminescent Au29 QC as shown. 2.51 mg of Au25SBB18 and 
3.32 mg of Au29 was used for analysis under a N2 atmosphere. Both experimental and 
calculated values (shown in the inset) are matching confirming the assignment. 
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Figure S10. TEM images of (A) Au25SBB18 and (B) red luminescent Au29 clusters.
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Figure S11. SEM (A, B) and EDAX (C) characterization of red luminescent Au@SBB 
cluster. SEM images at 6 h (A) and 24 h (B) of reacton are shown. A shows the crude cluster 
containing mixture of Au25SBB18 (indicated by green circle) and red luminescent Au29 cluster 
(red circle) obtained after 6 h of heating. Pure red luminescent Au29SBB23 cluster obtained 
after 24 h heating is shown in B. EDAX mapping and spectra are shown in (C). Carbon and 
aluminium are from the substrate used for the measurement. Contrast of carbon is low due to 
the use of carbon tape as the substrate. The scale is same for all images.
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Figure S12. (A) Effect of addition of sodium borohydride to red luminescent Au29 cluster. 
With increasing amounts of NaBH4 a emission intensities underwent a drastic quenching 
along with red shift possibly due to reduction of the surface thiolate shell on the cluster and 
thus shifting the luminescence to NIR regime. (B) Comparison of change in relative emission 
intensities of luminescent Au29 and parent Au25SBB18 cluster to equal amounts of NaBH4. 
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Figure S13. Life time decay of Au29 QCs (emission wavelength of 735 nm) upon excitation 
at different wavelengths.

Table S1. Picosecond time-resolved fluorescence transients of Au29 clusters in THF upon 
excitation in three different (409, 510 and 635 nm)

System in THF 1(%) ns 2(%) ns 3(%) ns avg (ns)

Au29 (Ex 409 nm) 0.05(84) 0.79(8.5) 35(7.5) 2.77

Au29 (Ex 510 nm) 0.08(70) 0.814(18) 32(12) 4.02

Au29 (Ex 635 nm) 0.19(60) 1.09(26) 32(14) 4.87
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Figure S14. Photographs of of silica gel (1, 1’), Au25SBB18-loaded silica gel (2, 2’) and 
Au25SBB18-loaded silica gel after 24 h heat treatment (3, 3’) under visible light (1, 2 and 3) 
and under UV light (1’, 2’ and 3’). Experimental set-up is shown in (4). Though the 
Au25SBB18-loaded silica gel powder was initially non-luminescent (see 2, 2’), upon heating it 
became bright red luminescent (see 3 and 3’) with little or no change in the visible color.  
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Ambient preparation and reactions of gas phase
silver cluster cations and anions†

Michael Wleklinski,a Depanjan Sarkar,b Adam Hollerbach,a Thalappil Pradeepb and
R. Graham Cooks*a

Electrospray ionization of metal salt solutions followed by ambient heating transforms the resulting salt

clusters into new species, primarily naked ionic metal clusters. The experiment is done by passing the

clusters through a heated coiled loop outside the mass spectrometer which releases the counter-anion

while generating the anionic or cationic naked metal cluster. The nature of the anion in the starting

salt determines the type of metal cluster observed. For example, silver acetate upon heating generates

only positive silver clusters, Agn
+, but silver fluoride generates both positive and negative silver clusters,

Agn
+/� (3 o n o 20). Both unheated and heated metal salt sprays yield ions with characteristic

geometric and electronic magic numbers. There is also a strong odd/even effect in the cationic and

anionic silver clusters. Thermochemical control is suggested as the basis for favored formation of the

observed clusters, with anhydride elimination occurring from the acetates and fluorine elimination from

the fluorides to give cationic and anionic clusters, respectively. Data on the intermediates observed as

the temperature is ramped support this. The naked metal clusters react with gaseous reagents in the open

air, including methyl substituted pyridines, hydrocarbons, common organic solvents, ozone, ethylene, and

propylene. Argentation of hydrocarbons, including saturated hydrocarbons, is shown to occur and serves

as a useful analytical ionization method. The new cluster formation methodology allows investigation of

ligand–metal binding including in reactions of industrial importance, such as olefin epoxidation. These

reactions provide insight into the physicochemical properties of silver cluster anions and cations. The

potential use of the ion source in ion soft landing is demonstrated by reproducing the mass spectra of

salts heated in air using a custom surface science instrument.

1. Introduction

Transition metals exhibit unique physical, optical, and chemical
properties both as bulk materials and in the nanoscale. Silver
nanomaterials have applications in water purification,1 catalysis,2

and surface enhanced Raman spectroscopy,3,4 among many
others. The properties of atomically precise metal clusters are
even more fascinating as the addition or removal of a single
atom affects the electronic5 and chemical6 properties of the
cluster. Atomically precise metal clusters can be generated
both in solution and in the gas phase. Mass spectrometry (MS)

is a critical tool for preparing and understanding the unique
properties of metal clusters both in the gas phase7,8 and when
deposited onto surfaces.2,9,10

The production of gas-phase metal clusters has been demon-
strated using a variety of ionization sources, including magnetron
sputtering,11 laser ablation,12–15 gas aggregation,16,17 cold reflux
discharge,18 pulsed arc cluster ion sources,19,20 and electrospray
ionization (ESI).21–26 These sources produce positive, negative,
and neutral clusters over a wide size range with a seemingly
unlimited choice of elemental compositions.27 Flow tube
reactors11,28,29 and ion traps30,31 are common ways of studying metal
clusters in the gas phase. Small silver clusters (Agn

+/� n o 20),
the topic of interest in this paper, have been studied extensively
in the gas phase due to their value in partial oxidation and
catalytic reactions.6,23,24,28,32–38

The silver cluster, Ag4H+ has been used to mediate the carbon–
carbon coupling of allyl bromide.23 In the overall reaction, three
molecules of allyl bromide are needed to generate [Ag(C3H5)2]+,
[Ag3Br3], and CH2QCHCH3. The product, [Ag(C3H5)2]+ loses C6H10,
most likely 1,5-hexadiene, upon collisional activation, which repre-
sents an example of gas phase carbon–carbon bond coupling.39,40
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Silver has long served as a catalyst for the partial oxidation of
ethylene to ethylene oxide and Ag2O+ has been investigated as a
model for silver-mediated olefin epoxidation.37 Roithová and
Schröder note clean O-atom transfer reactions with ethylene.
Propylene undergoes allylic H-atom abstraction and other oxida-
tion pathways but C–H abstraction from propylene leads to the
formation of unwanted byproducts, preventing high selectivity in
the formation of propylene oxide.41

The physical and chemical properties of anionic silver clusters
in the gas phase have also garnered attention. Measurements on
the binding energies of O2 and observation of cooperative binding
of O2 to silver cluster anions have been reported.32,33 Recently, Luo
et al. noted the enhanced stability of Ag13

� towards etching with
O2 due to a large spin excitation energy.28 The reaction of O2 with
CO in the presence of anionic silver clusters was found to be
strongly cluster-size dependent with only Ag7

�, Ag9
�, and Ag11

�

serving as potential catalytic centers.6 Luo et al. found that Ag8
�

reacts with chlorine through a harpoon mechanism35 and reported
that silver cluster anions activate C–S bonds in ethanethiol to
produce such products as AgnSH� and AgnSH2

�.36

While extensive literature exists on the chemistry of gaseous
silver clusters in vacuum, there is also a growing community
interested in studying their properties on surfaces. For example,
size-selected silver cluster cations with different energies were
deposited onto Pt(111) and the surface topography was measured
with scanning tunneling microscopy. When the energy was less
than 1 eV per atom, it was possible to non-destructively deposit
the clusters.42 Palmer et al. deposited size-selected silver clusters
on graphite as a method for preparing nanostructured surfaces.43

Recently, Ag3
+ deposited on alumina was found to be a highly

selective catalyst for the epoxidation of propylene by O2.2 Size
selected-silver clusters were deposited on passivated carbon in
order to understand the discharge process in lithium–oxygen
cells. The size of the deposited silver clusters greatly affected
the morphology of lithium peroxide, indicating that precise
control of sub-nanometer features on a surface might improve
battery technology.44

In this study, we describe a novel and facile method for
the production of naked metal cluster ions by electrospray

ionization (ESI) and cluster heating in air. When the appropriate
silver salt is subjected to these conditions, it is possible to generate
silver cluster cations and anions without the use of lasers or
collision-induced dissociation (CID). Physiochemical properties are
elucidated by subjecting the clusters in the open air to ion/molecule
reactions; for example, they can be oxidized in the presence of
ozone. The silver clusters can also be used for the analysis of
hydrocarbons or to study ligand exchange processes. Finally, it is
demonstrated that this ionization source can be coupled to an
ion soft landing instrument to perform catalytic studies.

2. Experimental
2.1 Chemicals and materials

Silver fluoride, silver acetate, silver benzoate, 2-ethylpyridine,
3-ethylpyridine, 4-ethylpyridine, 3,4-lutidine, 2,6-lutidine,
2,5-lutidine, 3,5-lutidine, hexadecane, isocetane, squalane,
and ethanol were purchased from Sigma Aldrich, USA. HPLC
grade methanol was purchased from Mallinckrodt Baker Inc.,
Phillipsburg, NJ. Deionized water was provided by a Milli-Q
Integral water purification system (Barnstead Easy Pure II).
Deuterated solvents, such as D2O and CD3OD were purchased
from Cambridge Isotope Laboratories (Tewksbury, MA). tert-Butyl
alcohol, 1-propanol, ammonium hydroxide, and pyridine were
purchased from Mallinckrodt Chemicals (St. Louis, MI). Isopropyl
alcohol, acetic anhydride, and acetone were purchased from
Macron (Center Valley, PA). 2,4,6-Trimethylpyridine was purchased
from Eastman chemical company (Kingsport, TN). All chemicals
were used as received without further purification.

2.2 Experimental methods

A home-built electrosonic spray ionization (ESSI) source was
coupled to a heated drying tube as shown in Fig. 1.45,46 The heated
drying tube is made from 316L stainless steel (Amazonsupply.com,
part # S0125028T316SAL 60, O.D. 1/800, I.D. 0.06900) and coiled twice
to a diameter of 5.5 cm and to a total length of 43 cm. The stainless
steel loop was wrapped with heating tape (Omega, part # FGR-030).
The ESSI source was typically positioned between 3 mm outside

Fig. 1 Apparatus for the production of silver cluster cations and anions.
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to 3 mm inside the heating loop, the position being chosen
such that the maximum ion signal was obtained. Independent
positioning of the ESSI sprayer and heating loop was achieved
by using two xyz micrometer moving stages (Parker Automation,
Rohnert Park, CA). The distance between the heating loop and
linear ion trap mass spectrometer (LTQ, Thermo Scientific, San
Jose, CA) inlet was typically between 1 to 10 mm. At shorter
distances, the ion signal was higher as more of the electrospray
plume entered the MS inlet.

In a typical experiment, a metal salt was dissolved in 1 : 1
methanol : water at a concentration of 1 mM. Spray was initiated
using a voltage of�5 kV and N2 nebulizing gas (105 psi pressure).
The electrospray plume entered the heating loop, which was set
to 250 1C. The temperature was controlled by the voltage supplied
using an autotransformer and monitored by a thermocouple. The
ions exiting the loop were analyzed by a LTQ mass spectrometer
using the following parameters: capillary temperature 200 1C,
capillary voltage �140 V, tube lens voltage �240 V, maximum
injection time 100 ms, and an average of 3 microscans. Automatic
instrument tuning was used to optimize the potential applied
to all other lenses. For collision-induced dissociation (CID),
normalized collision energies of 25–35% (manufacturer’s unit),
Mathieu parameter qz values of 0.25–0.35, and isolation windows
were typically 2 m/z units larger than the isotopic distribution (e.g.
for Ag6

+ an isolation window of 14 mass units was used). In certain
experiments, high mass accuracy (o5 ppm) was achieved using
a hybrid LTQ-Orbitrap mass spectrometer (LTQ-Orbi, Thermo
Scientific, San Jose, CA). The mass resolution was set to 30 000
with a typical injection time between 250 ms and 5 s depending
on the initial ion intensity. Tandem MS Orbitrap experiments
utilized the same conditions as the LTQ.

To perform ion/molecule reactions, the distance between
the heating loop and inlet was typically set at 1 cm. Vapors of
interest were introduced via a cotton swab held between the
heating loop and MS inlet (Fig. S1, ESI†). In order to perform
sequential ion/molecule reactions, a short piece of metal tubing
(2.5 cm) was placed between the inlet and heating loop (Fig. S2,
ESI†). One neutral reagent was introduced into the first gap
(between the heating loop and the additional metal tubing) and
the second reagent was introduced into the second gap (between
the added metal tube and the inlet). In addition, some experi-
ments were performed using ozone which was generated by low
temperature plasma (LTP) (Fig. S3, ESI†). The low temperature
plasma source used has been described previously.47,48 Gases
were introduced using Swagelok couplings at a flow rate
between 0.5–1 L min�1.

3. Results/discussion
3.1 Unheated silver salts

The electrospray of solutions of metal salts has long been known
to produce species of the type [CnAn�1]+ and [CnAn+1]� where C is
the cation and A is the anion of the salt.49 Consistent with this,
the mass spectrum of silver acetate recorded with the heating loop
turned off shows the formation of simple salt clusters (Fig. 2A).

This spectrum is characterized by a weak geometric magic
number for [Ag5(CH3COO)4]+ and [Ag8(CH3COO)7]+, the enhanced
stability likely being associated with 3 � 3 and 3 � 5 units. For
smaller clusters (Ag3 and smaller), some hydration is present.
For larger clusters ([Ag4(CH3COO)3]+ and larger), dissociation
(by CID) of the mass-selected ion is dominated by the loss of
Ag2(CH3COO)2 units, which likely occurs in two separate steps.24

Smaller hydrated clusters undergo water loss followed by ejec-
tion of AgCH3COO while the cluster [Ag2(CH3COO)]+ undergoes
decarboxylation in agreement with observations by O’Hair
et al.50 Negative ion mode electrospray produces a series of ions
[Agn(CH3COO)n+1]�, which do not exhibit any geometric magic
numbers (Fig. S4A, ESI†). Dissociation of silver acetate cluster
anions is by loss of Ag(CH3COO). Silver benzoate exhibits similar
clustering to that of silver acetate except that the geometric
magic numbers are replaced by an abundant ion [Ag7(C7H6O2)6]+

(Fig. S4C and E, ESI†). Silver fluoride exhibits a unique unheated
mass spectrum. In the positive ion mode, naked silver cluster
cations (e.g. Ag3

+, Ag5
+, Ag7

+, Ag9
+) along with various oxidized and

hydrated cations are observed (Fig. S4G, ESI†). In the negative ion
mode, extensive clustering of silver with multiple counter anions
is observed (Fig. 2C).

3.2 Heated silver salts

The mass spectra of the various silver salts changed significantly
when the heating loop was set to 250 1C. Regardless of the silver
salt chosen, the positive ion mode mass spectra were all essen-
tially identical (Fig. 2B, Fig. S4D and H, ESI†). These spectra are
dominated by the naked metal clusters Agn

+ and Agn
2+. All species

undergo expected fragmentations (Fig. S5, ESI†), including the
loss of Ag2 from odd-numbered clusters, coulombic explosion
for Ag16

2+, and monomer loss from other Agn
2+ ions.51–54 The

expected odd/even alternation and magic numbers at Ag3
+ and

Ag9
+ was also observed.55 Thus, the fragmentation behavior of the

Agn
+ and Agn

2+ ions is the same, regardless of the starting material,
viz. silver benzoate or silver acetate. Moreover, during heating there
is no evidence for the formation of silver hydride clusters. Interest-
ingly, only silver fluoride has the ability to generate negatively
charged clusters, Agn

� (Fig. 2D). Silver acetate and benzoate do
not produce silver cluster anions, but instead produce mainly
organic fragments, presumably because of the stability of the organic
counter anion (Fig. S4B and F, ESI†). The fragmentation of small
silver cluster anions (n o 12) matches that reported in the literature
(Fig. S6, ESI†).56 Larger silver cluster anions typically lose neutral Ag
upon collisional activation, which has not been reported in litera-
ture. For the silver cluster anions, the expected odd/even alternation
and magic number at Ag7

� is observed.28

3.3 Mechanism

The above experiments used heat as well as in-source collisions
to transform silver acetate and other silver salts into silver
cluster cations and anions. Ready access to these clusters ions
facilitated the study of their formation and dissociation as a
source of information on their structure and reactivity. Possible
intermediates responsible for the formation of silver cluster
cations from silver acetate were investigated by monitoring the
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total ion chronogram while the temperature of the loop was
ramped from room temperature to 250 1C over the course of a few
minutes (Fig. S7, ESI†). At low temperatures, the salt clusters
[Agn(CH3COO)n�1]+ were observed. At intermediate temperatures
(100–150 1C), new species were observed in the MS, including
[Ag9(CH3COO)6O]+, [Ag8(CH3COO)5O]+, and [Ag7(CH3COO)4O]+,
indicating losses of acetic anhydride (C4H6O3), eqn (1). For smaller
clusters, an additional water molecule was present on the cluster,
as in [Ag6(CH3COO)3OH2O]+ and [Ag5(CH3COO)2OH2O]+. This may
simply be the result of addition of residual water to coordinatively
unsaturated metal complexes by ion/molecule reactions in the ion
trap, a known process. An alternative to this pathway, the loss of
ethenone (C2H2O) followed by water, is considered less likely as
discussed in the ESI.†

Agn(CH3COO)n�1
+ - [Agn(CH3COO)n�1�2mOm]+ + mC4H6O3

(1)

Thermochemical considerations are useful in deciding on
likely decomposition pathways. For example if n = 3, then the

process shown in eqn (1) forms one molecule acetic anhydride
and Ag3O+.57 The formation of acetic anhydride is exothermic
by �572.5 kJ mol�1, which almost 250 kJ mol�1 more exother-
mic than the alternative pathway (ESI†), suggesting that acetic
anhydride formation is the favored pathway leading to oxidized
silver cluster cations.

Fig. S8 (ESI†) provides a chart of all ions observed in the full
scan mass spectra along with their relationships as established
by CID experiments for the decomposition of the silver acetate ions
in the positive ion mode. All ions observed in the mass spectra can
be explained as possible products of eqn (1) when water and
oxygen are allowed to arrive or leave from the cluster. When the
heating experiment is performed at the highest temperatures,
the formation of simple silver cluster cations and oxidized silver
cluster cations was observed. Once the final temperature was
reached and some time had passed, the formation of primarily
naked metal clusters was observed.

The thermochemical mechanism for cationic cluster formation
extends to other silver salts such as the benzoate, which is

Fig. 2 Positive ion mode mass spectra of (A) unheated and (B) heated electrosprayed silver acetate. Negative ion mode for (C) unheated and (D) heated
electrosprayed silver fluoride solution. The numbers above each peak in (A) indicate the number of silver atoms, ligands, and water molecules present.
The numbers above each peak in (B) and (D) indicate the number of silver atoms.
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assumed to undergo thermal dissociation by similar routes to
give silver cation clusters. A method for the production of Agn

+ and
Agn�1H+ from cluster ions generated from precursor solutions
containing silver nitrate and either glycine or N,N-dimethyl glycine
has been reported by O’Hair, using ion trap CID.24 The choice
of precursor compounds is important in these experiments as it
can allow the production of [CnAn�1]+ and [CnAn�1]� where A is
an anion with favorable redox properties. For example, glycine
contains both an amine and deprotonated carboxylic group,
which appear to meet these redox criteria.24 It should be noted
that under the conditions of the O’Hair study, silver acetate
did not produce silver cluster cations upon CID.24 The heating
loop utilized in our work dissociates clusters to this extent at
atmospheric pressure, but the similarities and differences
between the ion trap CID and ambient heating experiments
are not well understood.58

Anionic cluster formation can be considered in a similar vein.
The loss of fluorine could be by hydrolysis to give the enthalpically
favored HF or in a redox process to give the less favored F2. The
favored formation of the odd-numbered silver anion clusters
(Fig. 2D) is simply due to their greater stability than their even-
numbered counterparts.28

3.4 Reactivity of silver cluster cations

3.4.1 Alcohol reactivity. Atmospheric pressure ion/molecule
reactions were carried out between organic solvents (ethanol,
1-pronanol, isopropyl alcohol, tert-butyl alcohol, acetone, and
acetonitrile) and silver cluster cations generated from silver
acetate. Typically, an organic solvent of interest was added to a
cotton swab and introduced into the region after the heating
tube and before the MS inlet (Fig. S1, ESI†). A summary of the
reactions can be found in Tables S1, S2 and Fig. S9 (ESI†).
Monomeric Ag+ reacts to form mainly [AgL]+ and [AgL2]+, except
in the case of acetonitrile where the only product is [AgL2]+. The
cluster Ag3

+ reacts to form [Ag3L]+ and [Ag3L2]+, except that
acetonitrile behaves differently in forming [Ag3L2]+ and [Ag3L3]+.
This reactivity differs from reported gas phase reactions, where
[AgL2]+ and [Ag3L3]+ are the terminal products for all reagents
studied except ethanol, which was reported to be unreactive.59

The differences in reactivity are not unexpected given that our
experiments were performed in air, and the literature data refers
to vacuum, and there are also differences in reaction time. The
maximum interaction time in our experiments was on the order
of a single scan, ca. 0.2–0.5 s, compared to possibly 60 s reported
in the literature. The ion/molecule reactions under vacuum do
not provide efficient third body stabilization for smaller ions,
explaining the difference in reactivity with ethanol.59 Tandem
mass spectrometry data on the reaction products (e.g. [Ag3L2]+,
Fig. S9A, C, E and F, ESI†) indicate that the reagents serve as
simple ligands. The reaction product, for example [Ag3L2]+, loses
one ligand for each stage of tandem MS to form bare Ag3

+.
Simple ligation is the main result observed in these reactions.
There appears to be relatively good agreement between silver
clusters with alcohols obtained under vacuum and in the open
air. Due to the inability to mass select the clusters before
reaction, it is possible that some of the reaction products form

from the larger clusters which react with accompanying losses
of Agn moieties. The loss of Ag upon ligand addition for even-
numbered silver cluster cations is an example of such a reac-
tion that has been previously reported.59,60

3.4.2 Methyl substituted pyridine reactivity. Atmospheric
pressure ion/molecule reactions were carried out between methyl-
substituted pyridines and silver cluster cations generated from
silver benzoate (Fig. S10, Tables S3 and S4, ESI†). Ligation of the
neutral reagents to the silver cluster was observed with the
dominant products being [AgL2]+ and [Ag3L3]+ except in the case
of pyridine itself and 2,4,6-trimethylpyridine which also produced
species with a smaller number of ligands. The nature of the inter-
action between Ag3

+ and the neutral reagent was confirmed by
CID (Fig. S11, ESI†) which showed the sequential loss of ligands
from the species [Ag3(C8H11N)3]+ and [Ag3(C7H9N)3]+ generated
from 2,4,6-trimethylpyridine and 3,5-lutidine. This confirms that
the neutrals are acting as simple ligands on Ag3

+.
3.4.3 Ligand exchange. It is obvious from the previous

examples that ligation of Ag3
+ is easily achieved. A further test

was made to determine if the generation of mixed-ligand Ag3
+

species was possible. A slightly modified version of the apparatus
of Fig. S1 (ESI†) was used so that multiple neutral reagents could
be introduced separately (Fig. S2, ESI†). The system was tested
with three mixtures of ligands: ammonia (from ammonium
hydroxide) and acetonitrile, 2,6-lutidine and acetonitrile, and
acetone and acetonitrile. For the first set of reagents, ammonia
and acetonitrile, a variety of mixed ligand species was observed,
including [Ag3 + C2H3N + NH3]+, [Ag3 + (C2H3N)2 + NH3]+, and
[Ag3 + C2H3N + (NH3)2]+ as confirmed by MS/MS (Fig. S12, ESI†).
2,6-Lutidine and acetonitrile also generated a mixed ligand
species (Fig. S13, ESI†), [Ag3 + C7H9N + C2H3N]+; however, this
was the only mixed ligand species observed in this case. In
addition, [Ag3 + (C7H9N)2]+ and [Ag3 + (C7H9N)3]+ were formed
in higher intensity than [Ag3 + C7H9N + C2H3N]+, indicating a
preference towards binding 2,6-lutidine. To qualitatively test
the effect of the sequence used to introduce neutral reagents,
acetone and acetonitrile were used. Acetone was allowed to
interact first with the cluster spray followed by the acetonitrile
and vice versa (Table S5 and Fig. S14, ESI†). When acetone was
allowed to react first, it was possible to generate a mixed species
as well as species containing either acetone or acetonitrile. This
was in stark contrast to the case where acetonitrile was the first
reagent as it produced only species with acetonitrile ligands;
i.e. ligand displacement did not occur due to stronger binding
to this ligand.

3.4.4 Hydrocarbon reactivity. Silver cationization is known to
selectively ionize unsaturated compounds, including polycyclic
aromatic hydrocarbons and alkenes.61–64 A series of hydro-
carbons was analyzed using ambient ion/molecule reactions
in the same manner as other neutral reagents (Fig. S15, ESI†). Both
cationization by Ag+ and Ag3

+ occurred for hexadecane, isocetance,
and squalane. Cationization of a pump oil (Ultragrade 19) sample
was also demonstrated, but the identity of the silver adducts is
unknown. The fact that heat was required to generate the silver
cluster spray is advantageous for the analysis of heavy hydro-
carbons, which are difficult to vaporize and often have low
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vapor pressures. The convenient ionization of saturated hydro-
carbons in the ambient environment is a potential analytical
application of this methodology.

3.4.5 Oxidation. Oxidized silver clusters can serve as model
catalysts for partial oxidation reactions, including epoxidation.37

Roithová and Schröder produced Ag2O+ in vacuum from the
dissociation of Ag2NO3

+ into NO2 and Ag2O+. Another possible
approach to simple oxides is the direct oxidation of Agn

+ clusters,
a possibility indicated by the reaction between neutral silver
clusters and ozone.65 Ionic metal cluster oxidation was achieved
by utilizing a low power plasma (LTP) source (Fig. 3), which
under appropriate conditions serves as a source of ozone.47,66

Silver cluster cations were generated from silver fluoride and
allowed to interact with the generated ozone (Fig. 3B). A series of
oxidized metal clusters was observed which contained multiple
oxygen atoms as well as water molecules. The simplest and most
notable reaction was the transformation of Ag3

+ into Ag3O+. It is
observed that silver clusters containing at least one oxygen atom
can react with water too. It seems that water is only reactive
towards already oxidized clusters, since naked silver cluster
cations have been reported to be unreactive towards water.59

(The water is likely adventitious water in the ambient environ-
ment or in the ion trap used for mass analysis.)

3.4.6 Reactions of Agn
+ and oxidized Agn

+ with ethylene and
propylene. Supported silver trimers have been demonstrated to

be catalysts for the direct epoxidation of propylene using gaseous
oxygen.2 In our study, odd-numbered silver cluster cations inter-
acted with ethylene to produce mono-, bi-, and tri-ligated species
(Fig. S16A, ESI†). No ligation was observed for even-numbered
clusters, either due to their inertness or to the loss of Ag upon
reaction to produce the favored odd-numbered cluster. A small
amount of [Ag3(C2H4)3O]+ was observed, which presumably arises
from reaction with the small amount of Ag3O+ present within the
spray. With the addition of ozone from the LTP source, the mass
spectra change significantly. The intensity of [Ag3(C2H4)3O]+

increases dramatically and a species [Ag5(C2H4)4O2]+ is observed
(Fig. S16B, ESI†). It is interesting to note that there appears to be a
cooperative effect in the binding of ethylene to oxidized clusters as
Ag3

+ binds one or two ethylenes, but it appears that Ag3O+ binds
only three ethylenes. The same phenomenon occurs for the
binding of one, two, or three ethylenes to Ag5

+ but Ag5O2
+ only

binds four ethylenes. Cooperative binding has been reported for
O2 and CO with anionic silver clusters, but no such reports exist
for cationic silver clusters.6,32 [Ag3(C2H4)3O]+ and [Ag5(C2H4)4O2]+

were subjected to CID to identify any potential epoxide products;
however, only the products of ligation were observed. The tandem
MS of [Ag5(C2H4)4O2]+ (Fig. S17, ESI†) is interesting as the loss of
two ethylene molecules is accompanied by the addition of a single
water molecule, and the loss of three ethylenes is accompanied
by the addition of two water molecules.

Fig. 3 Mass spectra of silver cluster cations generated from silver fluoride (A) without ozone and (B) with ozone. (C) Shows the selected ion chronogram
of Ag3

+ (top) and Ag3O+ (bottom) in the presence and absence of ozone. (D) High mass accuracy measurements confirm the formation of Ag3O+.
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Similar experiments were performed with propylene as the
reagent gas. In the absence of ozone, propylene exhibits nearly
identical reactivity to ethylene (Fig. 4). The reactivity of ozone
and propylene is similar to ozone and ethylene for the Ag3

+

cluster but differs for the larger clusters (Fig. 4B). A variety of
species containing propylene, oxygen, and water are observed
for both Ag5

+ and Ag7
+. [Ag7(C3H6)O]+ is particularly interesting

because it fragments to lose neutral C3H6O, propylene oxide or
a structural isomer.

3.5 Reactivity of silver cluster anions

3.5.1 Formation of [Agn(OH)]�. The reactivity of silver cluster
anions generated from silver fluoride was examined. The position
of the ESI source relative to the heating tube was altered to form
an ambient discharge. Without the discharge, naked metal
silver clusters are observed (Fig. 5). With the discharge, the
even-numbered clusters (especially n = 6, 8, and 10) gained an
OH group to form [AgnOH]�, possibly due to reaction with
hydroxyl radicals created by the discharge.67 The amount of

Fig. 4 Reaction of silver cluster cations with (A) propylene and (B) propylene and ozone.

Fig. 5 Mass spectra of silver cluster anions with the ESSI sprayer inserted (A) 1 cm and (B) 2–3 mm inside the heating tube. Red and blue numbers
respectively indicate silver atoms and OH molecules.
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[AgnOH]� varies with cluster size but generally decreases as
n increases. Deuterated 1 : 1 methanol : water was used as the
spray solution in an attempt to identify the source of the OH. The
intensity of [AgnOD]+ was at most 30% of the [AgnOH]� intensity,
indicating that the source of OH must be from elsewhere, such as
atmospheric water.

3.6 Ion soft landing

As a proof of principle, the metal cluster ion source was coupled
to a homebuilt ion soft landing instrument.4,68 Each of the three
silver salts was electrosprayed and similar mass spectra were
obtained as previously described (Fig. S18, ESI†). For unheated
silver acetate and silver benzoate, the same type of salt clustering
was observed as previously seen (Fig. 2A). A similar effect was
observed for silver fluoride, but the exact number of silver and
amount of oxygen or water bound could not be determined with
the given instrument resolution. Upon heating, all three salts
produced a range of clusters from Ag3

+ to Ag15
+ without any

even-numbered clusters. This set of ions was deposited onto a
gold surface and a current of 10 pA could be achieved. Efforts
are underway to improve the current of the source so it will be
possible to study mass-selected ions on surfaces.

4. Conclusions

The major significance of this study lies in the development of
a simple methodology to produce anionic and cationic metal
clusters in the ambient environment. In addition (1) insights
into the mechanisms of formation of the cluster ions was obtained
by studying effects of ambient heating and from thermochemical
considerations. The formation of a series of odd-numbered silver
anions is most remarkable. (2) Ion/molecule reactions at atmo-
spheric pressure revealed a rich chemistry of the silver cluster
cations and anions. Examples of this include, ligation, ligand
exchange, cationization of alkanes and olefins, and oxidation
reactions. Ligand exchange chemistry shows the relative strength
of different ligands towards silver cluster cations, which may be
of use in choosing ligands for capping atomically precise clusters.
(3) The potential analytical utility of the cluster ions was demon-
strated by silver cationization of saturated alkanes. (4) The use of
ozone to produce oxidized clusters especially Ag3O+ was demon-
strated; these silver clusters are especially important as partial
oxidation catalysts.

In future work, attempts will be made to operate these
ambient sources so as to produce a narrower range of cluster
ions, to select clusters of a particular size by ion mobility and
to explore further the chemistry of such anionic species Agn

�

and AgnOH�. Extensions of this approach to the generation
of cluster ions from other metals will also be attempted. For
example, it is already known that Pdn

+, PdnOy
+, and PdnOy

�

(where 3 o n o 13, and 3 o y o 8) are formed from palladium
acetate. The formation of alloy clusters from a mixture of metal
salts is also expected to be straightforward. Given the existence
of a rationale for the loss of the counterion as a small stable
molecule (acetic anhydride in the case of acetates), other

counterions will be selected to optimize cluster ion formation.
The most interesting aspect of the new capabilities provided
will be the investigation of processes of industrial significance
using metal clusters and metal oxide clusters, which have
some of the structural features believed to be important in
full scale heterogeneous catalysis (certain metal cluster sizes
and compositions).8,69,70 The fact that these species can be
generated in air compensates to a degree for the fact that they
are not atomically precise.
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D. Teschner, R. Schlögl, M. J. Pellin, L. A. Curtiss and
S. Vajda, Science, 2010, 328, 224–228.

3 A. Li, Z. Baird, S. Bag, D. Sarkar, A. Prabhath, T. Pradeep and
R. G. Cooks, Angew. Chem., Int. Ed., 2014, 53, 12528–12531.

4 J. Cyriac, M. Wleklinski, G. Li, L. Gao and R. G. Cooks,
Analyst, 2012, 137, 1363–1369.

5 D. M. Cox, W. Eberhardt, P. Fayet, Z. Fu, B. Kessler,
R. D. Sherwood, D. Sondericker and A. Kaldor, Z. Phys. D:
At., Mol. Clusters, 1991, 20, 385–386.

6 L. D. Socaciu, J. Hagen, J. Le Roux, D. Popolan,
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Koutecký, J. Am. Chem. Soc., 2004, 126, 3442–3443.

33 T. M. Bernhardt, J. Hagen, S. M. Lang, D. M. Popolan, L. D.
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Mechanism of Formation of Oxo-cations

The loss of ethenone from [Agn(CH3COO)n-1]+ is possible as evidenced by the observation of 
[Ag6(CH3COO)3OH2O]+ and [Ag5(CH3COO)2OH2O]+ (1). The ethenone product can go on to dimerize (2). 
The heat of formation of ethenone is -47.5 kJ/mol with its dimer having a heat of formation of -190.3 
kJ/mol.1 The hydration energy of Ag3O+ is assumed to be close to that of Ag+, which is -139 kJ/mol.2, 3

The observation that multiple ions, including Ag5(CH3COO)2
+, bind water upon isolation in the ion trap 

suggests this interaction is quite weak. The formation of 2 ethenone and monohydrated Ag3O+ is 
predicted to be exothermic by -234 kJ/mol, as calculated from the heat of formation and hydration 
energy. If the ethenone dimerizes, the reaction is even more exothermic at -329.3 kJ/mol. This is still 
much less favorable than the formation of acetic anhydride, and thus it is assumed to be a minor 
pathway.

Agn(CH3COO)n-1
+[Agn(CH3COO)n-1-2mOm(H2O)m]+ + 2mC2H2O (m=1,2,4)  (1)

2 C2H4O  C4H8O2 (2)

References
1. W. M. Haynes and D. R. Lide, CRC handbook of chemistry and physics : a ready-reference book of 

chemical and physical data, CRC Press, Boca Raton, Fla., 2011.
2. D. Feller, E. D. Glendening and W. A. de Jong, The Journal of Chemical Physics, 1999, 110, 1475-

1491.
3. B. S. Fox, M. K. Beyer and V. E. Bondybey, Journal of the American Chemical Society, 2002, 124, 

13613-13623.
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Supplementary Tables

Table S1: Reaction products of Ag+ with various reagentsa

Reactant Ag+ [AgL]+ [AgL2]+

Ethanol 9.7% 14% 100%
1-propanol 4.4% 6.7% 100%

Isopropyl Alcohol 24.5% 13.2% 100%
Tert-Butyl Alcohol 18.2% 3.6% 100%

Acetone 24.8% 28.5% 100%
Acetonitrile 9.4% N.R. 100%

a  L refers to the respective reagent

Table S2: Reaction products of Ag3
+ with various reactantsa 

Reactant Ag3
+ [Ag3L]+ [Ag3L2]+ [Ag3L3]+

Ethanol 100% 75.4% 57.3% N.R.
1-propanol 33.0% 48.4% 100% N.R.

Isopropyl Alcohol 100% 44.2% 73.% N.R.
Tert-Butyl Alcohol 38.6% 11.0% 100% N.R.

Acetone 100% 48.5% 51.8% N.R.
Acetonitrile 44.8% N.R. 57.5% 100%

a  L refers to the respective reagent
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Table S3: Reaction products of Ag+ with various methyl-substituted pyridinesa

Reactant Ag+ [AgL]+ [AgL2]+

Pyridine 1.0% 6.3% 100%
2-ethylpyridine 0.1% 1.4% 100%
3-ethylpyridine 0.9% 1.8% 100%
4-ethylpyridine 0.09% 0.9% 100%

3,4-Lutidine 1.8% 2.5% 100%
2,6-Lutidine 3.6% 1.2% 100%
2,5-Lutidine 2.2% 2.0% 100%
3,5-Lutidine 3.1% 1.4% 100%

2,4,6-
trimethylpyridine

1.2% 10.6% 100%

a  L refers to the respective reagent

Table S4: Reaction products of Ag3
+ with various methyl-substituted pyridinesa

Reactant Ag3
+ [Ag3L]+ [Ag3L2]+ [Ag3L3]+

Pyridine 28.8% 44.1% 73.8% 100%
2-ethylpyridine N.R. N.R. N.R. 100%
3-ethylpyridine N.R. N.R. N.R. 100%
4-ethylpyridine N.R. N.R. N.R. 100%

3,4-Lutidine N.R. N.R. N.R. 100%
2,6-Lutidine N.R. N.R. N.R. 100%
2,5-Lutidine N.R. N.R. N.R. 100%
3,5-Lutidine N.R. N.R. N.R. 100%

2,4,6-
trimethylpyridine

23.2% 52.5% 51.0% 100%

a  L refers to the respective reagent
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Table S5: Reaction products of Ag3
+ with acetone, acetontrile, acetone followed by acetonitrile, and 

acetonitrile followed by acetonea 

Compound
[Ag3 + (C3H6O)x + (C2H3N)y]+

Acetone Only Acetonitrile Only Acetone, then  
Acetonitrile

Acetonitrile, 
then Acetone

[1,0]   N.R.
[2,0]   N.R.
[3,0] N.R. N.R.
[0,1]   
[0,2]   
[0,3]   
[1,1]  N.R.
[2,1] N.R. N.R.
[1,2] N.R. N.R.

a Checkmarks indicate the presence of a species as determined by the appropriate MS/MS experiment.
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Supplemenary Figures

Figure S1: Apparatus for studying atmospheric pressure ion/molecule reactions of silver clusters 
(cations/anions) with various reagents

Figure S2: Apparatus for performing atmospheric pressure ion/molecule ligand exchange reactions of 
silver clusters with various reagents
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Figure S3: Apparatus for performing ion/molecule reactions using either a gas, low temperature plasma, 
or both. The low temperature plasma is used to generate reactive species to oxidize silver cluster cations
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Figure S4: Negative ion mode mass spectra of A) unheated and B) heated silver acetate. Positive ion 
mode of C) unheated and D) heated silver benzoate. Negative ion mode mass spectra of E) unheated 
and F) heated silver benzoate. Positive ion mode mass spectra of G) unheated and H) heated silver 
fluoride. The numbers above each peak indicate the number of silver atoms, ligands, and water present, 
and the absence of the final number indicates zero water molecules are present
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Figure S5: Tandem MS of A) Ag5
+, B) Ag7+, C) Ag8

+/Ag16
2+, D) Ag10

+/Ag20
2+, E) Ag11

+/Ag22
2+, F) Ag13

+, G) 
Ag19

2+, and H) Ag21
2+
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Figure S6: Tandem MS of A) Ag7
-, B) Ag9

-, C) Ag11
-, D) Ag12

-, E) Ag13
-, F) Ag14

-, G) Ag15
-, H) Ag16

-, I) Ag17
-, and 

J) Ag18
-
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Figure S7: Selected ion chronograms for ions of interest in the formation of silver cluster cations from a 
silver acetate precursor. At time zero the heating is turned on and temperature slowly rises to 250 
Celsisus over the course of a few minutes
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Figure S8: Tandem MS tree for ions observed when silver acetate is subjected to 100-150 C and harsh in 
source conditions. Species in black text are observed in the full MS, while species appearing in red are 
only observed by tandem MS. Red asterisks indicate ions that reversibly bind H2O in the ion trap
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Figure S9: Reaction of silver cluster cations with A) ethanol, B) 1-propanol, C) isopropyl alcohol, D) tert-
butyl alcohol, E) acetone, and F) acetonitrile. Tandem MS for selected ions are shown as insets. M stands 
for the reactant of interest.  Peaks at m/z 105, 337, and 365 are common background ions with the first 
originating from the spray and the latter arising from the cotton swab 
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Figure S10: Reaction of silver cluster cations with A) pyridine, B) 2-ethylpyridine, C) 3-ethylpyridine, D) 4-
ethylpyridine, E) 3,4-lutidine, F) 2,6-lutidine, G) 2,5-lutidine, H) 3,5-lutidine, and I) 2,4,6-
trimethylpyridine. M stands for the reactant of interest
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Figure S11: Tandem mass spectrometry data for [Ag3(C8H11N)3]+ (left) and [Ag3(C7H9N)3]+ (right) where 
2,4,6-trimethylpyridine and 3,5-lutidine are the respective neutral reactants. A) MS2, B) MS3, C) MS4 of 
[Ag3+(2,4,6-trimethylpyridine)3]+. D) MS2, E) MS3, F) MS4 of [Ag3+(3,5-lutidine)3]+. M stands for the 
reactant of interest
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Figure S12: A) MS2 of [Ag3+C2H3N+NH3]+, B) MS2 of [Ag3+C2H3N+(NH3)2]+, and C) MS2 of 
[Ag3+(C2H3N)2+NH3]+ for the reaction of silver clusters with first ammonia (from ammonium hydroxide) 
then acetonitrile
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Figure S13: Full MS for the reaction of silver clusters with first 2,6-lutidine then acetonitrile. Inset: 
Blowup of m/z 350-700 
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Figure S14: A) Full MS, B) MS2 of [Ag3 + (C3H6O) + (C2H3N)]+, and C) MS2 of [Ag3 + (C3H6O)2]+ for the 
reaction of silver clusters with Ag3

+ with first acetone, than acetonitrile



20

Figure S15: Analysis of A) Hexadecane, B) Isocetane, C) Squalane, and D) Ultragrade 19 oil using silver 
cluster spray. The inset of C) is the MS2 of [Ag+Squalane]+
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Figure S16: Reaction of silver cluster cations with A) ethylene and B) ethylene and ozone
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Figure S17: MS fragmentation tree for [Ag5(C2H4)O2]+. Arrows indicate a single stage of CID.
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Figure S18: Positive ion mode mass spectra of A) unheated and B) heated silver acetate. Positive ion 
mode of C) unheated and D) heated silver benzoate. Positive ion mode mass spectra of E) unheated and 
F) heated silver fluoride. All these mass spectra were collected on a custom surface science instrument. 
The numbers above each peak indicate the number of silver atoms and ligands present
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ABSTRACT: The analytical performance and a suggested
mechanism for zero volt paper spray using chromatography
paper are presented. A spray is generated by the action of the
pneumatic force of the mass spectrometer (MS) vacuum at the
inlet. Positive and negative ion signals are observed, and
comparisons are made with standard kV paper spray (PS)
ionization and nanoelectrospray ionization (nESI). While the
range of analytes to which zero volt PS is applicable is very
similar to kV PS and nESI, differences in the mass spectra of
mixtures are interpreted in terms of the more significant effects
of analyte surface activity in the gentler zero volt experiment
than in the other methods due to the significantly lower charge.
The signal intensity of zero volt PS is also lower than in the
other methods. A Monte Carlo simulation based on statistical fluctuation of positive and negative ions in solution has been
implemented to explain the production of ions from initially uncharged droplets. Uncharged droplets first break up due to
aerodynamics forces until they are in the 2−4 μm size range and then undergo Coulombic fission. A model involving statistical
charge fluctuations in both phases predicts detection limits similar to those observed experimentally and explains the effects of
binary mixture components on relative ionization efficiencies. The proposed mechanism may also play a role in ionization by
other voltage-free methods.

Mass spectrometry (MS) is a powerful analytical technique
because of its high sensitivity, selectivity, and speed.

Ionization, the first step in MS analysis, plays a pivotal role in
the experiment. The applicability of MS to complex samples
examined without sample pretreatment is the key feature of
desorption electrospray ionization (DESI)1 and other ambient
ionization methods.2,3 These ionization methods have been
used in various fields including drug discovery, metabolomics,
forensic science, and biofluid analysis. Ambient ionization
methods which avoid the use of a high voltage have obvious
advantages, especially for in vivo analysis.4

The first voltage-free spray ionization method, thermospray,
was developed by Vestal et al. in the 1980s as an interface for
LC/MS.5,6 In this experiment thermal energy was used to help
release solvent and create ionized analytes. A few years later,
another important voltage-free spray ionization method (SSI)
was introduced by Hirabayashi.7,8 In this experiment a high
speed gas flow is used to break up the bulk solution into
droplets, which go on to evaporate and generate gaseous ions.
A variety of compounds9−11 can be ionized by SSI, and it has
been used for in vivo analysis when combined with ultrasonic
aerosolization.4 Desorption sonic spray ionization12 (DeSSI,
also referred to as easy ambient sonic-spray ionization,
EASI13,14) is another example of a zero voltage spray ionization

method. It represents a particular mode of operation of DESI
which removes the high voltage. In SSI and EASI ionization,
pneumatic forces play an important role. Another voltage-free
ionization method, solvent assisted inlet ionization (SAII) is
applicable in LC/MS.15−17 Here, as in thermospray, both
thermal energy and pneumatic forces appear to contribute to
ionization. In addition to these voltage-free spray ionization
methods, ultrasound produced by piezoelectric devices has also
been used for spray ionization.18,19 A low frequency ultra-
sonicator has been used to analyze biomolecules and monitor
organic reactions, reducing background noise by decreasing
interference from background electrochemical reactions.20,21 In
2013, Chung-Hsuan Chen et al. reported yet another new spray
ionization method, Kelvin spray ionization,22 which required no
external electric energy, the system itself producing a voltage.
Paper spray (PS), first reported in 2009,23 has proven

practically useful for qualitative and quantitative analysis. The
use of paper as the substrate in PS allows ionization of
compounds of interest while leaving some of the other
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components of complex matrices adsorbed to the paper; this
feature makes it suitable for the quantification of therapeutic
drugs in blood.24,25 Paper cut to a sharp point ensures that a
kilovolt applied potential will generate an electric field high
enough to cause emission of charged analyte-containing solvent
droplets; these droplets evaporate and undergo Coulomb
explosion and perhaps solvated ion emission to give ESI-like
mass spectra.26 A recent variant on the PS method uses paper
impregnated with carbon nanotubes as a way to achieve the
necessary field strengths while applying only a low voltage.27

We show in this study that by removing the applied voltage
entirely, a zero volt form of PS can be performed. This
experiment, which is phenomenologically similar to the SAII
method, retains the advantages of the paper substrate by
allowing complex mixtures to be examined directly without
chromatography while removing the electric field and
dispensing with the strong pneumatic forces needed in the
pneumatically assisted ionization methods of SSI and EASI. In
zero volt PS, as in SAII, the vacuum provides a sufficient
pneumatic force. Our results demonstrate that zero volt PS
gives both positive and negative ions just as does conventional
kV PS and nESI, albeit with much lower signal intensities. The
reduction in signal intensities roughly parallels that between
EASI and DESI. Qualitative mechanisms, which are not fully
understood, have been proposed for other zero volt methods,
but this paper seeks to develop a quantitative model for zero
volt paper spray. Simulations, based on the theory of Dodd,28

have been performed to gain insights into the ionization
mechanism. The proposed mechanism includes charge
separation during droplet formation due to statistical
fluctuations in positive and negative ion distributions11 after
aerodynamic droplet breakup as described by Jarrold and co-
workers.29 Subsequent solvent evaporation and Coulombic
fission processes follow the accepted ESI mechanisms.

■ EXPERIMENTAL DETAILS
Chemicals and Materials. Deionized water was provided

by a Milli-Q Integral water purification system (Barnstead Easy
Pure II). Morphine and cocaine were purchased from Cerilliant
(Round Rock, Texas). Methanol was from Mallinckrodt Baker
Inc. (Phillipsburg, NJ). Deuterated methanol and water were
provided by Cambridge Isotope Laboratories (Tewksbury,
MA). The paper used as the spray substrate was Whatman 1
chromatography paper (Whatman International Ltd., Maid-
stone, England). All samples were examined in methanol
solution except where noted.
Zero Volt Paper Spray. As is shown in Figure 1, the

experimental details of zero volt PS were a little different from
those previously reported for kV PS.23 The choice of paper
shape for kV PS is important to generate the required electric
fields for ionization; however, the choice of paper shape for
zero volt PS is less important than the orientation of the paper
relative to the MS inlet. Therefore, a rectangular piece of paper
cut to 8 mm × 4 mm and held in place by a toothless alligator
clip (McMaster-Carr, USA Part 7236K51) was used, with the
center of a straight edge being placed closest to the inlet and on
the ion optical axis. This arrangement made it easier to control
the distance between the paper and the inlet than in the case of
a paper triangle (Figure 1a), increasing the reproducibility of
the experiment. A xyz-micrometer moving stage (Parker
Automation, USA) was used to set the distance between the
front edge of the paper and the MS inlet in the range 0.3 mm to
0.5 mm. A camera (Watec Wat-704R) was used to help in

positioning the paper and to observe the spray which was
illuminated by a red laser pointer. No voltage was applied to the
paper or the capillary of the MS, instead the spray was
generated by the pneumatic forces at play near the MS inlet.
Figure 1b depicts the typical workflow. Typically, 5 μL of

sample dissolved in methanol was loaded onto the paper and
allowed to dry. During drying, the paper was positioned
appropriately with respect to the MS. A methanol and water
solvent (1:1 v/v, applied to the paper in three 7 μL aliquots)
was used to generate the spray and detect signal. For each 7 μL
aliquot of solvent, the signal lasted for about 10 s. Micropipette
tips were used to load solvent onto the paper. Sample solutions
could also be directly applied to the paper to generate spray.
Figures 1c and 1d are photographs taken without and with
solvent on the paper, respectively. Clearly, droplets are
observed only in the presence of solvent. The spray process
was monitored using a 30 Hz camera and details are shown in
Figure S1 and the Supporting Information videos. Note that
there are similarities to the experiments described by Pagnotti
and co-workers.15,16

Computational Resources. All programs used in the
simulation of zero volt PS were coded in Python 3.4.2 and
computed using computational resources provided by In-
formation Technology at Purdue Research Computing
(RCAC) on the Carter supercomputer. Smaller codes were
tested on a small desktop computer (core i3).

Instrumentation. Mass spectra were acquired using a
Thermo Fisher LTQ mass spectrometer (Thermo Scientific
Inc., San Jose, CA). The MS inlet capillary temperature was
kept between 150 and 200 °C except where noted, and the tube
lens voltage and the capillary voltage were held at zero volt for
both positive and negative ion detection. Collision-induced
dissociation (CID) was used to carry out tandem mass
spectrometry analysis on precursor ions mass-selected using
windows of 1.5 mass units. To record the corresponding kV PS
spectra, 3.5 kV and 2.0 kV were used in the positive and
negative ion modes, respectively, while for nESI 1.5 kV was
used in both polarities. The same CID conditions were used for
the analysis of the same sample regardless of the ionization
method.

Figure 1. a) Overview of the zero volt paper spray process. The
distance between the front edge of the paper and the MS inlet is 0.3−
0.5 mm. No voltage is applied to either the paper or the MS inlet
capillary. The suction force of the MS inlet causes the release of
analyte-containing droplets, which are sampled by the mass
spectrometer. b) Sampling and detections procedures. Photographs
of the inlet region c) without and d) with solvent. A solvent spray or
stream is generated when solvent is applied to the paper, as shown in
detail in a video in the Supporting Information.
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■ RESULTS AND DISCUSSION
Characteristics of Zero Volt PS Mass Spectra. A variety

of samples was used to test the ionization capabilities of zero
volt PS. As shown in Figure 2, both positive and negative

spectra were obtained, although the signal intensities were
about 2 orders of magnitude lower than those of nESI and kV
PS spectra. The MS/MS results for zero volt PS were almost
identical to those for the same ions generated by nESI and kV
PS (Figures S2 and S3). These results show that the range of
analytes to which zero volt PS is applicable is very similar to kV
PS and nESI, but the ionization efficiency is much lower.
As noted at the beginning of the paper, ionization without

application of a voltage has been observed using several
methods. This makes it important to seek to understand the
fundamental processes that lead to the formation of ions at zero
volts. It is expected that such an enquiry for zero volt PS might
be of some later use in guiding mechanistic studies of the other
methods. A simple experiment was performed to determine the
maximum distance between the paper and MS inlet that still
allows observation of signal. It was found that without external
forces and with the instrument and paper used, the paper must
be within 1 mm of the inlet for the observation of a spray and
the corresponding ion signal. At larger distances, an external
force such as an applied voltage or additional pneumatic force is
needed. A distance of 0.3−0.5 mm was chosen for subsequent
experiments to optimize signal intensity and lower its
fluctuations. The spray process was monitored using a 30 Hz

camera in an experiment that used 50 ppm of tributylamine fed
continuously onto the paper at a flow rate of 15 μL/min. The
emission of individual droplets occurs rapidly enough that the
chronogram appears to be continuous when observed using an
ion injection time of 100 ms (Figure S 1f). By illuminating the
spray with a hand-held red laser pointer the spray process could
be videographed. Figure S1 a-d shows the suction of one
droplet over the course of 4 consecutive images. This indicates
that a single suction event occurs in a time on the order of
∼100 ms. This experiment was repeated using manual additions
of solvent (7 μL), and similar droplet events are observed.
Movies of the continuous and discrete methods of analysis are
included in the Supporting Information. The important finding
is that signal is observed only when a droplet event is recorded
by the camera, indicating that droplets are necessary to produce
gas phase ions.

Source of Protons, pH Effect, and Low Voltage Effect.
Figure 3 shows the zero volt PS spectrum of 1 ppm

tributylamine using methanol:water 1:1 and deuterated
methanol:water 1:1 as solvents, respectively (Figure 3a and
3b). When methanol/water was used, m/z 186 ([M + H]+) was
the dominant peak, accompanied by an isotopic signal at m/z
187. However, when deuterated methanol/water was used, m/z
187, [M + D]+, was dominant, and m/z 188 is its isotopic peak.
These results indicate that the protons mainly come from the
solvent and that the normal acid/base equilibria occurring in
bulk solution are ultimately responsible for the ions seen in the
mass spectra. In Figure 3b, there is still a small peak of m/z 186,
while in Figure 3a ions of m/z 185 are virtually absent,
indicating that a small proportion of tributylamine is still
ionized as [M + H]+ when deuterated solvents are used.
Possible sources of the proton include autoionization (2 M ⇌
[M + H]+ + [M − H]−), gas phase water molecules, and
residual protic compounds in the instrument.
The effects of solvent pH on the spectra have been tested

using a representative compound, tributylamine. The intensity
of the signal for the protonated molecule is high at pH 7, but
when the pH is raised to 10, the intensity drops to zero. Further
tests were done by using a series of aromatic heterocyclic

Figure 2. Mass spectra recorded using zero volt PS of three samples
examined in the positive ion mode: a) 1 ppm tributylamine; b) 8 ppm
cocaine, and c) 1 ppm terabutylammonium iodide and three samples
examined in the negative ion mode: d) 10 ppm 3,5-dinitrobenzoic
acid, e) 10 ppm fludioxonil, and f) 10 ppm sodium tetraphenylborate.
Methanol and water (v/v 1:1) were used as spray solvent for all
samples. Both positive and negative signals were recorded with much
lower intensities compared with kV PS and nESI. * Indicates the
presence of background species. Figure 3. Zero volt PS mass spectra of 1 ppm tributylamine using a)

methanol/water (v/v 1:1) and b) deuterated methanol/water (v/v
1:1) as solvent. When deuterated solvent is used, [M + D]+ becomes
the major peak.
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compounds (pyridine, guanine, thymine, and adenine) at
neutral and acidic pH (Figure S4). The results show that all
four compounds ionize well from acidic solution; pyridine and
adenine also ionize at neutral pH, while guanine and thymine
do not. These observations are consistent with expectations
based on acid/base solution equilibria. The pKa values of the
conjugate acids of thymine and guanine are 0 and 3.2,
respectively, while the pyridine and adenine values are
significantly higher, 5.25 and 4.1, respectively.30 A series of
basic amines including tetramethyl-1,4-butanediamine, diiso-
propylamine, and methyl amine was also analyzed to investigate
the effect of proton affinity (Figure S5). Tetramethyl-1,4-
butanediamine has the highest proton affinity (1046.3 kJ/mol)
among these analytes and also the highest absolute MS signal
intensity. Diisopropyl amine (971.9 kJ/mol) is second in PA,
and methyl amine (899 kJ/mol) has the lowest PA and MS
signal. Basicity in the gas phase and in solution appear to play
important roles in determining the types of ions and conditions
(pH) under which they will be observed, similar to the effects
observed in electrospray.31

To investigate the role low - as opposed to zero - voltages
can have on ionization, paper spray experiments were
performed using diphenylamine and low and zero volts. The
results demonstrate that the small signal at zero volts rises
measurably (by a factor of 1.5) upon providing 1 V on the
paper (Figure S6) and increases by a factor of 2.5 on raising the
potential to 10 V (data not shown). The addition of even a low
voltage supplies additional charges, which increases ionization
efficiency.
Analyzing Organic Salt/Organic Analyte Mixtures by

Zero Volt PS, kV PS, and nESI. A mixture containing 9 ppm
cocaine and 0.1 ppm tetrabutylammonium iodide was examined
by nESI, kV PS, and zero volt PS. The results are shown in
Figure 4a-c. For nESI and kV PS, cocaine (protonated
molecule, m/z 304) is the dominant peak, while the signal
intensity of tetrabutylammonium (m/z 242) is only about 2%
of that of cocaine. For zero volt PS, m/z 304 is still dominant,
but the relative intensity of tetrabutylammonium (m/z 242) is
much higher than in nESI and kV PS (about 50% relative
abundance). The trend is even more obvious in the results of 9
ppm morphine/0.1 ppm tetrabutylammonium iodide (Figure
S7a,b,c). The data for nESI (Figure S7a) and kV PS (Figure
S7b) show the signal for morphine (m/z 286) to be the base
peak, while the relative abundance of tetrabutylammonium (m/
z 242) is only about 2% in both cases. By contrast, in the zero
volt PS result, it is the ion m/z 242 that constitutes the base
peak, while the relative abundance of the protonated morphine
ion is only about 10% (Figure S7c). An analogous effect was
observed in the negative ion mode, by analyzing a mixture of 36
ppm sodium tetraphenylborate and 3,5-dinitrobenzoic acid
(Figure S7 d,e,f).
To account for these results we note the well-known fact

both in nESI and in conventional kV PS that the signal intensity
is closely related to the concentration of the analyte, at least in
the lower concentration range where the available number of
charges is sufficient to convert all analyte into the ionic form.
The observation that zero volt PS is ca. 2 orders of magnitude
less efficient than kV PS and nESI is interpreted simply as the
result of the limited number of charges provided by the
statistical droplet breakup process versus direct solvent
charging. However, this does not explain the large differences
between the cocaine/tetrabutylammonium and morphine/
tetrabutylammonium ion signals in zero volt PS vs the

conventional PS and nESI methods. The aqueous pKb of
cocaine is 5.39 (15 °C), and morphine is slightly higher, 5.79
(25 °C). This means that morphine should produce somewhat
fewer ions than cocaine even when their absolute concen-
trations are the same. However, the main reason for the low
relative intensity of morphine in zero volt PS is likely the lower
surface activity of morphine compared to cocaine.32 Evidence
for this comes from the fact that when mixed with the very
surface active compound tetrabutylammonium iodide, suppres-
sion of ionization is much more obvious for morphine than for
cocaine in zero volt PS. In kV PS and nESI, the influence of
surface activity is not as severe as in zero volt PS since their
ionization efficiencies are so high that most of the analytes in
the droplets can be ionized and pushed to the droplet surface. A
parallel result is observed in negative ion mode where the
surface active tetraphenylborate signal is relatively enhanced in
zero volt PS as compared to the kV PS and nESI experiments.
Given these qualitative explanations we can now test them
using a quantitative model of the ionization mechanism.

Overview of Ionization Mechanism for Zero Volt PS. It
is well-known that most analytes that can be ionized by ESI (or
nESI) or by PS are Bronsted acids or bases. For a basic
compound M dissolved in a solvent (S), a certain amount of M
exists in the ion pair form (normally as solvent-separated ion
pairs) because of the equilibrium:

+ ⇌ + + −+ −M S [M H] [S H]

Figure 4. Mass spectra of a mixture of 9 ppm cocaine and 0.1 ppm
tetrabutylammonium iodide using a) nESI, b) kV PS, and c) zero volt
PS.
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For negative ion generation from of an acidic compound N, the
equilibrium is

+ ⇌ − + +− +N S [N H] [S H]

For an ionic compound, say CA, there exists a dissociation
equilibrium:

⇌ ++ −CA C A
It is these solution-phase ion pairs which can go on to be
evaporated and detected in zero volt PS as positively or
negatively charged ions.
In zero volt PS, a droplet experiences aerodynamic forces as

it is pulled into the mass spectrometer by the suction of the
vacuum system. These aerodynamic forces break apart droplets
until they reach a size on the order of 1 to 4 μm where the
aerodynamic forces are no longer strong enough to cause
further droplet breakup.29,33 Aerodynamics forces are described
by the Weber number, which is defined as

ρ

σ
=

−
We

V V D( )g g d
2

d

(1)

where ρg is the gas density, Vg is the gas velocity, Vd is the
droplet velocity, Dd is the diameter of the droplet, and σ is the
surface tension of the solvent.34 The droplet will continue to
break up while its Weber number is larger than 10 (Figure
S8).34,35 During the aerodynamic breakup process, there is a
very large chance that the positive charges and negative charges
will be unevenly separated, that is to say, many of these progeny
droplets will be (slightly) charged. The extent of charging is
unknown. However, because the initial Weber number in zero
volt paper spray is larger than 1000 a catastrophic breakup of
the initial droplet occurs to produce progeny droplets (Figure
S8).34,36 After aerodynamic breakup it is assumed that droplets
will undergo multiple rounds of evaporation and Coulombic
fission until they are ionized by either of the main ESI models,
the charge residue model or the ion evaporation model37,38 or
its close analog, solvated ion emission.26 A schematic of the
overall mechanism is shown in Scheme 1. The model used here
to describe evaporation and fission is similar to other
approaches used to model nESI based on Monte Carlo
methods,39 except that droplet charging is determined by
nonsymmetrical fragmentation as described by Dodd.28 While
the charging calculated by Dodd is small,28,40 there is enough
charge to allow for the Coulombic fission of most 1 to 4 μm
droplets to occur after an appropriate evaporation time. Note,
too, that we assume statistical breakup and resulting charge
distributions in the fragments during the early aerodynamic
phase of bulk breakup but are aware of the fact that this is
simply a first approximation. Simulations have been done based
on the above postulated mechanism. The initial concentration

and diameter for each droplet were specified, but the charge of
each droplet was randomly assigned based on a theory
described by Dodd.28 To determine the initial charge, the
number of ions an analyte forms in solution was calculated
based on the initial concentration and dissociation constant of
the analyte. Statistical fluctuations in the number of positive
and negative ions in each droplet were modeled by a binomial
distribution

= − −( )f z n p
n
z p p( ; , ) (1 )z n z

(2)

where p is the probability of an ion being charged (either
positive or negative), n is the number of ions, and z is number
of positive charges. The difference in ion polarity count
determines the initial charge. It should be noted that charge is
assumed to be carried only by analytes added to the solution.
The droplet then evaporates until its diameter reaches the
Rayleigh limit (3).38,41

π ε σ
=

*

* * *

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟D

D e

( 8 )R
q
2 2

2
0

1/3

(3)

Here DR is the diameter of the droplet at the Rayleigh limit, Dq
is the charge on the droplet, e is elementary charge, ε0 is the
permittivity of a vacuum, and σ is the solvent surface tension.
At the Rayleigh limit a droplet undergoes fission and

produces progeny droplets. Accordingly the size of precursor
and progeny droplets was calculated according to these
equations

= − Δ *D m D(1 )d
1/3

R (4)

= Δ⎛
⎝
⎜⎜

⎞
⎠
⎟⎟D

m
N

DpD
pd

1/3

R
(5)

where Npd is the number of progeny droplets taken to be 10,
Dpd is the diameter of the progeny droplets, and Δm = 0.02.
The number of analytes in each progeny droplet was
determined from two Poisson distributions: the concentration
of ions, Nanal‑IP (both positive and negative), and the
concentration of free ions in the outer region of the droplet,
Nanal‑q. The position of a solvated ion within the droplet is
determined by its surface activity, S. Surface activity is a number
between 0 and 1 describing the probability of a molecule being
at the surface or the interior of the droplet. Larger values of
surface activity means the analyte competes more strongly for
surface sites. Surface activity is modeled by a binomial
distribution, similar to eq 2, except that p = S, n is the number
of ions, and z is the number of ions found in the outer region of

Scheme 1. Overview of the Ionization Mechanism of Zero Volt PS Ionization Including Representations of the Aerodynamic
Breakup Process and the Droplet Evaporation/Coulombic Fissiona

aIn both steps statistical distribution of charge to the fragments is assumed.
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the droplet.39 The number of ions, Nanal‑IP, and charges, Nanal‑q,
is chosen randomly from a Poisson distribution.

=
*

!‐

−

‐

‐

f N N
e N

N
( ; )

N N

anal IP IP
IP

anal IP

IP anal IP

(6)

Here NIP is the average number of ions close to the surface.
The same equation is used for Nanal‑q with the appropriate
substitutions. For the progeny droplets, additional charging can
arise from the statistical fluctuations in the number of positive
and negative ions, and this is modeled in the same manner as
above (2). The evaporation/Coulombic fission process
continues until all droplets reach a size of 10 nm. At 10 nm,
ions free of their counter charge are considered ionized (i.e.,
considered to undergo subsequent rapid desolvation), which is
a simplification of the actual processes that leads to ion
formation. Ions are produced from droplet smaller than 10 nm
by the ion emission mechanism or by the charge residue
model.26 The formation of gas-phase ions from 10 nm droplets
is not explicitly modeled here. A more detailed explanation is
provided in the Supporting Information.

There are differences, but there are also strong similarities in
the ionization mechanism of zero volt PS and conventional kV
PS. Both processes involve the key steps of (i) droplet
formation and (ii) droplet breakup. Droplet formation is mostly
due to pneumatic forces in zero volt paper spray, whereas it is
mostly due to electrical forces at kV paper spray. There exists a
continuum in behavior between zero volt PS and kV PS as
evidenced by the low voltage PS data cited above. Droplet
breakup starts with a mechanical breakup process which may or
may not occur in kV PS and is then followed by processes
analogous to those of kV PS.

Single Analyte Simulation. Simulations were run with 2
μm droplets to investigate the possible limits of detection of
zero volt PS. Both sizes lead to indicated limits of detection
between 10−7 and 10−8 M (Figure S8), based on the
assumption of being able to detect a single ion. The detection
limit determined from simulation is calculated from the
ionization efficiency, which is defined as the ratio of the
number of ions generated vs the total number of molecules
used.42 Qualitatively, 18 ppb (4.87 × 10−8 M) of
tetrabutylammonium iodide could be detected experimentally,

Figure 5. a) Cocaine to tetrabutylammonium cation ratio dependence in positive ion mode for zero volt PS and nESI. Cocaine concentration is held
constant at 1 ppm, while tetrabutylammonium iodide concentration changes. b) The relative surface activity of cocaine calculated according to the
experimental data in a). c) Ratio dependence of 3,5-dinitrobenzoate to tetraphenylborate in negative ion mode for zero volt PS and nESI. 3,5-
Dinitrobenzoic acid concentration is held constant at 20 ppm, while the sodium tetraphenylborate concentration changes. d) Relative surface activity
of 3,5-dinitrobenzoic acid calculated according to the experimental data in c). Surface activity of the salt is assumed to be 1 for all simulations.
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which is in good agreement with the estimate of detectability by
simulation. The simulation was also repeated at three different
surface activities, and it was found that the number of ionized
molecules decreases as the surface activity decreases (Figure
S10). Surface activity has been reported to have a similar effect
on the ionization efficiency.43,44

Experimental and Simulated Results and Mechanistic
Considerations for Multianalyte Mixtures. A series of
mixtures of cocaine and tetrabutylammonium iodide were
analyzed with zero volt PS. In Figure 5a the amount of
tetrabutylammonium iodide was varied, while the amount of
cocaine was held constant at 1 ppm. A similar experiment was
performed using 3,5-dinitrobenzoic acid and sodium tetraphe-
nylborate but analyzed in negative ion mode. In Figure 5c the
amount of sodium tetraphenylborate was changed, while the
concentration of 3,5-dinitrobenzoic acid was held constant at
20 ppm. At each point, the ratio of (de)protonated molecular
ion to salt was calculated. Simulations were run in which the
more surface active compound (salts in this case) was assumed
to have a surface activity of 1 and surface activity of
(de)protonated molecular ion relative to the salt was varied
until the simulated ratio matched within 1% error of the
experimental ratio.
In Figure 5a, as the amount of tetrabutylammoiun iodide

decreases the ratio of cocaine to tetrabutylammoiun iodide
increases for both zero volt PS and nESI. Note that nESI has
larger ratios than zero volt PS. This is because the kV applied
voltage provides protons38,45 which can serve to ionize the
cocaine but will not cause additional ionization of the
tetrabutylammonium iodide salt. Thus, the measured ratio
becomes closer to the concentration ratio, with differences
being due to intrinsic ionization and detection efficiency. We
applied the experimental intensity ratios of zero volt PS to our
simulation and calculated the relative surface activity trend. The
results are shown in Figure 5b. As the amount of
tetrabutylammonium iodide decreases the relative surface
activity of cocaine is calculated to increase. This makes sense
since as the amount of tetrabutylammoium idodie decreases
more cocaine will move toward the droplet surface and can
compete against the tetrabutylammonium cation for surface
sites.46 Tang et al. developed a model, which suggests that at
low concentrations, 10−8 to 5 × 10−6 M, the ratio of analyte ion
signals is dependent upon the relative surface activities of the
two analytes.32 This agrees with our simulation results very
well. Figure 5c,d display the same general trend observed in
Figure 5a,b. As the concentration of sodium tetraphenylborate
decreases the ratio of 3,5-dinitrobenzoic acid to sodium
tetrphenylborate decreases (Figure 5c), while the relative
surface activity of 3,5-dinitrobenzoic acid increases (Figure
5d). A similar set of experiments was performed except that the
concentration of the analyte was varied, and the salt
concentration was held constant (Figure S11). This produced
similar conclusions, and a detailed explanation is provided in
the Supporting Information.

■ CONCLUSION
Chemical analysis at zero volts from paper substrates has been
demonstrated. Zero volt PS gives both positive and negative ion
signals and allows detection of similar compounds to those seen
by kV PS and nESI but with lower ionization efficiency. In spite
of the low efficiency, the process is intrinsically very gentle and
is more sensitive to surface active compounds. A mechanism for
zero volt PS has been proposed based on the statistical

fluctuation of positive and negative ions in droplet solutions
during the course of droplet breakup. This model (developed in
detail in the Supporting Information) has been used to predict
a detection limit similar to that observed experimentally. In the
case of multiple analytes, the simulation is also able to calculate
the relative surface activity of both positive and negative ions,
such as cocaine and 3,5-dinitrobenzoic acid. The relationship of
this model to other zero volt spray ionization mechanisms is
not known but is of great future interest, especially for the inlet
ionization experiments15,16 and the nanowire spray47 methods.
Besides the understanding of its mechanism, zero volt PS also
has potential application advantages: it could be used to study
systems where there is a need to avoid the influence of external
electric fields and at the same time to use paper to eliminate the
complex matrix, such as in living organisms analysis. In the
course of this work we have learned of related unpublished
paper spray ionization experiments done by Dr. Akira
Motoyama of Shiseido Company.
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Abstract: The supporting information includes 11 figures, 4 movies, and further simulation details. Figure 

S1 shows the process of one droplet being sucked into the mass spectrometer. Figures S2 and S3 display 

MS/MS data for selected analytes examined in the positive and negative ion modes ionized by paper 

spray (PS), nano-electrospray ionization (nESI), and zero volt PS. Figures S8 – S10 are supporting 

information for the simulations developed in this paper. A in depth discussion of the postulated ionization 

mechanism for zero volt paper spray is provided. A brief discussion of figure S11 is also provided. 

 

 

Supplementary Figures: 

Figure S1: Consecutive camera images of 0V paper spray process. 

Figure S2: MS/MS of selected positive mode analytes using PS, nESI, and zero volt PS 

Figure S3: MS/MS of selected negative ion mode analytes using PS, nESI, and zero volt PS 

Figure S4: 0V paper spray of aromatic heterocycles in neutral and acidic pH 

Figure S5: 0V paper spray of amines with different basicities 

Figure S6: Comparison of 0 V and 1 V paper spray 

Figure S7: Analysis of mixtures selected compounds using nESI, PS, and zero volt PS. 

Figure S8: Weber number for methanol droplets under different gas flows 

Figure S9: Simulated number of molecules ionized vs analyte concentration at various surface activities 

Figure S10: Simulated ionization efficiency vs analyte concentration at various surface activities 

Figure S11: Experimental results of binary mixtures and calculated relative surface activity results.  

 

Supplementary Movies: 

Movie S1: Video image of the analysis of 50 ppm tributylamine in methanol feed continuously onto the 

paper at 15 µL/min. 

Movie S2: Video image of the analysis of 50 ppm tributylamine in methanol feed continuously onto the 

paper at 15 µL/min at ¼ speed. 

Movie S3: Video image of the analysis of 50 ppm tributylamine in methanol added in 5-7 µL aliquots.  

Movie S4: Video image of the analysis of 50 ppm tributylamine in methanol added in 5-7 µL aliquots at ¼ 

speed. 
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Additional Experimental Details 

Chemicals and Materials 

Diphenylamine and adenine were purchased from Merck Ltd., Mumbai, India. Guanine was purchased 

from Spectrochem Pvt. Ltd., Mumbai, India. Diisopropylamine and methylamine were purchased from SD 

Fine Chem. Ltd, Mumbai, India. Thymine was purchased from Titan Biotech LTD., New Delhi, India. 

Pyridine was purchased from Qualigens Fine Chemicals, India. Tetramethyl-1,4-butanediamine was 

purchased from Sigma Aldrich, India. All compounds purchased in India were dissolved in HPLC grade 

methanol (Sigma Aldrich, India). All other samples were purchased from Sigma (St. Louis, MO, USA). 

 

 

Additional Simulation Details 

Aerodynamic Breakup 

When sufficient solvent is applied, droplets are pulled from the filter paper by the suction of the 

instrument. Typically a few µL of sample is added before each suction event suggesting that the 

initial droplets will be at least of similar volume. The droplets, initially at zero velocity enter a high 

speed gas flow (170 m/s) due to the suction of the inlet and experience an aerodynamic force.
3
 This 

force causes the droplet to simultaneously accelerate and breakup. The droplet will continue to 

breakup while its Weber number is larger than 10.
4,5

 The weber number is defined by  

�� =	����� − �
��

� 	(1) 
where ρg  is the gas density, Vg is the gas velocity, Vd is the droplet velocity, Dd is the diameter of 

the droplet, and σ is the surface tension of the solvent.
4
 This suggests that droplets will primarily 

breakup due to aerodynamic forces until they either accelerate to the velocity of the surrounding 

gas or reach a certain size. There is evidence from charge detection mass spectrometry that water 

droplets produced by either sonic spray ionization or vibrating orifice aerosol generator reach a 

common size of about 2.5 µm after traveling through the inlet.
5
 This is also approximately the 

average size measured for kV PS mass spectrometry.
6
 This suggests that methanol droplets should 

undergo a similar phenomenon, but in fact could be smaller due to the reduced surface tension of 

methanol as compared to water. Using this information, it is assumed that droplets may have 

diameters between 1-4 µm after aerodynamic breakup (Figure S8). 

Initial Droplet Conditions for Evaporation and Columbic Fission Cycles 

Aerodynamic breakup determines that droplets will have diameters between 1 and 4 µm and this 

serves as the initial diameter of droplets modeled in this section. The number of analytes in a droplet 

was calculated based on initial analyte concentration and its dissociation constant to determine the 

number of ions it will produce. Only ions can be separated into detectable quantities by mass 

spectrometry, thus solution phase neutrals are ignored in this model. The initial droplet charge was 
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modeled by the statistical fluctuations of positive and negative ions present in the total population 

of ions. For a droplet containing n ions, of which the ions are either positively or negatively charged, 

the overall charge is modeled by a binomial distribution (2). 

�(�; �, �) = 	���� ��(1 − �)���	(2) 
For this distribution, p is the probability of an ion being charged (either positive or negative), n is the 

number of ions, and z is number of positive charges. The initial number of positive and negative ions 

is on average, equal; however, statistical fluctuations in the positive and negative ions will produce 

some net charge. This is simulated by using a binomial random number generator with parameter p 

= 0.5 and n is the previously calculated number of ions. The initial charge is found by subtracting the 

number of negative ions from the positive ions.  

Droplet Evaporation to Rayleigh Limit 

With the droplet’s initial parameter set (size, charge, number of analytes), evaporation is allowed to 

occur. The temperature of the droplet was kept constant at 298 K to ease the computation time 

required. This is justified by the fact that droplets will cool evaporatively,
7
 but will also be warmed by  

collisional activation, so the temperature will drop initially but may rise later on, thus an accurate 

model for temperature will be difficult to obtain over the droplet size range of the simulation (4 µm 

– 10 nm).
8-10

 The droplet is allowed to evaporate until it reaches the Rayleigh limit diameter.
11,12

 


� = � 
 � ∗ ��("� ∗ 8 ∗ $% ∗ &)'
() 	(3) 

Here Dq is the charge on the droplet, e is elementary charge, ε0 is the permittivity of a vacuum, and γ 

is the solvent surface tension. Surface tension was estimated using a regression method developed 

by Jasper et al.
13,14

 

Droplet Fission and Progeny Droplets 

Upon reaching the Rayleigh limit, droplets undergo fission and lose mass and charge in the form of 

progeny droplets. At this point columbic fission occurs with most reports indicating a small mass 

loss, Δm, (2%) from the precursor droplet and large charge loss, Δq, (15%).
15-17

 From this the 

diameter of the precursor and progeny droplets can be calculated, assuming that on average 10 

progeny droplets are generated in a fission event. The exact number of progeny droplets generated 

is unknown, but 10 is within the range of typical values reported.
18-20

 Accordingly the size of 

precursor and progeny droplets was calculated according to these equations: 



 = (1 − ∆-)() ∗ 
�	(4) 
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/0 = �∆-1/
'
()
� 	(5) 

where Npd is the number of progeny droplets taken to be 10, Dpd is the diameter of the progeny 

droplets, and Δm = 0.02. At the time of fission only ions that are close to the surface are allowed the 

possibility of being transferred to a progeny droplet. A volume fraction, Vf, is specified as the volume 

which can be considered for transfer to progeny droplets. In this simulation it is taken to be 15% of 

the total volume, but the exact value is unknown. The position of a solvated ion within a droplet is 

determined by its surface activity, S. Surface activity is a number between 0 and 1 describing the 

probability of a molecule being at the surface or the interior of the droplet. This is modeled by a 

binomial distribution, similar to equation (2), except that p = S, n is the number of ions, and z is the 

number of ions found in the outer region of the droplet. Thus when S = 1 all ions are located in the 

outer region, and when S = 0, none are located in the outer region. Any ions free of their respective 

counter charge are assumed to be in the outer region of the droplet. The average number of ions, 

NIP, and charges, Nq, per progeny droplet are calculated from (6) and (7)  

134 = � 


/
'
)
∗ �5 ∗ 634	(6) 

1 = 6 ∗ ∆81/
 	(7) 
where CIP and Cq are the number concentration of ions and charges in the outer region of the 

droplet. The number of ions transferred to progeny droplets can be modeled by a Poisson 

distribution.
21

 The number of ions, Nanal-IP, and charges, Nanal-q is chosen randomly from a Poisson 

distribution. 

�(1:�:;�34, 134) = ��<=> ∗ 134<?@?AB=>
1:�:;�34! 	(8) 

The same equation is used for Nanal-q with the appropriate substitutions. At this point, more random 

charging can occur due to the statistical fluctuations of positive and negative ions present in the 

total population of positive and negative ions. This is modeled in the same manner as described in 

the initial droplet conditions section (equation 2). With this information, the charge of the progeny 

droplet is calculated by subtracting the total population of positive ions from negative ions. This 

same methodology is completed for all the other progeny droplets, and then the conditions of the 

precursor droplet are updated based on the total number of ions consumed by the progeny 

droplets. All droplets (precursor and progeny) larger than 10 nm then undergo more 

evaporation/fission cycles until all droplets reach 10 nm in size. 

Analyte Ion Formation 
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Once all droplets have reached 10 nm in size the simulation ends. At this time each droplet is 

analyzed for charge to determine the number of ionized analytes. For example, a droplet containing 

a +2 charge is assumed to have two ionized molecules. Note that in the simulation the actual 

ionization event is not modeled explicitly. Gas phase ions could be produced by either the charge 

residue model or the ion evaporation model. This counting process is repeated for all the droplets of 

size <10 nm and then ionization efficiency can be calculated. Typically 5,000 – 50,000 precursor 

droplets are modeled to obtain an estimate of ionization efficiency and total number of ionized 

molecules. Alternatively this model can be applied to droplets containing multiple analytes, in which 

case multiple analyte ratios can be calculated. Note that multiple charges on the small analytes of 

interest are very unlikely and this possibility is ignored.  

 

 

Experimental and Simulated Results and Mechanistic Considerations for Multi-Analyte Mixtures 

 

In Figure S11a, the amount of tetrabutylammonium iodide was held constant at 0.1 ppm, while that 

of cocaine was changed. In Figure S11a the ratio of cocaine to tetrabutylammonium iodide increases 

as the concentration of cocaine increases. Figure S11b shows a similar trend to Figure 5b, but since 

the amount of cocaine is increased the calculated relative surface activity of cocaine increases. Again 

this is because as the cocaine concentration increases, more cocaine can occupy the surface 

increasing its relative surface activity. In Figure S11c, sodium tetraphenylborate was held constant at 

5 ppm and 3,5-dinitrobenzoic acid was varied. The data in Figure S11c are consistent with those of 

Figure S11a in that as the concentration of the analyte increases the ratio of analyte to salt signal 

increases. Additionally the relative surface activity of 3,5-dinitrobenzoic acid increases (Figure S11d) 

as the analyte concentration increases. The only noticeable difference is in the nESI results of Figure 

S11c, which show a drop in the ratio of 3,5-dinitrobenzoic acid to sodium tetraphenylborate in spite 

of its higher surface activity.  
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Figure S1. Panels A-D are consecutive images of the spray process occurring at 0 volts. The spray is 

illuminated with a red laser pointer and captured on a Watec Wat-704R camera. Panels A-D show a 

droplet event over the course of 4 consecutive scans. The time elapsed is around 100 milliseconds. Panels 

E and F are the mass spectrum of 50 ppm tributylamine and its corresponding ion chronogram. 

Tributylamine was added in a continuous manner at 15 µL/min through a fused silica capillary. 
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Figure S2. Positive ion mode MS/MS data for tributylamine, cocaine, and tetrabutylammonium iodide 

taken by kV paper spray, nano-electrospray ionization, and zero volt paper spray.  
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Figure S3: Negative ion mode MS/MS data for 3,5-dinitrobenzoic acid, fludixonil, and sodium 

tetraphenylborate taken by kV paper spray, nano-electrospray ionization, and zero volt paper spray. 
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Figure S4: Analysis of aromatic heterocycles, guanine (top, m/z 152), adenine (middle, m/z 136), thymine 

(middle, m/z 127), and Pyridine (bottom, m/z 80) with 0 V paper spray under both neutral (left) and acidic 

conditions (right).  

 

 

 

 

 

 

 

 

 

 



S-11 

 

 

 

Figure S5: Analysis of three different amines. Tetramethyl-1,4-butanediamine (top, m/z 145), 

diisopropylamine (middle, m/z 102), and methyl amine (bottom, m/z 32). All samples are dissolved in 

methanol at neutral with pH 7. Proton affinities are obtained from NIST Webbook. 
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Figure S6: Mass spectra of 50 ppm diphenylamine (DPA) on a paper substrate at 0 V and 1 V, respectively. 

Note the difference in scales and the fact that the m/z 170 signal intensity is about 1.5 times higher than 

that at 0 V.   
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Figure S7: Mass spectra of 5 µL of a mixture of 9 ppm morphine and 0.1 ppm tetrabutylammoniumiodide 

using a) nESI, b) kV PS, and c) zero volt PS. Mass spectra of 5 µL of a mixture of 36 ppm 3,5-dinitrobenzoic 

acid and 5 ppm sodium tetraphenylborate using d) nESI, e) kV PS, and f) zero volt PS.  The relative 

intensity of tetrabutylammonium signal to morphine in zero volt PS is much higher than in nESI and kV PS 

in both cases. The same is true of the ratio of tetraphenylborate to 3,5-dinitrobenzoic acid for zero volt PS 

as compared to nESI and kV PS.  
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Figure S8. Simulation results of Weber number of methanol droplets. Using this information, it is assumed 

that droplets may have diameters between 1-4 µm after aerodynamic breakup. 
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Figure S9. The number of ionized molecules vs. concentration for 2 micron (bottom) and 4 micron (top) 

droplets. The simulation was run at three different surface activities.  
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Figure S10. Ionization efficiency vs. concentration of 2 micron (bottom) and 4 micron (top) droplets. The 

simulation was run at three different surface activities. 
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Figure S11. Cocaine to tetrabutylammonium iodide ratio dependence in positive ion mode for zero volt PS 

and nESI. a) Tetrabutylammonium iodide concentration is held constant at 0.1 ppm, while cocaine 

concentration changes. b) Relative surface activity of cocaine calculated to match the experimental ratio 

in part a). c) Sodium tetraphenylborate is held constant at 5 ppm, while 3,5-dinitrobenzoic acid 

concentration changes. d) Relative surface activity of 3,5-dinitrobenzoic acid calculated to fit experimental 

data in part c). Surface activity of the salt is assumed to be 1 for simulations. 
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Supplementary Movies: 

Movie Captions: 

Supplementary Movie 1: This movie shows the analysis of 50 ppm tributylamine with zero volt paper 

spray. Continuous feeding at 15 µL/min is used to feed the paper. With continuous feeding, a near 

continuous stream of droplets is observed entering the mass spectrometer inlet.  

 

Supplementary Movie 2: Same as supplementary movie 1 but at ¼ speed. 

 

Supplementary Movie 3: This movie shows the analysis of 50 ppm tributylamine with zero volt paper 

spray. Seven µL aliquot additions are added to the paper to cause generation of droplets. When solvent is 

added a group of droplet can be seen entering the mass spectrometer inlet.  

 

Supplementary Movie 4: Same as supplementary movie 3 but at ¼ speed. 
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of Fusarium wilt in basil (Ocimum
sp.) leaves by desorption electrospray ionization
mass spectrometry (DESI MS) imaging†

R. G. Hemalatha,a Hemanta R. Naik,a Vasundhara Mariappab and T. Pradeep*a

Basil (Ocimum sp.), a medicinal herb is used fresh and/or dry in various (culinary, cosmetic and

pharmaceutical) preparations. Fusarium wilt caused by the fungus Fusarium oxysporum f. sp. basilici is

limiting basil cultivation in many countries. Since the leaf is the edible part in basil, new approaches are

required to identify, and to prevent the spread of Fusarium pathogens. Desorption electrospray

ionization mass spectrometry (DESI MS) was used for imaging thin layer chromatography (TLC) –

imprints of leaves of three different species of basil (Ocimum basilicum L., O. tenuiflorum L., and O.

gratissimum L.), and the molecular manifestations during Fusarium contamination are recorded. DESI MS

images showed the chemotaxonomic differences of basil species and the changes in metabolite ion

peaks during pathogen infection. Besides easy detection of reported toxic metabolite(s) of the

pathogen(s), the results include molecular images showing spatial distribution of all coexisting surface-

bound metabolites in plant leaves, their fragment ions, and the transient changes in their spatial

distribution during Fusarium attack under natural conditions. Demonstration of the same protocol to

image seedling, young/mature leaves, basil/other related plant (Patchouli – Pogostemon cablin (Blanco)

Benth.), wilt/other disease symptoms shows that prior knowledge of the metabolite profile of the plant/

pathogen is not required. This rapid detection method can be tailored to large scale screening programs

for plant diseases suggesting potential implications in agriculture and quarantine requirements.
Introduction

Mass spectrometry in natural product research is unraveling
several unprecedented possibilities. From the traditional
chemical ionization to the recent ambient ionization, various
methods are available to analyze diverse classes of natural
compounds.1 With the advent of desorption electrospray ioni-
zation mass spectrometry, the capability of doing ionization
outside the mass spectrometer under ambient/native condi-
tions is largely exploited for developing various ambient ioni-
zation techniques.2 While direct ambient ionization of intact
plant material is demonstrated, certain ambient ionization
methods like imprint imaging gives the spatial distribution of
compounds in two or three dimensional space.3 Imaging mass
spectrometry including desorption electrospray mass spec-
trometry (DESI MS) has been used to study microbes in
cultures,4,5 but it is necessary to identify disease causing
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pathogens in intact plant tissues to isolate contaminated
planting materials, especially, in emergencies of disease
epidemics like Fusarium wilt. The genus Fusarium includes
several pathogenic fungal species,6 whose outbreak has caused
huge economic loss in many crops. In this study, we demon-
strate the rapid detection of Fusarium wilt contamination in
leaves of different basil species by DESI MS imaging.

Basil (Ocimum sp.) is a traditional, revered home-grown plant
with long history of use and cultivation in India. The commer-
cial success of sweet basil (Ocimum basilicum L.) as a culinary
herb is evident from its widespread use in various popular
cuisines. Its quick growing habit and suitability for different
climatic conditions has promoted its large scale cultivation,
worldwide.7 A number of domestic cultivars, breeding lines and
hybrids are available with variety of unique aromas/tastes (like
clove, citrus, camphor, cinnamon, licorice, etc.) giving them
special market price and export quality.8 Essential oils, poly-
phenols, avonoids and other bioactive molecules in them are
commercially exploited as avoring agents and in perfumes,
cosmetics and pharmaceutical preparations.

Fusarium wilt is a production constraint in basil and its
occurrence is reported from different parts of the world.9 The
disease is caused by Fusarium oxysporum f. sp. basilica (Fob). It
is one among the 120 host-specic, individual strains (formae
species) of the wilt pathogen, Fusarium oxysporum (Fox).10 The
This journal is © The Royal Society of Chemistry 2015
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presence of Fusarium pathogenic fungal species complex in the
common environment causes diseases (like keratitis, fusariosis
etc.), in human and animals.11,12 The pathogenic species is
identied by polymerase chain reaction (PCR) and other
molecular methods.13 Fusarium remains dormant in soil for
decades and comes to life on nding a suitable host. The
symptomless infection present in plant parts spread through
planting materials, irrigation water, farm tools, drainages, etc.
The control measures taken up with chemical pesticides and
sterilization of soil are inefficient. Resistance to Fusarium wilt is
searched in accessions of Ocimum species and resistant basil
varieties have been developed.14,15 Planting resistant varieties
have also been challenged by new pathogenic races of Fusarium,
which has resulted in recurrence of Fusarium epidemics in
several crops including banana and cereals.16 Besides, aerial
dissemination of the pathogens through the infected basil
foliage is a major concern.17 Exceptionally low level of inoculum
found in healthy leaves and seeds would introduce the path-
ogen into a new host or new geographical area. The major
concern is that market demand for fresh, green basil leaves
remains high; every day tons of basil leaves are transported and
used fresh or dry, or extracted/macerated to enhance the avor
of herbal teas, food ingredients and oil.18 The changes reected
in the preparations, made from infected basil leaves remain
elusive. Also, the effect of Fob on human health is not known.
Hence, in this study, mass spectrometry based imaging method
is demonstrated for rapid detection of Fusarium contamination
in basil leaves under ambient conditions. Here three different
aspects were addressed: the chemotaxonomic differences
among three different basil species (Ocimum basilicum L., O.
tenuiorum L. and O. gratissimum L.) grown in natural condi-
tions were unraveled, by imaging the TLC-imprints of their
leaves using DESI MS. Likewise, Fusarium contaminated leaves
were imaged under ambient conditions to delineate them from
the healthy ones in all selected basil species. The suitability of
the method in screening other related plant/disease is illus-
trated with Patchouli (Pogostemon cablin).
Experimental
Plant material

Two basil species, namely, O. basilicum L. and O. tenuiorum L.
(syn. O. sanctum L.) growing under natural conditions in the
Indian Institute of Technology Madras (IITM) campus were
used for the study. Young seedlings of Clove basil (O. gratissi-
mum L.) and Patchouli (Pogostemon cablin (Blanco) Benth.)
collected from University of Agricultural Sciences (UAS)
campus, Bangalore were grown in a nursery at IITM campus.
The study period was from March 2012 to October 2014.
Scanning electron microscopy

The morphology of the lower side of the healthy and Fusarium
wilt infected leaf of basil and patchouli were observed by
scanning electronmicroscopy (SEM) (FEI QUANTA-200). A small
portion of the leaf with and without wilt symptom was xed on
the top of aluminium stub using double sided carbon tape. In
This journal is © The Royal Society of Chemistry 2015
order to minimize the charging effect, SEMmeasurements were
done using the environmental mode with a large eld detector.
DESI MS imaging

A Thermo-Fisher Scientic LTQ ion trap mass spectrometer
equipped with a DESI ion source was used for the study. Two
TLC plates were cut in proportion to the size of the selected,
detached leaf; with the leaf placed in between and sandwiched
with tissue papers, TLC-imprints were made by applying a
pressure of 1–4 tons for 5–10 s. Further details on the method of
TLC-imprinting and the chemicals required for imaging are
explained in our previous report.19 DESI MS images were
acquired by continuously moving the surface beneath the spray
at a constant speed, over the whole TLC-imprinted surface on a
row-by-row basis (as shown in TOC graphic). The pixel size
(250 � 250 mm) was determined by the total scan time of the
mass spectra and the x–y scanner speed. Two operation modes
(both negative and positive) and a mass range of m/z 50–2000
was used for imaging. Three different solvents (methanol,
acetonitrile and chloroform) were used for optimization of the
protocol. Elaborate details on processing and interpretation of
acquired data with spectrum search tool of online databases
were given in our previous report.19 For this study, the acquired
data was also processed using MZmine, open-source soware.20
Results and discussion

The antibacterial and antifungal activities of Ocimum sp. are
well known,21 but its susceptibility to Fusarium wilt has to be
understood in detail to prevent outbreak of the disease. To
check the reactions of resistance/susceptibility, in this study,
three species of basil and patchouli were grown outdoors at IIT
campus, in the same soil next to each other. No known chemical
control was applied for Fusarium wilt, and resistant varieties
were not planted. The selected plant species were grown under
natural conditions, with no external application of manures,
chemical fungicides or bio-control agents. Though commercial
kits are developed for molecular identication of types of
Fusarium pathogen present in the soil, they require technical
knowledge.22 Therefore, customized methods suitable for rapid
detection of contaminated leaves within hours is focused for
this study. Here, the predominant metabolite ion peaks present
on the leaves of healthy versus infected ones were compared and
the contaminated ones were rapidly identied. To understand
the metabolic state of the plant at any given time of pathogen
infection, the spatial distribution of untargeted metabolite
prole in a healthy leaf for a select mass range was used as base
information to identify the infected/contaminated leaves.

The predominant metabolite prole of the selected basil
species and patchouli were recorded using TLC-imprints of
fresh leaves, as explained in our previous report,19 Both positive
and negative ionization mode data were collected for each
species. As the data acquired are voluminous, the peaks that
eluted using methanol as spray solvent in the mass range ofm/z
50–1000 from positive ionization mode alone are given in this
manuscript. Fig. 1A and B and 2A–E show the DESI MS spectra
RSC Adv., 2015, 5, 50512–50522 | 50513



Fig. 1 DESI MS spectrum (A) and images (B) showing the predominant
metabolites on the leaf of O. basilicum. Spectra shows the predomi-
nant metabolite peaks in positive (A) and negative (C) ionization mode,
eluted in the mass range of m/z 50–1000 using methanol as spray
solvent. Peak(s) which can be used for basil species identification is
encircled. Insets in A shows the photographs of TLC-imprints of lower
(a) and upper (b) surface of the basil leaf, and the corresponding DESI
MS images for the ion m/z 201 and 797 of lower (c) and upper (d)
surface are shown below. (B). Images corresponding to various ions
from the upper surface of the leaf. The scale is uniform in all the
images (5 mm). The major peaks where differences are seen are
highlighted as DESI MS images.
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and images for spatial distribution of predominant metabolites
of healthy leaf in control plants of all selected species. Illus-
trations given here show the similarities and variations in
metabolite prole within a single leaf (O. basilicum-Fig. 1A and
B), between young and mature leaf of same species-O. gratissi-
mum (Fig. 2C and D), variations within Ocimum genus (Fig. 1A, B
and 2A–D) and between genus (Ocimum and Pogostemon-Fig. 1A,
2A–C and E).

It is possible to identify the similarities and differences of
the upper and lower leaf surfaces of a single leaf by imaging
their TLC-imprints separately. Insets in Fig. 1A(a and b) show
the TLC-imprints of upper and lower surfaces, respectively of a
single leaf of O. basilicum. The corresponding DESI MS images
in insets (c and d) of Fig. 1A show the faithful reproduction of
TLC-imprints of the upper and lower surfaces as molecular
images. As shown in Fig. 1B, the TLC-imprint of the upper leaf
surface does not contain any venation pattern; but, on imaging
that imprint, vein like spatial distribution was observed in DESI
MS images for the metabolite ionsm/z 201 andm/z 365 whereas
for the ionm/z 797 (Fig. 1B) was exactly similar to the imprint as
shown in Fig. 1B; this is an illustration to show that these
molecular images are not artifacts. Moreover, it is possible to
identify some new information by DESI MS which are not
detected by conventional measurements using extracts. An
example is the ner molecular detail present on the leaf margin
as shown in DESI MS images form/z 405,m/z 489 in Fig. 1B. Leaf
margin (Fig. S1A†) is one of the diagnostic leaf characteristics to
categorize some plant species including basil by the morpho-
logical features;23a so far molecular methods are used to
distinguish physical similarities.23b

The leaves of O. tenuiorum andO. basilicum look similar and
have to be differentiated based on the colors of their inores-
cences (Fig. S1B†). The advantage of DESI MS imaging is that
the molecular differences can be identied at any stage of plant
growth, without waiting for the owering stage; here the
molecular similarities and differences were understood by
comparing the predominant peaks of both species of O. tenui-
orum and O. basilicum (Fig. 1A and 2A). There were overlaps
found inmetabolite ions for several major (m/z 201 andm/z 378)
and minor peaks (m/z 104, 197, 365, 797, etc.). De novo
sequencing and transcriptomics information available for O.
basilicum and O. tenuiorum conrms the presence of tran-
scripts responsible for such similarities and differences in the
metabolite proles.24 In this study, the characteristic predomi-
nant peaks for each species of basil are unique (for examplem/z
349 for O. gratissimum, m/z 378 for O. tenuiorum and m/z 201
for O. basilicum), which were used as markers to identify each
basil species in further experiments. The reproducibility of
these results was conrmed using samples collected from other
growing areas for all selected species. It is interesting to note
that samples picked from a local market also showed a similar
spatial distribution of metabolites; an example is shown in
Fig. S2,† wherein the spatial distribution ofm/z 104,m/z 197,m/
z 797 are similar to those given in Fig. 1A and B. Hence, besides
identifying similarities, the predominant peak(s) may be used
as unique molecular signatures/metabolite markers in plant
species identication.
50514 | RSC Adv., 2015, 5, 50512–50522
Solvent plays a major role in the elution of each category of the
compound.25 When different solvents (methanol, acetonitrile,
chloroform) were used, there were differences in metabolite
prole recorded, as shown in Fig. 3A for O. gratissimum.
This journal is © The Royal Society of Chemistry 2015



Fig. 2 DESI MS spectra and images showing the variations in predominantmetabolites using (A) TLC-imprint, (B) direct detection fromdetached leaf of
O. tenuiflorum. Other illustrations are showing variations between (C) mature leaf versus (D) young leaf ofO. gratissimum and (E) P. cablin. The scale is
uniform in all the images (5 mm). Predominant peak representing species identity is encircled. Themajor peaks where differences in spatial distribution
are seen are highlighted as DESI MS images.

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 50512–50522 | 50515
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Fig. 3 ESI MSmass spectra (A) showing differences in metabolite profile of the leaf ofO. gratissimum due to solvents (a-methanol, b-acetonitrile
and c-chloroform). ESI MS-tandem mass spectra for selected metabolite ion peaks of leaf of O. basilicum in positive (B) and negative (C)
ionization mode.
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Illustrations with O. gratissimum show the differences in the
metabolite proles between DESI MS of leaf imprint (Fig. 2C) and
ESI MS from leaf extract (Fig. 3A(a–c)). Besides, there were differ-
ences between the metabolite prole of TLC-imprint (Fig. 2A) and
that of a direct leaf tissue (Fig. 2B). As reported with barley leaf,3b

the detached leaves of basil became dry and deformed quickly;
hence, imprint imaging was followed for the study.

The metabolite distribution can be acquired in positive and
negative ionization modes, as illustrated with O. basilicum
(Fig. 1A and C). Tandem mass spectral imaging was done on
respective ionization modes to get the fragmentation pattern for
50516 | RSC Adv., 2015, 5, 50512–50522
identication of the predominant metabolite ion peaks. Few
examples are shown in Fig. 3B and C. Elaborate details for
nding metabolite adducts and matching tandemmass spectral
data using database search is given in our previous report.19 For
this study, the data acquired were also analyzed using MZmine
soware,20 which has various processing algorithms for peak
picking, base line correction etc. Peak lists were created and
searched against the online databases. Different biomolecules
tentatively identied by MZmine in this study include several
terpene alcohols, fatty acids, phenolic and avonoid glycosides
etc. Literature abounds with gas or liquid chromatography based
This journal is © The Royal Society of Chemistry 2015



Fig. 4 Scanning electron micrographs of (A) healthy leaf of basil (a–d) and patchouli (e–h) showing trichomes and peltate glands at different
magnifications. (B) Fusarium infected leaf showing the disease affected peltate gland and trichomes (a–h). The scale for images a and e are 500
mm and other images are 20–100 mm.
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mass spectrometric (MS) methods on various bioactive mole-
cules (essential oils, phenolic compounds, avonoids, etc.) in
different basil species with their tandem mass spectral data.26

Most of the studies to date on basil have tabulated information
on both positive and negative ions of phenolics, avonoids and
essential oils, etc.27 So far, preferential detection/extraction of
such bioactive compounds have specic requirements of suit-
able solvents and other instrumental parameters; if those
parameters are adapted it is easy to identify the spatial distri-
bution of any targeted metabolite.

As reported,26,27 different phenolic compounds were detected
in negative ionization mode; here (a) in Fig. 3C shows the
fragmentation data for the predominant metabolite peak at m/z
359 in negative ion mode (Fig. 1B), which was identied as
rosmarinic acid when the data were analyzed using search tool
of databases. Likewise, several metabolites of different path-
ways (like phenylpropanoid, terpenoids, avonoids, lipids and
fatty acids etc.) were identied in this study. Examples are iso-
eugenol (m/z 165), caffeyl alcohol (m/z 167), gallic acid (m/z 169),
caffeic acid (m/z 179), ferulic acid (m/z 193), syringic acid (m/z
197), 5-hydroxy coniferyl alcohol (m/z 197), quercetin (m/z 301),
etc. Here, the method highlights a possibility to identify the
diversity of compounds as untargeted metabolite proles
This journal is © The Royal Society of Chemistry 2015
comprising of various classes of small molecular metabolites,
without the need for internal standards. There are various
factors such as growth stages, seasonal variation, irrigation
water, drying, and storage, etc.28–30 and even, the position of leaf
within the same plant could vary in the chemical composition.31

It is always difficult to identify and understand transient
changes of the eluted metabolite peaks. Here we show that DESI
MS imaging gives a snapshot of the transient changes due to the
environment stress or any physiological factors.

Conventional identication of Fusarium wilt at the eld level
is time consuming since it involves the accumulation of the
pathogen to a sufficient level that can produce visible symptoms.
External manifestation of wilt disease as chloretic leaves, drying
leaf tips and stunted growth of plants, wilting of shoots, etc., may
overlap with water stress or other diseases. Though wilt disease
in basil and patchouli display similar morphological features,
wilt in patchouli is caused by F. solani.32 Visual differences
between healthy and infected leaves are obvious only in
advanced stages of infection. Confocal microscopy and thermal
imaging33,34 were used to image the growth of Fusarium path-
ogen. Scanning electron microscope was used for this study, to
observe the changes in the peltate glands and trichomes of both
basil and patchouli leaves, as shown in Fig. 4A(a–f).
RSC Adv., 2015, 5, 50512–50522 | 50517



Fig. 5 DESI MS spectra and images showing the changes in predominant metabolites due to Fusarium infection in apparently healthy,
asymptomatic (A) young leaf, (B) mature leaf ofO. basilicum, (C) young leaf ofO. gratissimum, (D) seedling ofO. basilicum at four leaved stage, (E)
asymptomatic young leaf of P. cablin and (F) mature leaf of P. cablin with visible symptom. Inset (a) in A, C and E shows the photograph of the
apparent healthy young leaves used for DESI MS imaging. Inset (a) in D shows the upper surface of TLC-imprint of four leaved seedling of basil.
Inset (a) in F is the upper surface of infected leaf showing brown discoloration on the margins. The scale is uniform in all the images (5 mm). The
major peaks showing differences in spatial distribution are highlighted in the spectra with black and the fungal toxic metabolite peaks are
highlighted with red circles.

50518 | RSC Adv., 2015, 5, 50512–50522 This journal is © The Royal Society of Chemistry 2015
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Fig. 6 DESI MS spectrum showing the toxic metabolites due to
Fusarium (A) Alternaria (B) infection; spectrum extracted after
subtraction of predominant metabolites peals of apparently healthy,
asymptomatic leaf ofO. basilicum and P. cablin. Insets (a) and (C) show
the fragmentation patterns of fusaric acid (m/z 179) and alternariol
(m/z 259) respectively.
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Both patchouli and basil species havemany common features
and in particular, terpenoids and phenylpropanoids compounds
are reported to be stored in the peltate glands found on the leaf
This journal is © The Royal Society of Chemistry 2015
epidermis.35 The variations in the metabolite prole of basil and
patchouli may be due to diversities in the terpenes and phenyl-
proponoids and the substrate specicity of different enzymes
contribute to the production of complex blend of oxygenated
linalool derivatives.36,37 As shown in (e) of Fig. 4A, young leaf of
patchouli has trichomes in high density. During pathogen
infection (Fig. 4B), there were necrotic spots in the trichomes
and the peltate glands seem to have dilated. It is not feasible to
use electron microscope for large scale screening purpose.

The challenge is that apparently healthy leaves that are
asymptomatic carriers of the disease have to be identied by
accurate, reliable and rapid detection methods. Hence both
mature and young leaves showing no visible symptoms were
selected for imaging, to identify the Fusarium contamination.
Illustrations with clove basil given in Fig. 2C and D show that
there is slight difference in metabolite proles of young versus
mature leaf of healthy plants. Small, apical leaves have a higher
density of glands and trichomes (Fig. 4A). Small leaved varieties
were reported to be susceptible to the disease.14 Hence, small,
apical leaves with no visible symptoms (insets ‘a’ of Fig. 5A) were
imaged in all selected plants. Typical plant metabolites that
could serve as markers are given as DESI MS images (Fig. 5A–C).

Fig. 5B show the DESI MS images of Fusarium infected
asymptomatic mature leaf of O. basilicum. Comparison of young
versus mature infected basil leaf (Fig. 5A and B) show that a few
metabolite ions (m/z 104, 197, 797, etc.) were present in both.
Subtraction of metabolite peaks of healthy versus contaminated
leaf of basil clearly indicated the presence of few metabolites
including a metabolite peak at m/z 179, as shown in Fig. 6A.
Tandem mass spectrometry along with database search was
done and the ion peak atm/z 179 was identied as fusaric acid,38

the primary toxic metabolite of any Fusarium pathogenic
species. Hence the identication of such characteristic toxic
metabolite peaks and their images can delineate the healthy
leaf from the contaminated ones. All the three species varied in
their responses to Fusarium. Spectra of O. gratissimum exhibited
several other ions assignable to Fusarium (m/z 292) besides that
corresponding to fusaric acid (m/z 179). In contrast, O. tenui-
orum DESI MS spectra did not display any ion corresponding
to a known Fusarium metabolite. The intensity and spatial
distribution of some metabolite ion peaks of the plant also got
changed during pathogen infection as observed in all the three
Ocimum species (Fig. 5A–D). There is species-specic responses
to Fusarium infection, but several metabolites being common to
all the three basil species (likem/z 104, 197, 797), were observed.
Several metabolites and genes common in phenylpropanoid
pathway is reported in basil or other species of Lamiaceae35,36

and the expression of few genes get altered during Fusarium
infection.39a Changes at germination or seedling stage due to
Fusarium infection also reported.39b Since the small sized basil
seeds and even hydroponically grown basil also bear the Fusa-
rium pathogen,13 the emerging seedling may contain the
symptom; hence, growing seedlings of basil (Fig. S1C†) at four
leaved stage was imaged. Fig. 5D shows the spectrum and DESI
MS images for the four leaved seedling highlighting the reli-
ability of the imaging method to screen plant leaves collected at
any development stage.
RSC Adv., 2015, 5, 50512–50522 | 50519
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The feasibility of extending this protocol to other related
plant species/disease is also veried (Fig. 5E and F). In partic-
ular, very specic visible symptoms like brown, dried edges on
leaf margin oen overlap with nutrient stress and/or pathogenic
infections. Fig. 5E shows the spectrum and images of an
asymptomatic young leaf of patchouli. A mature leaf of patch-
ouli with such visible symptom of brown, dry patches on the leaf
margin is imaged and the results are given in Fig. 5F. As shown
in inset ‘a’ of Fig. 5F, the corresponding DESI MS images
(Fig. 5F) are very specic in locating the spot of infection. On
comparing the contaminated leaf of patchouli (both Fig. 5E and
F), with metabolite prole of healthy leaf (Fig. 2C), the
predominant metabolite peaks (m/z 104, 144, 176, 182) and
their DESI MS images were present in all. In Fig. 5F, DESI MS
images of particular metabolite ions (m/z 259, 275, 495, 511)
revealed the spatial location of the disease symptom, which
were not visible in the TLC-imprint. Tandemmass spectrometry
of metabolite ion m/z 259 gave fragment ions at m/z 241, which
is identied as alternariol with database search (Fig. 6C).
Alternariol is the primary toxin produced by pathogenic fungal
species Alternaria, and in particular, the occurrence of Alternaria
infection in basil is reported.40 As shown in Fig. 5F, though the
intensities of the peaks at m/z 492, 367, 511 were below 10%,
still they could be extracted by subtraction of spectra of healthy
versus contaminated ones (Fig. 6B). This shows the possibility to
image the molecules particularly induced at the site of
infection/inter junction, which may be a fungal toxic metabolite
or a phytoalexin. It is reported that reddish brown color in
pathogen affected area of leaf may be due to avonoid phyto-
alexin namely, 3-deoxyanthocyanidins.41

Comparison of metabolite proles in contaminated leaves of
all the selected plants showed the presence of either or both
toxic metabolite peaks viz., fusaric acid (m/z 179) and alternariol
(m/z 259), though the presence of other toxic metabolites (like
altenuene, altenusin, tenuazoic acid, fusarenone-x etc.) were
also identied using literature and database search.42 ESI Table
S1† shows the details on molecular weight, structure, database
reference etc., for some of these toxic metabolites. Tandem
mass spectral imaging of few of them (m/z 197, 261, 291, 293,
etc.) showing relationships with each other is given in ESI
Fig. S3.† For some of them it was difficult to assign the rela-
tionships or do further MSn, because the presence of these
metabolites was observed in images but the mass spectral
intensity of the peak was below 10% (Fig. 5F). The basic
methods for statistical analysis like principal component anal-
ysis and log-ratio plot analysis of the healthy and Fusarium
infected plant samples were done using MZmine soware. We
checked our results with and without applying statistics and
other algorithms; the results on DESI MS imaging are volumi-
nous. Only a few images which are relevant to detection of
pathogen contamination are presented in this manuscript.
Some of the peaks showing disease symptoms or the interme-
diate reactions were of very low intensity, though their DESI MS
images existed; hence the results given here are without any
statistics and background correction. For this study, though we
identied some metabolites we did not quantify them because
there are no synthetic standard available for different
50520 | RSC Adv., 2015, 5, 50512–50522
intermediate and interaction metabolites produced in the
leaves during plant pathogen interactions. Hence the results
shown here are pertaining only to the qualitative description;
additional experiments are required to identify the specic
Fusarium isolates and Fusarium-induced metabolite changes.
But for rapid detection, it is relevant to check the presence of
fusaric acid (m/z 179) and alternariol (m/z 259).38,40 These two
metabolites are the principal toxic metabolites of Fusarium and
Alternaria, from which other toxic metabolite ions are produced
based on the local environment of the plant or pathogen.
Hence, this method of DESI MS imaging is a rapid way to screen
the leaves and can be interpreted even by nontechnical persons.

As observed in this study, several fungal metabolites
including fusaric acid (m/z 179) and alternariol (m/z 259), are
normally detected in positive ionization mode. Mass spec-
trometry is routinely used for the identication of different
mycotoxins (the secondary metabolites produced by Fusarium
fungi) in food and feed, that causes mycotoxicosis in humans
and animals upon ingestion or inhalation.42 But it is chal-
lenging to determine which metabolite(s) may be responsible
for the interaction or infection in plants, under natural growth
conditions. Studies show that different metabolic pathways
(like pectin, phenylpropanoid and carotenoid) get altered, and
various signaling molecules like salicylic acid, methyl jasmo-
nates and peroxidase enzymes are reported as inducing resis-
tance to Fusarium in various plants.43,44

Isolation of Fusarium species or its toxin(s) from the infected
leaf was not attempted in this study, because it is reported that
species of Fusarium which is nonpathogenic in one plant
species may be pathogenic to other.45 Besides, different strains
or formae species of Fusarium oxysporum cannot be distin-
guished reliably in culture.46 Even under controlled experi-
mental conditions, with the inoculation of known strains of the
pathogens in barley,47 there were differences in the metabolites
(like cinnamic acid, sinapoyl alcohol, coniferin, catechin and
naringin) induced by trichothecene producing strain and its
trichothecene non-producing mutant, thereby differentially
regulating defense pathways associated with different resistant
levels. In that context, for rapid detection we focused on toxic
metabolite ions rather than looking for up/down regulated
plant metabolites. Also, Fusarium wilt pathogen is reported to
produce both toxic and nontoxic metabolites. The levels of
contamination of banana fruits with Fusarium oxysporum
f.sp.cubense (Foc) were reported to be too low, to be of concern
to humans but appeared to contribute to the pathogenicity of
the fungus during infection of banana plants.48 For identifying
several hundred cytotoxic fungal secondary metabolites, data-
bases are available with details of full-scan high-resolution
mass spectra and MS/MS spectra of both positive and negative
ions.49 Hence, the results illustrated with basil and patchouli
suggests that this method may be the most suitable one for
rapid screening for the disease, to nd the toxic metabolites or
the interaction of the Fusarium pathogen with any plant.
Secondary metabolite biosynthetic genes responsible for the
interaction of the Fusarium pathogen with of the host plant is
decoded50 and Fusarium genomics database is available.6 But
intricate compositions of plant genetic, transcriptional and
This journal is © The Royal Society of Chemistry 2015
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epigenetic regulation appear to be a possible contributor to
susceptibility or resistance to Fusarium.

The variations in chemical composition due to the poly-
ploidy and outcrossing nature of the Ocimum species posed a
great challenge. Hence, for the entire study period, periodically
a number of leaf samples were imaged and the results stored as
spectra and images for further reference. As there is limited
knowledge on the metabolites involved in basil–Fusarium–

environment interactions, this digitization helped to make
comparison between different basil species or nd out varia-
tions due to seasons on them. Other than the characteristic
toxic metabolites of Fusarium and/or Alternaria species, the
changes in the spatial distribution of selected metabolites in all
selected plant species were identied in this manuscript.
Besides, the identication of species-specic predominant
metabolites demonstrated in this study with basil and patchouli
strengthens the importance of DESI MS in rapid identication
of authentic plant species. Results given here illustrate that it is
a simple method suitable for any laboratory condition.
However, the mass spectral and DESI MS data that are pre-
sented here are comparable, only when similar conditions are
used for imaging. As Fob has host, climatic and regional pref-
erences, there are chances for deviations from these results and
number of chemical compounds which were present under our
eld conditions may vary elsewhere in all the three Ocimum
species. The information and the methodology provided here
may be applied precisely to any other crop species but instru-
mentation and solvent choices must always be tailored to the
user dened circumstances and individual diagnostic situa-
tions. Handling large number of samples is possible as DESI MS
has been successfully integrated into surgery for identication
of tumor margins.51 Hence the methodology adapted here
provides a valuable experimental system to address questions of
agriculture and quarantine requirements.

Conclusions

Three different basil species (O. gratissimum,O. basilicum andO.
tenuiorum) were screened for Fusarium wilt by DESI MS
imaging using TLC- imprints of leaves. Data were acquired in
both positive and negative ionization modes to get information
on predominant metabolite peak(s). The possibility to identify
metabolite prole of the healthy plant(s) and compare it with
that of the contaminated ones is illustrated with suitable
examples. The changes represented in the spatial distribution
of selectedmetabolites served as markers. Identication of toxic
metabolites of Fusarium is illustrated with examples. The suit-
ability of the method to screen Fusarium or other pathogen
infection in related plant species is demonstrated using
patchouli. The same instrument can be used for imaging the
imprints or direct detection in tissues and/or measuring/
quantication in extracts. The ease of interpretation of results
by nontechnical persons will enable identication of contami-
nated plants and formulating effective control methods. Hence
for rapid detection of contamination in any epidemics of
Fusarium, DESI MS imaging would be ideal. This method of
imaging will be highly useful in agriculture and in quarantine or
This journal is © The Royal Society of Chemistry 2015
even in cases of disease outbreak, where there is urgency to
screen large number of plant leaves.
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Fig. S1. Photographs of (A) detached healthy leaf in all selected plants showing differences in leaf 

margins for (a) O. tenuiflorum, (b) O. basilicum, (c) O. gratissimum and (d) P. cablin, (B) typical color of 

inflorescence used for identification of basil species (a) O. tenuiflorum, (b) O. basilicum and (c) O. 

gratissimum and (C) basil seedling (a) whole plant, (b) four leaved stage and (c) six leaved stage.



m/z  152 m/z   104 

m/z   797 m/z  197 

Fig S2. DESI MS images showing the spatial distribution of some molecular ions in basil leaf collected 
from the local market showing conspicuous leaf margin. The scale is uniform in all the images (5 mm).

Fig S3. ESI MS tandem mass spectra showing the fragmentation pattern of selected toxic metabolites in 
contaminated basil leaf. Peaks encircled show their relationships.



Table S1: Identification of toxic metabolite ion peaks of Fusarium /Alternaria using database search

S.No Name Molecular
weight

Structure from KEGG database

(KEGG-Kyoto Encyclopedia of Genes and 
Genomes)

Database 
ID *, **

1. Fusaric acid 179.2157 C10146
MID- 68152

2. Tenuazonic acid 197.231 C08511
MID- 67032

3. Alternariol 258.2262 C16838
MID-71377

4. Fusarenon-X 354.3518 C19583  
MID-73245

5. Fusarin C 431.4789 C19243 
MID-72964

Identification of metabolite ion peaks using spectrum search tools of databases. 1,2



* C numbers for KEGG database (http://www.kegg.jp/kegg/compound) to get additional information on 
the metabolite(s) including chemical and physical properties, structures, reactions and associated 
biosynthetic pathways of formation etc.
**MID numbers for METLIN –Metabolite and Tandem MS database 
(http://metlin.scripps.edu/metabo_advanced.php_)  to get additional information on the metabolite(s) 
including data on tandem mass spectra and structures for fragments. 
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ABSTRACT: Visible light-active carbon-loaded anatase TiO2 (C-TiO2) nano-
crystals of spherical, distorted spherical, rice grain and hexagonal morphologies,
with a particle size range of 50−70 nm, have been synthesized by a rapid
microwave-assisted route in the solution state. The morphology of these materials
is greatly tuned at low concentrations of the precursors used. The absorption band
gaps (Egap) are shifted to the visible region due to C loading, and the distorted
spherical C-TiO2 exhibits a maximum energy shift relative to pure TiO2. Carbon
gets deposited predominantly on the surface as graphitic carbon, in the preparative
conditions, as confirmed by X-ray photoelectron, scanning electron microscopy
elemental mapping and Raman spectroscopic studies. The rapid degradation of an
endocrine disrupting agent and a persistent pollutant in wastewater,
carbamazepine, by the rice grain shaped C-TiO2 is attributed to the large surface
area (229 m2/g) of the particles and coexposure of the high surface energy and
more reactive {001} facets along with the low energy and thermodynamically stable {101} facets.

KEYWORDS: Carbon loaded TiO2, Microwave synthesis, Morphology control, Photocatalysis, Water pollution, Carbamazepine

■ INTRODUCTION

Diverse morphological changes in semiconductor nanomateri-
als can be used for tuning their shape-dependent physical
properties, which are consequently useful in applications, for
instance, in photocatalysis. Titanium dioxide (TiO2) is a
popular photocatalytic material that has been utilized for a
variety of applications.1,2 Both theoretical and experimental
studies have proven that the anatase phase of TiO2 is better for
photocatalysis than its rutile phase, due to the fast electron−
hole recombination and lower surface activity in the latter. But,
the large band gap (Egap = 3.2 eV) of antase TiO2 makes it
active only in the UV region. Thus, several attempts have been
made to shift the Egap to the visible region.3,4

Doping is a strategy that is often employed for band gap
engineering. It is well accepted that doped titania materials with
their long-term stabilities and reduced Egap values will find
applications in solar light technologies.5,6 In this regard,
research is primarily focused on employing nonmetals as
dopants.7,8 Doping with carbon (C) and nitrogen (N) has
attracted significant attention due to a reduction in potential
traps for electron/hole recombination, in comparison with the
metal dopants.9−11 However, the photocatalytic efficiency of C-
doped TiO2 (C-TiO2) under visible light is still low.

12 Doping
of the TiO2 lattice by C can take place either by substitution of
Ti (C@Ti) or by substitution of oxygen (C@O). The
corresponding lattice environments can be represented as C−
O−Ti−O and Ti−C−Ti−O, respectively. Carbon incorpo-
ration on TiO2 can happen either at anionic (oxygen) or

cationic (Ti) sites, according to a theoretical study.13

Experimental evidence are inadequate to precisely describe
the type of incorporation.14 One can achieve such under-
standing by making precise carbon environments including
doping in the lattice, inclusion in the interstitial positions or
deposition on the surface.14,15 Through a density functional
theory-based study, it was shown that C@O reduced Egap of
anatase TiO2 by a small magnitude (0.08 eV) and also
generated gap states that were C 2p in character.13 In the band
structure, these dopant states were found to be positioned
between the valence and conduction bands of undoped TiO2,
based on which the shifts in optical absorption edge in C@O
doped bulk TiO2 and TiO2 nanotubes could be understood. In
comparison, C@Ti caused C 2s states to arise just below the
original conduction band, so that the calculated Egap was
decreased to a value of 2.85 eV (compared to 3.2 eV of
undoped anatase TiO2) corresponding to the visible region.
Complete removal of pharmaceutically active compounds

(PhACs) from an aquatic environment and drinking water is a
major challenge today.16 PhACs are found at an alarming rate
in drinking water supplies around the world.17 Although many
advanced oxidation processes have been tested for the removal
of PhACs,18 semiconductor photocatalysis using TiO2 is
particularly attractive due to its higher pollutant removal
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efficiency, low cost, easy availability, nontoxicity, and easily
modifiable properties.19 Carbamazepine (CBZ), a common
antiepileptic drug, is a persistent pollutant in wastewater. In a
recent work, a sol−gel N-doped TiO2 catalyst surface was
reported to have shown enhancement in the photocatalytic
removal efficiency of CBZ in visible light with increasing pH
between 5 and 9.20 For water spiked with 1 mg/L CBZ, a 45−
70% CBZ removal was achieved within this pH range.
Increasing alkalinity and natural organic matter was found to
cause a significant reduction in CBZ removal capacity of the
catalyst. The photocatalytic degradation efficiency also strongly
decreased when using surface water and wastewater effluents as
water sources.
Generally, efficiency of photocatalysis depends mainly on the

surface area and the exposed planes, i.e., surface morphology of
the catalyst. Average surface energies of the different facets of
anatase TiO2 predicted from theoretical calculations are as
follows: {110} (1.09 J/m2) > {001} (0.90 J/m2) > {100} (0.53
J/m2) > {101} (0.44 J/m2).21 Thus, extensive research is
currently focused on the exposure of high surface energy facets
of TiO2, as these will have much higher chemical
reactivity.22−24 This lead to implications in photocatalysis-
based environmental cleanup, water splitting hydrogen
generation and solar energy as well as Li-ion batteries.25

In this work, C-TiO2 was synthesized by a rapid technique
for visible light photocatalytic applications. By changing the
concentrations, in dilute conditions of the reactants, various
morphologies, namely, spherical, distorted spherical, rice grain,
and hexagonal shapes, were obtained. The photocatalytic
activities of these morphologies of C-TiO2 nanocrystals
(NCs) toward CBZ were tested in the visible region, employing
certain key parameters derived from the response surface
methodology26 for optimal removal efficiency.

■ EXPERIMENTAL SECTION
Sample Preparation. In a typical synthesis, a solution of 10 mM

titaniumoxyacetylacetonate (TOAA) and 10 mM NH4F was prepared
in 50 mL of water. To the above solution was added 20 mg of glucose
and then 10 mL of H2O2. The resultant mixture was stirred for 10 min
and then subjected to microwave digestion. The as-synthesized
materials were centrifuged, washed with water and methanol, and
dried in an oven at 80 °C for 3 h. To remove the excess glucose, the
as-synthesized samples were annealed at 350 °C for 2 h in a nitrogen
atmosphere.
A number of solutions were prepared using different combinations

of temperature, precursor concentration, reaction time, and volume of
the microwave vessel. To understand the effect of these parameters
individually, each was varied while keeping the other conditions
constant. Table 1 lists the samples synthesized by using different
concentrations of TOAA, NH4F, and H2O2 under the same conditions
of 80% volume of the Teflon vessel, 150 °C reaction temperature for
30 min and 400 W power. TiO2 systems produced from variation of
other parameters are listed in the Supporting Information, Tables S1−
S3 along with the reaction conditions for each set.
Characterization. Powder X-ray diffraction (XRD) measurements

were carried out using Bruker Discover D8 diffractometer with default
background correction. Raman measurements were recorded using a
WiTec GmbH, CRM αS300 instrument with 532 nm Nd:YAG laser
line as an excitation source. High-resolution scanning electron
microscopy (HRSEM) images were taken using a FEI Quanta FEG
200 with an EDS detector. High-resolution transmission electron
microscopy (HRTEM) images were taken using a JEOL 3010
HRTEM instrument. Solid-state UV−vis measurements were
performed by a Cary 5E UV−vis-NIR spectrophotometer. X-ray
photoelectron spectroscopy (XPS) was carried out with an Omicron
ESCA probe spectrometer with polychromatic Mg Kα X-rays (hv =

1253.6 eV). The microwave digestion was done using the CEM Mars 5
microwave digester. The photocatalytic sample was analyzed by high
performance liquid chromatography (HPLC) (Dionex, Ultimate
3000). The total organic carbon (TOC) content was measured
utilizing the TOC analyzer, Shimadzu, Japan.

Photocatalytic Reaction. In a preceding study,27 we have
optimized the following parameters: catalyst concentration, pollutant
concentration, light intensity, and time of reaction, for the degradation
of CBZ by spherical C-TiO2, utilizing visible light. To this end, 29
experiments were conducted and the system parameters were
determined for optimal CBZ removal efficiency for all the C-TiO2
morphologies presented herein.

For examining the photocatalytic removal of CBZ, each C-TiO2
catalyst was suspended in CBZ solution of a desired concentration.
Prior to irradiation, the solution was kept in the dark for 45 min to
attain adsorption equilibrium (see the Supporting Information, Figure
S1). Photocatalytic batch experiments were conducted in a cylindrical
photochemical reactor of 400 mL volume, with a water circulation
arrangement for maintaining the temperature between 25 and 30 °C.
A 150 W high-pressure tungsten visible lamp (λ > 400 nm) was used
for irradiation. Constant stirring with an oxygen flow rate of 300 mL/
min was maintained throughout the experiment. Stock solution of the
pollutant was prepared using ultrapure Millipore water. All
intermediate samples were collected at regular intervals of time and
analyzed using HPLC.

■ RESULTS AND DISCUSSION
Tuning Morphology by Different Parameters. More

than 20 samples (listed in Table 1 and the Supporting
Information, Tables S1−S3) were synthesized by varying the
following parameters: temperature, reaction time, precursor
concentration, and volume of the microwave vessel. The as-
synthesized C-TiO2 samples were subjected to SEM analysis.
Figure 1 shows SEM images of samples CT-1, CT-2, CT-6, and
CT-9. The CT-1 sample that was formed at a 1:1 ratio of
TOAA:NH4F exhibits a spherical morphology with a particle
size of ∼50 nm. However, when the ratio was changed to 1:2 by
reducing the TOAA concentration by half (keeping H2O2
volume fixed as for CT-1), the morphology changed from a
spherical to rice grain shape (CT-9). At the same time, the

Table 1. Effect of Variation of Concentrations of TOAA,
NH4F, and H2O2, Keeping All Other Conditionsa Fixed, on
TiO2 Morphology and Phase

sample
code

TOAA
(mM)

NH4F
(mM)

H2O2
(mM) morphology

crystalline
phase

CT-1 10 10 10 spherical anatase
CT-2 10 20 10 distorted

spherical
anatase

CT-3 10 10 0 no specific
morphology

anatase

CT-4 10 60 10 spherical anatase
CT-5 10 100 10 no specific

morphology
anatase

CT-6 10 10 5 hexagonal anatase
CT-7 10 10 15 elongated oval anatase
CT-8 10 10 2.5 spherical anatase
CT-9 5 10 10 rice grain anatase
CT-10 5 10 5 spherical anatase
CT-11 5 10 2.5 no specific

morphology
anatase

CT-12 5 10 15 spherical anatase
CT-21 30 10 10 spherical anatase
CT-22 30 15 10 spherical anatase

aConditions: volume, 80%; temperature, 150 °C; time, 30 min; power,
400 W.
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Figure 1. HRSEM images of (CT-1) spherical, (CT-2) distorted spherical, (CT-6) hexagonal, and (CT-9) rice grain shaped C-TiO2 NCs.

Figure 2. HRSEM images of C-TiO2 samples prepared using different reaction conditions by microwave digestion technique.
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particle size further decreased to less than 50 nm. TOAA:NH4F
= 1:2 was also achieved by doubling the concentration of the
NH4F compared to that used for CT-1. This caused the
morphology to change to a distorted spherical (CT-2) shape,
along with an increase in particle size. On the other hand if a
1:1 ratio of TOAA:NH4F was maintained, but the H2O2
concentration was decreased by 2-fold to 48.95 mM, an
interesting hexagonal morphology was formed (CT-6).
Elemental compositions of these four morphologies of C-
TiO2 are presented in the Supporting Information, Figure S2.
The morphologies of the remaining C-TiO2 samples that are
listed in Table 1 are shown in Figure 2. However, use of high
concentrations of the sources led to no specific morphology of
C-TiO2 with large particle sizes and poor shape control (see the
Supporting Information, Figure S3).
The role of H2O2 has been found to be that of a structure

directing or determining agent. No specific morphology was
observed in the absence of H2O2 and varying its concentration
greatly affected the particle size. Varying the reaction time but
keeping the concentration of the precursors unchanged also
affected the particle size. Microwave digestion for 18 min
resulted in a distorted oval shape for C-TiO2, which
agglomerated with an increased particle size on extending the
digestion time to 40 min. Varying the temperature, keeping
other parameters constant, affected the morphology too.
HRSEM images of C-TiO2 illustrating the time and temper-
ature dependence of synthesis are shown in the Supporting
Information, Figure S4. It is noteworthy that irrespective of the
reaction conditions, as given in Table 1 and the Supporting
Information, Tables S1−S3, C-TiO2 was always found in the
anatase phase. This is confirmed by powder XRD, as displayed
in the Supporting Information, Figure S5.
In the proceeding discussion, we will focus only on the

results from the samples synthesized with low concentrations of
TOAA and NH4F, namely, the spherical (CT-1), distorted
spherical (CT-2), hexagonal (CT-6), and rice grain (CT-9)
shaped NC C-TiO2 (refer to Table 1). HRTEM images (see
Figure 3) confirmed the spherical shape of the CT-1 sample
and yielded a particle size of ∼50 nm. The measured d value of
3.50 Å suggests the existence of a (101) plane in spherical C-
TiO2. In addition, the outer boundary (seen in Figure 3B,
corresponding to CT-2) shows layers of carbon accumulated
on the periphery. This can be confirmed by measuring EDS line
scan of a single spherical shaped C-TiO2, as given in the
Supporting Information, Figure 6. This confirms that carbon is
accumulated on the surface. However, there is significant C
content in the particle, which is uniform. This carbon is likely
to be due to doping. The distorted spherical morphology of
CT-2 is easily visible from the figure, with clear lattice fringes at
an interplanar distance of 3.51 Å, due to the (101) plane as in
CT-1.28 The corresponding particle size was calculated to be
∼40−50 nm. The HRTEM image of CT-6 sample clearly
exhibits six vertices and a hexagonal morphology in which four
sides are long and two are short. Each short side was found to
be 10 nm in length, while the remaining sides were measured to
be 20 nm in length. The average particle size was found to be
40 nm and was further confirmed by the Scherer formula from
XRD. As in the previous two samples, for CT-6 also the
measured d spacing was found to be 3.51 Å corresponding to a
(101) plane. The electron microscopy images of CT-9
showcase the presence of two vertices in each particle with a
rice grain shape. From the SEM measurements, a particle size
of ∼40−50 nm was derived for CT-9. The lattice fringes reveal

a clear crystallinity and an arrangement of atoms with
interplanar distances of 2.37 Å and 3.50 Å corresponding to
(004) and (101) planes, respectively of anatase TiO2.
Interestingly, only very few boundary layers (thin layers) of
carbon were present in CT-6 and CT-9 samples when
compared with CT-1 and CT-2 samples, showcasing that the
carbon thickness changes with the sample. More HRTEM
images of these four morphologies of C-TiO2 can be found in
the Supporting Information, Figure S7.

Structural Elucidation of C-TiO2 with Different
Morphologies. The powder XRD profiles of the four
morphologies of C-TiO2 are depicted in Figure 4. It is deduced
that all the materials index exactly to the anatase phase of bulk
TiO2. The peak at 2θ = 25.1° is due to the (101) plane of
anatase TiO2, while other peaks correspond to the (103),
(004), (112), (200), (105), (211), and (204) planes of bulk
TiO2 (JCPDS 89-4921). Though there is a small deviation in
the peak positions of the four samples with respect to the bulk
form due to carbon accumulation, there are no significant
changes in these within the different morphologies of C-TiO2.
However, the full width at half-maxima (fwhm) of any peak
(plane) is not the same due to the difference in particles sizes of
the four shapes.
Bulk anatase TiO2 is known to exhibit six Raman active

modes (three Eg, two B1g and one A1g).
29 These spectral

Figure 3. TEM images at (A) low and (B) high magnification of
spherical (CT-1), distorted spherical (CT-2), hexagonal (CT-6), and
rice grain (CT-9) shaped of C-TiO2 NCs.
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features can also be seen in the low frequency region of the
Raman spectra of the four C-TiO2 NCs displayed in Figure 5A.
Thus, in agreement with the XRD analysis, Raman spectros-
copy also confirms that these systems were in the anatase
phase. The strong phonon peak at 150 cm−1 corresponds to an
Eg mode, but its position is shifted by ∼6−8 cm−1 relative to
bulk TiO2, possibly due to C content. The peaks at ∼400, 510,
and 620 cm−1 index well to the B1g, A1g, and Eg modes,
respectively. The spectral feature in the high frequency region
(see Figure 5B) consists of D and G bands which are normally
observed at ∼1350 and 1585 cm−1, respectively. These bands
correspond to sp2 carbon atoms in a disordered (D)
environment and to carbons in extended p conjugated
graphite-like (G) arrangements. This carbonaceous region
upon deconvolution reveals that the disordered character of
the D band at 1357 cm−1 is higher in intensity than the
graphitic character of the G band at 1585 cm−1.

The ratio of the intensities of the D and G bands (ID/IG) or
the degree of graphitization is an indication of the amount of
graphitic carbon formed at the surface of the nanoparticle;
lower the ID/IG ratio, higher the degree of graphitization.30,31

ID/IG was found to be 2.15, 2.06, 1.98, and 1.97, respectively for
the distorted spherical, spherical, rice grain, and hexagonal
shaped C-TiO2. These values are greater than the ID/IG ratios
(1.06−1.66) of previously reported32 C-TiO2 and are therefore
indicative of the presence of lesser graphitic carbon in our
samples. It can be further noticed that the ID/IG ratio of the rice
grain and hexagonal shaped C-TiO2 is lower than that of the
spherical and distorted spherical shaped C-TiO2. As the D band
is reflective of disorder/structural defects, based on ID, the
disorder is likely to be less in the first pair of samples and high
in the second pair of C-TiO2 NCs.
The UV−vis diffuse reflectance spectra of CT-1, CT-2, CT-6,

and CT-9 are presented in the Supporting Information, Figure
S8. Although P25 Degussa (bulk TiO2) showed an absorption
onset in the UV region, the absorption of all morphologies of
C-TiO2 exhibited a shoulder in the visible region. Absorbance is
enhanced with increasing carbon content as follows: distorted
spherical > spherical > hexagonal > rice grain shaped C-TiO2.
This trend is in agreement with the TOC results, according to
which the percentages of carbon in the distorted spherical (CT-
2), spherical (CT-1), hexagonal (CT-6), and rice grain (CT-9)
shaped C-TiO2 samples were 3.35, 2.95, 2.68, and 2.55%,
respectively.

Carbon in TiO2 Network. The carbon environment in the
four different morphologies of C-TiO2 was monitored by XPS,
and the results are shown in Figure 6. For comparison, XPS of
bulk TiO2 (P25 Degussa) is also plotted. It can be seen from
the figure that after deconvolution, C 1s appears as three
distinct peaks at 284.6, 286.3, and 288.5 eV, which are due to
adventitious carbon species. The first peak at 284.6 eV is due to
graphitic carbon formed at the surface of the nanoparticle,
whereas the latter two arise from the COH (and COC)
and CO (and COO) bonds of the carbonate-like species due
to oxidized carbon species. This carbon species (carbonate-like)
are likely to be substituting the Ti site or sitting in interstitial
positions.33−36,14 The presence of CO in the TiO2 was

Figure 4. XRD profiles of the four different morphologies of C-TiO2.
For comparison, XRD of bulk anatase TiO2 is plotted in the bottom
(JCPDS 89-4921).

Figure 5. Raman profiles of the spherical (CT-1), distorted spherical (CT-2), hexagonal (CT-6), and rice grain (CT-9) shaped C-TiO2. (A) TiO2
bands in the low frequency region; (B) D and G bands in the higher frequency region.
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further confirmed by infrared spectra (see the Supporting
Information, Figure S9), which exhibit a peak at 1059 cm−1 due
to CO stretching.
Of the three peaks in Figure 6A, intensity of the one due to

carbonate-like feature changed with the morphology of C-TiO2.
The measured intensity of this peak at 286.3 eV follows the
order: distorted spherical > spherical > hexagonal > rice grain
C-TiO2. This trend is in agreement with the calculated total
percentage of carbon from the TOC measurement, mentioned
in the previous section. In addition, the absence of a peak
around 282.0 eV confirms that the carbon did not substitute
oxygen in the lattice.37 The intensity of the 284.6 eV peak
implies that the percentage of graphitic carbon is high in the
distorted spherical C-TiO2 and low in the hexagonal C-TiO2.
The uniform C content due to doping within the TiO2 particle,
as proposed from the SEM-EDS line scan, could not be seen
distinctly in XPS.
The Ti 2p XPS peak of P25 Degussa in Figure 6C consists of

two energy levels of Ti 2p1/2 and 2p3/2 at 464 and 458 eV,
respectively with a separation of ∼5.8 eV.38 Two observations
are easily noticeable from panel C: (i) the peak shift (with
respect to P25 Degussa) toward lower energy is maximum for
the distorted spherical C-TiO2 and is relatively much greater
than for other systems and (ii) the distorted spherical
morphology exhibits lower line-width than the others. The

fact that the Ti 2p peak position differs for four different
morphologies along with the nature of C accumulation on the
TiO2 surface. Thus, the hexagonal and rice grain shaped C-
TiO2 show only a subtle change from the standard TiO2,
whereas the distorted spherical and spherical shapes show
greater differences in energy positions. Overall, the distorted
spherical C-TiO2 shows a deviation of nearly 0.45 eV from P25
Degussa, indicative of a partial charge transfer from the surface
carbon moiety to the Ti4+ centers in the TiO2 network.

39

The XPS for O 1s (Figure 6B) shows three different
environments in C-TiO2 for all the four morphologies. The
peak positions at 530.3, 531.5, and 532.8 eV in P25 Degussa
can be ascribed to TiO (O2− lattice oxygen), surface −OH,
and adsorbed H2O, respectively, whereas the peak positions at
530.1, 531.5, and 532.9 eV in all the C-TiO2 NCs are indexed
to TiO (O2− lattice oxygen), CO (and COO), and C
OH (and COC) species, respectively.39,40 The enhance-
ment of CO and COH signals in the distorted spherical
morphology suggested increased hydration (OH and/or H2O)
with an increase of deposited carbon content (i.e., increased
line-width) revealed by the C 1s spectra. The shifting (by 0.2
eV) of the lattice oxygen peak at 530.1 eV in all the C-TiO2

toward lower energy, relative to the P25 Degussa standard, is
indicative of C accumulation.

Figure 6. XPS of CT-1, CT-2, CT-6, and CT-9 C-TiO2 samples. For comparison, XPS of bulk TiO2 (P25 Degussa) is plotted in the bottom. (A) C
1s, (B) O 1s, and (C) Ti 2p. Color scheme: black-experimental curve; red-fitted; green, blue, and pink-deconvoluted species.
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The Brunauer−Emmett−Teller (BET) surface area data for
the four morphological samples are presented in the Supporting
Information, Table S4. The BET results show that the C-TiO2
systems have different surface areas, pore volumes, and pore
diameters. Their N2 adsorption−desorption isotherms are
displayed in the Supporting Information, Figure S10. The
spherical morphology (CT-1) of C-TiO2 shows a sharp decline
in the desorption branch indicating its mesoporosity, whereas
the hysteresis (Type-IV, H1) between the two curves suggests
the pores to have a diffusion bottleneck structure.41 The
following parameters were estimated for CT-1: surface area 62
m2/g, pore volume 0.24 cc/g, and BJH pore diameter 18.0 nm.
In addition, it showed a unimodal pore size distribution that
was a little broad in the range due to its spherical morphology.
The reason for the high pore volume may be the fusion of
microvoids into macro voids during crystallization. The
distorted spherical sample (CT-2) is predicted to have a
surface area (61 m2/g) similar to that of the CT-1 sample, but
with a smaller pore volume and larger average pore diameter of
0.19 cc/g and 22.4 nm, respectively. CT-2 was found to have
two additional pores of sizes 3.6 and 58.6 nm, implying that
distorted spherical condensation led to the formation of lower
range of mesopores and also macropores due to surface
aggregation of these particles. Furthermore, the presence of H3
hysteresis implies nonrigid aggregation of plate-like particles
that expose slit-shaped pores.
For the hexagonal shaped C-TiO2 (CT-6), a type-II isotherm

with a still lower surface area of 33 m2/g was observed, with a
pore volume and pore diameter of 0.18 cc/g and 19.0 nm,
respectively. The BJH pore size distribution exhibits sharp
unimodal pores, which are the probable reason for the
heterogeneous uptake of carbon and increased pore shrinkage
in the region of particle aggregation. Interestingly, the rice grain
morphology (CT-9) shows a type-IV isotherm with H4
hysteresis loop and a relatively higher surface area of 229
m2/g with a pore volume of 0.17 cc/g and BJH pore diameter
of 3.6 nm. On the basis of the smooth rise in the pore
condensation for CT-9, it can be inferred that uniform pores
are present, whereas overall results suggest the existence of
ordered narrow slit-like mesoporous pores in the micropore
region due to the gradual decomposition of carbon.
Photocatalytic Degradation of CBZ. We have previously

examined the spherical shaped C-TiO2 for the photocatalytic
degradation of carbamazepine, an emerging contaminant in
water. Details of the study and the conditions derived for
optimal removal of CBZ are discussed elsewhere.27 Using these
optimized parameters (catalyst concentration of 230 mg/L,
light intensity of 7700 lux and pollutant concentration of 50
μg/L), the visible light photocatalytic degradation of CBZ was
carried out by all four morphologies of C-TiO2. Additional
control experiments were done on undoped TiO2 and carbon
prepared by the same method (CT-1 method). It was found
that degradation occurred slowly for both carbon and TiO2, as
shown in the Supporting Information, Figure S11.
As can be seen from Figure 7, the time taken to degrade CBZ

using the rice grain, spherical, distorted spherical, and
hexagonal shaped C-TiO2 was 85, 120, 210, and 240 min,
respectively. The reaction rates, k (min−1), were determined by
plotting ln(C/C0) versus time, where C = concentration after
time t has elapsed and C0 = original concentration at t = 0. All
these trials were found to follow first-order kinetics with a R2

value of more than 0.90 (see the Supporting Information, Table
S5). The rate of CBZ degradation was much faster with the rice

grain shaped C-TiO2 catalyst than with the other three
catalysts. This photocatalytic behavior corroborates well with
surface area measurements. The measured surface area (see the
Supporting Information, Table S4) is found to be rather large
in the rice grain C-TiO2 (229 m2/g) compared to in the
spherical (62 m2/g), distorted spherical (61 m2/g), and
hexagonal (33 m2/g) C-TiO2. Thus, it can be inferred that
the high surface area of the rice grain C-TiO2 is responsible for
its high photocatalytic activity.

Chemical Control of Morphology. Our study (tuning
morphology by different parameters, vide supra) revealed that
low concentrations of H2O2 and NH4F played major roles in
controlling morphology and determining the size of C-TiO2,
and it is expected that there may be a competition between
them.42 F− ions are well-known for their role as etching agents
and F− ions from NH4F can influence the crystallization and
growth of TiO2 due to rapid in situ dissolution and
recrystallization.43,44 Thus, when H2O2 concentration is
reduced by 2-fold (to 5 mL) compared to that in the spherical
CT-1, the F− ions etch anisotropically leading to the hexagonal
shaped C-TiO2 (CT-6) with clear vertices. We postulate that in
all the C-TiO2 morphologies, this anisotropic etching probably
causes the exposure of the (101) plane that has the lowest
surface energy. At the same time, the role of H2O2

45 is also
crucial, as it was impossible to get the distinct morphologies in
its absence. The adsorption of peroxide ions form various
intermediate complexes viz., [Ti(O2)2(OH2)OOH]

−, and/or
[Ti(O2)2(OH2)OOH2], etc., and can lower the surface energy
of {001} facets, but these get exposed only in the rice grain
shaped C-TiO2 due to the lower concentration of TOAA.
An interesting observation was noted in the surface

morphology of four differently shaped C-TiO2. In principle,
the lower surface energy planes (101), (004), and (200)
correspond to the most displayed facets of {101}, {001}, and
{100}, respectively in natural anatase crystals.46,47 All the four
morphologies of C-TiO2 show the (101) plane of the {101}
facet in electron microscopy images. Interestingly, the rice grain
shaped C-TiO2 has coexposed {001} and {101} facets for
(004) and (101) planes, respectively as understood from
electron microscopy images. Roy et al.48 confirmed the
presence of high energy {001} reductive facets with low energy
{101} oxidative facets of TiO2 as being responsible for efficient

Figure 7. Degradation of carbamazepine by different morphologies of
C-TiO2NCs.
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photocatalytic degradation of a dye. Thus, in our work, the
enhanced photocatalytic activity of the rice grain shaped C-
TiO2 could be due to the coexposure of the {001} and {101}
facets, as deduced from its TEM images in Figure 3. Different
morphologies of TiO2 have been reported to show mostly
{001} facets with enhanced photocatalytic applications even
when synthesized using F− ions.49,50 Though F− ions have been
used for preparing C-TiO2 in this work, in a given diluted
condition ([TOAA/2]), the rice grain C-TiO2 alone had
coexposed {001} and {101} facets due to an competition
between F− and H2O2. However, a detailed mechanistic study is
needed to understand the real factors responsible.

■ CONCLUSIONS
Various C-TiO2 morphologies were synthesized by a rapid
microwave digestion method. The morphologies were sig-
nificantly tuned at low concentrations of the precursors for
synthesizing anatase C-TiO2. Among the four different
morphologies, the rice grain shaped C-TiO2 showed enhanced
visible light degradation of carbamazepine, a pharmaceutical
pollutant in wastewater, due to the presence of coexposed low
energy/high energy {101}/{001} facets and its high surface
area. These newly synthesized carbon enriched TiO2 NCs may
find useful in applications such as water splitting. Precise
understanding of the nature of carbon in these materials needs
additional studies.
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(3) Dette, C.; Peŕez-Osorio, M. A.; Kley, C. S.; Punke, P.; Patrick, C.
E.; Jacobson, P.; Giustino, F.; Jung, S. J.; Kern, K. TiO2 anatase with a
bandgap in the visible region. Nano Lett. 2014, 14, 6533−6538.
(4) Dong, J.; Han, J.; Liu, Y.; Nakajima, A.; Matsushita, S.; Wei, S.;
Gao, W. Defective black TiO2 synthesized via anodization for visible-
light photocatalysis. ACS Appl. Mater. Interfaces 2014, 6, 1385−1388.
(5) Zha, C.; Shen, L.; Zhang, X.; Wang, Y.; Korgel, B. A.; Gupta, A.;
Bao, N. Double-sided brush-shaped TiO2 nanostructure assemblies
with highly ordered nanowires for dye-sensitized solar cells. ACS Appl.
Mater. Interfaces 2014, 6, 122−129.
(6) Braham, R. J.; Harris, A. T. Review of major design and scale-up
considerations for solar photocatalytic reactors. Ind. Eng. Chem. Res.
2009, 48, 8890−8905.
(7) Zhang, J.; Wu, Y.; Xing, M.; Leghari, S. A. K.; Sajjad, S.
Development of modified N-doped TiO2 photocatalyst with metals,
nonmetals and metal oxides. Energy Environ. Sci. 2010, 3, 715−726.
(8) Chen, D.; Jiang, Z.; Geng, J.; Wang, Q.; Yang, D. Carbon and
nitrogen co-doped TiO2 with enhanced visible-light photocatalytic
activity. Ind. Eng. Chem. Res. 2007, 46, 2741−2746.
(9) Qian, W.; Alex Greaney, P.; Fowler, S.; Chiu, S. K.; Goforth, A.
M.; Jiao, J. Low-temperature nitrogen doping in ammonia solution for
production of N-doped TiO2-hybridized graphene as a highly efficient
photocatalyst for water treatment. ACS Sustainable Chem. Eng. 2014, 2,
1802−1810.
(10) Irie, H.; Watanabe, Y.; Hashimoto, K. Carbon-doped anatase
TiO2 powders as a visible light sensitive photocatalyst. Chem. Lett.
2003, 32, 772−773.
(11) Khan, S. U. M.; Al-Shahry, M.; Ingler, W. B., Jr. Efficient
photochemical water splitting by a chemically modified N-TiO2.
Science 2002, 297, 2243−2245.
(12) Ohno, T.; Miyamoto, Z.; Nishijima, K.; Kanemitsu, H.; Feng, X.
Y. Sensitization of photocatalytic activity of S- or N-doped TiO2

particles by adsorbing Fe3+ cations. Appl. Catal., A 2006, 302, 62−68.
(13) Yang, K.; Dai, Y.; Huang, B.; Whangbo, M.-H. Density
functional characterization of the visible-light absorption in substitu-
tional C-anion- and C-cation-doped TiO2. J. Phys. Chem. C 2009, 113,
2624−2629.
(14) Zhang, L.; Tse, M. S.; Tan, O. K.; Wang, Y. X.; Han, M. Facile
fabrication and characterization of multi-type carbon-doped TiO2 for
visible light-activated photocatalytic mineralization of gaseous toluene.
J. Mater. Chem. A 2013, 1, 4497−4507.
(15) Wang, S.; Zhao, L.; Bai, L.; Yan, J.; Jiang, Q.; Lian, J. Enhancing
photocatalytic activity of disorder engineered C/TiO2 and TiO2

nanoparticles. J. Mater. Chem. A 2014, 2, 7439−7445.
(16) Kaplan, R. Review: Pharmacological pollution in water. Crit. Rev.
Environ. Sci. Technol. 2013, 43, 1074−1116.
(17) Benner, J.; Helbling, D. E.; Kohler, H. -P. E.; Wittebol, J.; Kaiser,
E.; Prasse, C. Is biological treatment a viable alternative for
micropollutant removal in drinking water treatment processes?
Water Res. 2013, 47, 5955−5976.
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Rapid Synthesis of C-TiO2: Tuning the Shape from Spherical to Rice 

Grain Morphology for Visible Light Photocatalytic Applications  
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Table S1: Results from varying reaction time** 

 
 
 
 
 
 
 
 

 
**Conditions: Volume: 80% ; Temperature: 150 °C; Concentrations: Same as in C1 (see 

Table 1), power: 400 W 

Table S2: Results from varying the volume# 

S.No Volume Morphology Crystalline phase 

CT-16 50% spherical Anatase 

CT-17 40% distorted spherical Anatase 

CT-18 30% no specific morphology Anatase 
#Conditions: Temperature: 150 °C; Time: 30 min; Concentrations: Same as in C1; power: 

400 W 

Table S3: Results from varying the temperature$ 

 

 

 

 
$Conditions: Time: 30 min; Concentrations: Same as in C1; power: 400 W, Volume: 80% 

S.No Time in min Morphology Crystalline phase 

CT-13 10 spherical Anatase 
CT-14 18 spherical and oval 

 
Anatase 

CT-15 40 spherical and oval 
 

Anatase 

S.No Temp in (° C) Morphology Crystalline phase 

CT-19 70 no specific morphology Anatase 

CT-20 100 no specific morphology Anatase 

                                                                                                                                      SI 1 



 

 

 

 

 

 

 

 

 

 

 

Figure S1. Removal of carbamazepine using different shapes of C-TiO2 catalysts 
in dark. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S2. EDS pattern for four different morphologies of C-TiO2. 
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Figure S3. HRSEM images for C-TiO2 at higher concentration of the ingredients. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S4. HRSEM images for C-TiO2 of CT-14 and CT-15 (see Tables S1 and S3) 

showcasing time and temperature dependence of synthesis. 

   CT-14    CT-15 

   CT-19    CT-20 

CT-21 CT-22 

                                                                                                                                      SI 3 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S5. XRD profile for C-TiO2 at various preparative conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S6. (a) HRSEM image of spherical shaped C-TiO2 and (b) corresponding EDS 
line scan data for a single particle as marked by a red line in (a). 

CT-3 

CT-4 

CT-5 

CT-7 

CT-8 

CT-12 

CT-14 

CT-16 

CT-20 

CT-22 

(101) 
 

(004) (200) 
 (105) 

 
(211) 
 

(204) 
 

                                                                                                                                      SI 4 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
http://www.software995.com/ 
 
 
 
Figure S7. HRTEM images for the four different morphologies of C-TiO2 nanocrystals. 
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Figure S8.  UV-vis diffuse reflectance profiles for four different morphologies of C-
TiO2 in comparison with P25 Degussa (bulk TiO2).   
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure S9. FT-IR spectra for C-TiO2 of four different morphologies. 

 
 

                                                                                                                                      SI 6 



 
Table S4. BET surface area for the different morphologies of C-TiO2 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S10. N2-adsorption-desorption isotherm liner plot (A) and BJH desorption 
average pore diameter (B) for four different morphologies of C-TiO2.  
 
 
 
 

 

Sample code Surface area, 
m2/g 

Pore volume, 
cc/g 

Pore diameter, 
Ǻ 

Spherical (CT-1) 62 0.24 180 
Distorted spherical  (CT-2) 61 0.19 224 
Hexagonal (CT-6) 33 0.18 190 
Rice grain (CT-9) 229 0.17 36 

  A   B 

                                                                                                                                      SI 7 



                                                                                                                                      SI 8 

 
 
Table S5. Rate of degradation of Carbamazepine using different shaped C-TiO2 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S11. Photocatalytic activity for carbamazepine by TiO2 and carbon prepared by 
CT-1 method.   
 

Pollutant     Catalyst shape R2 K min-1 

 

Carbamazepine  

(50µg/L) 

Rice grain (CT-9) 0.98 0.094 

Spherical (CT-1) 0.99 0.059 

Distorted  spherical (CT-2) 0.99 0.044 

Hexagonal (CT-6) 0.97 0.020 
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ters protected with mixed proteins
exhibit intense photoluminescence†

Jyoti Sarita Mohanty,‡a Ananya Baksi,‡a Haiwon Leeb and T. Pradeep*a

In this paper is reported the synthesis and detailed mass spectrometric and spectroscopic characterization

of highly luminescent Au and Ag clusters protected with mixed proteins. Taking advantage of the

aggregation tendency of the protein, lysozyme (Lyz), an inter-protein conjugate was made from a

physical mixture of two proteins, bovine serum albumin (BSA) and Lyz. Based on matrix-assisted laser

desorption/ionization mass spectrometry data, the new cluster is assigned as �Au36@BSA–Lyz. This

specific system showed a very high red luminescence and the calculated quantum yield was 42% which

is the highest to date for such cluster systems. A similar study on an Ag system showed the formation of

�Ag35@BSA–Lyz when a similar metal and protein concentration was used. By varying the concentration

of the Ag precursor, different compositions of the cluster protected by the mixed protein were achieved.

Such a system with a high quantum yield can be used for various applications such as sensors for

ultralow levels of analytes, fluorescent tags and for tracking biomolecules in real systems.
1. Introduction

Noble metal nanoclusters are one of the most fascinating areas
of research in contemporary materials science.1–5 Several metals
have been used in this context among which gold (Au) and silver
(Ag) have drawn the most attention. Most cluster chemistry is
concerned with monolayer protected clusters. Thiol ligands are
of greater interest as the Au–S bond is strong and by changing
the ligand (thiol), the properties of the clusters can be
altered. Many thiol protected Au and Ag clusters have been
reported and some of them have been crystallized. Examples
include: Au25(SR)18,6,7 Au30S(SR)18,8 Au38(SR)24,9 Au36(SR)24,10

Au102(SR)44,11 and Ag44(SR)30.12,13 Three types of modications
are possible on such monolayer protected clusters: (i) ligand
exchange,14–16 (ii) alloying12 of the core and (iii) alloying and
ligand exchange simultaneously. Both of these have been
studied in detail for monolayer protected Au clusters. Some of
these chemically modied clusters have been crystallized.12

Macromolecular templates are another platform for
synthesizing such clusters.4,17,18 DNA,19 dendrimers20 and most
recently proteins21 have been used as templates for cluster
atic Unit of Excellence (TUE), Department

gy Madras, Chennai – 600 036, India.

57-0545

anoscience and Technology, Hanyang

ESI) available: Comparative MALDI-MS
wer mass range, MALDI-MS of Lyz and
rum, UV-Vis spectra, concentration
See DOI: 10.1039/c5ra06964e

hemistry 2015
formation. The most oen used proteins are bovine serum
albumin (BSA),21–28 human serum albumin,29,30 lactoferrin
(Lf),31,32 lysozyme (Lyz),33–36 insulin,37 and so on. Major char-
acterization methods of such clusters involve mass spec-
trometry (MS), but matrix-assisted laser desorption/ionization
(MALDI) is mainly used,21,25,27–29,31,34,38 as none of these clusters
could be crystallized so far. The general synthetic route of such
clusters involves adduct formation between the protein and
the metal and subsequent reduction of the ion to the M(0)
state at an elevated pH.21,31 During the core formation, inter-
protein metal ion transfer takes place which leads to the
regeneration of the free protein. As the core evolves to a bigger
size, more and more free protein regeneration can be seen.31 A
variety of cores have been reported, depending on the size and
structure of the protein.31,34 For smaller proteins such as Lyz,
core compositions have been conrmed from the aggregates
(formed via inter-protein interaction through a salt bridge).34

For a single protein, by changing the experimental conditions
and using different parameters, one can modify the core size
as shown in a recent study by predening the protein structure
at a specic pH.38 Different methods have been tried for
modifying the core and shell composition such as core
etching,23 a sonochemical method,39 microwave synthesis,40,41

slow reduction by carbon monoxide,38 and so on. Such clusters
exhibit intense luminescence which is highly sensitive to the
presence of foreign elements which can interact and quench
the luminescence.2 This luminescence property has been
applied for sensing metal ions24,26,33,40 and small mole-
cules,30,42–48 as well as in vitro and in vivo imaging and label-
ling.23,49 A few of the proteins are known to retain biological
activity even aer cluster formation,37 indicating that the
RSC Adv., 2015, 5, 48039–48045 | 48039
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protein remains as it was and the cluster formation does not
occur via the involvement of the active site of the protein. The
presence of another protein might help in enhancing the
Förster resonance energy transfer (FRET) probability and thus,
the quantum yield may be increased. This could possibly be
following the ligand exchange procedure used for monolayer
protected clusters where aer ligand exchange, properties of
both the ligands can be monitored. Niihori et al. have sepa-
rated all the ligand exchange products of Au25(SR1)18�x(SR2)x
(x ¼ 0, 1, 2.18) by chromatography and characterized them
using MS.16 The supramolecular chemistry of such clusters via
ligand exchange by thiolated calixerene has been studied in
detail.14 Taking advantage of ligand and cyclodextrin inclusion
complex formation, Mathew et al. have recently shown that
supramolecular chemistry is possible for such Au25(SR)18
clusters.15 Exchanging the core with other metals can also
enhance the physico-optical properties signicantly as shown
by Wang et al., where they have exchanged Ag with Au and
obtained 200-fold increases in the luminescence (41%
quantum yield).50

There are reports of ligand exchange and mixed ligand
protection for monolayer protected clusters. Recently, ligand
exchange of Au25(SR)18 was separated using high-performance
liquid chromatography and each of the exchanged products
were observed using MALDI-MS.16 Although a mixed protein
matrix such as egg shell membrane46 and hair bre44 were used
for cluster synthesis, none of these clusters could be charac-
terized to get an idea about their precise core size. Proteins are
macromolecules and they behave differently to small thiol
ligands. Protein–protein interaction has been studied by
biologists and this has strong biological implications. This
kind of interaction is very specic and occurs only between
specic proteins. Following the ligand exchange of monolayer
protected clusters, the effect of addition of an external protein
on a preformed protein protected cluster is reported in this
paper.

Most of the previous reports have claimed that the lumi-
nescence of protein protected clusters is because of FRET
between the protein and the cluster.4,32 Compared to monolayer
protected Au clusters, protein protected clusters have a higher
quantum yield but the yield is still not very promising unlike
that obtained for the uorescent dyes (15% for protein pro-
tected clusters whereas dyes show more than 95%). Keeping
this in mind, an attempt to ligand exchange protein protected
clusters was made, where it was hoped to see different proper-
ties by protein exchange. More interestingly, we expected to be
in a position to regulate the properties of the proteins as well as
the cluster core.

In this paper is reported the formation of highly uorescent
Au quantum clusters with the highest quantum yield (42.4%) in
a mixed protein system. Two differently sized proteins, namely
BSA and Lyz, were used for this study and the reactants as well
as the products were probed usingMS and optical spectroscopic
techniques. A new cluster core, Au36, protected with both BSA
and Lyz was obtained with a four-fold increase in the uores-
cence intensity which leads to a 42.4% quantum yield for this
system.
48040 | RSC Adv., 2015, 5, 48039–48045
2. Experimental
2.1. Reagents and materials

Bovine serum albumin at pH 6–7 was purchased from SRL
Chemical Co. Ltd., India. Lysozyme and sinapic acid were
purchased from Sigma-Aldrich. Tetrachloroauric acid trihydrate
(HAuCl4$3H2O) was purchased from CDH, India. Silver nitrate
and sodium hydroxide (NaOH) were purchased from Rankem,
India. Sodium borohydride (NaBH4) was purchased from
Spectrochem, India. All the chemicals were used without
further purication. Milli-Q water was used for all the
experiments.

2.2. Instrumentation

Luminescence measurements were carried out using a Jobin
Yvon NanoLog spectrouorometer. Both the excitation and
emission spectra were collected with a band pass of 3 nm.
MALDI-MS studies were performed using an Applied Bio-
systems Voyager-DE PRO Biospectrometry Workstation. A
pulsed nitrogen laser of 337 nm was used for the MALDI-MS
studies. Mass spectra were collected in linear positive mode
and an average of 250 shots was used for each spectrum. High
resolution transmission electron microscopy (HRTEM) was
performed on a Jeol JFD 3010, a 300 kV instrument, equipped
with an ultra high resolution pole piece. The samples for
HRTEM were prepared by dropping the dispersion on a carbon
coated copper grid. Scanning electron microscopy (SEM) and
energy dispersive analysis of the X-ray (EDAX) images were
carried out using an FEI QUANTA 200 SEM. Samples were
spotted on an indium tin oxide conducting glass substrate and
dried in ambient conditions prior to SEM and EDAX measure-
ments. X-ray photoelectron spectroscopy (XPS) studies were
carried out using an Omicron ESCA probe spectrometer with
polychromatic Mg Ka X-rays (hv ¼ 1253.6 eV). The samples were
spotted as drop cast lms on a sample stub.

2.3. Synthesis

BSA and Lyz were mixed in a 1 : 1 molar ratio and stirred for 10
min. To this 1 mL of 6 mMHAuCl4 was added. The solution was
stirred for another 15 min. Then 100 mL of 1 M NaOHwas added
to this mixture, and it was stirred further for 12 h to get a clear
brown coloured solution. All the samples were taken directly
from the reaction mixture for MALDI-MS and other character-
ization studies. Silver clusters were prepared keeping the
protein and Ag concentration exactly the same as those used for
the Au cluster synthesis. In this case, NaBH4 was used as the
external reducing agent.

3. Results and discussion
3.1. Gold cluster formation in a mixed protein matrix

Monolayer as well as protein protected Au and Ag clusters were
studied extensively.1,3,17 Protein protected clusters were typically
synthesized by mixing a preferred ratio of protein and metal
ions to form a metal bound protein adduct and followed by
reduction of the adducts at a basic condition (pH 12). At this
This journal is © The Royal Society of Chemistry 2015
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pH, the protein unfolds [seen in circular dichroism]27,31,32,34 and
disulde bonds between the cysteine residues break. In a
system containing two different proteins, the inter-protein
disulde bonds may create new inter-protein adducts. In
these reactions there are a number of different types of possi-
bilities and these are: (i) large protein-large protein, (ii) large
protein-small protein and (iii) small protein-small protein. In
this paper, the rst two possibilities were studied. Lf, a large
protein with a mass of 83 kDa and Lyz, a small protein with a
mass of 14.3 kDa were chosen in combination with BSA to study
the exchange.

Isolated Au and Ag clusters protected with BSA25,27 as well as
Lyz34 were characterized thoroughly using several spectroscopic
and mass spectrometric tools. They show well dened mass
spectral signatures as observed from MALDI-MS analysis. The
core size of such clusters is assigned by considering the mass
shi from the parent protein aer cluster formation. In most of
the cases, core size depends on the concentration of protein and
metal ions in the solution and varies linearly with metal
concentration. At a specic Au3+ concentration, �Au30@BSA27

forms (1 : 16 BSA : Au3+ molar concentration), whereas an Au10
core is observed for Lyz (1 : 4 Lyz : Au3+ molar concentration).34

A physical mixture of 1 : 1 (75 mM) BSA and Lyz was used and
the mixture was incubated in the presence of 6 mM Au3+ for a
few minutes to allow reduction of Au3+ to Au+ by the aromatic
amino acids of the proteins and subsequently NaOH was added.
Formation of clusters was conrmed from the appearance of a
slight red luminescence under ultraviolet (UV) light aer 4 h of
incubation. The mixture was further incubated for up to 12 h to
allow the complete conversion of Au+ to Au0. Fig. 1 shows the
comparison of the MALDI-MS spectra of BSA–Lyz and AuQC@
BSA–Lyz in linear positive ion mode. In the 60–100 kDa mass
range, the BSA–Lyz mixture showed three peaks corresponding
to BSA+, BSA–Lyz+ and BSA–Lyz2

+ (see next for details). During
cluster formation, a new peak appeared at 88.3 kDa together
with�Au30@BSA at 72 kDa (see (ESI) Fig. S1† for the MALDI-MS
of �Au30@BSA). A corresponding +2 charged species was
observed at 44.1 kDa. If it is assumed that there was adduct
formation between the proteins, the new peak can be assigned
Fig. 1 Comparative MALDI-MS of BSA-Lyz and AuQCs@BSA–Lyz in a
linear positive mode showing the presence of a �Au36@BSA–Lyz peak
at m/z 88.3 kDa, in the case of a protein mixture, which was not
present in the case of Au clusters protected either by BSA or Lyz. The
inset shows the photographs of �Au36@BSA–Lyz under UV (A) and
visible light (B).

This journal is © The Royal Society of Chemistry 2015
as �Au36@BSA–Lyz. The peak position remained the same aer
24 h as well as at 48 h of incubation indicating the formation of
a stable species in the solution. The possibility of formation of
Au36 in monolayer protected clusters was reported previously.10

In the lower mass region (<20 kDa), a few Au attachments were
observed with Lyz together with the fragments of BSA and Lyz
(see ESI Fig. S2†).
3.2. Identication of mixed protein aggregates by MALDI-MS

In order to check the formation of BSA–Lyz adducts in specic
reaction conditions, several control experiments were per-
formed and the presence of this species was veried using
MALDI-MS. The mass spectra of: (i) pure BSA, (ii) Au+–BSA
adduct, (iii) Lyz, (iv) Au+–Lyz adduct, (v) BSA and Lyz mixture in
presence of NaOH and (vi) BSA and Lyz mixture, are shown in
Fig. 2. The molecular ion peak of BSA appears at 66.7 kDa as
shown in spectrum (i). Corresponding a doubly charged species
at 33.3 kDa was also observed. Beyond 66.7 kDa, only the dimer
of BSA was observed at 133.4 kDa and no peak was observed in
the mass range of 70–100 kDa. Once Au3+ was added to the BSA
solution, the main protein peak was shied by 3.2 kDa as shown
in (ii) and the resulting adduct was assigned to �Au16–BSA. In
this state, Au is in the +1 oxidation state (as revealed by XPS).31

The monomer of Lyz shows a peak at m/z 14.3 kDa and the
corresponding doubly charged species was observed at m/z 7.2
kDa. Lyz is known to form aggregates in solution and a
maximum aggregate of a hexamer of individual protein was
observed in the mass range studied. The corresponding dimer,
trimer and tetramer peaks were observed at m/z 28.6, 42.9 and
57.2 kDa, respectively (see ESI Fig. S3†). Pentamers and hex-
amers were observed at m/z 71.5 and 85.8 kDa, respectively, as
shown in (iii). Beyond this the peak intensity was not signi-
cant. The Au+–Lyz adduct showed multiple Au attachments to
the protein monomer as well as to the aggregates. The peaks
were separated by a peak at m/z 197 which was because of Au
and a maximum of up to 10 Au attachments to Lyz were
observed (see ESI Fig. S4†). In the lower mass range, gas phase
bare clusters were observed, which were reported previously.35
Fig. 2 MALDI-MS of individual proteins, mixture of both the proteins
and Au conjugate of individual proteins, showing the formation of
BSA–Lyzn (n ¼ 0, 1, 2) conjugate.

RSC Adv., 2015, 5, 48039–48045 | 48041
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When BSA was mixed with Lyz, several possibilities exist such as
Lyzm (m ¼ 1, 2, 3, 4), BSAn (n¼ 1, 2) and LyzmBSAn (m¼ 1, 2; n¼
1, 2). All these species were identied using MS in the higher
mass region (m/z 80–150 kDa). Two distinct peaks were
observed at m/z 81.0 kDa and 95.3 kDa, which appear to be
spaced successively at 14.3 kDa from the BSA peak (m/z 66.7
kDa). A similar 14.3 kDa separation was observed in the BSA
dimer region (see ESI Fig. S5†) beyond which, because of poor
resolution and reduced intensity, other peaks could not be
resolved. This separation clearly indicates the possibility of
adduct formation between BSA and Lyz. This adduct formation
can be explained in terms of the aggregation tendency of Lyz. As
was mentioned earlier, Lyz forms aggregates and those can be
seen in both MALDI and ESI-MS spectra.34
3.3. Spectroscopic and microscopic characterizations

The presence of Au along with carbon, oxygen, nitrogen, sulfur
(S), sodium and chloride was conrmed from the SEM/EDAX
spectrum. A Au : S ratio (atomic%) of about 1 : 2 was observed
in this case. Elemental mapping of gold using Ma and sulphur
using Ka show these elements to be uniform in the sample. The
presence of clusters in both the proteins (�Au36@BSA–Lyz) was
further conrmed by XPS analysis which showed the presence
of a metallic core (Fig. 3E). An Au 4f7/2 peak appears at 84.1 eV
which shows the existence of a zero valent state of the metal. A
similar binding energy was observed for Au25@Lf.31 A time
dependent XPS study during the cluster formation and the
corresponding MALDI-MS data was reported by Chaudhari
et al., where they showed how a protein–metal complex converts
to a zero valent state form during cluster formation and the
appearance of a brown colour aer the addition of the reducing
agent also indicates the reduction of the metal precursor during
the cluster formation.31 The S2p1/2 peak at 163.3 eV (see ESI
Fig. S6†) conrmed the Au–S bonding, through the cysteine
residues of the proteins. Protein protected clusters do not show
Fig. 3 (A) The SEM/EDAX spectrum of �Au36@BSA–Lyz together with
quantification data. (B) SEM image of a cluster sample. (C and D) EDAX
images of the same showing the presence of Au and S. (E) XPS spec-
trum of �Au36@BSA–Lyz confirms the presence of Au in the metallic
state.

48042 | RSC Adv., 2015, 5, 48039–48045
well dened absorption features such as monolayer protected
clusters.

Although the ultraviolet-visible (UV-Vis) technique is not
useful for determining the size of the cluster in protein systems,
it does help to rule out the possibility of the presence of plas-
monic nanoparticles in the solution. UV-Vis spectra show a peak
at�280 nm which is because of the presence of aromatic amino
acid groups in protein systems (see ESI Fig. S7†). In the case of
�Au36@BSA–Lyz, a similar type of absorption feature was
observed at 280 nm. In addition, a broad hump was observed at
510 nm which had not been observed before for any such
protein protected clusters.

HRTEM analysis of the new cluster showed the core size to be
about 1.2 nm as shown in Fig. 4A. However, investigation of the
cluster size using HRTEM analysis is not accurate as the elec-
tron beam induces the growth of clusters in such somaterials.
But this technique helps to determine the approximate size of
the samples. Because this is a high resolution instrument with
point to point resolution of 0.12 nm, the approximate size is 1.2
� 0.1 nm. In the present study, this technique showed the
absence of bigger plasmonic nanoparticles in the sample. It is
important to note that the size of the new species in both these
proteins (�Au36@BSA–Lyz) is similar as in the case of individual
protein protected clusters. No bigger nanoparticle was found
using TEM. Absence of a plasmonic peak in the absorption
spectrum also supported the HRTEM data. The photographs of
�Au36@BSA–Lyz together with individual protein protected
clusters under UV as well as visible light are shown in Fig. 4B.
3.4. Enhanced photoluminescence and mechanism of
cluster formation

The photoluminescence spectra of the parent clusters together
with�Au36@BSA–Lyz are shown Fig. 4C. The emission intensity
of �Au36@BSA–Lyz showed three- and four-fold enhancement
when compared to the individual Au10@Lyz and �Au30@BSA,
respectively, when all the clusters were excited at 365 nm
keeping the overall protein concentration the same for all the
cases. The calculated quantum yield of �Au36@BSA–Lyz was
Fig. 4 (A) HRTEM image of AuQC@BSA–Lyz shows a core size of 1.2 �
0.1 nm. An expanded view is shown in the inset. Some of the clusters
are shown in a circle. (B) Photographs of Au10@Lyz (1), Au30@BSA (2)
and AuQC@BSA–Lyz (3) under UV and visible light. (C) Three-fold
enhancement in emission intensity of AuQC@BSA–Lyz compared to
clusters protected by single proteins was seen, when excited at the
same wavelength and at the same metal and protein concentrations.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Different volumes of Lyz solution (75 mM) were added to pre-
formed AuQCs@BSA with regular increases in volume by 50 mL. No
mass shift was observed in the Lyz region other than an increase in the
Lyz peak intensity as shown in A. The Lyz peak has a shoulder and that
may be because of a few Au attachments. The main cluster peak in the
BSA region splits into two small humps separated by 5 Au and 16 Au
from the parent BSA peak. The BSA–Lyz adduct and the Au8@BSA–Lyz
and �Au23@BSA–Lyz were observed in the higher mass spectral
region.
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42.4% considering rhodamine 6G as the reference, which is
extremely high compared to all the reported Au clusters in
various proteins. Under similar experimental conditions, the
quantum yield of AuQCS@BSA and AuQC@Lyz were found to be
10.0% and 15.0%, respectively. These values were comparable
to the ones reported previously.34 Like other protein protected
clusters, two excitation peaks were observed in the present
study, one because of the cluster core (500 nm) and the other
because of the protein (365 nm). Both the excitation maxima
resulted in the same emission but with different intensities. A
higher intensity was observed with 365 nm excitation which was
explained in terms of FRET. Muhammed et al. have shown
metal enhanced luminescence of AuQC@BSA in the presence of
Ag nanoparticles where the protein shell acts as a spacer
between the cluster and the Ag nanoparticles.23 The distance
between the uorophore and the metal surface plays an
important role in luminescence enhancement. Aggregation
induced enhanced luminescence of Au(I) thiolate has been
reported by Luo et al., where they have shown that the Au(I)
thiolate shell surrounding the Au(0) core drastically increased
the luminescence.51 Wang et al. have shown a 200-fold increase
in luminescence by replacing Ag atoms with an Au cluster.50 In
this case, increased emission intensity can be explained by
considering the possibility of a FRET between the cluster core
and the two proteins. As discussed earlier (in the section on
MS), the cluster core is protected by two proteins which implies
that both the proteins are in proximity for energy transfer and
thus, enhancement in FRET occurs. Here the protein can be a
FRET donor and the cluster can be the acceptor. In order to
know whether the excess protein can also increase FRET
activity, different volumes of BSA were added to �Au30@BSA
solution. No signicant increase in photoluminescent (PL)
intensity was observed conrming that inter-protein energy
transfer is not efficient in this case. Similar observations were
also made for AuQC@Lyz. Time dependent PL did not exhibit
any change in the position of the emission.

As shown in Fig. 1, mixed aggregates of BSA and Lyz are also
capable of forming clusters and the cluster was assigned as
�Au36@BSA–Lyz. In one possibility, the cluster can form inside
one protein (namely BSA, as it is large and can accommodate
the 36 atom core) and the other protein, Lyz forms an aggregate
with the as-formed BSA protected cluster. Another possibility
could be the formation of the cluster in the solution and then
subsequent protection by both the proteins. In the case of a
mixture of proteins in the Lyz region, only 5–6 Au separations
from the parent protein peak was observed, while in the BSA
region, the Au30@BSA species was seen. However, another peak
observed at 88.2 kDa could be because of the separation of 36 Au
from the BSA–Lyz adduct. To understand the mechanism of
formation, different volumes of Lyz were added to �Au30@BSA
and the change was monitored using MS. Aer addition, each
sample was stirred for 6 h and spotted for MALDI-MS. In the Lyz
region, only the intensity enhancement with increase in Lyz
concentration was observed but no cluster formation occurred
in this situation. In the BSA region, a decrease in core nuclearity
with the addition of Lyz was observed in the system. Two humps
separated by 5 Au and 16 Au from the parent BSA (initially the
This journal is © The Royal Society of Chemistry 2015
separation was 30 Au) together with the appearance of free BSA
were observed. The peak positions were the same for all the
concentrations of Lyz used. New humps corresponding to BSA–
Lyz, Au8@BSA–Lyz and �Au23@BSA–Lyz were observed.
However, because of poor intensity, peak assignments may vary
slightly (Fig. 5).

In this study, large protein-large protein interaction was also
considered. For this, Lf with an m/z of 83.0 kDa was chosen.
Gold clusters protected by BSA as well as by Lf have already been
reported and have been are well characterized using MS.
AuQC@BSA27 and AuQC@Lf32 were synthesized according to a
previously reported method. When both AuQC@BSA and
AuQC@Lf were mixed together, maintaining certain conditions,
no distinct features were observed other than the individual
cluster peak in the whole MS range. Different control experi-
ments were also carried out (as mentioned previously) to check
the interaction of both the proteins separately and those
interactions with the protein protected clusters. But in none of
the cases were new features observed which could be because of
the bulky nature of the proteins, which restricts them to form
inter-protein adducts.

3.5. Silver clusters

Similar studies were also performed for Ag clusters where
concentration dependent growth in the cluster core was
observed. For a similar concentration of Ag precursor,
�Ag28@BSA and �Ag35@BSA–Lyz were observed. In the Lyz
region, 8 Ag attachments to Lyz were observed. A concentration-
dependent study was performed by varying the Ag concentra-
tion (nal concentrations were 2, 3 and 4 mM) and keeping the
protein concentration the same. �Ag16@BSA, �Ag28@BSA and
�Ag34@BSA were observed in the BSA region, for 2, 3 and 4 mM
Ag concentrations, respectively (Fig. 6).

A similar mass shi with respect to Ag concentration was
also reected in the mixed protein adduct mass region where
�Ag25@BSA–Lyz, �Ag35@BSA–Lyz and �Ag42@BSA–Lyz were
RSC Adv., 2015, 5, 48039–48045 | 48043
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Fig. 6 Time dependent MALDI-MS study on the Ag system which
shows the formation of �Ag35@BSA–Lyz together with the individual
cluster peak. The peak positions as well as the peak intensity are the
same with time (blue line – after 12 h and red line – after 24 h).
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observed for concentrations of 2, 3 and 4 mM Ag, respectively
(see ESI Fig. S8†). XPS analysis of this system also showed the
presence of a metallic Ag core where Ag is in the Ag0 state. Also,
in this case, increased emission intensity comparable with Au
was observed.

By comparing the data obtained for Au and Ag, it can be seen
that the mass shi is always more for the mixed protein than for
the individual protein. For similar concentrations of Au and Ag,
Au30 and Ag26 cores can be achieved, protected by BSA alone.
The other peak (at a higher mass range) was shied by 36 Au
and 35 Ag from the combined mass of BSA and Lyz. If the
probabilities mentioned previously are narrowed down, only
two possibilities exist: (i)�Au30/Ag27@BSA + Au6/Ag8@Lyz or (ii)
�Au36/Ag35@BSA + Lyz. Considering the PL data together with
the MS ndings, a four-fold enhancement in emission intensity
(in the case of Au) was observed which can be attributed to the
presence of multiple cluster cores in the system which increases
the probability of FRET. In the other case, where the presence of
a single core protected by multiple protein is considered,
proximity of two different proteins attached to a single core can
also enhance FRET efficiently. From the TEM, pairs of clusters
separated by a couple of nanometers are not seen, which would
support the presence of a single cluster core, while a consequent
decrease in the nuclearity of the cluster appears to suggest the
idea of the presence of a multiple core. Thus, the mechanism
requires further investigation which can be resolved only by
crystallization of all the species.
4. Summary and conclusions

In summary, the synthesis of Au clusters protected by mixed
protein systems with high quantum yield has been demon-
strated. Such clusters were prepared by mixing Au3+ with a
mixture of both the proteins which were then subsequently
reduced to Au0 at pH 12. Using MALDI-MS, the cluster was
assigned as �Au36@BSA–Lyz. Similar observations were also
made for the Ag system, �Ag35@BSA–Lyz. The existence of
mixed proteins in the form of an adduct was conrmed by
extensive MS investigations and control studies. XPS analysis
revealed that the Au cluster protected by the mixed protein
48044 | RSC Adv., 2015, 5, 48039–48045
system is in zero valent state. HRTEM analysis of these clusters
showed that the core size is about 1.2 nm which is in agreement
with the size of clusters protected by individual proteins. A four-
fold enhancement in the emission intensity of �Au36@BSA–Lyz
was observed, when compared to that of the individual clusters
when excited at the same wavelength. The quantum yield of
�Au36@BSA–Lyz was found to be 42.4% which is extremely high
compared to that of the already reported clusters. Proximity of
two different proteins around a core can enhance FRET and
thus, the emission intensity. The presence of multiple cluster
species in solution or cluster protected by mixed protein
systems might be another reason for such a high quantum
yield. Understanding the system in detail is limited by several
factors. Separation of the specic entity from the mixture of free
proteins and other clusters can help to understand the system
in greater detail. Similarly studies such as small angle X-ray
scattering and spectroscopy may help to understand the
system inmore detail, which is part of our future investigations.
Such a system can be used for sensing ultralow levels of ana-
lytes, because of the sensitivity of protein protected clusters to a
range of analytes. Being bio-compatible, these can be used as
uorescent tags and can replace uorescent dyes for staining
biological entities and tracking biomolecules in real systems.
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ABSTRACT: This paper describes an unusual chemical reaction that takes place
on a graphene composite in a concerted fashion. The reaction shows the
conversion of a persistent organochlorine pesticide, lindane (C6H6Cl6), present in
water, to different isomers of trichlorobenzenes (TCBs, C6H3Cl3) on the surface of
reduced graphene oxide−silver composites (RGO@Ag). The reaction is unique to
the composite and does not occur on RGO and nanoparticles of Ag separately.
The products of the reaction were isolated and extensively characterized using
analytical techniques such as gas chromatography−mass spectrometry, electro-
spray ionization mass spectrometry, infrared and NMR, which unequivocally
confirmed their identity. The as-formed TCBs were removed from the aqueous
medium by adsorption on the same composite. Adsorption of lindane is physical in
nature, but that of TCBs is through π−π interactions. The study reveals the
unusual chemical reactivity of graphene−metal composites and their potential for
water treatment. The uniqueness of the reaction on RGO@Ag is due to the
simultaneous removal of three HCl molecules, leading to the formation of aromatic compounds and concomitant formation of
silver chloride. Recycling capacity and effect of diverse species present in natural waters were tested for potential applications in
sustainable water treatment.

KEYWORDS: Graphene−silver nanocomposite, Pesticides, Lindane, Degradation, Adsorption, Water purification

■ INTRODUCTION

Since its discovery in 2004,1 graphene has attracted significant
attention in various fields due to its unique physical and
chemical properties. Though the physicochemical properties2

and the catalytic behavior3,4 have been widely investigated,
chemistry of its composites has received significant attention
these days. Synthesis of different graphene composites, their
characterization and applications have been reported in the
recent past.5−7 Molecular adsorption on graphene/graphene
based composites and their applications in water purifica-
tion8−13 have gained momentum recently. Special properties
like large surface area,14 antibacterial nature,15−18 reduced
cytotoxicity,19,20 and tunable chemical properties21 make these
materials attractive choices for this application. An over-
whelming number of related articles published recently support
this claim.22−33 Attempts are also being made to synthesize
graphene from sustainable sources in a cost-effective
manner.9,24,34 This enables the practical use of graphene for a
large-scale application like water purification.

To the best of our knowledge, chemical reactions on
graphene and graphene nanocomposites enabling the degrada-
tion of halogenated pesticides like lindane (γ-hexachlorocyclo-
hexane) are unexplored. Studies report that the degradation of
lindane in water using Streptomyces sp. M735,36 and the fungus
Conidiobolus37 is a slow process and takes nearly 5 days of
incubation. Degradation using iron(II) sulfide38 and by iron−
palladium bimetallic nanoparticles39 is also possible, but as
cyclohexane is the byproduct, it requires additional methods for
further deactivation. Although these are useful, more efforts are
needed to develop a better system to enable practical
utilitization. The reaction reported here will provide a new
methodology for possible decontamination of lindane in water.
In this paper, we report the chemical reactivity of reduced

graphene oxide−silver nanocomposites (RGO@Ag) in degrad-
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ing halogenated pesticides in water taking lindane (γ-
hexachlorocyclohexane) as the model pollutant. There are
different isomers of lindane namely α-, β-, δ- and ε-lindane,
which are the byproducts during the production of the potent
pesticide γ-lindane. γ-Lindane was chosen owing to its
widespread occurrence,40 toxicity41−43 and persistent nature.
According to WHO, the half-life of the γ-isomer ranges from 88
to 1146 days. The paper demonstrates a two-step mechanism of
removal, i.e., the degradation of γ-lindane by silver nano-
particles (Ag NPs) supported on RGO and subsequent
adsorption of the degraded products by the RGO surface.

■ MATERIALS AND METHODS
Materials. Natural graphite flakes were procured from Active

Carbon India Pvt. Ltd. Sulfuric acid (H2SO4, 95−98%), ammonia
(NH3, 30%) and hydrochloric acid (HCl, 36%) were purchased from
Rankem Chemicals Pvt. Ltd., India. Hydrazine monohydrate (N2H4·
H2O, >99%), phosphorus pentoxide (P2O5, 95%), hydrogen peroxide
(H2O2, 98%) and activated carbon (AC of mesh size 300 nm) were
purchased from SD Fine Chemicals Pvt. Ltd., India. Potassium
peroxydisulfate (K2S2O8, 98%) was purchased from Sisco Research
Laboratories Pvt. Ltd., India. Potassium permanganate (KMnO4,
98.5%) was purchased from Merck, India. γ-Lindane (HPLC assay
95%), δ-lindane (purity 99.9%) and multiwalled carbon nanotubes
(MWCNTs) were purchased from Sigma-Aldrich. All chemicals were
of analytical grade and used as received, without further purification.
Two separate 1000 mg/L of lindane (γ-lindane is termed as lindane
throughout the text) stock solutions were prepared by dissolving the
required quantity of lindane in pure ethanol (99.9%) and n-hexane
(99.9%) and were kept under refrigerated condition. Working
concentrations of lindane were prepared from the stock solutions. A
similar procedure was followed to prepare δ-lindane.
Synthesis of RGO@Ag. A procedure similar to the modified

Hummers’ method44,45 was used to synthesize graphene oxide (GO)
from graphite powder. The reduction of GO to RGO was performed
by a chemical route as reported by Li et al.8,46 Detailed synthetic
procedures for GO and RGO are given in the Supporting Information,
S1. Working concentrations of RGO were prepared by appropriate
dilution of 0.01 wt % stock RGO dispersion. For making RGO@Ag,
100 mL of RGO was taken and calculated amounts of AgNO3 (0.01,
0.05 and 0.1 mM) were added to it to make three different RGO@Ag
composites. Each solution was kept undisturbed for 24 h at room
temperature (30 ± 2 °C), which allowed the formation of Ag NPs over
graphene. The composites were dialyzed using distilled water to
remove unwanted ions and then stored in glass bottles for further use.
The composites prepared were labeled based on the Ag precursor
concentration used [RGO@AgI, RGO@AgII and RGO@AgIII for 0.01,
0.05 and 0.1 mM AgNO3, respectively with constant (0.01 wt %)
RGO]. RGO@AgI (hereafter termed as RGO@Ag for simplicity) was
used for all experiments unless otherwise mentioned. Inductively
coupled plasma mass spectrometry (ICPMS) analysis was done with
the filtrate (after the removal of RGO@Ag) to confirm the reduction
of Ag+ to Ag NPs. For RGO@Ag, initially 1.1 mg/L (1.1 ppm) of Ag
was used. After the formation of the composite, the amount of silver
ions present in the supernatant was found to be less than 1 μg/L (1
ppb). Therefore, it is likely that all Ag+ was converted to Ag NPs in the
presence of RGO, for the formation of the composite. The specific
surface area of RGO was measured to be 1215 m2/g and that of
RGO@Ag was 1123 m2/g.
Adsorption Experiments. All adsorption studies were done in 20

mL batch reactors at room temperature (30 ± 2 °C) keeping 5 mL of
RGO@Ag as the working volume. A required amount of lindane stock
solution was spiked to the RGO dispersion to get the working
concentration of 2 mg/L in all cases unless mentioned elsewhere. The
solutions were stirred for a contact time of 15 min. The liquid was
separated from the dispersion using a 200 nm membrane filter paper.
The filtrate, extracted with hexane, was analyzed for residual lindane
and its degradation products using gas chromatography (GC)

(PerkinElmer, Clarrus 680) equipped with electron capture detection
(ECD). The analysis condition was programmed as follows: run time,
38.5 min; injector temperature, 200 °C; injection rate, 12.5 pts/s and
carrier gas flow rate, 1 mL/min. The products were detected using
ECD (hexane was used as the solvent for all gas chromatography
(GC)-ECD characterizations). The effect of contact time, pH and
RGO@Ag dose on the removal of pollutants was evaluated by varying
the parameters in the appropriate window. All experiments except
kinetics’ studies were conducted by batch equilibration method. To
test the interference of other ions in the degradation of lindane and
removal of the degraded products, studies were also conducted by
spiking the required concentration of lindane in tap water (TW). All
the experiments were performed in duplicate with proper control and
the samples were analyzed immediately.

Instrumentation. UV/vis spectra were measured using a
PerkinElmer Lambda 25 UV/vis spectrophotometer. Raman spectra
of GO and RGO were collected using a confocal Raman spectrometer
(WiTec GmbH CRM 200). RGO and RGO@Ag samples were imaged
using a high-resolution transmission electron microscopy (HRTEM)
instrument with a UHR polepiece (JEOL 3011, 300 kV) equipped
with an analyzer for energy dispersive X-ray analysis (EDAX, Oxford).
A scanning electron microscopy (SEM) instrument equipped with
EDAX (FEI Quanta 200, Czechoslovakia) was also used to record the
surface morphology, elemental composition and elemental maps of the
samples. Fourier transform infrared (FTIR) spectra were recorded on
a Nicolet 6700 spectrometer. Residual concentrations of lindane in
water samples were analyzed using GC-ECD. The mass spectrometric
studies were done using an electrospray system, 3200 Q-TRAP LC/
MS/MS (Applied Biosystems). GC-ECD and GC−MS measurements
give different retention times for the species as the GC parameters are
different. Surface area measurements were performed using Micro-
metritics ASAP 2020 porosimeter, and the Brunauer−Emmett−Teller
equation was used to calculate the corresponding values. The
concentration of silver ion in the solution was measured using
inductively coupled plasma mass spectrometry (ICPMS, NexION
300X, PerkinElmer). X-ray photoelectron spectroscopy (XPS)
measurements were done with Omicron ESCA Probe spectrometer
with polychromatic Mg Kα X-rays (hν = 1253.6 eV). Most of the
spectra were deconvoluted to their component peaks using the
software CasaXPS. The energy resolution of the spectrometer was set
at 0.1 eV at a pass energy of 20 eV. Binding energy was corrected with
respect to C 1s at 284.5 eV.

■ RESULTS AND DISCUSSION

Graphene prepared in the solution phase (RGO) showed a
characteristic UV/vis peak centered at 271 nm (blue trace in
Figure 1). As RGO characterization has been reported
extensively,8,15,27 we do not discuss this here in detail.
RGO@Ag composite was formed through an oxidation−
reduction process, in which RGO was oxidized and silver ions
were reduced to NPs, which were anchored onto the RGO
surface.8 The recorded UV/vis spectrum of RGO@Ag (red
trace in Figure 1) showed the peak corresponding to RGO
(269 nm) and an additional plasmonic peak centered around
420 nm, indicating the formation of Ag NPs on the RGO
surface. The small blue shift (2 nm) observed for the RGO
peak can be ascribed to the partial oxidation of RGO during the
reduction of Ag+ to Ag NPs (an expanded view of UV/vis is
shown in the inset of Figure S1 in the Supporting Information).
Figure 1 shows the TEM image of RGO@Ag (silver ion
concentration 0.01 mM) and the corresponding image for
parent RGO is given in Figure S1 of the Supporting
Information. The graphene sheets with characteristic nano-
meter thin wrinkles are clearly visible (marked with white
arrows) in the latter image. The sheets are several micrometers
in size and the edges and wrinkles are 1.0−1.5 nm thick,
corresponding to a bilayer. The black dots seen in the TEM
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image (Figure 1) are due to the presence of Ag NPs over
graphene sheets (here also the nanometer thin wrinkles are
seen, as the grain boundaries47). The well-dispersed particles
are almost of uniform size (approximately 5 nm) and spherical
in shape. An HRTEM image of one particle is shown in the
inset (b) of Figure 1, which shows a lattice spacing of 0.23 nm
corresponding to the (111) plane of silver, suggesting that most
of the particles are single crystals attached to the RGO sheet.
The sizes of the Ag NPs formed are a function of concentration
of the silver precursor added initially. An increase in precursor
concentration from 0.01 to 0.1 mM of AgNO3 resulted in the
formation of particles of size varying from 5 to 50 nm (a
detailed discussion is in the Supporting Information, S2, along
with TEM images). The graphenic nature of the sheet is intact
even after the formation of the composite. The presence of Ag

peak in the HRTEM-EDAX spectrum of the composite further
confirms the deposition of silver on the RGO sheets (see
Figure S2D of the Supporting Information). The XPS spectrum
of the RGO@Ag (see Figure S3 of the Supporting Information)
composite shows the presence of carbon, oxygen and silver as
the only elements. A deconvoluted XPS spectrum of Ag (see
Figure S3d of the Supporting Information) shows the 3d5/2
peak at 368.2 eV, which confirms that silver in the Ag(0) state.
Detailed characterizations of these type of RGO composites
have been discussed before.16,34

To test the reactivity of the composite, RGO@Ag was taken
and lindane (dissolved in ethanol from the stock solution) was
spiked, such that the final concentration of lindane in the
solution was 2 mg/L (ratio of water:ethanol was 500:1 (v/v)).
Characterization of the solution was done using GC-ECD and
UV/vis at different time intervals to monitor the change in the
concentration of lindane in water. Initially, lindane showed a
peak around a retention time of 22 min and the solvent peak
(hexane) appeared at 3−4 min in the GC-ECD (Figure 2A).
With increase in contact time, the lindane peak started to
disappear, implying its removal from the solution. Simulta-
neously, new peaks around a retention time of 5−7 min
appeared, which indicated the formation of some products
during the process. When the solution was stirred for 15 min,
the peaks of both lindane and the products disappeared because
of the degradation of the former and the removal of the latter
by the RGO@Ag composite, respectively. The UV/vis
spectrum in Figure 2B also indicated the formation of some
products as the reaction progresses. The kinetic data in the
inset of Figure 2B (red trace) predicts that the removal of
lindane is a first-order reaction. The removal of lindane was
about 99.9% in 15 min. The blue trace in the same inset shows
the formation of product in the solution. It is clearly seen that
the product so formed first increased with time, reached a
maximum and then it was removed by the composite.
Pristine graphene is hydrophobic in nature, but the

carboxylic groups48,49 present in RGO make it hydrophilic,
thereby helping in the formation of a stable dispersion in water.
The reduction of silver to Ag NPs by RGO does not affect the
stability of the dispersion. This is evident from the photograph
shown in the inset of Figure 1. When a nonpolar solvent like

Figure 1. TEM image of RGO@Ag composite (foldings of the RGO
sheets are marked with white arrows), the scale bar shows the size
distribution of the Ag NPs (5 nm). Inset shows UV/vis spectrum of
RGO (blue trace) and RGO@Ag (red trace). Photograph in inset a
shows the dispersed nature of RGO@Ag. Inset b is a high resolution
image of an Ag particle. Lattice spacing seen in the selected area is
expanded further.

Figure 2. (A) GC-ECD traces and (B) UV/vis data showing the removal of lindane and formation of some products in the solution with respect to
time. The dotted areas in A correspond to lindane and product. As can be seen, the lindane peak at the reaction time of 0 min (retention time, 22
min) decreases with time. The peaks of the products increase and then decrease. In panel B, the lindane intensity continuously decreases. The inset
in panel B shows the kinetic data for the removal of lindane (red trace) and formation of the product (blue trace).
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toluene or hexane is added to RGO dispersed in water, the
RGO sheets prefer to stay at the interface and act as interfacial
catalysts or reactants; whereas addition of any polar solvent
(ethanol/methanol) does not affect their dispersibility. This
property helped to isolate the products in the reaction system
in the following manner. When lindane (dissolved in hexane)
was spiked into the graphene dispersion (0.01 wt %), such that
its final concentration was 2 mg/L, the graphene sheets
interacted with hexane and lost their dispersibility, as shown in
the inset of Figure 3B. Next, the RGO@Ag composites were
separated from the solution and extensively characterized with
various spectroscopic and microscopic techniques to establish
the degradation products; a brief summary of these data is
presented below.
The FTIR spectrum of lindane in Figure 3A (red trace)

shows a prominent peak at 725 cm−1 due to CCl stretching
and other peaks at 1386 and 1459 cm−1 due to rocking and
bending vibrations of six CH groups. The IR spectrum of the
product after reacting with RGO@Ag was recorded (Figure 3A
(blue trace)). New peaks seen at 887, 1067 and 1139 cm−1 are
due to the bending vibrations of the =CH group and the
weak peak at 3189 cm−1 is due to aromatic CH stretching.
The results give an indication of the formation of an aromatic
product. The peak around 2800−3000 cm−1 is due to the
stretching vibration of OH present in water. UV/vis data of
lindane in hexane shows a prominent peak around 264 nm due

to n−σ* transition, as displayed in Figure 3Ba. The decrease in
the intensity of lindane peak after reacting with RGO@Ag
(Figure 3Bb) suggests that lindane is getting removed from the
solution. It can be further noticed that the absorbance of the
solution (Figure 3Bb) starts increasing at 220 nm and
continues into the deep UV region (below 200 nm), indicating
the formation of a new product in the reaction medium.
A TEM image of was taken after RGO@Ag was reacted with

lindane, and an image is shown in Figure 3C. The morphology
of the composite does not change even after reacting with
lindane. The TEM-EDAX of RGO@Ag after the reaction
shows the presence of chlorine (Figure 3D). The elemental
mapping of the TEM image in Figure 3D displays that chlorine
is present only on silver. The spot SEM-EDAX of the
composite confirms the presence of silver along with chlorine
(Figure S4 of the Supporting Information) after the reaction. It
is also evident from the elemental mapping in the SEM image
that there is a one-to-one correspondence with silver and
chlorine. In other words, the presence of chlorine is prominent
on the surface of silver, which supports the participation of Ag
NPs in the degradation of lindane. Similarly, the XPS spectrum
of the composite after reaction with lindane shows the presence
of AgCl along with C 1s and O 1s (see Figure S5a of the
Supporting Information). Figure S5b,c of the Supporting
Information shows the deconvoluted spectrum of Cl 2p and
Ag 3d, respectively. The deconvoluted XPS spectrum of Ag

Figure 3. (A) IR spectrum of lindane (red trace) and the product (blue trace), (B) UV/vis spectrum of (a) lindane and the (b) product, inset
showing photographs of the reaction mixture before and after reaction, (C) TEM image of RGO@Ag after reaction and (D) TEM-EDAX of the
composite after reaction along with elemental mapping data that confirm the presence of silver and chlorine on the surface. Foldings of RGO are
marked in panel C.
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(see Figure S5c of the Supporting Information) shows the
presence of a Ag 3d5/2 peak at 367.4 eV, which confirms silver
in the Ag(I) state.
To confirm the identity of the products, mass spectrometric

studies were conducted. As shown in the GC-ECD trace of
Figure S6 of the Supporting Information (also in Figure 2), the
lindane peak appeared at a retention time of 22 min and the
solvent peak appeared around 2−3 min. The occurrence of new
peaks (5−6 min) and decrease in the lindane peak as the
reaction proceeds indicate the formation of a new molecular
species in the reaction medium. Further confirmation comes
from the fact that GC−MS analysis of lindane (GC trace in
Figure S7A of the Supporting Information, retention time of
12.20 min) shows its molecular ion at m/z 292 (see Figure S8A
of the Supporting Information) with isotope distribution for six
chlorines, the spectrum matches with that in the literature.37

The newly formed species, appearing at a retention time of 7.32
min in Figure S8B of the Supporting Information, has a
molecular ion peak around m/z 180 (see Figure S7B of the
Supporting Information). This can be attributed to the
formation of trichlorobenzene (TCB). The isotope pattern
with peaks at m/z 179, 181 and 183 is due to the presence of
three chlorines in TCB. There is no peak corresponding to m/z
292, indicating the complete degradation of lindane to TCB. It
is to be noted that the GC trace showed three distinct peaks for
the products (marked as 1, 2 and 3 in Figure S7B of the
Supporting Information). The GC−MS of these three peaks is
almost similar in nature (given in Figure S9 of the Supporting
Information), indicating the existence of TCB isomers in the
product.
The product was further confirmed using electrospray

ionization mass spectrometry (ESI-MS). Lindane has a set of
peaks in the range of m/z 292 (Figure 4A) corresponding to its
molecular ion (in the positive mode of ESI). Inset in the figure
shows the isotope distribution due to chlorine in the molecular
ion (in the positive mode). The degraded product of lindane
extracted with hexane was also analyzed by MS (Figure 4B). A
set of peaks arising around m/z 180 corresponding to an
aromatic benzene ring with three chlorines is observable. The

inset in Figure 4B shows the enlarged spectrum in the region of
m/z 180 where the isotope distribution for three chlorine
atoms can be seen. The calculated spectrum of TCB matches
perfectly with the experimental data. To establish the identity of
the product, detailed tandem mass spectrometry (MS/MS or
MS2) studies were undertaken. MS2 analyses of the peaks at m/
z 180, 182 and 184 (corresponding to distinct isotopomers of
the product) in Figure 4 exhibiting the predicted isotope
patterns was conducted at collision energy of 20 (in the
instrumental unit). The MS2 analyses of m/z 179, 181 and 183
are shown in Figure 5a−c. The peaks at m/z 179, 181 and 183

in the product are due to 35Cl3,
35Cl2

37Cl and 35Cl37Cl2
isotopomers of TCBs (of various isomers), respectively. The
MS2 of the m/z 179 peak (Figure 5 trace a) gives fragments at
m/z 163, 151 and 136. The peak at m/z 163 is due to an
exchange of one Cl by the OH group from the parent at m/z
179. The peak arising at m/z 151 is due to C6H9Cl2

+. Here,
35Cl is lost in fragmentation. In the MS2 analysis of m/z 181, all
the peaks are shifted by two mass units (trace b in Figure 5)
higher than in trace a. Two peaks are seen at m/z 153 and 155
in the MS2 spectrum of m/z 183 (trace c in Figure 5). Here
there is a possibility of losing either 35Cl or 37Cl from the parent
material. The enlarged full range MS2 with higher collision
energy of 60 is shown in Figure S10 of the Supporting
Information.
Next, the reaction with lindane was carried out at a larger

scale and the product was collected for further analysis. About
100 mL of RGO@Ag was taken and 1 mL of lindane stock
solution (5000 ppm in hexane) was spiked to it. The reaction
was carried out for 1 h with continuous stirring. The product
was phase transferred to hexane and kept for crystallization for
1 day, after which needle-like crystals were formed (Figure 6Bi,
insets). These crystals were characterized extensively. 1H NMR
of lindane (in CDCl3), given in Figure 6A shows the
characteristic peak at 4.64 ppm due to the presence of
chemically equivalent six C−H bonds. A small peak at 7.26
ppm is due to the solvent, CDCl3. Figure 6B shows the 1H
NMR spectrum of the product, in which the peaks between 7.2

Figure 4. Mass spectrum of (A) lindane (red trace) and the (B)
product (blue trace). Inset shows the isotopic distribution of chlorine
and the corresponding molecular structure of the analytes.

Figure 5. MS-MS of the peaks at m/z 179, 181 and 183 (a, b and c,
respectively). The chemical structure of the peak m/z 180, 163 and
150 are shown in the inset. The various isotopologue ions and their
fragments are labeled. The ions may have isomeric structures.
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and 7.5 ppm confirm the presence of aromatic hydrogen.
Multiple peaks in the region confirm that a mixture of TCBs is
formed in the reaction. The different isomers of TCB are
shown in Figure 6A (inset). A weak peak is visible around 4.63
ppm due to the presence of unreacted lindane, which got
attached to the crystals when the crystals along with traces of
impurities present in the reaction mixture were dissolved in
CDCl3. Raman spectrum of lindane in the inset of Figure 6A
(Figure 6Aa) shows peaks at 500, 1510 and 1550 cm−1,
respectively due to C−Cl and aliphatic C−C stretching modes.
In the Raman spectrum of TCBs in the inset of Figure 6B
(Figure 6Bb), a peak at 430 cm−1 can be seen that confirms the
presence of aromatic C−Cl stretching (the image shown here
in Figure 6Bb is after baseline correction). The original
spectrum has a large fluorescence background due to the
conjugated double bond (shown in Figure S11 of the
Supporting Information).
Blank tests were performed to check the reactivity of

graphene and Ag NPs separately, with lindane. We prepared 50
nm sized citrate capped Ag NPs (Ag@citrate, details of
preparation and characterization are given in the Supporting
Information, S12). We found that Ag@citrate did not react
with lindane, even when kept for 6 h in contact. This can be
attributed to the protection of the Ag NPs by the citrate groups,
which reduce the accessibility of the silver surface to lindane
leading to only a weak interaction between the two. Similarly,
RGO did not exhibit any affinity toward lindane. UV/vis
spectra in Figure S13A,B of the Supporting Information show
that when used independently, Ag@citrate and graphene have a
negligible lindane adsorption/degradation capacity. The same

reaction was also performed with other carbon materials such as
activated carbon (AC), MWCNTs and AC@Ag. A detailed
discussion is given in the Supporting Information, S13 on the
preparation of AC@Ag. UV/vis data for the removal of lindane
by AC@Ag are presented in Figure S13C of the Supporting
Information. Corresponding data for the reaction with
MWCNTs is plotted in Figure S13D of the Supporting
Information. There was little to no degradation or removal of
lindane with these materials. Reactivity of lindane toward
elemental silver was checked as well. It was found that
elemental silver also degraded lindane. However, the capacity of
degradation was much higher in the case of the composite
(about 100 times) when an equal amount of silver was
considered (see Figure S14A of the Supporting Information).
Therefore, it is quite clear that the uncapped silver particles are
responsible for this unusual dehalogenation. But the conversion
efficiency is higher in the case of the composite due to the
synergetic effect of Ag NPs on RGO. RGO does not adsorb
lindane, but TCBs can adsorb on it, as they have conjugated π-
bonds, which are responsible for adsorption.24,50 The bar
diagram in Figure S14B of the Supporting Information
compares the different carbon-based materials toward the
degradation of lindane and clearly illustrates the uniqueness of
RGO@Ag for this dehalogenation reaction.
It is known that silver has a great affinity for halogenated

compounds.51,52 Thus, Ag NPs on RGO react with lindane to
form TCBs. This reaction is energetically favorable as the
product gains aromaticity, but further degradation of aromatic
compounds is thermodynamically unlikely because of the high
resonance energy of the benzene ring (152 kJ/mol). Graphene,

Figure 6. 1H NMR of (A) lindane and (B) the degraded product. The insets show the Raman spectra of (a) lindane and (b) the product. The
schematic in panel A shows the structures of lindane and the products. (i) Optical image of the crystals of TCBs is shown.
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although promising as an adsorbent, was incapable of removing
lindane from the solution when treated alone (see Figure S13B
of the Supporting Information). However, it was able to
remove TCBs from the solution, as for conjugated organic
molecules adsorption occurs via π−π interactions.50

A mechanistic pathway for the degradation of lindane by
RGO@Ag is proposed in Figure 7. The figure suggests that
when lindane is spiked on RGO@Ag, Ag NPs react with
lindane to form different isomers of TCBs. Silver on the
graphene substrate changes to AgCl, which remains attached on
the graphene sheet. The TCBs formed get adsorbed on
graphene sheets by π−π interactions. Thus, the removal of
lindane from water is a two-step process on the RGO@Ag
substrate. To confirm that the adsorption of TCBs is physical in
nature, they were extracted with a suitable eluent like hexane.
About 2 mL of hexane was added to the composite (after the
reaction), and the mixture was stirred vigorously for 10 min.
The hexane solution was then characterized with GC-ECD,
which gave peaks at a retention time of 5−7 min, characteristic
of TCBs as shown in Figure 2A. This confirms that the TCBs
were weakly adsorbed on the graphene sheets from where they
were dissolved in hexane as a result of the vigorous stirring.

Finally, the reaction was evaluated under various conditions
to check the viability of the material for practical applications.
As mentioned earlier, increase in silver ion concentration
during the preparation of RGO@Ag increased the size and
concentration of Ag NP on RGO sheets (shown in the TEM
image in Figure S2 of the Supporting Information); this is
expected to increase the capacity of the composite to degrade
lindane (see Figure S15 of the Supporting Information), but we
found that capacity with respect to silver loading (in mg/g of
silver) toward degradation of lindane is much higher for smaller
particles than for bigger particles (see Figure S15 of the
Supporting Information). The removal capacity of RGO@Ag
was tested upon dilution. It is seen that lower the concentration
of the composite, more is the adsorption capacity in mg/g of
the material, which is due to the increase in free surface area
available upon dilution (Figure 8A). Increased concentrations
of the composite may cause the aggregation of graphene sheets.
The maximum removal capacity for lindane was found to be
827 mg/g of the composite. Effect of initial pH toward the
removal capacity was also examined and it was found that pH
did not have any affect in the window of 3−9 (Figure 8B). The
pH was maintained acidic or basic using HNO3 or NaHCO3.

Figure 7. Schematic showing the mechanism of adsorption of lindane on graphene substrate (not to scale).

Figure 8. Effect of (A) concentration of the composite and (B) initial pH of the solution on the removal efficiency of lindane.
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The removal capacity decreased with a pH higher than 9
because of the formation of silver hydroxide, which reduces the
free silver sites available for the degradation of lindane. The
reaction was also performed in TW for real time applications
and it showed 70% efficiency compared to the laboratory batch
experiments (see Figure S16A of the Supporting Information).
The removal capacity of the composite was therefore further
examined for common ion effect. For this, 5 mL of RGO@Ag
was taken and NaCl solution was spiked to DI water such that
the final concentration of the solution was 100 ppm of Cl−. In
the presence of Cl− ions, the removal efficiency of the
composite was found to be 65% versus the laboratory batch
experiment, but similar to the efficiency when using TW (see
Figure S16B of the Supporting Information). The reaction was
also performed with another isomer of lindane (δ-lindane) but
no such degradation was observed for this case. Therefore, this
type of reaction can open up a new way for isomer selective
transformation on graphene substrates, although understanding
of the exact mechanism requires additional work. To check the
reusability of the composite, repeated adsorption−desorption
cycles were performed. For this, the composite was treated with
hexane to remove adsorbed TBC and then redispersed in
ammoniacal solution through sonication. The analyses of
regenerated sample showed no presence of TCB and AgCl.
This indicates the possibility of reuse of the material by
reloading Ag NPs again on RGO by similar procedure
mentioned before. It was seen that the efficiency of the
material was around 70−75% even after the fifth cycle of
operation (data are presented in Figure S17 of the Supporting
Information). Previous studies also show that RGO can be
effectively regenerated for repeated use.17,37

■ CONCLUSION
In conclusion, we presented a sustainable and efficient way for
dehalogenation reactions on graphene-silver nanocomposites.
The conversion of an alycyclic compound, lindane to an
aromatic trichlorobenzene was reported for the first time on
graphene substrates. In the reaction, lindane was dehydrohalo-
genated to yield AgCl and different isomers of trichlorobenzene
as products that were adsorbed on the graphene substrate by
π−π interactions. This process effectively removed a persistent
organochlorine pesticide from water, at efficiency close to
99.9%. It was shown that the high conversion capacity (827
mg/g) observed here for a low concentration of RGO@Ag
(0.01 mM) and the recycling ability of the composite could be
used effectively for applications in sustainable water treatment.
This type of reaction may be employed for the degradation of
other toxic halocarbons (studies under progress), which may
open up a new method for environmental remediation.
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Supporting Information 1 

S1: Preparation of GO and RGO 

Graphene oxide (GO) was synthesized from graphite powder (purchased from R. K. Scientific) based on 

the Modified Hummers’ method. Approximately 2 g of graphite power was taken and pre-oxidized in a 

hot solution (temperature maintained around 80-90 
o
C) of concentrated H2SO4 (~ 12 mL) containing 

K2S2O8 (4 g) and P2O5 (4 g) for 6 h. A dark blue mixture was formed which was then cooled to room 

temperature. About 300 mL distilled water was added carefully and slowly to the mixture. It was filtered 

using a Whatmann No. 40 filter paper and kept for drying overnight in a hot air oven at 55-60 °C. This 

pre-oxidized graphite powder (2 g) was added to 100 mL of cold H2SO4 at 0 °C (temperature maintained 
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by an ice bath), to which 12 g of KMnO4 was added slowly under continuous stirring, making sure that 

the temperature of the reaction media never crossed 5 
o
C. The solution was further stirred for 2 h at room 

temperature and 200 mL of distilled water was added slowly. Care was taken, as the reaction is 

exothermic. To the mixture, 560 mL of distilled water was added and the reaction was stopped with the 

addition of 10 mL H2O2 (30 %). The resulting bright yellow solution was kept undisturbed overnight. The 

product was decanted, washed with HCl (1:10) twice and then suspended in water via sonication. 

Unexfoliated GO was removed by centrifugation at 10000 rpm for 20 min and then suspended in distilled 

water (1 g in 200 mL of water i.e. 0.5 wt % of GO). The resulting brown dispersion was extensively 

dialyzed to remove the residual metal ions and to neutralize the pH. The resulting 0.5 wt % of GO (stock 

solution) was stored in glass bottles for further use. 

About 2 ml of GO was taken in a beaker and diluted to 100 mL with distilled water. The solution was 

heated to 80 
o
C and to it 60 µL of NH3 and 35 µL of hydrazine were added with continuous stirring for 5 

min. Stirrer was switched off and the solution was kept at 80 
o
C for 2 h. The resulting black colored 

dispersion was reduced graphene oxide (RGO). This RGO (0.01 wt %) was dialyzed and kept as the stock 

solution. 
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Figure S1: HRTEM image of RGO. Nanometer thick folding of the sheets can be seen. Scale bar is 200 

nm. The inset shows an expanded view of the crest of the UV-Vis spectrum shown in Figure 1 (main text), 

indicating a shift in the graphene peak.  
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A B C

keV

D Element Weight% Atomic%

C K 80.93 97.26

O K 0.83 0.12

Cl K 0.08 0.03

Cu K 7.80 1.86

Ag L 11.20 1.50

Totals 100.00

 

Figure S2: TEM image of RGO@Ag with varying silver ion concentration A) 0.01, B) 0.05 and C) 0.1 

mM, respectively, yielding NPs of the size 5, 20 and 50 nm, respectively. D) HRTEM-EDAX spectrum of 

RGO@Ag. 

Here, we have taken three different concentrations (0.01, 0.05 and 0.1 mM, respectively) of AgNO3 and 

25 mL of 0.01 % RGO was added to them separately. It is quite evident from the HRTEM images that 

with the increase of silver ion concentration (AgNO3) during the preparation of the composite, the size of 

the silver nanoparticles formed on the graphene sheets increased. The sizes of silver nanoparticles formed 

over graphene sheet were 5, 10, and 50 nm for the concentration of 0.01, 0.05 and 0.1 mM, respectively. 
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Figure S3: a) XPS survey spectrum of RGO@Ag composite showing the presence of silver, carbon and 

oxygen. Deconvoluted XPS spectrum of b) carbon, c) oxygen and d) silver.  
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Figure S4: SEM-EDAX spectrum of the image a in the inset. a) SEM image of RGO@Ag after the 

reaction. b & c) Elemental mapping of the  image ‘a’ showing the presence of silver and chlorine, 

respectively. The scale bar is the same in a, b and c. 
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Figure S5: a) XPS survey spectrum of RGO@Ag composite after the reaction with lindane showing the 

presence of silver, chlorine carbon and oxygen. Deconvoluted XPS spectrum of b) chlorine and c) silver. 
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Figure S6: GC-ECD data of lindane (light blue trace) and the degraded product (black trace) after 5 min 

of reaction (note that in this case, lindane was initially dissolved in hexane and spiked). The dotted box 

corresponds to the peak of lindane. 
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Figure S7: GC-MS trace of A) lindane and B) the isomers of TCB. (1, 2 and 3 are the peaks for TCB). 

The GC traces of Figure 2 in the main text give different retention time for lindane and the products, as 

the parameters are different..  
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Figure S8: GC-MS spectrum of A) lindane and B) the degraded product appearing at a retention time of 

7.32 min in Figure S5B.  
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Figure S9: GC-MS of three different isomers of TCB marked as 1, 2, and 3 in Figure S5B.  
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Figure S10: MS2 of the peak of the degraded product, trichlorobenzenes (m/z 180) at collision energy 60 

(in instrument unit) measured using ESI MS. Please note that there are isomeric structures for TCBs, only 

one isomer is shown here.  
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Figure S11: Raman spectrum of the product (trichlorobenzenes), showing the luminescence background.  
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Preparation of citrate capped silver nanoparticles: Calculated amount of AgNO3 was dissolved in 50 mL 

water such that the final concentration of silver in the solution was 5 mM. To the solution, sodium citrate 

was added and the mixture was heated for 30 min at 80 
o
C till the color of the solution changed to brown. 

This brown colored solution was kept for cooling at room temperature for an hour. This was the stock 

solution for silver nanoparticles (5 mM), which was characterized using UV/Vis spectroscopy and 

HRTEM. UV/Vis spectrum gives characteristic peaks corresponding to Ag NPs (peak maximum around 

420 nm) and TEM image shows that the particle size is around 50 nm. Silver nanoparticles formed by this 

method are polydisperse. 

 

 

 

 

 

 

 

 

Figure S12: UV/Vis spectrum of silver nanoparticles and the inset shows a typical TEM image of the 

particles.  
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Figure S13: UV/Vis spectrum showing negligible removal/degradation capacity of lindane when treated 

with A) silver nanoparticles, B) graphene, C) AC@Ag and D) MWCNTs. The inset in Figure B shows the 

TEM image of graphene.  

To test the degradation capacity of lindane with various adsorbents, equal weight of adsorbents were 

taken (1 mg in 5 mL of water). To each sample, lindane (dissolved in ethanol from stock solution) was 

spiked, such that final concentration of lindane in the solution was 2 mg/L (ratio of water:ethanol was 

500:1 (v/v)). Characterization was done using UV/Vis and the removal percentage was plotted against 
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adsorbents. The result showed that the composite RGO@Ag was superior than any other adsorbents 

reported recently.  

Preparation of AC@Ag 

About 1 mg of AC was taken in 5 mL of DI water and sonicated for 5 min. To it AgNO3 solution was 

added such that the final concentration of Ag in the solution was 0.01 wt%. The composite was kept for 

24 h, undisturbed. This is referred to as AC@Ag. It was seen that AC does not have the reducing capacity 

for Ag ions. This was confirmed by ICPMS, the initial and final concentration of Ag was 1.1 ppm and 

1.08 ppm, respectively in the solution, which suggest that Ag was not reduced to Ag NP and hence a 

composite was not formed. 
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Preparation of elemental silver particles: Calculated amount of AgNO3 was dissolved in water such that 

the final silver concentration was 5 mM. To the solution, NaBH4 was added and heated to 90 
o
C for an 

hour, so that reduction of silver takes place. A shiny precipitate was formed on the glass vessel. The 

precipitate was isolated and dried overnight in vacuum at 50 
o
C. This precipitate was used as elemental 

silver with varying concentrations in water. TEM image of this elemental silver was performed but the 

data were not good as expected due to poor electron beam transmission. 

 

 

 

 

 

 

Figure S14: UV/Vis spectrum showing the comparison of the removal capacity of lindane (2 ppm) using 

the composite and elemental silver (Ag), the values represents the amount of silver used for the 

degradation reaction. The inset shows a TEM image of the prepared elemental silver. B) Comparison for 

the removal efficiency of lindane with different adsorbents. 
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Figure S15: UV/Vis spectrum showing the size dependence of silver nanoparticle on RGO for the 

degradation of lindane.  

Here three different composites, namely, RGO@Ag
I
, RGO@Ag

II
, RGO@Ag

III
 were used to check the 

efficiency of the composite towards the degradation of lindane which yielded size of 5, 20 and 50 nm aof 

Ag Np on RGO sheet. For this experiment, lindane stock solution (dissolved in hexane) was used such 

that final concentration of the solution was 5 ppm. It was seen that more the concentration of Ag 

precursors on RGO, more is the degradation efficiency but the efficiency with respect to mg/g of silver 
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shows that RGO@Ag
I
 is much superior to the others. Thus it is concluded that smaller is the size of Np 

higher is the surface area and hence, higher is the degradation capacity. The data were taken after 15 min.  



21 

 

 

Supporting Information 16 

 

0

20

40

60

80

100

DI water Tap water
0

20

40

60

80

100

DI water 100 ppm Cl- water

A B

E
ff

ic
ie

n
cy

 %

 

Figure S16: Effect of A) tap water/ground water and B) 100 ppm of NaCl solution (in DI water)_ on the 

removal efficiency of lindane using RGO@Ag.  
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Figure S17: Removal efficiency of lindane by the RGO@Ag composite for multiple cycles, after 

regeneration. 
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ABSTRACT: Interaction of water-ice and acetonitrile has
been studied at low temperatures in their codeposited
mixtures, in ultrahigh vacuum conditions. They interact
strongly at low temperatures (in the temperature range of
40−110 K), which was confirmed from the new features
manifested in the reflection absorption infrared spectra of the
mixtures. This interaction was attributed to strong hydrogen
bonding which weakens upon warming as the acetonitrile
molecules phase segregate from water-ice. Complete phase separation was observed at 130 K prior to desorption of acetonitrile
from the water-ice matrix. Such a hydrogen-bonded structure is not observed when both the molecular solids are deposited as
water on acetonitrile or acetonitrile on water overlayers. A quantitative analysis shows that in a 1:1 codeposited mixture, more
than 50% acetonitrile molecules are hydrogen bonded with water-ice at low temperatures (40−110 K).

1. INTRODUCTION

Water-ice is omnipresent in its amorphous form. Studying
interactions of different molecules with water-ice is of
tremendous interest as it would lead to an understanding of
amorphous ice and of various phenomena of environmental
and biological importance.1 These interactions may be physical
(as in absorption/adsorption2 and trapping3) or chemical4 in
nature. The latter is the case when water-ice acts as a catalyst to
accelerate chemical reactions on its surface or when it
participates in a reaction leading to the formation of new
chemical species. Such interactions are influenced by the
morphology and structure of water-ice.5−7 A representative
example is the production of dihydrogen via the surface
recombination of hydrogen atoms adsorbed on amorphous ice.8

Several physical phenomena like adsorption/desorption
kinetics,2,6 diffusion,2,9 and trapping3 are also highly dependent
on the morphology of water-ice. Porous amorphous ice can trap
several small molecules inside its pores, which can only be
released when it undergoes a structural change.
Various factors including local temperature,10 incident flux,11

incident angle,12 and kinetic energy13 affect the morphology of
water-ice. Morphology of water-ice generated by vapor
deposition on a cold surface is substantially dependent on
temperature. Crystallization and morphological change of
amorphous ice has been studied extensively.14−16 At temper-
atures below 120 K vapor deposition, it is known to form
amorphous ice.17 Several studies have revealed that amorphous
ice so formed upon heating undergoes a structural change at
∼120 K, before crystallizing at ∼140 K.18,19 Thus, interactions
of molecules with water-ice are expected to be temperature-

dependent and are likely to change as it goes through different
structural modifications.
A number of factors make acetonitrile (ACN), a very

important molecule. The vibrational spectrum of ACN is well-
understood in the gas, liquid, and solid phases, and its
interaction with a variety of molecules is also well-
characterized.20−23 ACN is the simplest nitrile and is
extensively used in organic syntheses because of its ability to
dissolve a wide range of ionic and nonpolar molecules. This
makes it a model organic system. The study of interactions of
ACN with water-ice is important and is relevant to the
Interstellar medium (ISM). Literature is therefore rich in
studies of ACN−water systems, examining their gas, liquid, and
solid phase interactions.20,24−34 It is now known that
interaction of ACN with water is mainly due to hydrogen
bond formation. In the following section, we present the
current understanding of the water−ACN system.
ACN and water systems have been studied exten-

sively.25,26,31−34 However, most of the studies were performed
on solutions,27,31,32,34 a few exist on solid films as well.1,24,35

Various studies have been carried out with water and
acetonitrile mixtures in the liquid phase.31,32,36 Experiments
were performed by varying the mole fraction of the
components in the mixtures, and studies suggest the formation
of different microstructures of the mixtures. A molecular
dynamics study proposed a microheterogeneous structure at
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sufficiently high acetonitrile content.37 In such a structure,
clusters of one type of molecules are formed (i.e., either of
ACN or H2O and at low ACN content water structure become
more ordered). Radial distribution functions of gO−O(r) (O
denotes the oxygen of water) significantly increases for 88%
ACN solution compared to pure water, which suggests the
formation of water clusters. Comparison of gO−O(r) of 12%
ACN solution and pure water shows an enhancement of the
water structure in the former. On the contrary, Raman
spectroscopic study of the CD3CN−H2O−HDO system did
not support enhancement of the water structure, whereas at
intermediate compositions formation of clusters was evident.34

The OH and CN stretching bands in the spectra were
monitored for this investigation. However, IR investigation by
Gorbunov and Naberukhin was unable to suggest the existence
of clusters at any concentration.38 A detailed experimental and
theoretical study revealed that microheterogeneity begins above
xACN = 0.22 ± 0.11, and at low concentration, ACN is solvated
by H2O.

39 A transmission IR study of ACN−H2O showed the
interaction of ACN with H2O at different mole fractions. In
this, CN stretching mode of the CD3CN−H2O mixture and
OD stretching mode of dilute HDO in the CH3CN−H2O
mixture were monitored at 20 °C. From a Lorentzian fit of the
CN band for different mixtures, the percentage of H-bonded
ACN has been predicted.31 Attenuated total reflection (ATR)
spectroscopy was also used to calculate the fraction of H-
bonded ACN in the ACN−H2O mixtures.32 Different
compositional mixtures were studied, and the integrated
intensity of CN stretching band were used to analyze the
results. From these studies, it has been revealed that both free
and H-bonded ACN molecules coexist in the mixture. Number
of H-bonded ACN molecules in the mixture depends on their
composition of mixing. Amount of free acetonitrile molecules is
constant over a range of acetonitrile concentrations in the
acetonitrile−water mixture (0.7 ≤ xACN ≤ 1.0).36 Another study
shows that free acetonitrile molecules present in the
acetonitrile−water mixture are not affected by other water
molecules, and they survive in the same environment as in pure
ACN.32 ACN molecules in the ACN−H2O mixture formed
three-dimensional clusters, and the clusters are surrounded by
the water molecules through H-bonding and dipole−dipole
interactions.36 Several different models are used to analyze the
type and extent of interactions.31,32 Ab initio calculations of the
ACN−H2O system has also been performed.33 In this study,
the interaction of water monomer and clusters with the nitrile
group has been discussed well. CN stretching frequencies for
isolated ACN and ACN−water cluster have been calculated. In
an ACN−water cluster, isolated ACN molecules were used to
form the cluster with one or more water molecules. It was
shown that ACN forms σ- and π-type H-bonds with water
molecules. σ-Type H-bonded ACN shows a blue shift, whereas
the π-type H-bonded ACN shows a red shift in CN
frequencies. Interaction of ACN with a thin film of water has
also been studied.20,24 As mentioned earlier, ACN can bind to
the free OH/OD groups on the surface through hydrogen
bonding or it can purely physisorb on the water-ice surface.20,24

Such an H-bonded ACN shows a blue shift in the CN
stretching frequency.24 Studies show that from the exposures of
acetonitrile, presence of free OH group on the surface has been
measured quantitatively. The peak appearing at 2264 cm−1 for
ACN-h3:H2O has been attributed to hydrogen-bonded ACN-
h3.

20 There is no evidence of formation of the hydrogen bond
with crystalline ice.20

Although there has been many reports on water−ACN
interaction in solution and solid phases, until today there is no
such report where interaction of both the molecules is studied
in their codeposited mixture. In this paper, we have studied the
interaction of ACN molecules with water-ice in their
codeposited mixture. Acetonitrile and water were codeposited
on a cold surface in order to mimic the ISM conditions. For
comparison, layer-on-layer deposited ACN and water-ice
systems were also examined. The interaction of the two species
was analyzed through reflection absorption infrared spectros-
copy, and the effect of temperature was investigated. The
distinct difference between codeposited mixtures and overlayer
deposition is brought out in these studies.

2. EXPERIMENTAL SECTION
The experimental setup used for this study is given in more
detail elsewhere.40 The instrument consists of three chambers;
namely, the ionization chamber, the octupole chamber, and the
scattering chamber. Each chamber was differentially pumped by
turbomolecular pumps backed by diaphragm pumps. Base
pressure of the instrument was 5.0 × 10−10 mbar, and the
pressure was ∼2.0 × 10−09 mbar during the experiment.
Though the chamber has several facilities for probing molecular
solids, we have used only a reflection absorption infrared
spectrometer (RAIRS), a quadrupole mass spectrometer, and a
low-energy alkali ion gun in the study presented here. A Bruker
VERTEX 70 FT-IR spectrometer was used to measure the
spectra, with external optics, which has been fully described
elsewhere.40 The spectrometer resolution for the studies
reported has been set at 2 cm−1. To describe the experiment,
briefly, the substrate is a Ru(0001) single crystal attached at the
tip of a closed cycle helium cryostat on a copper holder, fitted
with a resistive heater. The substrate can be maintained at any
temperature between 8 and 1000 K. The temperature is
measured by employing a thermocouple sensor with an
accuracy of 0.001 K. Repeated heating at 1000 K ensures
surface cleanliness. The temperature ramping is controlled and
monitored by a temperature controller (Lakeshore 336). In this
work, we have used a temperature window of 40−200 K to
investigate the interaction of our ACN−water-ice systems.
Temperatures in the range of 40−80 K were tested initially, but
significant differences in the IR spectra were not observed.
Therefore, in the proceeding experiments, only the temperature
range of 80−160 K was examined, in which the IR peaks of the
ACN−water-ice system showed a large change.
As received, 99.95% pure acetonitrile (named as ACN-h3)

and its deuterated form (named as ACN-d3), both from Sigma-
Aldrich, H2O (Millipore; 99.996%) and D2O (99.995% purity,
Sigma-Aldrich) were further purified by several freeze pump
thaw cycles. The above liquids were filled in a glass-to-metal
seal adapter tubes fitted in two different sample lines and were
connected to a rotary pump. The sample lines were evacuated,
the liquid was evaporated, and the vapors were deposited onto
the precooled Ru(0001) substrate using all-metal leak valves.
The various samples, namely, ACN layer over H2O layer, H2O
layer over ACN layer, and codeposited ACN and H2O are
referred to as H2O@ACN, ACN@H2O, and ACN:H2O,
respectively. For both the deposition techniques, two separate
sample gas lines connected with two separate leak valves were
used to avoid mixing of vapors in the sample line itself. During
deposition, the mass spectral intensity from the quadrupole
mass spectrometer was used to calculate the ratio of ACN to
water in the mixture. We have consistently kept a 1:1 ratio of
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the two in each system. All the samples were deposited on the
precooled ruthenium single crystal substrate at 40 K and
gradually heated (at a ramping rate of 1 K min−1) to a series of
temperatures to collect the temperature-dependent IR spectra.
On reaching a particular temperature, the spectrum was
collected after a short gap of 3 min to equilibrate the
temperature. The 1 K min−1 slow ramping rate helped us to
ensure that the temperature change before and during the
spectral collection was not significant and was within ±0.02 K.
Each spectrum was obtained by averaging 512 scans, with a
resolution of 2 cm−1. The large number of scans ensured that
the signal-to-noise ratio was high.
Cs+ ion (m/z 133) is a well-known projectile for secondary

ion mass spectrometry.41 Cs+ ion scattering is a good technique
to characterize solid samples deposited on a substrate at low
temperatures. We have performed ion collision experiments
using Cs+ ions of 1 keV energy generated from a low-energy
alkali ion gun (Kimball Physics Inc., IGPS-1016B). These ions
were focused to collide at a specific energy on the codeposited
acetonitrile water-ice system. The resulting scattered ions were
analyzed using a quadruple mass analyzer fitted on the ion-
scattering chamber.

3. RESULTS
We began our investigation by first measuring the temperature-
dependent RAIR spectra of ACN-h3. For this, approximately
500 monolayers (ML) (assuming 1 ML = 1 × 1015 number of
molecules/cm2) of ACN-h3 were deposited on Ru(0001) at 40
K, and its IR spectrum was measured at different temperatures.
The RAIR spectra in the 80 to 135 K range are shown in Figure
1. The spectrum at 80 K shows the presence of almost all the

vibrational modes and is in good agreement with the reported
RAIRS spectrum of pure ACN-h3 at 110 K.42 It is also
noticeable from the figure that (a) there is no spectral change
until 130 K, (b) an intensity loss occurs at 130 K as the ACN-h3
molecules start desorbing from the surface, and (c) the
desorption is complete at 135 K.
For studying the interaction of water and acetonitrile

molecules, they were codeposited in a 1:1 ratio on a ruthenium
substrate at 40 K to form different ice samples. These were
subsequently heated up to 160 K, which is the desorption point
of water, and the IR spectrum was collected at various
temperatures. The spectra at temperatures between 40 and 80

K were similar in appearance, and therefore, in the figures we
show only those at 80 K for clarity. In order to understand the
changes in the IR peaks at different temperatures more clearly,
we used combinations of ACN-h3 and ACN-d3 with H2O and
D2O.
The full RAIRS spectra for ACN-h3:H2O at different

temperatures are provided in Figure S1 of the Supporting
Information. Figure 2a shows the O−H stretching region for

ACN-h3:H2O and ACN-d3:H2O. Three bands centered at 3510,
3415, and 3290 cm−1 are clearly noticeable at 80 K, and their
peak positions are highlighted in the figure by dashed lines. The
bands arise due to the interaction of acetonitrile and water and
steadily disappear as the temperature increases beyond 115 K,
eventually becoming a broad peak centered at ∼3350 cm−1 that
is characteristic of pure water-ice at 130 K. These observations
can be understood as follows. In our ACN:H2O mixture, water
can participate in H-bonding with acetonitrile when the free
O−H group of water and the CN group of ACN are in close
proximity. The bonding is strong at low temperatures but gets
weakened with an increase in temperature. At this stage, ACN
molecules probably phase segregate from the water molecules
while staying within the water matrix. Complete phase
segregation takes place above 130 K where molecular motion
of ACN is sufficiently high. Compared to pure ACN on
Ru(0001), a relatively higher temperature is needed for ACN to
desorb from the water matrix, and complete desorption occurs
only during crystallization of water above 140 K.
The next set of experiments was performed for ACN-h3@

H2O, and an enlarged view of the O−H stretching region of the
RAIRS spectra is presented in Figure 2b (for complete spectra

Figure 1. Temperature-dependent RAIRS spectra of pure ACN. 500
ML of ACN was deposited on a cold Ru(0001) surface at 40 K and
heated to 135 K, and IR spectra were collected at different
temperatures.

Figure 2. Temperature-dependent RAIRS spectra in the OH
stretching region of (a) 1:1 codeposited ACN-h3:H2O and ACN-
d3:H2O and (b) layer-on-layer ACN-h3@H2O on cold Ru(0001)
surface at 40 K.
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see Figure S2 of the Supporting Information). Only a broad
absorption feature of O−H stretching centered at ∼3400 cm−1

is observed at all the temperatures. It is clearly visible that the
spectra from 80 to 130 K overlap with each other. The three
bands seen in the case of ACN-h3:H2O are absent here. Thus,
we expect little-to-no interaction between ACN and water
molecules in this case compared to the previous experiment.
Similar to the codeposited system, ACN-h3 starts desorbing
from the surface at 140 K when water undergoes crystallization
and leaves it completely at 145 K. Crystallization of water was
clearly seen in the spectra (see Figure S2 of the Supporting
Information).
As a next set of experiments, ACN-h3:H2O was collided with

1 keV Cs+ ions at 40 K and a typical mass spectrum (MS) is
plotted in Figure 3. Species which are present on the surface

can be picked up by Cs+ ions.41 The MS for ACN-h3:H2O
contains peaks corresponding to adducts of Cs+ ions with both
H2O and ACN-h3, which indicates the coexistence of these two
molecules on the Ru(0001) surface. The spectrum also shows
the formation of the ACN dimer and trimer adducts with Cs+

ions due to the high-energy impact of Cs+ ions on the surface.
It is possible that when ACN-h3 and water were deposited
together, both got uniformly mixed in the bulk and on the
surface, and thus, the mass spectrum obtained shows the
presence of both the species. But in mixtures where ACN is
covered by water or water is covered by ACN, only one type of
molecular species will be accessible to Cs+ ions, which will
therefore form adduct products only with the species that is
present on the surface. Indeed when similar studies were
performed for ACN-h3@H2O and H2O@ACN-h3 systems
(with thickness of each layer ∼250 ML), Cs+ ions formed
adducts only with H2O and ACN-h3, respectively.
Figure 4a compares the C−H asymmetric (3000 cm−1) and

symmetric (2940 cm−1) stretching regions of the RAIRS
spectra of pure ACN-h3, ACN-h3:H2O, and ACN-h3@H2O.
The spectral features of pure ACN-h3 and ACN-h3@H2O were
found to be quite similar, with two major peaks at 3000 and
2940 cm−1. In the case of the ACN-h3:H2O system, an
additional peak can be seen in both the C−H asymmetric and
symmetric stretching regions (Figure 4a), though the former
one is far more prominent. The new peak at ∼3017 cm−1

visible at 80 K gradually disappeared upon heating. This peak
may have arisen due to the interaction of the C−H bond of

ACN-h3 with H2O. Interestingly, this feature was not present in
the spectra for the ACN-h3@H2O system.
Figure 4b compares ACN-h3:H2O with pure ACN-h3 and

ACN-h3@H2O in the CN stretching region. It shows an
extra peak for ACN-h3:H2O at ∼2264 cm−1 at 80 K whose
intensity decreases as temperature is enhanced, and it vanishes
completely at 130 K, similar to the disappearance of the bands
in the O−H stretching region with a simultaneous regeneration
of the H2O feature (Figure 2a). Simultaneous disappearance of
the new bands in the O−H stretching region and of the peak at
2264 cm−1 with temperature suggests that the CN bond of
ACN-h3 could participate in bonding with H2O. However, it is
also noted that the above-mentioned peak in the CN
stretching region did not appear for ACN-h3@H2O. This
confirms that the interaction between both the molecules takes
place only when they are in good contact. An analysis of the
temperature-dependent RAIRS spectra was also performed for
the H2O@ACN-h3 system (data not shown here), which
showed that the trends are similar to ACN-h3@H2O. In this
case, ACN-h3 desorbed at 135 K, just like pure ACN-h3, prior
to the crystallization of water.
The C−H bending region of the spectra for ACN-h3, ACN-

h3@H2O, and ACN-h3:H2O is plotted in Figure 5a. The figure
establishes that there is no change in the C−H bending region
on going from pure ACN-h3 to ACN-h3@H2O. But a significant
change is observed when both the molecules are codeposited.
The appearance of a new peak at 1444 cm−1 was seen, which
slowly vanished upon heating, in a manner similar to the other
regions. This further confirms the interaction of ACN-h3 and
H2O in ACN-h3:H2O.
In order to gain more insight into the interaction of ACN

with water and changes in the IR peaks with temperature, H2O

Figure 3. Mass spectrum of ACN-h3:H2O mixture obtained on 1 keV
Cs+ ion collision.

Figure 4. (a) Enlarged view of C−H asymmetric and symmetric
stretching regions and (b) CN stretching region of ACN-h3 of pure
acetonitrile, ACN-h3:H2O, and ACN-h3@H2O at different temper-
atures.
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was replaced by D2O, and mixtures of ACN-h3 and ACN-d3
with D2O were studied. Figure 5b displays the RAIRS spectra
for codeposited 1:1 ACN-h3:D2O and ACN-d3:D2O mixtures at
40 K and, subsequently, heated to 130 K. The general features
and trends are in good agreement with the ACN-h3:H2O
interaction. For instance, there were no changes in the spectra
between 40 and 80 K and so, only the spectrum at 80 K is
shown. Here too, three peaks can be seen at 80 K, which
continue to be noticeable until 120 K, and at 130 K, the pure
O−D stretching is regained. However, for these systems, the
CN stretching of acetonitrile overlaps with the broad band of
O−D stretching. Figure 6a illustrates the CN stretching
region of pure ACN-d3, ACN-h3:D2O, and ACN-d3:D2O at
different temperatures. For pure ACN-d3, a doublet is observed
with the two peaks positioned at 2250 and 2260 cm−1. But a
new peak emerges at 2274 cm−1 in the ACN-d3:D2O system,
and it gradually disappears upon annealing (data for ACN-
d3:H2O system is shown in Figure S3 of the Supporting
Information). Comparing Figure 6a with Figure 4b, the
variation of the CN stretching mode of ACN-h3:D2O with
temperature is similar to that of ACN-h3:H2O. This confirms
our earlier prediction that the interaction of acetonitrile and
water occurs via a hydrogen bond between the CN group of
acetonitrile and the OD/OH group of water. In Figure 6b,
intensity of O−H stretching corresponding to the maximum
peak position (as taken from the different codeposited systems)
is plotted as a function of temperature. The figure shows that
irrespective of the ACN:water system, the (a) intensity remains
constant until 110 K, (b) starts increasing at 115 K, and (c)
reaches a maximum at 130 K, beyond which desorption occurs.

4. DISCUSSION
From the data presented so far and in the light of earlier studies
presented in the Introduction, let us now focus on the
interaction of acetonitrile with water in the bulk ice phase.
Strong interaction of codeposited acetonitrile and water at low
temperatures (below 115 K) weakened as the temperature was
increased. From all the experiments, it is evident that O−H/
O−D bands of water and CN band of ACN are strongly
affected by temperature. Three new bands appear in the O−H/
O−D stretching region (Figure 2a) due to the interaction of
ACN and water via H-bonding. These bands are retained until
110 K but start disappearing at 115 K and vanish completely at
130 K. The H-bonded CN stretching peak (2264 cm−1 for
ACN-h3 and 2274 cm−1 for ACN-d3) starts decreasing in
intensity at 115 K, which is reduced to zero at 130 K. From an
ab initio study, it has been predicted that if ACNs form a σ-type
H-bond, the CN stretching frequency is blue-shifted by 11.2
cm−1, whereas when it forms the ACN-(H2O)3 cluster, the C
N stretching frequency is blue-shifted by 24.3 cm−1.33 We have
also observed blue shifts in the CN frequencies which imply
the formation of the σ-type H-bond between ACN and water.
However, it was not possible to estimate the exact number of
water molecules interacting with one molecule of ACN. In our
study, we have seen an ∼13 cm−1 blue shift in the H-bonded
CN stretching frequency from the free CN stretching
frequency irrespective of the samples. In general, calculated IR
values do not match exactly with the peak positions obtained in
experiments carried out at low temperatures. However, from
this observation, we may say that approximately one ACN

Figure 5. Temperature-dependent RAIRS spectra in (a) bending
mode of C−H bond of ACN, ACN-h3:H2O, and ACN-d3:H2O
mixtures and (b) O−D stretching mode of codeposited ACN-h3:D2O
and ACN-d3:D2O mixtures.

Figure 6. (a) CN stretching region of ACN-d3 is shown at different
temperatures for three different sets of ice samples. (b) Intensity of
O−H stretching (maximum peak position) is plotted with respect to
temperature.
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molecule is interacting with one water molecule. Interaction of
ACN molecules with water-ice is highly temperature sensitive,
particularly in the temperature range of 115−130 K, which is
evident from the gradual changes in the peak intensity of newly
formed peaks in the O−H stretching region and H-bonded
peak in the CN stretching region.
In our codeposited mixtures, ACN and water were in a 1:1

ratio which allow more ACN molecules to come in direct
contact with free OH groups to form hydrogen bonds. The
system is quite similar to liquid phase mixing where both the
species can mix homogeneously. Here also, both H-bonded and
free ACN molecules coexist at temperatures below 115 K,
which is evident from the CN stretching frequency. CN
stretching frequency for both free and H-bonded ACN coexist
in the codeposited mixture at low temperature (<115 K) and
upon increasing the temperature, the H-bonded peak
disappears (130 K) and intensity of the free ACN peak
shows an increase. At an elevated temperature of ∼115−120 K,
their molecular motions increase, and the H-bonds between
acetonitrile and water-ice weaken, causing phase segregation of
ACN molecules from the mixture inside the matrix which
completes at 130 K. So at temperatures above 115 K, the
intermolecular H-bonding weakens, and H2O−H2O and
ACN−ACN interactions are enhanced, leading to phase
segregation. The phase segregation is evident from the
simultaneous disappearance of the bands in the OH stretching
region and the peaks in the stretching region of CN.
Interestingly, phase segregation starts at the same temperature
(115 K) and completes at 130 K for the different combinations
of ACN (ACN-h3 and ACN-d3) and water (H2O and D2O) in
the mixture (see Figure 6b).
On the basis of the results obtained at different codeposited

experiments, we propose a quantitative analysis. In this analysis,
the CN stretching region of different mixtures are taken into
consideration. We have seen that the CN stretching peak
consists of both H-bonded and free ACN molecules. The peak
was fitted with Lorentzians and the components are analyzed.
Spectra at three different temperatures for ACN-d3:H2O are
shown in Figure 7 where the two peaks, namely peak 1 and

peak 2 are attributed to contributions from free and H-bonded
ACN molecules. Areas of both the peaks are calculated and,
from these, a fraction of H-bonded ACN molecules is
calculated. A sum of the areas of peaks 1 and 2 gives the
contribution due to total number of ACN molecules. Area of
peak 2 is divided by the total area, which gives the fraction of
H-bonded ACN molecules. This calculation is performed for
four different sets of codeposited mixtures at different
temperatures. Fraction of H-bonded molecules in different
mixtures is plotted against temperature in Figure 8. In this

calculation, we assume that once ACN molecules are phase-
segregated from the mixture, no H-bonding exists. From the
figure, it is evident that in all the different mixtures, more than
50% of ACN molecules are H-bonded with neighboring water
molecules in the temperature range of 80−100 K. There is a
sudden drop in the intensity of the H-bonded peak in the
temperature range of 115−120 K, and finally it tends to zero at
130 K. Molecular motion of the species in the condensed phase
is restricted. So the fraction of ACN molecules forming the H
bond depends upon how the ACN molecules are oriented and
how they are surrounded by H2O molecules inside the ice
matrix. This directly depends upon the concentration of both
the molecules in the vapor phase during deposition. During
deposition, we maintained the concentration as 1:1, which was
closely monitored using a residual gas analyzer and, hence, we
assume that the concentration of these molecules in the ice
matrix is also 1:1. But it may not be an accurate assumption
always as all the 1:1 codeposited mixtures may not give the
same fraction of H bonding between ACN and water. More
water molecules sitting near to ACN molecules leads to a
higher number of H-bonding interaction between both the
molecules. However, study reveals that in a 1:1 codeposited
system, more than half of the ACN molecules are H-bonded
with water molecules at low temperature (below 115 K). While
this analysis is informative, it is only approximate. It is assumed
that the cross sections of both the peaks (peaks 1 and 2) are the
same and so their peak intensities are related to their respective
concentrations by the same factor. We assume that interaction
between the ACN and H2O molecules is negligible at 130 K
once they get phase segregated, which may not be true as ACN
molecules are still in the water matrix and can interact, although

Figure 7. Lorentzian fit of the spectra of 1:1 ACN-d3:H2O at three
different temperatures. Both fitted and cumulative spectra are shown in
the figure. Two peaks in the cumulative spectra at each temperature
are fitted with two components, peak 1 corresponds to the free ACN
molecules and peak 2 corresponds to H-bonded ACN molecules.
Fitted spectrum and cumulative spectrum were overlapping at 130 K.
Hence, only fitted spectrum is shown in the figure at 130 K.

Figure 8. Fraction of H-bonded ACN molecules in different
codeposited mixtures, plotted against temperature (see the text for
details). Lines are drawn as to guide to eye and they do not represent a
fit to the data.
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such interactions are weak or small in number to be seen by IR
spectroscopy. Desorption of ACN near 135 K is disregarded.
Another approach to doing a quantitative analysis is by using
the infrared absorbance values along with TPD data. But that
approach is not possible in our case due to experimental
limitations.
From Figure 7, it is noticeable that free CN stretching

frequency (peak 1) at 80 K is blue-shifted (shown in the figure
by vertical lines) compared to the spectra at 120 and 130 K.
Same data, with one more spectrum are shown in Figure S4 of
the Supporting Information (spectrum at 100 K is not shown in
Figure 7, for clarity). This observation indicates that strong
interaction between both the molecules lead to the shift in free
CN stretching frequency of ACN as well. When the
molecules start segregating, the interaction is weakened, and
free CN stretching frequency start appearing at the same
position as in pure ACN.
The study confirms the formation of the H-bond between

ACN and water-ice, and we have seen that both the molecules
phase segregate above 130 K, where there is no or very limited
H-bonding between them. We have also noticed that phase
segregation starts at 115 K. But the mechanism of phase
segregation remains unclear. To understand the mechanism of
phase segregation we need to look at the structure of both the
molecules at the temperature regime where phase segregation is
occurring. It is reported that vapor deposited ACN at low
temperature (below 115 K) is likely to form an amorphous
phase with a randomly oriented structure, which on moderate
annealing at 115 K initiates transitions to a crystalline phase.43

The study indicates that ACN deposited at 100 K shows an
unspecific broad intensity distribution in the XRD pattern,
which is characteristic of amorphous structure of solid ACN.
The same sample upon annealing to 115 K initiates a phase
transition into a stable crystalline phase, which shows
reflections in the diffractogram. Water vapor deposited below
120 K is amorphous, and ice undergoes a structural change at
120 K.18,19 In this structural transition, porous amorphous ice
becomes nonporous at temperatures above 120 K, reducing the
number of free OH groups in the process. Another study also
revealed that amorphous ice undergoes a structural change of
∼130 K before the onset of crystallization, leading to restrained
amorphous ice.10 Other studies also revealed the structure of
water-ice at different temperature. Laufer et al. suggested that
amorphous ice exists at least in two different forms, one at <85
K and another at 85 < T < 136.8 K, before it undergoes
crystallization.44 Horimoto et al. also support the formation of
microporous structure of amorphous ice, and it becomes pore
free at 120 K.45 So, all these studies suggest that in the
temperature range of 115−130 K, both ACN and H2O
molecules undergo a structural change, which may be the force
behind this phase segregation. This in turn starts at the
temperature (115 K) where ACN undergoes crystallization.
Crystallization leads to the increase in molecular motion. At the
same time, amorphous ice also undergoes a structural change
(120 K), where the microporous structure of amorphous ice is
collapsed. This molecular motion of both the molecules affects
the interaction between ACN and water-ice. This is clearly seen
from Figure 9. In this figure (Figure 9), the maximum intensity
of H-bonded and free CN stretching frequency of two
different codeposited mixtures is plotted against temperature.
The figure indicates that the intensity of both the peaks are
constant until 110 K. At 115 K, the intensity of peak 2 shows a
decrease and peak 1 shows an increase, which is indicating the

breaking of the H-bond between ACN and water-ice. At 130 K,
the intensity of peak 1 reaches maximum, whereas the intensity
of peak 2 goes to minimum. A similar plot is shown in Figure
6b where maximum peak position of O−H/O−D is plotted
against the temperature. This also indicates that the phase
segregation starts at the same temperature (115 K) for all the
codeposited mixtures. Phase segregation takes place well before
the crystallization temperature of water-ice. Hence, nucleation
of water-ice does not play any role in the phase segregation
process.
Ample molecular motions of ACN at 130 K, where pure

ACN starts desorbing from the surface, may also induce ACN
molecules to segregate from the mixture. These phase
segregated ACN molecules are covered with water-ice. As
water-ice is nonporous in nature above 120 K, ACN may not be
allowed to sit within the ice pores, rather it segregates to form a
separate layer. In this layered structure, ACN molecules are
overlaid by water molecules. We make this conclusion as
desorption of ACN is not seen until 140 K. Infrared spectral
features at high temperatures (above 130 K) also support a
layered structure. During crystallization of water, water
molecules reorient themselves and open a path for ACN
molecules to desorb forming a molecular volcano. With an
increase in temperature, there was no increase in pressure in the
chamber, until the crystallization of water-ice where we have
seen desorption of ACN. This observation indicates that
desorption of ACN molecules takes place only when water
molecules undergo crystallization.
Compared to ACN:H2O, no spectral change was observed in

the layer-on-layer-deposited ACN@H2O as a function of
temperature. This type of deposition does not allow proper
mixing, and so water and ACN are not in 1:1 contact, as a result
of which they are not able to form enough H bonds between
them. There may be interfacial interaction in the overlayer
deposited ACN@H2O system, but we fail to observe it in our
present measurement as we were probing the bulk ice, and
hence, such interactions are much less seen by IR. The ACN@
H2O system is closer to the one after phase segregation has
occurred (spectrum at 130 K in the ACN:H2O system) from
which ACN was desorbed completely at 145 K at the water
crystallization temperature. Hence, we believe that cooling back
a codeposited ACN:H2O mixture after it has phase-separated
above 120 K may act like an overlayer deposited ACN@H2O

Figure 9. Maximum intensity of fitted (Lorentzian fit) free (peak 1)
and H-bonded (peak 2) CN stretching frequency of ACN-h3:H2O
(solid line) and ACN-d3:H2O (dotted line) is plotted against
temperature.
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system, forming small islands of acetonitrile inside the water
matrix with reduced interaction of ACN with water-ice.
Temperature-programmed desorption (TPD) spectroscopy

is another way to study this interaction, particularly when
molecules interact on the surface.20,46 TPD measurements of
pure ACN-h3, ACN-h3:D2O, and ACN-h3@D2O were
performed, and comparison of the data is shown in Figure S5
of the Supporting Information. From the figure it is evident that
pure ACN-h3 desorb from the Ru(0001) surface with a peak
maximum at ∼132 K, whereas the other two cases desorption
peak maximum appears above 140 K. Both the TPD spectra of
the codeposited (ACN-h3:D2O) and sequential deposited
(ACN-h3@D2O) systems behave in a similar fashion, which
supports our argument that the codeposited system undergoes
phase segregation and ACN get trapped inside the water-ice
matrix, which is similar to the sequential deposited system. In
the sequential deposition system, multilayer and monolayer
peaks of ACN-h3 are well-distinguished, but it is not prominent
in the codeposited system. Desorption peak of ACN-h3 in the
codeposited system appears as a broad peak compared to the
sequential deposition system which may be due to phase
segregation in the codeposited system forming diffuse islands
inside the water matrix. TPD can help to calculate the number
of individual type of molecules present in the system. But in
this study, it was not possible to measure TPD and RAIRS
simultaneously.

5. CONCLUSIONS
The interaction of ACN−water-ice mixtures at low temperature
has been studied using RAIRS spectroscopy. ACN and water
were codeposited on a Ru(0001) substrate at 40 K and
subsequently annealed to higher temperatures. The shifts in the
IR peaks confirmed that (a) the molecular interaction between
ACN and water-ice involved hydrogen bond formation, (b) the
ACN molecules phase separate completely within the ice matrix
at ∼130 K, and (c) above 140 K, the water molecules reorient
themselves causing the trapped ACN molecules to desorb. The
study showed that in a 1:1 codeposited mixture of ACN and
water-ice, more than 50% of ACN molecules participate in H-
bonding with water-ice at a temperature below 115 K. Phase
segregation is highly temperature-dependent in the temperature
range of 100−130 K, and it is an irreversible process too. This
explains how temperature-induced phase separation in an
astronomical environment of similar ice mixtures can prevent
the molecules from reacting with each other and thereby affect
the kinetics of product formation.
Though there have been reports of irradiation processing of

ACN−water mixtures, our results reveal the complexity of the
interaction between the reacting molecules within the water-
ices, which should be taken into account while studying other
chemical reactions under similar conditions. Furthermore, the
new spectral signatures recorded as a function of temperature
may help astronomers to find the interacting molecules, rather
than isolated ones in ISM and the atmosphere.
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Figure S1: Temperature dependent RAIRS spectra of pure 1:1 ACN-h3:H2O deposited on cold Ru(0001) surface at 

40 K. Complete desorption of ACN-h3 takes place at 145 K during crystallization of H2O. 
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Figure S2: Temperature dependent RAIRS spectra of ACN-h3@H2O deposited on cold Ru(0001) surface at 40 K 

Desorption of ACN-h3 takes place during crystallization of H2O at 140 K and it desorbs completely at 145 K. 
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SUPPORTING INFORMATION 3: 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3: Temperature dependent RAIRS spectra of 1:1 ACN-d3:H2O deposited on cold Ru(0001) surface at 40 K. 

Spectra show the appearance of hydrogen bonded C≡N stretching at 2274 cm
-1

 and the peak disappears upon 

warming. 
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Figure S4: Lorentzian fit of the spectra of 1:1 ACN-h3:H2O at three different temperatures. Both fitted and 

cumulative spectra are shown in the figure. Two peaks in the cumulative spectrum at each temperature are fitted 

with two components, peak 1 corresponds to the free ACN molecules and peak 2 corresponds to H-bonded ACN 

molecules. Fitted spectrum and cumulative spectrum were overlapping at 130 K. Hence, only fitted spectrum is 

shown in the figure at 130 K. 
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Figure S5: TPD spectra of three different sets of experiments are presented here. Desorption of pure ACN-h3 is 

observed at 132 K whereas both co-deposited and overlayer deposited systems desorb at ~145 K, during 

crystallization of water-ice. Ramping rate was 20 K/min.  
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Carbon nanotubes can be chemically modified by attaching various functionalities to their

surfaces, although harsh chemical treatments can lead to their break-up into graphene

nanostructures. On the other hand, direct coupling between functionalities bound on

individual nanotubes could lead to, as yet unexplored, spontaneous chemical reactions.

Here we report an ambient mechano-chemical reaction between two varieties of nanotubes,

carrying predominantly carboxyl and hydroxyl functionalities, respectively, facilitated by

simple mechanical grinding of the reactants. The purely solid-state reaction between the

chemically differentiated nanotube species produces condensation products and unzipping of

nanotubes due to local energy release, as confirmed by spectroscopic measurements, ther-

mal analysis and molecular dynamic simulations.
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C
hemical functionalization of nanoparticles can lead to
their surface decoration with a variety of covalently
attached functionalities to serve different goals such as

drug delivery, cancer therapy, diagnostics and electronic
devices1–6. Carbon nanotubes (CNTs) have been the subject of
more than two decades of intense research7–10. Various
approaches have been used to modify their surfaces via
covalent and non-covalent attachments to change both physical
and chemical properties. Activation of CNTs by the incorporation
of COOH on the exterior surfaces by treating them with
concentrated nitric acid has been widely used11,12. CNT-COOH
can further be activated by acylation to form CNT-COCl, which
can in turn be amidated or esterified13,14. CNTs carrying
hydroxyl groups (CNT-OH) on their surfaces have also been
synthesized by alkaline hydrothermal treatment of pristine
nanotubes in alkaline medium15. Despite the remarkable CNT
mechanical and electronic properties, their large use has been
precluded by poor solubility in water or organic solvents, which
favours bundle formation, thus limiting their chemical reactivity.
Mechano-chemical reactions (MCRs) can be used to overcome
such difficulties16,17. MCRs have been extensively used as
synthetic protocols to obtain fullerene derivatives. Examples of
these methods are fullerene dimers (C120), trimers (C180), cross
dimers (C60-C70) and other fullerene derivatives obtained by the
solid-state reactions with potassium salts such as KCN, K2CO3,
reducing metals such as Mg and Al and solid aromatic amines
under the high-speed vibration milling conditions18–21. MCRs
of CNT functionalizations with other molecules such as C60,
nitrenes, diazoinium compounds and metallic hydroxides under
vigorous milling conditions have also been reported22–25.
Another way of reacting fullerenes has been through their
encapsulation into CNTs26. On the other hand, many methods
have been used to produce graphene27–31, including the
unzipping of nanotubes to make graphene nanoribbons. A
typical chemical unzipping of CNTs makes use of oxidative
techniques31 in concentrated acid (H2SO4) and post treatments
with harsh reagents such as highly concentrated potassium
permanganate (KMnO4). These processes involve harsh
conditions to get to the final product (graphene), which can
contain broken up or unzipped CNT. What has not been done is
the use of nanotubes as solid-state reaction templates with specific
chemical surface functionalities to induce direct coupling between
the functional groups and concomitant breakdown of the
cylindrical structure.

Here, we report the demonstration of unzipping of CNTs via a
solid-state room temperature reaction between multiwalled CNTs
(MWCNTs) containing different reactive functionalities of
COOH and OH groups. The reaction is mechano-chemically
induced, initiated at room temperature in ambient air, facilitated
by the simple grinding of two chemically variant CNT reactants
and leading to the unzipping of the nanotube (shown in Fig. 1a).
By grinding equal weights of MWCNT-COOH and MWCNT-
OH decorated with 1.41% and 0.46% by weight of COOH and
OH (see experimental details of grinding and Supplementary
Table 1), respectively11,15, a sheet-like lustrous material is formed
spontaneously (Fig. 2a). Characterization of the material using
different microscopic and spectroscopic methods, described later
in the manuscript, suggests that the product consists
predominantly of graphene or partially opened CNTs, possibly
formed via the unzipping of the MWCNT reactants. The
unzipping reaction may be represented by equation (1)

MWCNT�COOHþMWCNT�OH!!GþG; þH2OþCO2 ð1Þ

Where G and G0 represent the graphenes originating from the
carboxylic and hydroxyl MWCNT (functionalized MWCNTs).

Results
Characterization. Attenuated total reflectance-Infrared Spectro-
scopy (ATR-IR) of the solid-state reaction product reveals almost
complete absence of the COOH/O-H stretch in the region 3,600–
2,800 cm� 1 (Fig. 2a), in agreement with water formation
during the reaction. Also, the intensity of the carbonyl band due
to either carboxylic group or keto-enol tautomer in the CNT-OH
diminishes significantly with the appearance of the adsorbed
asymmetric CO2 mode at 2,345 cm� 1. Compatible with these
conclusions is the large decrease in the bending infrared mode of
the CNTs at 868 cm� 1 in the graphene product. The residual
intensity is attributed to the unreacted CNTs. These results were
further confirmed using X-ray photoelectron spectroscopic
measurements.

In the C1s X-ray photoemission spectroscopy (XPS) of the
MWCNTs, the signal at 289.2 eV corresponds to the carboxyl
group, whereas the shoulders at 286.1 and 285.6 eV correspond to
the C–O peak in MWCNT-COOH and MWCNT-OH, respec-
tively15,31. Upon grinding, these features diminish in intensity
and the most dominant peak becomes that of C¼C at 284.8 eV,
as seen in Fig. 2b. This is a strong evidence in favour of a
condensation reaction taking place between the COOH and the
OH. In addition, according to XPS, oxygen content drops from
0.715% in the unreacted mixture to 0.280% in the observed solid
product (XPS data, Supplementary Table 1). The water formed
comes from the OH of the carboxylic acid and constitutes half the
oxygen of the carboxylic group. The fact that the loss of oxygen
(0.715–0.280¼ 0.435%) is appreciably larger than half the
amount of oxygen of the carboxylic group or oxygen of the
hydroxyl group in the unreactive mixture is in agreement with a
graphene, H2O and CO2 reaction, the yield of which is B61%
(Supplementary Table 1). This is comparable with the infrared
data given before as well as with the simulation data presented
later. To provide further evidence in favour of the graphene
product from the solid-state reaction, we performed Raman
spectroscopy of the reactant MWCNTs and that of the solid-state
reaction product (Fig. 2c). All the bands in the product are
upshifted relative to the reacting MWCNTs, whereas the
second-order Raman band (2D) appearing at 2,705 cm� 1 is
downshifted as compared with the graphite band at 2,714 cm� 1

(Fig. 2c). On the other hand, the 2D band in the product was well
fitted by a sharp and symmetric Lorentzian in agreement with a
few layer graphene-like product (Fig. 2c). The observations of
lower 2D peak position relative to graphite, smaller ID/IG ratio
(0.201) and larger I2D/IG ratio (1.21) for our reaction product are
all in support of the formation of few layer graphene
materials32,33.

Water formation during the solid-state reaction between the
MWCNTs was also established through an in-situ mass spectro-
metric study of the reaction products. This was performed as
described in Supplementary Note 1. Briefly, the experiment
involved conducting the solid-state reaction in an enclosed
mortar and pestle and sampling of the gases formed directly with
a quadruple mass spectrometer, in the mass range of 1–300 amu.
A blank measurement was done first without any CNTs in order
to estimate the contribution from atmospheric gases and
moisture. MWCNT-COOH and MWCNT-OH (1:1 ratio by
weight) were then taken in the mortar and ground using a pestle.
The gases in the reaction vessel were then allowed into the mass
spectrometer inlet by opening a valve (Supplementary Fig. 1a).
Intensity of the peak at m/z 18 (due to H2Oþ ) increased
significantly than in the blank experiment (Supplementary
Fig. 1d). It is to be noted that there was no increase in intensity
of nitrogen and oxygen ion currents. Increase in the H2Oþ peak
intensity with no increase in Nþ intensity (derived from N2)
clearly shows that this enhancement is due to the water resulting
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from solid-state condensation reaction between MWCNTs.
No leak of atmospheric air would explain the increase in
H2Oþ as that would have resulted in an increase in Nþ intensity
as well. Corresponding mass spectral (intensity versus m/z) data
are given in Supplementary Fig. 1b, which also show that only
H2Oþ intensity increased after the reaction while Nþ and Oþ
intensities remained the same. To check whether this increase is
due to the desorption of water vapour that was adsorbed on
MWCNTs, a control experiment was carried out (Supplementary
Fig. 1c). Initially, a blank was measured without MWCNTs.
MWCNTs were then kept in the mortar without grinding for
2 min and gases inside were sampled (after the evacuation step).
Intensities of Nþ , Oþ and H2Oþ were almost the same as that
of the blank. After the mixture of MWCNTs was ground for
20 min, mass spectral measurement clearly showed an increase in
intensity of only H2Oþ . The OH and COOH functionalized
MWCNTs were separately ground and no increase in H2Oþ was
detected in those cases. This shows that H2O desorption from
MWNTs is not the reason for increased H2Oþ intensity. No
increase in CO2 intensity was seen as it appears to be adsorbed
effectively on the resulting graphene (see above).

Reproducibility of the results was confirmed by repeating these
experiments several times with various ratios of the two MWCNT
varieties. Furthermore, the decrease in the oxygen content,
revealed from the XPS measurements, is supported by our mass
spectrometric detection of water. Hence, the in-situ mass
spectrometric experiments unambiguously give evidence for the
solid-state condensation reaction between -COOH and -OH
groups of the functionalized MWCNTs.

This was further supported with differential thermal analysis at
different temperatures, which gave two distinct peaks, the more
intense one occurs at B50 �C, whereas the less intense one occurs
at B110 �C, shown in Supplementary Fig. 2. The peak at 110 �C
is due to the desorption of water. As the energy evolved at lower
temperature is appreciably higher than that due to desorption of
water and in light of the strong CO2/graphene adsorption, the
intense peak is assigned to the desorption of CO2. This
conclusion is compatible with the infrared and XPS data
presented before.

The proposed reaction from above spectroscopic and thermal
measurements is further verified using imaging techniques such

as scanning (SEM) and transmission electron microscopy (TEM).
Figure 2e,f shows low and higher magnification SEM images
revealing the structure of CNTs for the two functionalized
raw materials. The amount of graphene-like material is
negligible in these samples. On the other hand, the product
powder shows predominantly sheet-like structure along with
residues of partially reacted nanotubes (Fig. 2g,h). The image
analyses of SEM images from different regions are used for
calculating the amount of 2D sheets present and the residue of
CNTs. The sheets are randomly distributed with a range of sizes
with approximately 20% being unreacted CNT. To further
confirm the opening of CNTs and the quality of the graphene-
like product, TEM imaging was performed. Figure 3a shows
bright-field image of the functionalized CNTs. It clearly shows
CNTs to be multiwalled with an average diameter of 20 nm. The
surfaces of the nanotubes appear disordered, due to heavy
functionalization. Figure 3b shows large sheets of graphene-like
material with smooth edges. The image shows multilayer
structure. It is possible that the graphene flakes formed during
the reaction have coalesced to form larger multilayer graphitic
sheets. For further confirmation of the structure, selected area
diffraction was performed. The result shows the hexagonal lattice
of graphene stacks (shown as inset). Several images were taken for
different samples of the product at different regions. Figure 3c,d
shows products in the intermediate steps of the reaction. Several
TEM images from different regions have been used for
determining the number of layers in the multilayer sheets and
the size of these graphene sheets. Histograms showing the size
and number of layers formed due to the reaction are shown in
Fig. 3e,f.

Kinetics of the reaction (and product formation) was
monitored by measuring the intensity of the 2D Raman band
of the graphene product at different temperatures30,34–36

(Supplementary Fig. 3). Arrhenius plot (detailed data given in
Supplementary Table 2) of ln k versus 1/T (Supplementary
Fig. 3) gives an activation energy of 16.63 kJ mol� 1

(3.97 kcal mol� 1), a value compatible with the activation
energies reported for solid-state hydrogen bond-mediated
proton-transfer reactions between many organic compounds
such as carboxylic acid/phenol and carboxylic acid/amine
combinations37–44.
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CNT unzipping reaction. In light of the above, we suggest that
the CNT unzipping reaction consists of a slow step that brings the
CNTs together through mechanical grinding allowing the COOH
and OH groups to react (Step A in Fig. 1b). Accordingly, this step
is followed by fast proton transfer (Step B in Fig. 1c) from the
carboxylic group to the hydroxyl group to form [MWCNT-
OH2]þ and [MWCNT-COO]� , whose exothermic reactions

produce water and CO2 (Step C in Fig. 1d). The energy released
can induce carbon-carbon bond breaking (highlighted yellow
region) leading to unzipped structures.

Owing to the complexity of this process, simulations are
divided into two parts. The first one is related to the estimation
of the energy barriers associated with the chemical reactions
between the CNT functional groups (value and determination of
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Figure 2 | Materials characterization. (a) ATR-IR spectroscopy of the solid-state reaction graphene product after grinding (red) as compared with

MWCNTs starting material MWCNT-COOH (blue) and MWCNT-OH (black). Formation of water in the unzipping process is confirmed by the absence of

the COOH/OH stretch band in the 3,600–2,800 cm� 1 region of the graphene product. The inset shows an image of the product of the solid-state reaction

of MWCNT-COOH and MWCNT-OH. The image shows the thin lustrous sheets of the graphene product formed due to the unzipping of the MWCNTs.

These sheets are covered and surrounded with some traces of the unreacted CNTs. (b) High-resolution C1s XPS spectrum of the solid-state reaction

graphene product obtained after grinding (red) as compared with MWCNTs starting material (blue and green). (c) Raman spectroscopy of the solid-state

reaction mixture after grinding (red) as compared with MWCNTs starting material (green and blue). Insets a 2D-band spectrum of the product as

compared with those in the CNTs starting material, and a single-Lorentzian fit of the 2D band in the product. (d) Ion current versus time plots for

Nþ , Oþ and H2Oþ obtained using in-situ mass spectrometric measurements during the solid-state condensation reaction between MWCNTs. SEM image

of the two reactants (e) CNT-COOH, scale bar, 2 mm; and (f) CNT-OH, scale bar, 2 mm. (g,h) The graphene nanosheet product along with residue of CNTs

at two magnifications, scale bar: (g) 5mm, (h) 1mm.
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the thermodynamical character, exothermic or endothermic). In
the second part, we have estimated the minimum required energy
(threshold values, using ReaxFF45,46) value to trigger the
unzipping (breaking carbon bonds). The unzipping can produce
partially or totally opened tubes, thus generating the nanoribbons.
The obtained value was then contrasted against the estimated
energy released during the chemical reactions. This approach is
schematically presented on Fig. 4a–c. The barrier results (Fig. 4d)
were obtained through nudged elastic band (NEB) simulations.
NEB is one of the standard methods used to determine energy
barrier height and the chemical pathways of chemical reactions,
assuming the reactants and products are known47–49. Density
functional theory calculations (see Supplementary Methods)
support the experimental interpretation that water and carbon
dioxide are the final products of the reactions between the CNT
functional groups (initial and the final states are presented in
Fig. 4d).

Energy barrier calculations were performed for different CNT
distances (3.5 to 4.0 Å, with stepsize increments of 0.05 Å; see
Supplementary Fig. 5). These values were chosen over a range

where it is expected that reaction (3.5 Å) and no reaction (4.0 Å)
can occur. Some of these curves are shown in Fig. 4d. The slight
differences from the reference values (for instance, 3.88 instead of
3.90) are a consequence of the initial geometry optimization
process. Our results indicate that the lowest energy barrier can
occur for tubes separated by B3.7 Å, with an associated energy
barrier height around 30 kcal mol� 1. More detailed information
can be obtained from the Supplementary Movie 1.

From these results, we can conclude that these reactions need
to be energy assisted. The energy needed to overcome the reaction
barriers of CNTs opening can be provided by the exothermic
reaction between the carboxylic acid and alcohol functionalities,
which in turn provides necessary amount of energy for the
cleavage of carbon–carbon bonds and consequently the unzipping
of the CNTs. The main mechanical grinding effect is only to bring
the CNTs closer. Maximizing the contact area through total or
partial axial tube alignment during the grinding, appears to be the
key to maximize the number of reactions to produce totally or
partially unzipped tubes, which is consistent with the available
experimental data. Our results also showed that this reaction is
exothermic, which is in agreement with more refined density
functional theory calculations that indicate that the released
energy is about 25 kcal mol� 1 (see Supplementary Methods for
details). This injected energy can result in thermal (increasing the
temperature around the region where the reaction occurred) and/
or mechanical (eventual C–C bond breaking) effects, thus leading
to tube unzipping, as recently demonstrated by molecular
dynamics (MD) simulations50.

In the second step, to estimate the minimum amount of energy
needed to trigger the unzipping process, we have carried out a
systematic MD study. Our models were composed of MWCNTs,
where for simplicity of the inner-layers are kept frozen. This
approach has been proved effective in the unzipping of carbon51

and boron nitride52 tube studies. To mimic the injected energy
generated by the chemical reactions, we used the so-called
heating spot protocol53,54 (LAMMPS Software manual (http://
lammps.sandia.gov)). Using this protocol, we randomly added
non-translational kinetic energy (heat) to selected atoms within a
subregion defined as ‘contact area’ (highlighted strip in Fig. 4e).
The atoms belonging to the ‘contact region’ can be thought as the
ones that would be in contact with an adjacent tube during the
grinding procedure. The investigated injected energy range was
from 1.0 up to 30 kcal mol� 1 (the barrier values). These results
are presented in Fig. 4f (limited to the range of 1.5 up to
5.0 kcal mol� 1). The percentage of C–C broken bonds is shown
for each heating spot value. When the heat transferred to the
system is up to 2.0 kcal mol� 1, the amount of broken bonds is
around 0.3%, which is not enough to produce the tube unzipping.
Increasing the heat up to 3.0 kcal mol� 1, the number increases to
1.0%, which is enough to create some defects in the tube (red
shaded region—Fig. 4f). When the heat delivered to the system is
higher than 3.5 kcal mol� 1, the amount of broken bonds reaches
1.6%, which is enough to break up the tube along its main axial
direction and to produce the unzipping effect (grey shaded
region– Fig. 4f). These results show that only a small fraction
(in this case, only 14%) of the estimated energy released by the
chemical reactions would be enough to provide C–C broken
bonds and to trigger the unzipping process.

Discussion
In conclusion, we have reported, for the first time, ambient solid-
state mechano-chemical (through simple mechanical grinding)
reactions between CNT-COOH and CNT-OH resulting in
unzipped nanotubes. The released heat during the process results
in C–C bond breaking, which subsequently leads to CNT
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unzipping. The proposed method can be used as a generic
approach to develop new theoretical and synthetic frameworks
where reactions could be designed and controlled via chemically
modified solid reactants.

Methods
Synthesis and reactions of CNTs. MWCNTs) were prepared by using water-
assisted chemical vapour deposition (WACVD) on a Si substrate. Si wafer, on
which 10 nm aluminum and 1.5 nm iron layers were deposited via electron beam,
was placed in a quartz tube and heated to 775 �C in Ar/H2 buffer having 15% of
H2-ethylene gas and water vapour were introduced in the quartz tube for 30 min.

Iron impurity from the nanotubes was removed by suspending them overnight
in 2.6 M nitric acid at 120 �C. After that the nanotubes were separated by filtration
using 0.2 mm GTTP Millipore membrane and washed extensively with water and
dried. MWCNT-COOH and MWCNT-OH were prepared from pristine CNTs
according to the procedures in refs 1,3, respectively.

The unzipping reaction was done by grinding equal weights of MWCNT-
COOH and MWCNT-OH. In current experiment, two different sizes of mortars
and pestles (made up of Traditional Agate) with radii of 2.5 and 5 cm were used.
Initial experiments are performed using mortar of 5 cm radii and then the same has
been repeated for 2.5 cm radii. The samples were collected at different time
duration (5, 10, 15 and 20 min). Among all these, the 20-min grinding shows best
yield, which is reported in the manuscript. We start observing change in the initial
time itself but as the duration of grinding increases, the yield increases as can be
observed as lustrous sheets are formed during grinding. As for the reproducibility
of the results, the reaction was reproduced in three different labs in three different
countries (Professor Ajayan’s Lab in Houston (USA), Professor Pradeep’s lab in
India (Chennai) and Professor Ahmad Kabbani’s lab in Lebanon (Beirut)) by

different colleagues and collaborators involved in this paper. As for the
environment and temperature, this reaction was done in different environments
under vacuum, different labs (that has controlled humidity and temperature) and
also outside in open air as well in variable humidity, different temperatures and in
different times, seasons and countries (Houston (USA), India (Chennai), Lebanon
(Beirut)).

Materials characterization. Raman spectra were measured using a Renishaw
Raman spectrometer at 514.5 nm excitation. The variable temperature Raman
study was carried out by bringing MWCNT-COOH and MWCNT-OH to same
temperatures before grinding them. Grinding was done in a separate vessel at the
same temperature. All reaction mixtures were quenched to room temperature
before Raman spectra were recorded. 2D line intensities at different temperatures
were normalized to the same 2G line intensities. XPS spectra were measured using
a Surface Science Instrument SSX-100. SEM image was obtained by using FEI
Quanta 400 SEM. TEM image was obtained using a JEOL 2100F TEM. Imaging has
been performed using field emission electron microscope with a low current
density and low accelerating voltage. Mass spectrometric measurements were
carried out using a residual gas analyser (BalzersThermostar with Quadstar 32 bit
software). This instrument is basically a residual gas analyser, equipped with an
electron impact ionization source and a quadruple mass analyser. For measure-
ments, we utilized multiple ion detection modes. In multiple ion detection, we
measured ion current as a function of time.

Simulation methodology. We used the ReaxFF force field with parameter set
from refs 45,46. This parameter set is optimized for structures containing the
elements carbon, hydrogen and oxygen, thus appropriated to our systems. For the
NEB calculations, we considered eight replicas between the initial and final
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Figure 4 | Simulation of the process. (a) General scheme for the simulated unzipping process; (b) functionalized tubes (CNT-COOH and CNT-OH); (c)

initial configuration for energy barrier reaction calculation and resultant unzipped nanotubes. (d) Reactants (different functionalized tubes) and products
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(e) Schematic view of simulated unzipping process: Initial configuration showing the functionalized tube. For better visualization, the CNT functional

groups were made transparent in the following four representative unzipping steps. The yellow line indicates the region where the heating spot was applied.

(f) The percentage of C–C bond breaking and the corresponding final configuration for different energies of the heating spot.
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configurations. The ‘spring’ that connects each replica has a constant force of
10 kcal /mol� 1 Å� 1. The adopted criterion for NEB convergence was energy
differences below 1.0� 10� 4 kcal mol� 1. All the calculations using ReaxFF and/or
NEB were carried out using the LAMMPS code52,53. For the MD simulations of the
CNT unzipping processes, the addition of heat (through the heat spot protocol)
into the system is performed every 1.0 ps during 50 ps. The heat is added to the
atoms belonging to a circular (4 Å radius value). We also tested different circle radii
values, ranging from 3 to 6 Å, but no significant differences in the results were
observed.
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Supplementary Figure 1: (a) Schematic of the experimental set up for the online mass 

spectrometric detection of water during the solid state condensation reaction between 

MWCNTs, (b)Mass spectra showing the changes in N
+
, O

+
 and H2O

+
 intensities for the blank 

and the sample after grinding  and (c) Ion current vs. time plots for H2O
+
 for blank (wihout 

MWCNTs), with MWCNTs before grinding and after grinding. 

 

 

 

 

 

 



 

 

 

Supplementary Figure 2: DTA of individual unmixed CNTs and that of the graphene 

product. First peak is due to desorption of CO2 while the second is due to desorption of water 

 

 

 

 

 

 

 

 

 

 



 

 

 

Supplementary Figure 3: In order to evaluate activation energy of the chemical reaction, a 

variable temperature Raman study was carried out. The two reactants, MWCNT-COOH and 

MWCNT-OH were mixed and ground at two temperatures (60, 70 
o
C) on hot plate. The 

reaction mixtures were quenched to room temperature before the Raman spectra were 

recorded; this was done for each temperature separately. The intensities of 2D Raman peaks 

have been used to calculate the rate constants as listed in Table.2.Arrhenius plot of lnk vs. 

1/T.Slope =-R/Eact=-2.00x10
3
 

 

 



 

Supplementary Figure 4:. Bright field TEM images of graphene observed at different places 

and in different samples.  

 



(a) dtubes=3.5 Å 

 

(b) dtubes=4.5 Å 

 

Supplementary Figure 5: (a) Geometric optimized structures for nanotubes initially placed 

at 3.5 Å, which results in the formation of H2O and CO2. (b) When the distance between the 

tubes is increased to 4.5 Å no reaction is observed and the functional groups remain attached 

to their parent tubes. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Table 1: Table 1: % of Oxygen XPS data 

Material % Oxygen 

MWCNT-OH 0.430 

MWCNT-COOH 1.000 

Unreactive mixture 0.715 

Solid product after heating to a constant weight at 110 
o
C  0.280 

 

Calculation of oxygen content: 

Expected % oxygen after 60 % yield reaction =0.715 x 0.4=0.286 

Amount of reacted oxygen due to simple esterification reaction =0.5/2=0.25% 0.715-0.280 

= 0.435% =observed amount of reacted oxygen. This represents  0.6x0.715=0.429% or 

expected 60% yield oxygen reacted. 

 

 

 

Supplementary Table 2: Variable temperature 2D intensity data 

T, K Intensity of the 2D 

Raman band (au) 

ln k 1/T, K
-1

 

286 2.3 0.833 3.497x10
-3

 

319 4.5 1.504 3.134x10
-3

 

341 7.0 1.946 2.932x10
-3

 

 

 

 

 

 



Supplementary Note 1 

Details of the mass spectrometric measurements for the detection of water 

For online monitoring of the reaction, we used a set up schematically shown in 

Supplementary Fig. 1a. Initially, a mortar and pestle were kept enclosed in a nitrile glove 

with the pestle protruding through one of its fingers. The glove was then connected to the 

mass spectrometer inlet using a glass tube through another finger of the glove. In order to 

ensure that this set up was adequate to detect tiny amounts of water vapor, we placed a drop 

of water in the mortar and allowed its vapors into the mass spectrometer. We could detect the 

expected features. To further confirm the adaptability of the method, we heated CuSO4.5H2O 

at 63 
o
C (at which the loss of two water molecules happens). Here also, we were able to 

detect water lost from these crystals. These experiments showed that our method was 

adequate for monitoring the MWCNT reactions. For monitoring the reactions, the set-up was 

evacuated after keeping the reagents inside the reaction vessel and Valve 3 (see 

Supplementary Fig. 1a) was closed. After grinding the ingredients for 20 minutes to complete 

the reaction, Valve 3 was opened and the vapor phase in the reaction vessel was sampled. 

Changes in the partial pressures of the constituents were evaluated. A blank experiment was 

performed under the same conditions without the sample, but with equal time for evacuation 

and reaction. This was done to ensure that artifacts due to potential leaks were avoided. From 

a quantitative evaluation of the changes in partial pressures, the yield was calculated. 

In main figure Fig. 2d, the first peak (for H2O
+
)/first steps (for N

+
 and O

+
) correspond to 

blank measurement while second peak/steps correspond to measurement after grinding 

MWCNTs. For measuring the blank, at first, we kept the valves 1 and 3 closed and 2 open, 

the whole sample line was then evacuated for 2 h through a glass manifold using a rotary 

pump (see Supplementary Fig. 1a). Then valve 2 was closed and allowed the residual gases 



(N2 and O2) and water content present in the volume of this enclosure to mass spectrometer 

by opening valve 3.  Since the gases and moisture enclosed in the reaction vessel enter the 

mass spectrometer chamber, there was an increase in N
+
, O

+
 and H2O

+
 intensities (see the 

first rise in intensity for all traces in the main figure Fig. 2d). After certain time interval, 

valve 3 was closed and sample line was evacuated for some time (by opening valve 2). Due 

to this, intensity of all ions drops to initial value (see the fall in intensity of all traces in the 

first steps/peak of the main figure Fig. 2d). The sample line was pumped for some more time 

(to reset the base intensities). This finishes the blank measurement. Then, valve 2 was closed; 

MWCNTs were put into the mortar, ground vigorously. Valve 2 was now closed, and valve 3 

was opened allowing the gaseous products into the mass spectrometer capillary for 

measurement. This result in second rise in intensities of N
+
, O

+
 and H2O

+
 (see the second rise 

in intensities for all traces in the main figure Fig. 2d). Please note that intensity of second 

H2O
+
 peak (i.e. after grinding MWCNTs) is significantly higher compared to that of blank. 

This increase is due to the excess amount of water formed due to MWCNTs reaction. After 

some time, valve 3 was closed; sample line was again pumped, resulting in drop in 

intensities. This completes a typical experiment. Always, each experiment was carried out by 

doing a blank one first, followed by the actual sample measurement. Both these were done in 

a single run, of about one hour duration, to avoid errors that may result from variations in 

vacuum and the detector response. Mass spectrometer was baked at 100 
o
C for 24 h prior to 

any measurement and kept at baking condition during measurements. Also, to avoid 

condensation of moisture in the mass spectrometer capillary line, it was kept at 150 
o
C 

throughout the experiment. 

We carried out Density Functional Theory (DFT)
1-3

 geometry optimizations for model 

systems in order to investigate the reactions between the functional CNT groups and to 

validate the results obtained using ReaxFF. For these DFT calculations we did not carried out 



a systematic study varying the tube distances. Due to the high computational cost, we just 

investigated two limit cases: (a) tubes closer enough (~3.5 Å) to be reactive, and (b) tubes 

well separated (~4.5Å), where no chemical reactions are expected to occur and (See Fig. S5).  

Our results showed that, as expected, the functional groups remain attached to the CNT when 

the distance is 4.5 Å (Fig. S5(b)). For the case of an initial 3.5 Å distance, the geometrical 

optimization processes lead the functional groups to react, yielding water and carbon dioxide 

(Fig. S5(a)). The obtained energy difference between the reactants and products was of 24.8 

kcal/mol (indicating an exothermic reaction), this energy can be released as heat into the 

system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Methods 

The DFT calculations were carried out within a local density approximation (LDA)
4
 and 

using the Perdew-Wang functional
5 

, as implemented in the Quantum Espresso code
6
. The 

wave functions were expanded using a standard Plane Wave (PW) basis set
7
. Wavefunctions 

up to 40 Ry of kinetic energy were considered. A grid of 6×6×1 in the k-space was sampled 

using the Monkhorst-Pack method
8
. 
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ABSTRACT: We probed the initial growth kinetics of luminescent quantum clusters
of silver (AgQCs) within two albumin family proteins, bovine serum albumin (BSA)
and ovalbumin (Ova). Shorter time scale (seconds to minutes) growth of AgQCs
monitored using real time photoluminescence spectroscopy has shown that, at lower
concentrations of Ag+, only unstable QCs were formed. The major role of basic pH in
the synthesis was not only to facilitate Ag+-BSA conjugation but also to provide well
dispersed medium for controlled nucleation of QCs. Increase in the concentration of
NaBH4 affects growth kinetics greatly and leads to increase in the growth rate of
AgQCs; but for NaBH4 concentrations higher than the optimum value, growth rate
becomes constant. Precise measurements have shown that excitation and emission of
AgQCs exhibit linear red-shift with the increasing concentration of NaBH4 whereas
protein excitation remains constant. Similar results were observed for both the
proteins, Ova and BSA. We believe that various insights provided by this study will be
helpful for further improvements in the synthetic methodology and applications of protein protected AgQCs.

■ INTRODUCTION

Protein protected luminescent noble metal quantum clusters
(NMQCs@protein) have found interesting applications in the
recent past.1−7 NMQCs@protein can be synthesized using
various metal ions such as copper, mercury, gold, silver, etc.8−10

NMQCs@protein are biocompatible due to their bulky protein
ligands and lower metal content.4,11,12 Apart from this, protein
ligands can be easily conjugated to drug molecules and can be
targeted to cancer cells for imaging and therapy applica-
tions.4,11,13 Photoluminescence (PL) properties of NMQCs@
protein have been demonstrated to be useful for sensing amino
acids.14 In the past, NMQCs@protein have been used for the
detection of post-translation modification of enzymes and
determination of the activity of protease enzymes.15,16 Studies
have shown that intracellular changes in the properties of
NMQCs@protein can be used to sense and monitor the
activity of various analytes.10,17 Most of these applications are
based on photoluminescence of clusters. Such luminescence has
been found to be stable at biological pH18 and it is possible to
tune the same by changing multiple synthetic parameters, such
as pH, concentrations of reducing agent, etc.19−23 For example,
Kawasaki et al. and Guev̀el et al. have demonstrated the
dependence of AuQC synthesis on pH of the reaction.19 It was
found that growth of smaller clusters can happen at lower pH,
whereas larger clusters can be synthesized at basic pH.
Synthesis of NMQCs@protein was demonstrated using bovine
serum albumin (BSA), lactoferrin, lysozyme, insulin and
multiple other proteins.2,4,18,24 Variety of synthetic method-
ologies have been developed for the synthesis of protein
template AuQCs and AgQCs.21,24−26 Synthetic methodologies

for AuQCs and AgQCs have some basic differences. This is
because, gold can be reduced by tyrosine residues of proteins at
basic pH but due to lower reduction potential of silver, it
requires a stronger reducing agent such as sodium borohydride
(NaBH4).

21 To optimize the synthetic route for efficient
growth of QCs, it is necessary to understand growth process of
the same.27 Knowledge of temporal growth mechanism of QCs
helps in the determination of relationships between reaction
parameters which facilitate tunability of physicochemical
properties of the clusters formed.
To monitor such growth processes of QCs, selection of

appropriate techniques are important. For slower growth
processes which occur at the time scale of hours and days,
methods which would involve complex and lengthy sample
preparation methods can be used. These techniques can be
transmission electron microscopy (HRTEM), scanning elec-
tron microscopy (SEM) or mass spectrometric techniques such
as matrix assisted laser desorption ionization mass spectrometry
(MALDI MS), etc. But, for reactions which occur at time scale
of seconds or minutes, real time probing techniques are
required. Depending on the intrinsic properties of products, for
solution state synthesis, the techniques can be UV−vis
absorption, PL spectroscopy, etc. Dharmaratne et al. have
shown that for the growth of monolayer protected QCs, which
occurs on the time scale of hours, mass spectrometry can be
used.28 In this study, size evolution of Au25(SCH2CH2Ph)18
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nanoclusters was probed using MALDI MS. It was found that
initial growth of larger sized clusters such as Au102, Au38 and
Au68 leads to the formation of highly monodisperse Au25
nanoclusters. Another study, performed by Xie and co-workers,
has used ESI-MS to monitor the time evolution of Au25
nanoclusters.29 This study has proposed a two-stage growth
process which involves a fast reduction-growth step and a slow
intercluster conversion, leading to Au25. Our group has also
reported monitoring of growth processes of protein protected
clusters.21,27,30,31 Our study on the evolution of AuQCs within
lactoferrin templates have shown that during the growth of
AuQCs, initial addition of Au3+ ions in protein solution lead to
its reduction to Au+ which reduces to Au(0) only when the pH
is changed to a basic value.27 This growth process is much
slower than the growth process for AgQCs. Growth of AuQCs
inside lactoferrin templates involves interprotein metal ion
transfer which leads to the emergence of parent protein
molecules, at the end of the reaction, beginning from metal-
protein adducts. This knowledge obtained from AuQC growth
process was used to develop an optimized synthetic route
which utilizes the free protein available at the end of reaction.
This kind of optimization is mainly necessary when availability
of proteins and monodispersity of product are major concerns.
A similar phenomenon of the emergence of parent protein was
observed when the growth process of AuAg alloy clusters inside
BSA templates was monitored.30 Recent studies from our group
have used small-angle X-ray scattering (SAXS) and mass
spectrometry (MS) for direct visualization of QC growth within
protein templates in solution.31 In another study, performed by
Mathew et al., MALDI MS was used to investigate the effect of
NaBH4 on the synthesis of AgQC@BSA.21 It was found that
despite the change in concentration of NaBH4, the major
species formed was Ag15@BSA.21 However, as mentioned, due
to the use of NaBH4 as the reducing agent for Ag+, growth
kinetics of AgQC@protein is much faster as compared to
AuQC@protein. Hence, MALDI MS was able to provide

information about the final product only. MALDI MS also has
another drawback that the clusters may be formed in the gas
phase by reaction between desorbed proteins and the naked
clusters produced in the gas phase.5 Hence it is risky to
correlate the clusters obtained from MALDI MS with the PL
properties of QCs measured in solution, in all cases. Hence, in
this work, we have used PL spectroscopy to probe the initial
growth kinetics of luminescent AgQC@BSA. Unlike MALDI
MS, PL spectroscopy allows real time and direct monitoring of
the PL properties of clusters growing in the solution state. The
study has been performed mainly to check the dependence of
growth kinetics on various reaction parameters when NIR
luminescent AgQCs are formed. Dependence of excitation and
emission wavelengths on the NaBH4 concentration has been
established. Growth process was studied for two albumin family
proteins, BSA and Ovalbumin (Ova). To the best of our
knowledge, this is the first study on the growth kinetics of
rapidly synthesized AgQCs inside protein templates.

■ EXPERIMENTAL SECTION

Chemicals. Sodium borohydride (99%, Fluka), Ovalbumin
(98%, Sigma-Aldrich), Sodium hydroxide (98%, RANKEM,
India.), Silver nitrate (99.9%, RANKEM, India.), Bovine serum
albumin (96−98%, pH 7, SRL Pvt. Ltd., India.) were used for
experiments. Millipore deionized water (DI) (∼18.2 MΩ) was
used throughout the experiments.

Synthesis of AgQCs. A protocol previously reported21

from our group was used for the synthesis of AgQC@BSA and
AgQC@Ova with slight modifications. Briefly, 200 μL of 100
mM AgNO3 was added to 2 mL of 25 mg/mL protein solution
followed by the addition of 100 μL of 1 M NaOH. Then, 10
mM NaBH4 was added to initiate cluster growth. Volume of
NaBH4 was varied from 5 to 200 μL according to the
experiment. While varying NaBH4, final volume of the reaction
mixture was maintained constant by adding DI water. No

Figure 1. Role of NaOH in the AgQC synthesis. (A) Changes in the PL counts (I670) after the stepwise addition of various reaction components
during AgQC synthesis. The black curve shows variations in I670 when only Ag+ ions were added to the BSA solution, and reaction was monitored
without adding NaOH and NaBH4. The red curve shows variations in I670 when addition of Ag+ was followed by an addition of NaOH. The blue
curve shows variations in I670 when Ag

+, NaOH and NaBH4 were added sequentially. Green stars indicate the occurrence of spikes due to increase in
the detector response when stray light got into the spectrometer during the addition of reactants. (B) UV−vis spectra of the aforementioned samples
are shown in matching color at 2000 s time of reaction.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b00496
J. Phys. Chem. C 2015, 119, 9988−9994

9989

http://dx.doi.org/10.1021/acs.jpcc.5b00496


stirring was used but solution was gently mixed with using 100
μL pipet.
PL spectroscopy. To monitor AgQC growth kinetics in

real time, we have carried out reaction in the sample cuvette of
PL spectrometer kept within a dark room. HORIBA, JOBIN
VYON NanoLog fluorescence spectrometer was used for PL
measurements. Protein (BSA or Ova) solution was taken in
quartz cuvette and other components were added in the order,
AgNO3, NaOH and NaBH4. After an addition of every reactant,
sufficient time was given to ensure the stability of PL counts.
Final volume of the reaction was kept constant by adding
deionized water (DI) to achieve better comparison between PL
intensity of different products. Care was taken to avoid second
order peak of excitation in emission spectra.
UV−vis spectroscopy. UV−visible absorption spectro-

scopic measurements were performed using PerkinElmer
Lambda 25 spectrophotometer (Range -200−1100 nm, scan
rate -480 nm per min).
Such clusters were monitored in our earlier studies by a range

of techniques such as MALDI MS, XPS, HRTEM, SAXS,
etc.27,31,32 Although data from those studies are not presented,
inferences drawn from these studies will be used here.

■ RESULTS AND DISCUSSION

Role of NaOH and NaBH4 in AgQC synthesis. NIR
luminescent AgQC@BSA and AgQC@Ova do not form at
neutral pH (Figure 1), and neither do they form only by the
addition of NaOH. Previous studies from our group have
shown using gas phase mass spectrometric studies that basic pH
facilitates coordination between Ag+ ions and various functional
groups of BSA.21 PL spectroscopic observations performed in
the solution state have shown the importance of NaOH in this
reaction. For these observations, reaction was monitored step
by step after the addition of various components of the
reaction. The mixture was excited at 380 nm and emission was
collected at 670 nm (I670). It may be noted that these are the
excitation and emission values of AgQC@BSA. As shown in
Figure 1, when only Ag+ ions were added to BSA solution, a
large increase in I670 counts was observed, which decayed slowly
over long time. This was found to be due to aggregation of BSA

in the presence of Ag+ ions. Soon after the addition of Ag+,
solution became turbid white and I670 increases, due to
scattering. This was supported by UV−vis spectroscopic data
as shown in Figure 1B. Subsequent decrease in I670 was due to
gradual settling down of aggregates. In the next step of the
reaction, after the addition of Ag+, it was observed that due to
change in the pH of reaction mixture, aggregates break down
and form well dispersed solutions of Ag-BSA conjugates.
In this reaction, NaOH does not initiate NIR luminescent

AgQC growth even after long time as it can be seen by the red
trace shown in Figure 1. This results in an abrupt decrease in
I670. At this time, it again reaches the baseline counts, which
were observed before the addition of Ag+. This baseline count
continues for long time without any further change. In the next
reaction, addition of Ag+ and NaOH was followed by NaBH4.
In this case, I670 increases exponentially and reaches a stable
count within a few minutes. This time, I670 remains steady even
after a long time. This suggests stable product formation in the
reaction. Hence NaOH provides favorable environment for
cluster growth and then NaBH4 helps in the growth of stable
clusters. Apart from the reduction of Ag+ to Ag(0), NaBH4 can
affect the reaction in various ways such as change in the
reaction pH and disruption of protein structure, which
facilitates the binding of Ag+ ions to the inner residues of the
protein. This suggests that apart from facilitating Ag+-BSA
conjugation, the other role of NaOH is to provide a well
dispersed solution for cluster growth before the addition of
NaBH4 (Figure 1A). We have monitored the same reaction at
different concentrations of Ag+. These results are discussed in
the next section.

Initial growth kinetics of AgQC@BSA at different Ag+

concentrations. According to the first report on the synthesis
of AgQC@BSA from our group, 1:13 molar ratio of BSA:Ag+

was needed for the synthesis of Ag15@BSA.21 In this study,
even after the addition of large amounts of NaBH4, no
considerable change in the emission of QCs was observed. This
was possibly because the number of available silver atoms was
adequate only for the synthesis of Ag15. To understand if
changes in the relative quantity of NaBH4 can lead to changes
in the cluster growth, at first we have studied growth kinetics

Figure 2. Initial growth kinetics of AgQC@BSA at different Ag+ concentrations. (A) Changes in the PL intensity of AgQC@BSA (Ex−380 nm,
Em−670 nm) after the addition of NaBH4 at different concentrations of Ag

+. (B) Excitation and emission spectra corresponding to the growth
curves shown in (A). Colors in B indicate concentrations shown in A. QE stands for quantum efficiency at 670 nm emission.
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and PL properties at different concentrations of Ag+. In this
experiment, NaBH4 (10 mM, 25 μL) and NaOH (1 M, 100
μL) concentrations were kept constant, only Ag+ concentration
was varied. Growth curves for these samples are shown in
Figure 2A. When ∼1:25 ratio of BSA:Ag+ was used, stable
cluster growth was not observed. Fluctuations in the PL
intensity were observed at this concentration. Whereas at
higher concentration of Ag+, that is at ∼1:50 ratio of BSA:Ag+,
the clusters grown were stabilized. For this sample, even higher
PL intensity was observed as compared to clusters grown with
1:25 ratio. It should be noted that, despite using similar NaBH4
concentration for 1:50 and 1:25 ratios, only 1:50 forms a stable
product. Figure 2B shows steady state PL spectra of these
samples. These spectra were collected at a time when growth
monitoring was stopped (2000 s). For all samples, only one
major emission peak was observed at ∼670 nm. First excitation
peak at ∼376 nm is due to the excitation of Ag-BSA
conjugate.21 Second excitation peak at ∼500 nm appears only
after NaBH4 addition and due to the excitation of NIR
luminescent AgQC@BSA. When stable and highly emissive
clusters were formed, both these excitations exhibit equal
intensity for emission at 670 nm (Figure 2B). This implies that
for 376 and 500 nm excitation wavelengths, AgQC@BSA
exhibit equal quantum efficiency (QE). In the absence of NIR
luminescent clusters, excitation at 376 nm leads to emission at
∼460 nm. It has been shown by previous studies that
tryptophan metabolites like kynurenine are responsible for
excitation and emission of protein at 375 and 450 nm,
respectively.8,33 At further higher concentrations of Ag+, no
NIR luminescent cluster growth was observed. The reason
behind this may be the growth of larger size clusters and is
discussed in more detail in the subsequent sections with the
help of steady state PL spectroscopy of AgQCs.
Growth kinetics of AgQC@BSA at different NaBH4

concentrations. Figure 3A shows the growth curves of
AgQC@BSA when different volumes of NaBH4 were used to
initiate growth of clusters. Figure 3B shows the slopes (growth
rates) calculated from the tangents drawn to growth curves just
after the addition of NaBH4. Initially at lower concentrations of
NaBH4 (5, 10, 25 μL), growth rate increases as the
concentration of NaBH4 increases. To understand the kinetics
further, we have tried fitting the growth curves using a single
component exponential growth function. Though it was
possible to fit curves with the adjusted R square values of
∼0.97, no specific correlation between growth constants and
NaBH4 concentration was found. These growth constants and
description of exponential growth function are provided in
Supporting Information Table 1. Because of this, here we have
discussed growth curves only qualitatively. From the I670 values
at 500 s, for clusters grown with different concentrations of
NaBH4 (Figure 3B), we see that 25 μL of NaBH4 leads to
efficient and stable growth of AgQCs. Further addition of
NaBH4 does not result in change of growth rate but after initial
transient growth, formation of nonluminescent clusters
dominate the growth of luminescent QCs (Figure 3B). After
adding 50 μL of NaBH4, QC growth follows a step function;
where just after the addition of NaBH4, clusters grow abruptly
and the concentration remains stable even after long time. This
difference between growth curves for 25 and 50 μL
concentrations of NaBH4 suggests that, at lower concentration
(25 μL) of NaBH4, although clusters start nucleating at high
growth rate, after a few seconds, silver atom uptake by the
protein is slow. This leads to QC growth in a controlled

manner. Whereas, in the case of 50 μL NaBH4, formation of
larger and nonluminescent QCs dominate the nucleation of
luminescent QCs soon after the addition of NaBH4. At further
higher concentrations of NaBH4, growth of larger QCs leads to
reduction in I670. Formation of larger clusters was confirmed by
red shift observed in steady state PL spectra of aforementioned
samples. These observations are discussed in the next section.

Relationship between PL properties of AgQC@BSA
and NaBH4 concentration. Figure 4A shows excitation
spectra of AgQC@BSA grown with different concentrations of
NaBH4. In all these spectra, we see that the excitation peak for
Ag-BSA conjugate (Ex380) appears even before the addition of
NaBH4 (black trace at the bottom of Figure 4A). Ex380 remains
constant in position but changes in intensity upon change in
the concentration of NaBH4. But the excitation peak in the
region around 500 nm (λex) changes in position and intensity,
which is attributed to different QCs nucleated in the solution.
For 25 μL of NaBH4 concentration, both Ex380 and λex can be
used to excite AgQC@BSA with equal quantum efficiency for
emission at 670 nm. But, after increase in the concentration of
NaBH4, there are corresponding changes in the PL properties
of QCs too. Assuming that larger quantum clusters have longer

Figure 3. Growth kinetics of AgQC@BSA at different concentrations
of NaBH4. (A) Changes in the PL intensity of AgQC@BSA (Ex−380
nm, Em−670 nm) after the addition of NaBH4 (10 mM). The volume
of NaBH4 added is written adjacent to the growth curves in
corresponding colors. Tangents are drawn to determine initial growth
rate at different concentrations of NaBH4. The dotted line crosses the
data points which are plotted in the next figure. (B) The black curve
shows changes in the emission intensity of AgQC@BSA after the
addition of different amounts of NaBH4 after 500 s of the reaction.
The green curve shows changes in the growth rate of AgQC@BSA.
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excitation wavelength, uniform red-shift in λex can be attributed
to an increase in the size of clusters. Such red-shift in the cluster
emission has also been shown by Petty et. al and Gwinn et al.
for DNA templated AgQCs.34,35 In the emission spectra also,
Em460 remains constant but cluster emission (λem) exhibits a
red shift. Hence, due to red shift, λex gradually goes out of
Em460 range and results in a decrease in the efficiency of Ex380.
To compare the excitation and emission peak positions

accurately, we have done Gaussian curve fitting of all the
excitation and emission spectra. Curve fitting data are shown in
Supporting Information Figures S2 and S3. Peak positions
obtained from these fittings are plotted in Figure 4D. It was
observed that both excitation and emission wavelengths scale
linearly with respect to the volume of NaBH4 (VNaBH4). The
slope values of 0.37 and 0.16 for λex and λem suggest that,
excitation is more a prominent function of NaBH4 concen-
tration as compared to emission. This also implies linear
relationship between the excitation and emission of clusters
synthesized at different volumes of NaBH4. To check the
possibility of similar behavior in other AgQC@protein systems,

we have performed similar studies on another system of AgQCs
stabilized by Ovalbumin (AgQC@Ova). These results are
discussed in the next section.

Growth kinetics of AgQC@Ova. To confirm the
observations made for AgQC@BSA and to verify whether
this behavior can be generalized for other albumin family
proteins, we have monitored growth kinetics of AgQC@Ova.
Before discussing these observations, it should be noted that
molecular weight (MW) and hence amino acid content of Ova
is ∼2/3 of BSA. Hence these observations can also be used for
such MW based comparison. Hence keeping the weight/
volume concentration of Ova the same as BSA, NaBH4
concentration was varied. Results obtained are consolidated
in Figure 5. Similar to AgQC@BSA, initial growth rate of
AgQC@Ova increases upon increase in the concentration of
NaBH4 and remains constant at an optimum concentration
(Supporting Information Figure S6). In the case of AgQC@
Ova also, 50 μL concentration of NaBH4 leads to a growth
curve similar to a step function and clusters grow abruptly after
the addition of NaBH4. Figure 5B shows linear relationships

Figure 4. Relationship between PL properties of AgQC@BSA and NaBH4 concentration. (A) Excitation spectra (Em−670 nm) of AgQC@BSA. (B)
Emission spectra (Ex−380 nm) of AgQC@BSA. Matching colors are used for excitation and emission. Emission spectra are normalized and vertically
translated for better comparison of peak positions. (C) Changes in I670 as a function of NaBH4 concentration shown for two different excitations, λex
(blue) and Ex380 (red). (D) Relationships between excitation (λex) and emission (λem) wavelengths and volume of NaBH4 (VNaBH4) are shown.
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between excitation, emission and concentration of NaBH4.
Original excitation and emission spectra for these samples are
shown in Supporting Information Figure S1 and curve fitting
data are shown in Figures S4 and S5. This supports that, the
kinetics of AgQC growth inside BSA and Ova can be
considered as a generalized kinetics for albumin family proteins.
PL data also suggest that Ova provides more tunability over
emission (Em = 650−720 nm) as compared to BSA (Em =
660−700 nm).
Unlike gold quantum clusters, for which jellium model has

been developed to correlate emission energy with the number
of atoms per clusters,36,37 for the case of silver clusters, due to
the strongly interacting ligands to stabilize cluster core, such a
model is unlikely to be followed. However, there have been
attempts to apply jellium model for silver-protein nano-
bioconjugates.38 If such a model were to be applied in the
present study, sizes of AgQCs would have been 24−28 atoms
for BSA emission varying between 660 and 700 nm and 23−31
atoms per cluster for Ova emission varying from 650 to 720 nm
(Supporting Information Figure S7).
UV−vis spectra of AgQC@BSA and AgQC@Ova do not

yield any conclusive information to enlighten the growth
process. The possible reasons behind this can be the lack of
surface plasmon resonance due to the ultrasmall size of
quantum clusters as well as the bulky nature of the protein
ligands and their high absorption which may hide the
absorption features of the clusters. UV−vis spectra of
AgQC@BSA and AgQC@Ova spectra are shown in Supporting
Information Figures S8 and S9.

■ CONCLUSION
We have developed a methodology for monitoring real time
growth kinetics of rapidly synthesized luminescent silver
quantum clusters. This method allows understanding as well
as precise optimization of the synthetic methodology. With the
example of AgQC@BSA, we have shown that upon increase in
the concentration of NaBH4, the growth rate of luminescent
AgQCs increases and becomes constant for concentrations
higher than the optimum value. Studies performed at different
concentrations of Ag+ have shown that merely the addition of

more NaBH4 does not lead to stable cluster growth, but
sufficient concentration of Ag+ is also an important parameter.
Steady state PL spectroscopic investigations have shown that
excitation and emission properties of clusters are linear
functions of NaBH4 concentration. Similar relationships were
observed for both the proteins, Ova, and BSA.
This study also provides a new possibility of using AgQC@

BSA as probes for multiple labeling or detection using the
ratiometric fluorescence technique. Further probing of this
system with advanced techniques and other methodologies may
be required to answer questions such as reasons behind the
increased tunability of AgQCs by Ova as compared to BSA,
larger red-shift in the excitation wavelength of QCs compared
to red-shift in the emission, etc. We believe that this study will
be helpful for further improvements in the synthetic method-
ology and applications of protein protected AgQCs.
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Figure 5. Growth kinetics and PL spectroscopy of AgQC@Ova. (A) Changes in the PL intensity of AgQC@Ova (Ex−380 nm, Em−670 nm) after
the addition of NaBH4. Tangents are drawn to determine initial growth rate at different volumes of 10 mM NaBH4. (B) Relationships between
excitation and emission wavelengths and volume of NaBH4 are shown.
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Fig S1: (A) Excitation spectra (Em – 670 nm) of AgQC@Ova. (B) Emission spectra (Ex – 380 

nm) of AgQC@Ova. 
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Fig S2: Gaussian peak fitting to excitation spectra (Em – 670 nm) of AgQC@BSA grown 

using different volumes of 10 mM NaBH4. Peak 1 was accounted for second order peak of 

emission. Peak 2 is for the excitation of Ag-BSA conjugates and Peak 3 is for the excitation of 

AgQCs. 
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Fig S3: Gaussian peak fitting to emission spectra (Ex – 380 nm) of AgQC@BSA grown using 

different volumes of 10 mM NaBH4. For the sample without NaBH4 (0 µL), curve was fitted 

using extreme value (amplitude) function. Peak 1 is for the emission of Ag-BSA conjugates and 

Peak 2 is for the emission of AgQCs. 
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Fig S4: Gaussian peak fitting to excitation spectra (Em – 670 nm) of AgQC@Ova grown 

using different volumes of 10 mM NaBH4. Peak 1 was accounted for second order peak of 

emission. Peak 2 is for the excitation of Ag-Ova conjugates and Peak 3 is for the excitation of 

AgQCs. 
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Fig S5: Gaussian peak fitting to emission spectra (Ex – 380 nm) of AgQC@Ova grown using 

different volumes of 10 mM NaBH4. Peak 1 is for the emission of Ag-Ova conjugates and Peak 2 

is for the emission of AgQCs. 
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Fig S6: Changes in the emission intensity of AgQC@Ova after the addition of different 

volumes of 10 mM NaBH4 after 500 seconds of reaction (black curve). Changes in the growth 

rate of AgQC@Ova (green curve). 
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Fig S7: Jellium model
1-2

 was applied to AgQC@BSA and AgQC@Ova and number of silver 

atoms (NAg) per clusters was extrapolated from the emission energy values of QCs grown using 

different volumes of 10 mM NaBH4 (VNaBH4). As shown by Zheng et al., the anharmonicity 

parameter U = 0.033 has been added to the spherical jellium model equation.
2
 

 

 

 

 

 

 

 

 

 



10 

 

 

Supporting figure 8 

400 600 800

0

1

2

 100 µµµµL

 150 µµµµL

 200 µµµµL

 50 µµµµL  

 

A
b

s
o

rb
a

n
c

e

Wavelength (nm)

 0 µµµµL

 5 µµµµL

 10 µµµµL

 25 µµµµL

Volume of NaBH4

 

Fig S8: UV-Vis spectra of AgQC@BSA grown using different volumes of 10 mM NaBH4. 
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Fig S9: UV-Vis spectra of AgQC@Ova grown using different volumes of 10 mM NaBH4. 
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Supporting table1 

Concentration of 

NaBH4 (µL)
τ for BSA τ for Ova

5 -41.7534 -110.546

10 -24.7828 -79.5955

25 -6.33972 -55.6722

50 -42.8316 -6.2128

100 -70.3621 -37.7251

150 -31.8202 -23.355

200 -16.7114 -10.6371

 

Table 1:Growth curves of AgQC@BSA and AgQC@Ova for different volumes of 10 mM 

NaBH4 were fitted using single component exponential growth function given below, 

( )
AeCI

t τ
+=

670  

Where, I670 is the emission intensity at 670 nm in counts, C is offset value for constant baseline, 

A is amplitude, t is time in seconds and τ is the growth constant. Initial growth transients were 

removed while fitting the decay curves. Obtained values of growth constants are shown in the 

table above. 
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ranslocation  of  uranium  from  water  to  foodstuff  while  cooking
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 i  g  h  l  i g  h  t  s

Rice  can  efficiently  uptake  ura-
nium from  water  contaminated
with  uranyl  nitrate  hexahydrate
(UO2(NO3)  2.6  H2O),  while  cooking.
Unusual  uranium  uptake  to  the
extent  of  about  1000  ppm  is  observed
when rice  is  cooked  in  highly  concen-
trated  uranium  contaminated  water
(1240  ppm).
Nature  of  interaction  of  uranium  with
carbohydrates  is probed  using  small
monosaccharides  like  glucose  and
mannose.
Electrospray  ionization  mass  spec-
trometry  showed  UO2

2+ to be the
most  stable  species  in  water  in  such
solutions which  can  form  complexes
with sugars.
The  species  (UO2

2+)  is also  observed
in the  case  of water  exposed  to
the  common  mineral,  uranium  oxide
(UO2)  and  similar  type  of  complexa-
tion  is  observed  with  sugars.

g  r  a  p  h  i c  a  l  a  b  s  t  r  a  c  t

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 8 November 2014
eceived in revised form 31 March 2015
ccepted 13 April 2015
vailable online 27 April 2015

eywords:
ranium contamination

a  b  s  t  r  a  c  t

The  present  work  report  the  unusual  uranium  uptake  by  foodstuff,  especially  those  rich  in  carbohydrates
like  rice  when  they  are  cooked  in  water,  contaminated  with  uranium.  The  major  staple  diet  in  South
Asia,  rice,  was  chosen  to study  its interaction  with  UO2

2+, the  active  uranium  species  in water,  using
inductively  coupled  plasma  mass  spectrometry.  Highest  uptake  limit was  checked  by cooking  rice  at
very  high  uranium  concentration  and  it was  found  to  be  good  scavenger  of uranium.  To  gain  insight
into  the  mechanism  of  uptake,  direct  interaction  of  UO2

2+ with  monosaccharides  was  also  studied,  using
electrospray  ionization  mass  spectrometry  taking  mannose  as  a  model.  The  studies  have  been  done
ranium–rice interaction with dissolved  uranium  salt,  uranyl  nitrate  hexahydrate  (UO2(NO3)2·6H2O),  as well as the  leachate  of
a  stable  oxide  of  uranium,  UO2(s),  both  of which  exist  as  UO2

2+ in  water.  Among  the  eight different
ranyl–carbohydrate adducts

CP-MS
SI-MS

rice varieties  investigated,  Karnataka  Ponni  showed  the  maximum  uranium  uptake  whereas  unpolished
Basmati  rice  showed  the  minimum.  Interaction  with  other  foodstuffs  (potato,  carrot,  peas,  kidney  beans
and lentils)  with  and  without  NaCl  affected  the  extent  of chemical  interaction  but  was  not  consistent
with  the carbohydrate  content.  Uranium  interaction  with  d-mannose  monitored  through  ESI–MS,  under
optimized  instrumental  parameters,  identified  the  peaks  corresponding  to uranyl  adduct  with  mannose
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monomer,  dimer  and  trimer  and  the  species  were  confirmed  by MS/MS  studies.  The  product  ion mass
spectra showed  peaks  illustrating  water  loss  from  the parent  ion  as  the  collision  energy  was  increased,  an
evidence  for  the  strong  interaction  of  uranium  with  mannose.  This  study  would  constitute  the essential
background  for understanding  interaction  of uranium  with  various  foods.  Extension  of  this  work  would
involve  identification  of foodstuff  as  green  heavy  metal  scavengers.
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. Introduction

Heavy metal contamination of the environment and livestock
as been a growing concern of multidisciplinary interest, the

mpact of which has socio-political to scientific implications. The
egacy of metal contamination so far comprises mostly of arsenic
1,2] followed by lead, [3–7] cadmium [4,6–10] and mercury [7,11]
ith more elements being identified as industrial exploitation

ncreases. Extensive studies have been carried out on arsenic
ontamination of water resources, soil, vegetation and various envi-
onmentally relevant systems. Studies on the adverse effects of
d, Pb and Hg have also been carried out and effective treatment
ethods have evolved [3,6,7,11–19]. Many documented cases of

ontamination due to other transition and rare earth elements also
xist [1,20,21]. Other heavy metals including radioactive ones are
lso drawing attention lately [20,22–29]. Uranium has received
ignificant attention over the last few decades owing to its promis-
ng applicability as a prospective energy power. These studies are
mportant in India where it is estimated that uranium production

ill increase, as a result of the use of pressurized heavy water reac-
or technology utilizing enriched uranium. The principal ores of
ranium are urania (mostly UO2) and coffinite (U(SiO4)1−x(OH)4x).
olubility products of these oxides (in terms of logKSP) are in the
ange of −8.5. In natural waters it exists as uranyl hydroxide and
arbonate species. Recently efforts have been made to find the
asis of uranium mobility and its effects on the environment have
een reported. Pompe et al. [30] have investigated the interaction
f UO2

2+ with humic acids (HAs) with and without modification
nd found that phenolic OH groups decide the complexationbe-
avior of HAs. Uranium complexes formed after the uptake by
lants were studied by Nitsche et al. [28]. In another work, the
uthors have reported different uranium speciation in water near
o uranium mines by experimental determination as well as by

odelling for the different U(VI) species, at specific pH range [29].
ompounds of relevance include Ca2UO2(CO3)3 (aq) in carbonate-
nd calcium-containing mine waters from Schlema, Germany at
H 7.1. Uranium speciation changes depending on the pH and
he ions and concentrations present in water. They have found
hat in carbonate-containing and calcium-poor tailing water from
elmsdorf at pH 9.8, UO2(CO3)3

4− is the most abundant uranium
pecies, while UO2SO4 (aq) was the most abundant uranium species
rom sulfate-rich mine water in Königstein, Germany at pH 2.6
29].

Even though respiratory intake and epidermal contact of ura-
ium can cause health issues, it is through drinking water and food
onsumption the major propagation and biomagnification of ura-
ium takes place in animals [31]. Recent studies on other mammals

ike rats and rabbits suggest that even the non-radioactive isotopes
an cause hazardous effects in biosphere[23]. Studies based on the
ntake of uranium by animals showed that solubility of uranium
s a crucial factor that determines its metabolism in the body. It
ppears that the amount of soluble uranium accumulated internally

s proportional to the intake from ingestion or inhalation [22,32].
garashi et al. [26] has reported that the maximum allowed limit
f uranium in humans is 40 �g/kg with approximate 40% present
© 2015  Published  by Elsevier  B.V.

in the muscles, 20% in the skeleton and 10%, 4%, 1% and 0.3% in the
blood, lungs, liver and kidneys, respectively. Health hazards caused
by exposure to uranium in rats and rabbits were evaluated by sev-
eral research groups and changes in organs including kidney and
liver were monitored [23,24]. Effect on humans consuming ura-
nium contaminated drinking water in countries all over the world
especially in Canada, Finland, Sweden, Ireland and USA suggested
renal tissues are affected primarily [25].

The uranium poisoned environment and ecosystem demand
effective remediation which should start with research on the
basics of uranium interaction with biomolecules. From previous
studies, it was  found that many heavy metals bind with various
carbohydrate moieties and contribute to the spread of contamina-
tion in environment and health hazards in vegetation [33,34]. Our
investigation substantiates the need to list uranium in the category
of heavy metals capable of strongly interacting with foodstuff.Since
rice is the staple food in many countries (mainly Asian countries),
even small uptake of uranium by the same deserves an exten-
sive study as the permissible World Health Organization (WHO)
limit for drinking water is 15 microgram/L. To study the mecha-
nism of uranium-rice interaction, we  chose d-mannose as a model
monosaccharide and investigated the product using electrospray
ionization mass spectrometry (ESI–MS).

2. Experimental section

2.1. Materials

Uranyl nitrate hexahydrate (UO2(NO3)2·6H2O)  was  purchased
from Thomas Bakers. Glucose and mannose were purchased from
Sigma–Aldrich and Sisco Research Laboratories Pvt. Ltd., respec-
tively. All the rice varieties and other foodstuff used in the study
were obtained from the local market. All the chemicals were used
without further purification and deionized water was also used
throughout the experiment. Urania (UO2) was gifted by IGCAR,
India.

2.2. Instruments

Inductively coupled plasma-mass spectrometry (ICP–MS) mea-
surements of the samples were done with a PerkinElmer NexION
300X instrument. Prior to ICP–MS analysis, the non liquid sam-
ples were digested using an Anton Paar microwave digester
at 800 W for 20 min. Scanning electron microscopy (SEM) and
energy dispersive analysis of the X-ray (EDAX) images were col-
lected using an FEI QUANTA-200. X-ray photoelectron spectroscopy
(XPS) studies were conducted with an Omicron ESCA probe
spectrometer with polychromatic Mg  K  ̨ X-rays (h� = 1253.6 eV).
Electrospray ionization mass spectrometry (ESI–MS) analysis was
carried out using Applied Biosystems 3200 QTRAP LC/MS/MS
system in the mass range of m/z 80 to 1700. The optimized con-

ditions used are as follows: declustering potential (DP) = 60 V,
entrance potential (EP) = 10 V, ion spray voltage (IS) = 3 kV,
collision energy (CE) = 10–60 V, collision cell exit potential
(CXP) = −1 V.
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Table 1
Uranium uptake by different rice varieties per g of the sample. P, UP, B stand for
polished, unpolished and boiled, respectively.

Rice variety Uranium uptake/g of rice (in ppb)

T.N. Ponni (P, B) 314
T.N. Ponni (UP, B) 595
Basmati (P) 465
Basmati (UP) 340
Karnataka ponni 734
Kerala rice 402
ig. 1. Decrease in the uranium concentration in the supernatant solution with time
uring cooking of Karnataka Ponni rice in water containing 720 ppb of uranium.

.3. Methods

.3.1. Uranium interaction with rice and other foodstuffs
Eight different rice varieties were chosen for the study including

olished and unpolished of each variety. For each one, 2 g of rice was
eighed and cooked in 40 mL  of 1 ppm UO2(NO3)2·6H2O solution at

0 ◦C (solution temperature) in a teflon beaker for a period of 2 h.
imultaneously a blank of the rice sample without uranium salt
as also cooked under the same conditions. For ICP–MS analysis, it
as collected 1 mL  of the supernatant (starch) solution with regular

ime interval (0.5 h) and 43.4 �L of concentrated nitric acid was
dded (to make it 5% as standards are also made by this procedure
or our instrument). After complete cooking, the entire rice was
ivided in two equal parts in two digestion tubes, followed by the
ddition of 1 mL  water, 2 mL  H2O2 and 5 mL  concentrated HNO3
nd digested using a microwave digester, working at high pressure
nd temperature (reference method). The digested samples were
iluted and subjected to ICP-MS analysis. A sample of the cooked
ice was analyzed to estimate the uranium content in it using SEM,
DAX and XPS methods. For this, a small amount of the cooked rice
as oven dried and ground into a fine powder prior to analysis.

UO2 was stirred in water for 1 h, centrifuged and collected the
upernatant which was analyzed for its uranium content. This solu-
ion was used as stock solution for reactions with UO2.

.3.2. Uranium interaction with a simple carbohydrate as the
odel system

In order to explore the chemistry of uranium-rice interaction, it
as synthesized uranium-mannose adduct following a previously

eported method [35]. A 20 ml  solution of 2 mM UO2(NO3)2·6H2O
as added to a hot solution of d-glucose (1 mM)  in deionized water

30 mL)  and heated for 30 min  at 80 ◦C. The solution was diluted
sing deionized water and samples of concentration ranging from

 ppb to 50 ppm were prepared and analyzed by ESI–MS.

. Results and discussion

.1. Uptake of uranium by rice

The results of the investigated uranium interaction with eight
ifferent rice samples cooked in water contaminated with uranium

s presented in Figs. 1 and 2 and Table 1. Fig. 1A shows a continu-
us and fast decrease in the uranium concentration in supernatant

olution, upon cooking Karnataka Ponni rice which tends to reach

 constant value. This implies that rice is uptaking uranium from
ater while being cooked. Other rice verities also show more or

ess similar trend as shown in Fig. 2. Degree of uranium uptake
Idli rice 375
IR 20 429

depends both on uranium concentration and variety of rice used.
Almost all the uranium was  uptaken within 2 h which is reflected
by a drastic decrease in uranium concentration in the supernatant
solution (Fig. 1). After 3 h of cooking, the process attains equilib-
rium with no significant change in the concentration thereafter
confirming that the rice has attained its maximum uranium uptake
capacity (see later in Fig. 3). After 5 h of cooking, the rice was
digested and analyzed, following the method described above, to
estimate the uranium concentration inside and it was found to be
in a good agreement with the supernatant solution concentration
as the initial concentration of uranium was  720 ppb while after 5 h
of cooking, in the supernatant it was  found to be 180 ppb and about
500 ppb in the cooked rice. Uranium uptake experiments were per-
formed with different rice varieties considering both polished and
unpolished rice. Uranium concentration in rice after cooking is
given in Table 1. Among all, Karnataka Ponni (polished) rice showed
highest uranium uptake capacity, whereas T.N. Ponni (polished)
has the lowest capacity to concentrate uranium from the solution.
Compared to the unpolished variety, polished variety of Basmati
rice scavenges uranium more readily from solution whereas for T.N.
Ponni, the case is opposite. Therefore, it cannot draw any conclu-
sion whether the polish (rice bran) is affecting or not the uranium
uptake. This capability seems strongly depends on the rice variety
(see Fig. 2).

Although it was  seen that rice can uptake high amounts of ura-
nium, the concentration reached in the experiments (Table 1: above
500 ppb) are not adequate to conduct studies using EDAX, XPS, etc.
To overcome this problem, it was tried to find the limit of uptake of
uranium in rice. For this study, a 1240 ppm uranium solution (pre-
pared from UO2(NO3)2·6H2O) was  used and cooked rice was  soaked
in it. After 4 h of soaking, only 245 ppm of uranium was  left in the
solution. Under visible light the rice color is yellow and shows light
green fluorescence under UV light due to uranium (Fig. 3A). The
fluorescence might be masked due to inherent blue fluorescence
from rice. A sample of the cooked rice was oven dried, ground and
used for XPS, SEM and EDAX analyses and the corresponding data
are represented in Fig. 3B–D, respectively. The SEM-EDAX analysis
of a small portion of rice shows the presence of uranium along with
other elemental components and it is evenly distributed through-
out the rice as seen from elemental mapping (Fig. 3B). From XPS
analysis, binding energies of U 4f7/2 and 4f5/2 were found to be
381.5 eV and 392.3 eV, respectively with spin-orbit coupling (�) of
10.8 eV(standard � = 10.89 eV for U), confirming U(VI) state in the
rice sample (See Fig. 3 and Fig. S2). Please note that, this study has
no relevance to normal cooking and was  performed to check maxi-
mum  uranium uptake limit of rice. This opens up a new possibility
of extracting uranium from uranium concentrates by rice or other
foodstuff.
3.2. Effect on other metal ion concentration

It is known that other metal ions like iron, manganese, etc., are
present in rice in very small quantities. The binding of these met-
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Fig. 2. A–G) Change in uranium concentration in the supernatant solution with time when 2 gram of different rice was cooked at 80 ◦C. Polynomial fits of the data points are
also  shown. H) Uranium concentration per g of rice cooked in uranium contaminated water.

F ining
c m was

a
t
t

ig. 3. A) Photographs of cooked rice soaked in highly concentrated uranium-conta
ooked  rice grain. Corresponding EDAX spectrum is shown in C. Presence of uraniu
ls to rice is still to be explored. Another goal of the study was
o investigate whether the uptake of uranium affects the concen-
ration of metal ions already present in rice. For this purpose the
 water under visible (i) and UV light (ii). B) SEM image and elemental mapping of a
 further proved by XPS in the U 4f region, is shown in D.
concentration of different metal ions such as manganese, iron,
nickel, copper, zinc and chromium in rice we monitored in the
supernatant solution during regular intervals using ICP–MS. Com-
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sponding to m/z 449 and 629 peaks, the MS/MS spectra were also
recorded, as shown in Fig. 7 from which it confirmed the adduct
formation and strong binding of uranium with mannose.
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Fig. 4. Change in uranium concentration in the digested rice with time d

aring the concentration change of the transition metal ions during
ooking with and without uranium, it was found that uranium
ptake does not alter the binding of other metals to any significant
xtent as evident from Fig. 4.

.3. Uranium interaction with monosaccharide

The experiments indicate that rice is scavenging uranium from
ater containing uranium in the form of uranyl ion. The next step
as focused on exploring the chemistry of the interaction at the
olecular level using mass spectrometry. As it is difficult to monitor

irectly rice or the supernatant by ESI–MS, the experiments were
erforemed with a simple carbohydrate, mannose as our model
ystem and tried monitoring its interaction with uranium. As it is
nteresting to probe if uranium naturally interactions occurred in
ontaminated areas it was used a common uranium mineral, ura-
ia (mostly UO2) as the uranium source. It was found that uranium
pecies existing in water are the same irrespective of whether they
re generated from UO2 or from a suitable commercially available
ranium salt as shown in Fig. 5 . Uranyl bound mannose monomer,
imer and also trimer were observed in ESI–MS along a few water
etachment products from mannose. Uranium can be tetra or hexa-
oordinated [35]. Hydroxyl groups in mannose can participate in
omplexation to give tetra co-ordination for single and hexa co-
rdination for double mannose attachment. From previous reports

t was known that sugar can coordinate with U through two  –OH
roups [35]. In aqueous solution UO2

2+ is mostly found to be
ydrated as most intense peak is due to UO2(OH)+. Since the sol-
bility of uranium oxide in water is very low, it was  found more
ppropriate to carry out further mass spectral analysis of uranium
arbohydrate interaction using UO2(NO3)2·6H2O as the uranium
ource. The mass spectra generated for UO2(NO3)2·6H2O, man-
ose solution and uranyl–mannose adduct in positive ion mode
re shown in the Fig. 6(A). The ESI–MS of mannose in water usually
orms Na adduct and the corresponding peak is observed at m/z 203
M-Na)+ which gives an overall positive charge.

Same tendency was found for mannose dimer and trimer also as
hown in Fig. 6C. MS/MS  of Na attached dimer or trimer leads to the
annose monomer. Uranyl nitrate can lose one or both the nitrate

roups and can form UO2
2+ and UO2 (NO3)+. The UO2

2+ can capture
ne electron and can appear as UO2

+ in positive ion mode. We have
bserved both the ions [UO2

+ and UO2(NO3)+] in positive mode (see

ig. 6B). Corresponding nitrate ion was also observed in the nega-
ive ion mode at m/z 62. The UO2

2+ can form adduct with water and
O2(OH)+ is a well known species and was detected at m/z 287.
ranium has three natural isotopes U234, U235 and U238. Among
 cooking of Karnataka Ponni rice in water containing 1 ppm of uranium.

them, U238 is the most abundant one (around 99.3%). The other
(radioactive) isotopes, U234 (0.0053%) and U235 (0.72%) are very
hard to detect through ordinary mass spectrometry. The MS/MS
study of UO2(OH)+ leads to free UO2

+ but it never decay to free ura-
nium ion which can be explained in terms of the stability of the ion
in solution as well as in the gas phase. The important peaks found
exclusively in the uranyl-mannose sample compared to the pre-
cursor spectra are m/z 449 and m/z 629. They correspond to uranyl
adduct with mannose monomer and dimer, respectively. And at
higher concentration, a trimer adduct at m/z 809 was also spotted.
Detection of a peak at m/z 449 suggests that the species must have
been formed by the loss of a proton from one of the hydroxyl groups
coordinating UO2

+ and the as-formed complex is stable in solution
as well as in the gas phase.

In order to have more information regarding the species corre-
m/z
Fig. 5. ESI MS  of uranyl-mannose adduct (prepared using urania) in positive ion
mode.
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In CID (collision induced dissociation), with increasing collision
nergy (CE), it was found that the intensity of the parent peak
ecreases and new peaks appear which are separated by m/z 18

ue to water loss which is a common fragmentation pattern in
ll the sugars. The peak at m/z  629 also shows similar kind of
ater loss at lower collision energy. At higher CE, one mannose

nit loss was observed and subsequent water loss species have

200 40 0 60 0 80 0

[U
O

2]
+

[U
O

2(
O

H
)]+

[U
O

2(
M

-H
)]+

-H
2O

U
O

2(
(M

) 2
-H

)]+

U
O

2(
(M

) 3
-H

)]+

[UO2]+

[UO2(OH)]+

[UO2 (NO3)]+

[M+Na]+

[2M+ Na]+

[3M+ Na]+

A

B

C

m/z
ig. 6. ESI MS of (A) uranyl-mannose adduct (prepared using UO2(NO3)2.6H2O, (B)
O2(NO3)2.6H2O and (C) mannose in positive ion mode.

375 390 40 5 42 0 43 5

550 57 5 60 0 625

200 300 40 0 500 60 0 700 80 0

H2O
H2O

H2O
H2O

H2O

H2O H2O

[UO2((D-M)2 - H)]+

[UO2(M-H)-H2O]+

[UO2(M-H)-H2O]+

[UO2(OH)]+

UO2
+

m/z
ig. 7. ESI MS/MS  of uranyl-mannose adduct with increase in collision energy (CE)
howing water loss products at lower CE. At higher CE, mannose as well as water
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Fig. 8. IR spectra of glucose-uranyl and mannose-uranyl complexes, showing sig-

nificant differences from the parent glucose and mannose. The arrows are showing
the finger print peaks for sugars. Some of peaks at 3140–3460 and 990–1130 cm−1

are saturated.

also been formed as shown in Fig. 7. Note that similar kind of
adduct formation was  observed previously with glucose and the
complex was studied using infra-red (IR) and nuclear magnetic
resonance (NMR) but not observed in mass spectrometry suggest-
ing that the species might not be stable in the gas phase [35]. It
was have also monitored glucose, mannose and the correspond-
ing complex formation by IR spectroscopy. The anomeric structure
of glucose and mannose can be confirmed form the 950–500 cm−1

region where signature peaks of d-glucose were observed around
915, 850, 780 and 600 cm−1 (Fig. 8 and Fig. S3 marked with blue
arrow). Huge changes were observed in this region confirming
appreciable interaction of uranium with glucose/mannose. A strong
peak was observed at 930 cm−1 which can be attributed as O U O
stretching in uranyl-glucose/mannose complex as marked in Fig. 8.
Several bands due to CH2, C OH and C CH bending modes come
in the 1460–1200 cm−1 region. Most of the peaks were absent
or shifted after complexation with uranyl. Several other peaks
were observed in the 1150–950 cm−1 region due to ring C O
stretching vibrations which also changed significantly after com-
plexation. A strong absorption at 1384 cm−1 can be confirmed for
N O stretching frequency of nitrate ion which was originally absent
in glucose/mannose and appeared only after complexation with
uranyl ions. Peak around 1650 cm−1 is due to the H2O bending
mode. Significant changes were observed in the 4000–3000 cm−1

region where several OH and CH stretching frequencies overlap
confirming involvement of OH groups in complexation with UO2

2+.
These data are in good agreement with the previously reported
glucose-uranyl complex [35].

3.4. Interaction of uranium with other foodstuffs

Unusual uranium uptake by rice inspired to widen the study
to different vegetables with varying carbohydrate content. Potato,
carrot, peas, lentils and kidney beans where chosen for the pur-

pose. The results presented in Fig. 7 show that not only starchy food
but also other foods with less carbohydrate content (potato, carrot,
kidney bean, lentil and peas) uptake reasonable quantities of ura-
nium; in some cases uranium uptake is comparable with some rice
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ig. 9. (A) Decrease of uranium concentration in the supernatant solution with time 

oncentration per gram of the food cooked in 1 ppm uranium contaminated water.

arieties. In the tested foodstuffs, some of them create color in the
olution and moreover, they get boiled easily leaving some parti-
les in the solution making it difficult by ICP–MS analysis. Therefore,
t was not possible monitor the release of uranium concentration
nto the supernatant, except for carrot which results is presented in
ig. 9A. For carrot, just after 2 h of cooking, uranium concentration
n the solution decreased to 240 ppb (initial uranium concentration

as 1070 ppb) and was saturated within 3 h (190 ppb at 3 h and
25 ppb after 7 h). Cooked carrot sample showed about 410 ppb of
ranium.

When cooking, all these foodstuffs are in presence of salt and
ther ingredients. As the use of all the ingredients can create addi-
ional colors and other effects in foods, the experiments done to
heck the effect in uranium uptake were restricted to NaCl. Each of
he food samples was cooked with and without NaCl (50 ppm). Even
hough the presence of salt changes the uranium uptake (Fig. 9B),
t was not unable to have a conclusion as in some cases uptake
ncreased and in others decreased.

. Summary and conclusions

In the present study, it was investigated the interaction of ura-
ium (1 ppm) with different cooked foodstuffs. Among the eight
ifferent rice varieties Karnataka ponni showed the maximum
ranium uptake whereas unpolished basmati rice showed the mini-
um  but all of them uptake maximum uranium content from water

fter 2 h of cooking. Interaction with other foodstuffs (potato, car-
ot, peas, kidney beans and lentils) with and without NaCl affected
he extent of chemical interaction but was not consistent with
he carbohydrate content. The monitored uranium interaction with
-mannose through ESI–MS, under optimized instrumental param-
ters, identified the peaks whose corresponded to uranyl adduct
ith mannose monomer, dimer and trimer which were also con-
rmed by MS/MS  study. The product ion mass spectra showed
eaks illustrating water loss from the parent ion as the collision
nergy was increased, an evidence for the strong interaction of
ranium with mannose. This study would constitute the essential
ackground for understanding interaction of uranium with vari-

us foodstuffs. Further extension of this work would be carried
ut with various heavy metals and other contaminants present

n water as many such species are being reported in the recent
ast.

[

 cooking of carrot with and without NaCl in water containing uranium. (B) Uranium
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In vitro colocalization of plasmonic nano-biolabels
and biomolecules using plasmonic and Raman
scattering microspectroscopy

Kamalesh Chaudhari and Thalappil Pradeep*
Indian Institute of Technology Madras, Department of Chemistry, DST Unit of Nanoscience and Thematic Unit of Excellence,
Chennai 600 036, India

Abstract. An insight into the intracellular fate of theranostics is important for improving their potential in biological
applications. In vivo efficacy of plasmonic theranostics depends on our ability to monitor temporal changes in
their size, shape, and state of aggregation, and the identification of molecules adsorbed on their surfaces.
We develop a technique which combines plasmonic and Raman scattering microspectroscopy to colocalize
plasmonic scattering from metallic nanoparticles with the Raman signatures of biomolecules adsorbed on
the surface of the former. Using this technique, we have colocalized biomolecules with the plasmonic scattering
from silver nanoparticles in the vicinity of Escherichia coli bacteria. To prove the applicability of this setup for
the measurements on mammalian cells, imaging of HEK293 cells treated with gold nanoparticles was per-
formed. We discuss the importance of such correlated measurements over individual techniques, although
the latter may lead to misinterpretation of results. Finally, with the above-mentioned examples, we have
given criteria to improve the specificity of theranostics. We believe that this methodology will be considered
as a prime development in the assessment of theranostics. © 2015 Society of Photo-Optical Instrumentation Engineers

(SPIE) [DOI: 10.1117/1.JBO.20.4.046011]

Keywords: localized surface plasmon resonance; surface enhanced Raman scattering; colocalization; nano-bioconjugates;
microspectroscopy.
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1 Introduction
Colocalizations of nanoparticles and biomolecules in cellular
environments are important for the development of efficient
nano-biosensors and theranostics.1–4 Detection of theranostics
can be based on their plasmonic signals or surface enhanced
Raman scattering (SERS) signals obtained from the molecules
in the vicinity of particles. To assess the intracellular specificity
of theranostics, it is important to verify the exact size, shape, and
state (single or dimer or aggregate) of nanoparticles along with
the identification of molecules adsorbed on their surfaces.5,6

Various techniques have been developed for such observations
at the single particle level.7–9 Among the available techniques,
dark field scattering microspectroscopy (DFSMS) is a well-
established technique for the observations of single plasmonic
nanoparticles (particularly silver and gold).10,11 On the other
side, confocal Raman scattering microspectroscopy (RSMS)
has been considered as an efficient tool for the detection of sin-
gle molecules, and where Raman signals from biomolecules
are too weak to be detected in a noisy environment, noble
metal nanoparticles (NMNPs) can be of help.12,13 Due to their
SERS activity and thermal properties, NMNPs have been used
as theranostics.12,13 In a complex environment, nanoparticles of
different sizes and shapes may exhibit similar signals or SERS
activities.14 Hence, confirmation of the signals obtained using
multiple techniques is essential for improving detection and
sensing capabilities.15 In such cases, the exact nature of particles

can be determined by methodologies based on polarization and
excitation wavelength-dependent measurements of their SERS
activity or their plasmonic spectra.16–19 To precisely monitor
specificity, correlated measurements using combined techniques
and setups are required. These techniques generally involve cor-
relation between two different signals obtained from the same
nanoparticle15 or precise tracking of single particles in real
time.20 In this context, if it is necessary to understand the
exact state of nanoparticles and biomolecules responsible for
the state change,4,21 DFSMS and RSMS are the important tech-
niques which allow such identifications. A few demonstrations
of such combined techniques have been done in the past. Lee et
al. have demonstrated such correlated measurements for dimeric
and trimeric forms of Au–Ag core shell nanoparticles tethered
on DNA.22 In this study, Rayleigh scattering, SERS, and atomic
force microscopy were used for correlated measurements. These
results were used to determine relationships between particle
structure, SERS, and Rayleigh scattering with the help of scat-
tering intensity ratio and the incident polarization. In another
study, such correlated measurements between Rayleigh scatter-
ing and SERS were performed on AgNP aggregates and the data
obtained were used to determine the optimized conditions
required for maximum SERS.23 Apart from such physicochemi-
cal applications and developments, correlated measurements
have major applications in biology. A study from Henry et al.
has shown the application of such a technique to collect SERS
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signals from multiple nanotags at the same time.24 In other stud-
ies performed by El-Sayed et al., combined Rayleigh and
Raman spectroscopy was used to identify phases of cell
cycle or other applications such as the determination of drug
efficacy from single cell imaging.21,25 In a recent work, we
have performed single cell investigations of silver nanoparticles
within bacteria using separate DFSMS and RSMS measure-
ments.10 With this background, development of such techniques
is under progress and improvements in terms of resolution, ease
of operation, various data analysis, and interpretation techniques
are the criteria under consideration.21,25 Here, we discuss issues
related to the specificity of detection techniques. In sensing and
detection of intracellular nanoparticles, while using plasmonic/
fluorescence imaging, changes in the scattering/fluorescence
signals due to dimerization or aggregation of nanostructures
are considered as signals.26–28 But due to the complexity of
a biological environment, apart from the molecule of interest,
many other moieties in the cellular environment can affect
the system under investigation. For example, proteins in the
cell culture medium itself cause aggregation of nanoparticles.29

Moreover, interactions among the nanoparticles themselves lead
to their aggregation.5 Also, due to various chemical changes in
the surroundings of nanoparticles, changes in the intrinsic prop-
erties of nanoparticles may also affect the confidence level of the
diagnostic data.3 Hence, in such cases, it is necessary to identify
the molecules in the vicinity of the nanoparticles as well as state
of the particle such as dimer or aggregate. Similarly, while using
SERS-based detection of intracellular nanoparticles, changes in
the intensity of Raman signals are considered for the localization
of nanoparticles.30,31 In such cases, for better understanding of
the results, it is important to understand the state of the nano-
particle as well as the mechanisms involved in the SERS activity
of the same. To solve the aforementioned issues, in this work,
we have demonstrated a combination of high-resolution DFSMS
with RSMS. A system of AgNP-treated bacteria was investigated
as an example. We have shown successful colocalization between
plasmonic signatures of nanoparticles along with the Raman sig-
nature of biomolecules in the vicinity of bacteria. Applicability of
this setup for the measurements on mammalian cells was dem-
onstrated with the system of HEK293 cells treated with gold
nanoparticles. Further, we discuss the mechanism of SERS of
nanostructures within cells. To the best of our knowledge, this
is the first time such measurements have been used for

intracellular colocalization of plasmonic nanoparticles with bio-
molecules and to investigate the mechanisms of SERS
inside cells.

2 Materials and Methods

2.1 Materials

Tetrachloroauric acid trihydrate (HAuCl4 · 3H2O) (99.9%), tri-
sodium citrate (>99%), poly-L-lysine solution (0.1% in H2O),
and trypsin-Ethylenediaminetetraacetic acid (0.25% in H2O)
were purchased from Sigma Chemicals. Silver nitrate (99.9%)
was purchased from RANKEM, India. Dulbecco’s modified
Eagle medium (DMEM) with high glucose, GlutaMAX™
Supplement and pyruvate, Antibiotic (100×, penicillin–strepto-
mycin–glutamine), and fetal bovine serum were purchased from
Invitrogen. Plasticware for cell culture was purchased from
Tarson, India. Millipore deionized water (DI) (∼18.2 MΩ)
was used throughout the experiments.

2.2 Synthesis of Citrate Capped Silver
Nanoparticles

AgNPs were synthesized by the Turkevich method.32 Briefly,
17 mg of AgNO3 was dissolved in 100 mL of DI water. This
solution was heated to 100°C and then 40 mg of trisodium citrate
was added. Once the color of the solution started changing to
pale yellow, it was cooled under tap water. As synthesized,
AgNPs were characterized using UV–Vis spectroscopy and
transmission electron microscopy (TEM) imaging. A broad sur-
face plasmon resonance (SPR) distribution with a maximum
at ∼410 nm was observed [Fig. 1(a)]. TEM suggests nonuni-
formity in the size and shape of AgNPs.

2.3 Synthesis of Citrate Capped Gold Nanoparticles

GNPs were synthesized by the Turkevich method.32 Briefly,
20 mL of 0.3 mM HAuCl4 solution in DI water was heated in
a synthesizer (400 rpm). Upon boiling, 240 μL of 100 mM
trisodium citrate solution was added. After 20 min of boiling,
the color of the solution changed to wine red. Then the solution
was cooled at room temperature. As synthesized, AuNPs were
characterized using UV–Vis spectroscopy and TEM imaging.
AuNPs of size ∼40 nm in diameter with SPR around 529 nm
were observed [Fig. 1(b)].

Fig. 1 (a) UV–Vis extinction spectrum of citrate capped AgNPs. Inset shows transmission electron
microscopy (TEM) image of these nanoparticles. (b) UV–Vis extinction spectrum of citrate capped
AuNPs. Inset shows TEM image of these nanoparticles.
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2.4 Bacterial Culture and Sample Preparation

Escherichia coli 739 bacterial culture was grown to an
OD600 (optical density at 600 nm) value of 1. This culture
(5 mL) was washed twice by centrifugation (3000 rpm,
10 min) with DI water. The final pellet was resuspended in
the as-prepared AgNP solution and incubated at room temper-
ature for 1 h. After that, this E. coli-AgNP suspension
was washed twice with DI water and spotted on
a poly-L-lysine-coated ultrasonically cleaned glass slide (1-mm
thickness, SCHOTT). After 5 min of incubation, the slide
was flushed with DI water to remove unbound bacteria and
covered with 0.145-mm thick coverslips (SCHOTT) for imag-
ing purposes.

2.5 Mammalian Cell Culture and Sample
Preparation

HEK293 cells were cultured on poly-L-lysine-coated glass
coverslips in six-well plates. After reaching ∼80% confluency,
cells were washed twice with 1× phosphate-buffered saline
(PBS) and 2 mL DMEM containing 100 μL citrate capped
GNPs was added. These cells were incubated overnight inside
the incubator at 37°C. After this, the cells were washed thrice
with 1× PBS and incubated with paraformaldehyde solution
(4% in 1× PBS) for 8 min. Then the cells were washed thrice
with 1× PBS and mounted on 1-mm thick glass slides
(SCHOTT).

2.6 UV–Visible Extinction Spectroscopy

Ensemble UV–Vis extinction spectroscopic measurements were
performed using PerkinElmer Lambda 25 spectrophotometer in
the range of 200 to 1100 nm.

2.7 Transmission Electron Microscopy

High resolution transmission electron microscopic measure-
ments were performed using a JEOL 3010, 300 kV instrument.
Carbon-coated copper grids were used for measurements.
Samples were spotted by drop casting followed by ambient
air drying.

2.8 Confocal Raman Scattering Microspectroscopy

Raman microspectroscopic measurements were performed
using WiTec GmbH equipment. Frequency doubled Nd:YAG
dye laser (532 nm) with a maximum output power of 40 mW
was used for excitation of the sample. The laser was focused onto
the sample using a 100× oil immersion objective (UPLFLN,
Olympus). The signal, after passing through a 532 nm super-
notch filter, was dispersed using a grating (600 grovesmm−1)
onto a charge-coupled device (CCD). Spectral images were
scanned using the sample mounted on a piezo stage.

2.9 Plasmonic and Raman Scattering
Microspectroscopy

For plasmonic and Raman scattering microspectroscopy
(PRSMS) measurements, an attachment was designed to use
a Cytoviva™ high-resolution dark field condenser (oil immer-
sion) and 100× oil immersion objective (UPLFLN, Olympus) in
the above-mentioned confocal Raman microspectroscope. For
white light illumination (400 to 1000 nm), a L1090-Halogen

Lamp from International Light Technologies Inc. was used.
The other details of the instrument for Raman microspectro-
scopic measurements are the same as above.

3 Results and Discussion

3.1 Setup for Combined Plasmonic and Raman
Scattering Microspectroscopy

To accomplish correlated DFSMS and RSMS measurements of
biological samples using the same setup, we attached a high-res-
olution dark field condenser with a conventional point-scan
RSMS setup. Schematic and photographs of the actual setup
are shown in Fig. 2. In the PRSMS setup, a dark field condenser
was used to illuminate samples in the transmitted dark-field con-
figuration. For the DFSMS of samples, a visible–near-infrared
(VNIR) light source with a wavelength range from 400 to
1000 nm was used to excite the plasmonic modes of NMNPs.
For RSMS, a 532-nm laser was used to excite the Raman spectra
and measurements were performed in the reflection mode.
Samples sandwiched between a coverslip and glass slide were
placed on a piezoelectric scanner and the scattered light was
collected using a 100× oil immersion objective. Substantial sig-
nal strength in conjunction with confocality was achieved using
a 100-μm optical fiber. This fiber was connected to a VNIR
spectrometer equipped with appropriate gratings to resolve the
spectra. Since for DFSMS a wide range of wavelengths has
to be scanned, a grating with 150 grooves∕mm was used.
For RSMS, a shorter wavelength range but better resolution
is necessary. Hence, to resolve RSMS spectra, a grating with
600 grooves∕mm was used. It is important to mention that
despite the use of wide field illumination in DFSMS, the method
of signal collection was confocal due to the configuration of the
RSMS setup. Such a signal collection in DFSMS has its pros
and cons, which are discussed below.

3.2 Images of AgNP Treated Bacteria Collected
with Different Configurations

Figure 3(a) shows a dark field image of bacteria (E. coli 739)
treated with citrate capped silver nanoparticles. This image was

Fig. 2 Schematic of the setup for correlated plasmonic and Raman
scattering microspectroscopy (PRSMS) measurements. Briefly, it
consists of a high-resolution dark field condenser attached with
conventional point-scan confocal RSMS setup. Inset shows a
dark field condenser (red arrow, top left) along with the designed
attachment (blue arrow, down right).
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captured using a CCD camera of the PRSMS setup. In such an
image, it appears that only borders (cell wall) of the bacteria
scatter substantial light, whereas the central portion appears
transparent. This is because the wide field image strongly
reflects the relative intensity variations which occur due to
light collection from all focal planes. But when this sample
was measured for DFSMS using the PRSMS setup, the spectral
image was captured pixel by pixel using an optical fiber which
introduces confocality. Such a confocal signal collection produ-
ces an image constructed from the light collected only from a
particular focal plane. This image has a diffused appearance as
shown in Fig. 3(b). To eliminate the possibility of defocused
imaging in the PRSMS setup, care was taken to focus the desired
plane of imaging by using a laser spot for confocal RSMS.
Figure 3(c) shows a line profile of the scattering intensity
along the yellow line in Fig. 3(b). Line profile shows the maxi-
mum at the center similar to the airy disc pattern and confirms
that the particle was properly focused.

We also observed that when DFSMS images are presented
as intensity scaled images, it does not reveal information
about locating the NMNPs in complex environments. However,
the sharp and nearly monochromatic scattering features of
NMNPs allow them to be distinguished as bright and distinct
colored spots. This can be achieved by presenting DFSMS
images as pseudo-RGB color coded images [Fig. 3(b)]. In
pseudo-colored DFSMS images, we have assigned 552-,
615-, and 688-nm wavelengths to blue, green, and red colors,
respectively. With this, particles can be clearly located as
shown in Fig. 3(b) by red arrows. On this background, we
have performed PRSMS measurements on two different systems.
These measurements combine our ability to locate NMNPs
using DFSMS and colocalizing the same with biomolecules
using RSMS.

3.3 Colocalization of AgNPs and Biomolecules in
E. Coli

A previous study10 by our group using RSMS has shown that
AgNPs interact specifically with the bacterial DNA. It was
observed that adenine (A), guanine (G), and cytosine (C) exhibit
substantial SERS intensities while thymine (T) shows only
limited SERS enhancement. This is because the interactions
between AgNPs and A, G, and C are stronger than those with
T. This specificity of interaction is due to the interaction between
AgNPs and the exocyclic nitrogen present in A, G, and C. In the
aforementioned study, DFSMS was used separately to show the
attachment of AgNPs to the bacteria.10 Here, in the present

study, we use PRSMS to colocalize the position of AgNPs
with the Raman signatures of biomolecules. Figure 4 shows
the consolidated data of these measurements.

Figure 4(a) shows the dark field image captured using a CCD
camera with the PRSMS setup. In the region of interest (ROI)
selected for imaging, we can see AgNPs labeled 1, 2, 3, and 4
are attached on the surface of bacteria and particle 5 is on the
glass slide. The next image shows a pseudo-colored DFSMS
image [Fig. 4(b)] for the same ROI. Scattering spectra collected
from particle positions are shown in Fig. 4(e). Based on the
scattering spectra, it can be observed that particle 1 is possibly
a rod or prism-shaped silver nanoparticle;33 whereas the other
particles are relatively smaller and scatter light at lower wave-
lengths. Among the marked AgNPs, particles 2 and 3 scatter
more light as compared to particles 4 and 5. This suggests
that AgNPs 2 and 3 are relatively larger particles. Also as com-
pared to AgNP 1, other particles show a broadening in their
scattering peak, implying adsorption of biomolecules on their
surfaces. Figure 4(c) shows the intensity scaled RSMS image
of the same ROI shown in Fig. 4(a). It suggests a maximum
intensity enhancement in the vicinity of AgNPs 2 and 4. To
understand this data better, we have done cluster analysis of
the RSMS image. Cluster analysis helped in grouping and
color coding the Raman spectra on the basis of their similarities.
Then this color coded image was overlaid with the dark field
image as shown in Fig. 4(d). Averages of the spectral clusters
are shown in Fig. 4(f) where it can be seen that although some
intensity enhancement was observed on AgNP 2 and bacteria at
the bottom, actual SERS activity was observed only in the vicin-
ity of AgNP 4 (red colored Raman spectrum). Considering the
scattering spectrum of AgNP 4, it can be concluded that in this
case, SERS activity is due more to the electronic resonance-
charge transfer between the AgNP and the molecule in its vicin-
ity than the electric near-field enhancement. These observations
suggest that although many AgNPs attach to the bacteria, all
particles do not exhibit SERS activity. This is due to the depend-
ence of SERS activity on the site of molecular adsorption on the
surface of the nanoparticle as well as the size and shape of the
nanoparticle. Assignments of Raman bands corresponding to
the molecule in the vicinity of AgNP 4 are given in Table 1.
Most of these bands were found to be due to DNA. These results
are in good agreement with our previous observations on the
interaction between AgNPs and bacteria.10 For a further demon-
stration of the applicability of PRSMS setup with mammalian
cells, we have performed measurements on HEK293 cells
treated with citrate capped AuNPs. These observations are
discussed in Sec. 3.4.

Fig. 3 (a) Dark field image captured using CCD camera of the PRSMS setup. (b) Pseudo-colored dark
field scattering microspectroscopy (DFSMS) image collected using the PRSMS setup for the same area.
Red arrows indicate the presence of AgNPs which exhibit sharp SPRs. A dotted yellow line shows pixels
for which scattering intensity profile is shown in (c). Scale bar is 1 μm for images (a) and (b).
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3.4 Colocalization of AuNPs and Biomolecules
Inside HEK293 Cells

Figure 5(a) shows the dark field image of HEK293 cells treated
with citrate capped AuNPs of ∼40 nm in diameter. The Z scan-
ning (focus stacking) measurements performed on these cells
have shown that the AuNPs under investigation were within
the cells. To prove this, a movie compiled of a Z scanned
image stack is shown in Video 1. Figure 5(b) shows a pseudo-
colored DFSMS image of the ROI shown in Fig. 5(a).
Corresponding scattering spectra shown in Fig. 5(d) suggest

that particle 1 has a sharp plasmon resonance and relatively
less FWHM, which implies that it is a single AuNP. Other par-
ticles (2 and 3) show scattering signatures of aggregates (multi-
ple broad but sharp SPRs). The scattering signal from cellular
components exhibits a broad spectrum as well. When the ROI
shown in Fig. 5(a) was scanned for RSMS, particle 1 exhibited
the most SERS activity [Figs. 5(c) and 5(e)] whereas an aggre-
gate (particle 2) exhibits only a moderate enhancement in the
Raman signal as compared to the background. This observation
suggests that, although due to the plasmonic coupling effect
aggregates are expected to exhibit better SERS activity than sin-
gle nanoparticles, SERS activity is highly specific to the site of
molecule adsorption. Hence, such PRSMS studies are necessary
for additional confirmation about the nature of the nanoparticle
under investigation. When diagnostic or sensing techniques are
solely based on SERS activity or the expected hybridization of
NMNPs by specific biomolecules, colocalization using PRSMS
is necessary to prove the presence of moieties and nanostruc-
tures of interest. In this particular measurement, assignments
for Raman bands are given in Table 2. A major band was
assigned to protein molecules (1600 to 1700 cm−1) and another
band between 1050 and 1125 cm−1 was assigned to DNA and
RNAO-P-O stretching. It has been reported by previous studies
that such an appearance of the Raman band is commonly found
for mammalian cells undergoing apoptosis.25

Further, from our observations, it can be seen that when the
same ROI containing particle 1 was scanned separately for
RSMS [Fig. 5(e), black trace], the Raman spectrum did not
repeat with high fidelity upon rescanning [Fig. 5(e), red trace],
although in both these measurements, the instrumental param-
eters were kept exactly the same. This may be due to the

Fig. 4 Images of AgNP treated bacteria collected using PRSMS setup in different configurations.
(a) Dark field image captured using CCD camera. (b) Pseudo-colored DFSMS image. (c) Intensity scaled
confocal RSMS image and corresponding color scale are shown. (d) Overlay of the clustered RSMS
image with dark field image. (e) Scattering spectra of AgNPs 1 to 5 are shown along with the scattering
spectrum of bacteria. (f) Averaged cluster spectra corresponding to image (d) are shown in matching
colors. Scale bar is 1 μm in all the images.

Table 1 Assignments of Raman bands of AgNP treated Escherichia
coli sample.

Sr. No.
Peak position

(cm−1) Assignment Reference

1 1023 Tryptophan 34

2 1123 Protein/lipids/carbohydrates 10

3 1205 Tyrosine/uridine 10

4 1275 Thymidine 25

5 1348 Adenosine and guanosine 22

6 1496 Adenosine 25

7 1578 dAMP 34

8 1627 Tryptophan + tyrosine 35
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complexity of the biological samples and sensitivity of the mea-
surements to the surrounding environment. Hence, we suggest
that in biosensing measurements, it is first necessary to optimize
experimental parameters using standard samples of similar types
and then perform measurements with the experimental samples.

4 Conclusions
We have developed a methodology for colocalizing intracellular
biomolecules and plasmonic NMNPs by plasmonic and Raman
scattering microspectroscopy. We demonstrate the applicability
of PRSMS setup by imaging AgNP treated E. coli bacteria.
SERS signals of biomolecules were detected from the same
place where plasmonic scattering signals for nanoparticles were
detected. These observations suggest that nanoparticles and
observed biomolecules are in such close vicinity that SERS
could occur and help us to colocalize the same. In the case of
mammalian cells, considering the biocompatibility of AuNPs,

an example of AuNPs treated HEK293 cells was demonstrated.
Observations support the fact that the SERS activity of nano-
particles is specific to shape, size, and site of adsorption. Data
further suggest that in the case of the samples comprised of
multiple complex components, localization of molecules only
on the basis of intensity scaled RSMS images or indirectly
through the plasmonic features of NMNPs may be risky in sens-
ing applications. In such cases, dual verification of the sensing
signals is necessary. We believe that PRSMS provides a solution
to such problems and can be efficiently used for molecule and
particle colocalization in biological environments which will be
of prime importance in improving the specificity of theranostics.
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Rohitukine, a chromone alkaloid, possesses anti-inflammatory, anti-cancer and immuno-modulatory
properties. It has been reported from four species, belonging to the families, Meliaceae and Rubiaceae.
Stem bark of Dysoxylum binectariferum (Meliaceae) accumulates the highest amount of rohitukine
(3–7% by dry weight). In this study, we examine the spatial and temporal distribution of rohitukine
and related compounds during various stages of seed development in D. binectariferum using desorption
electrospray ionization mass spectrometry imaging (DESI MSI). Rohitukine (m/z 306.2) accumulation
increased from early seed development to seed maturity stage. The spatial distribution of rohitukine
was largely restricted to the cotyledonary tissue followed by the embryo and least in the seed coat.
Besides rohitukine, rohitukine acetate (m/z 348.2) and glycosylated rohitukine (m/z 468.2) were also
detected, both through mass fragmentation and exact mass analysis through Orbitrap mass
spectrometry. These results indicate a dynamic pattern of chromane alkaloid accumulation through seed
development in D. binectariferum.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Rohitukine(5,7-dihydroxy-8-(3-hydroxy-1-methyl-4-piperidi-
nyl)-2-methyl-4H-chromen-4-one) (Fig. 1E), is a chromone
alkaloid where the basic nitrogen ring is linked to 5,7-dihydroxy-
2-methylchromone nucleus (Jain et al., 2013). The compound is
reported to possess anti-inflammatory, anti-fertility, anti-
implantation, anti-cancer and anti-adipogenic activities besides
having immuno-modulatory properties (Harmon et al., 1979;
Ismail et al., 2009; Mohana Kumara et al., 2010; Naik et al.,
1988; Varshney et al., 2014). Several semi or fully-synthetic ana-
logs of rohitukine have been developed of which flavopiridol (also
known as HMR 1275 or alvocidib), is a potent CDK inhibitor with
broad specificity to several kinases including CDK1, CDK2 and
CDK4 (de Souza Noel, 1993). It arrests the cell cycle at both G1
and G2 phases (Senderowicz and Sausville, 2000) and has been
shown to be effective against breast and lung cancers and chronic
lymphocytic leukemia (Sedlacek et al., 1996; Stadler et al., 2000).
Anothersemi-synthetic compound, L-868276, derived from rohitu-
kine has specific and potent inhibitory effects on CDK2 (De
Azevedo et al., 1996).

Rohitukine was first isolated from leaves and stems of Amoora
rohituka (Meliaceae) (Harmon et al., 1979). Later the alkaloid was
also reported from stem bark of Dysoxylum binectariferum
(Meliaceae) and Schumanniophyton problematicum and
Schumanniophyton magnificum (both belonging to Rubiaceae)
(Houghton and Hairong, 1987b; Houghton and Woldemariam,
1993; Naik et al., 1988; Yang et al., 2004). Of these sources, stem
bark of D. binectariferum is the richest, with yields ranging between
3% and 7% by dry weight (Mohana Kumara et al., 2010). Mahajan
et al. (2015) reported a substantial accumulation of rohitukine in
leaves and fruits of D. binectariferum. Besides the plant sources,
endophytic fungi associated with D. binectariferum, have also been
reported to produce rohitukine in culture, independent of the host
(Mohana Kumara et al., 2012, 2014). Recently, dysoline, a new
regioisomer of rohitukine was reported from stem bark of
D. binectariferum (Jain et al., 2013). The biosynthetic pathway of
rohitukine in plants is not yet elucidated (Manske and Brossi,
1987) and the functional significance of this compound in the plant
is also not clearly known.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.phytochem.2015.02.031&domain=pdf
http://dx.doi.org/10.1016/j.phytochem.2015.02.031
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Fig. 1. (A) Dysoxylum binectariferum fruit showing the seeds, (B) D. binectariferum seed, (C) cross section of the seed through the embryonic region (SC: Seed coat, C:
Cotyledon, EB: Embryo), (D) representative TLC imprint of the seed section for DESI MS imaging (scale bar is 5 mm) and (E) structure of rohitukine.
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In this study, we examine the spatial and temporal dis-
tribution pattern of rohitukine and its analogs in different parts
of the seeds during its development. Several studies have
addressed the spatial and temporal distribution patterns of pri-
mary metabolites and nutrient loading during the seed develop-
ment in agriculturally important species such as pea (Pisum
sativum), soybean (Glycine max) (Bennett and Spanswick, 1983),
broad bean (Vicia faba) (Borisjuk et al., 2002), rapeseed (Brassica
napus) (Fang et al., 2012) and barley (Hordeum vulgare)
(Gorzolka et al., 2014). With the advent of mass spectrometry
techniques such as mass spectrometry imaging (MSI), several
studies in the recent past have examined the spatial localization
of secondary metabolites in various parts of plant tissue material
(Bjarnholt et al., 2014; Hemalatha and Pradeep, 2013; Ifa et al.,
2011; Korte et al., 2012; Kueger et al., 2012; Lee et al., 2012).
For example, using desorption electrospray ionization mass spec-
trometry imaging (DESI MSI), efforts have been made to image
several secondary metabolites (Bjarnholt et al., 2014; Hemalatha
and Pradeep, 2013; Korte et al., 2012; Lee et al., 2012). In DESI
MS, electrically charged solvent droplets are directed at the sam-
ple of interest to yield desorbed ions which are then conveyed
into the mass spectrometer for mass analysis. DESI MS imaging
technique has been used in profiling secondary metabolites in
H. vulgare (Li et al., 2011), capsules of Papaver somniferum
(Thunig et al., 2011), leaves of Datura stramonium (Thunig et al.,
2011), and flower petals of Catharanthus roseus (Hemalatha and
Pradeep, 2013), Hypericum perforatum (Li et al., 2013b) and seeds
of Myristica malabarica (Ifa et al., 2011). Intriguingly, many of
these studies have shown a tissue specific and heterogeneous dis-
tribution of metabolites, indicating a possible mosaic of genetic
expression underlying the observed patterns. In a recent study,
DESI MSI was used to show tissue specific distribution of hydrox-
ynitrile glucosides and its relation to the expression of a key
biosynthetic enzyme in Lotus japonicas (Li et al., 2013a). An sig-
nificant advantage of DESI is that it is an ambient ionization tech-
nique and thus, even live tissues can be analyzed.

D. binectariferum produces brightly colored fruits within which
most frequently four seeds develop. On maturity, the fruits dehisce
to reveal arillated seeds (Fig. 1A). Hornbills that regurgitate the
seeds after eating the fat rich arils disperse the seeds (Sethi and
Howe, 2012). As a typical dicot plant, each seed consists of well-de-
fined cotyledons with an embryo and seed coat. The seeds take
approximately 80–90 days to mature. For the purpose of this study,
we examined the temporal patterns of accumulation of rohitukine
and other related compounds during four discrete seed
developmental stages and the spatial distribution of rohitukine
and related compounds in different parts of the seeds through their
development using HPLC, DESI MSI and ESI (Orbitrap) MS.

2. Results and discussion

2.1. Molecular ions observed from the seeds of D. binectariferum

DESI MS analysis of the seeds showed molecular ions signatures
in the range of m/z 100–1000 for all stages of seed development
(Fig. 2). Among them, the molecular ion signature of m/z 306.2
corresponding to rohitukine was predominant. DESI MS/MS analy-
sis of the ion at m/z 306.2 yielded 3 major peaks at m/z 288, m/z
245, and m/z 222 (Fig. 3A); all of which are characteristic of rohi-
tukine. The peak at m/z 288 is due to the neutral loss of H2O from
the piperidine ring and m/z 245 is due to further fragmentation of
the ring. The peak at m/z 222 is due to fragmentation of chromone
ring (Mohana Kumara et al., 2012, 2014). Besides rohitukine, a few
more ions at m/z 174.1, m/z 328.2, m/z 348.2, m/z 468.2, m/z 610.5,
and m/z 915.4 were identified for the first time in the seeds of
D. binectariferum (Fig. 2). Of these, fragmentation of m/z 348.2



Fig. 2. DESI MS spectra of D. binectariferum seeds during different developmental stages. DAA refers to days after anthesis. The spectra represent the average obtained from
the line scan of the images from the middle portion of the seed that contains the embryo.

Fig. 3. Tandem DESI MS analysis of (A) rohitukine, m/z 306.2, (B) m/z 348.2, (C) m/z 468.2 and (D) m/z 306.2 (fragment ion from m/z 468.2) obtained from seeds of D.
binectariferum. Inset in Fig. 3 (A) shows the structure of the three fragments (m/z 222, 245 and 288) obtained from rohitukine (m/z 306.2).
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yielded m/z 306.2 (low relative abundance), m/z 288, and m/z 245
(higher abundances for both) (Fig. 3B), while that of m/z 468.2
yielded m/z 306.2 which upon further fragmentation yielded m/z
288, m/z 245, and m/z 222 (Fig. 3C and D). These ions are similar
to those obtained on fragmenting rohitukine. Thus, it is likely that
besides rohitukine (m/z 306.2), seeds of D. binectariferum also
contain at least two other compounds (m/z 348.2 and m/z 468.2)
that could be related to the parent molecule, rohitukine. The
MS/MS fragmentation of m/z 348.2 yielding m/z 306 could
be accounted for by the neutral loss of ketene (CH2CO). This ketene
may have come from an acetyl group that has replaced a hydrogen
atom from one of the three hydroxyl groups present in rohitukine.
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Since the fragmentation pattern of m/z 348.2 is similar to that of
m/z 306.2, the hydroxyl group in the piperidine ring is likely to
be acetylated. For the ion at m/z 468.2, the mass difference with
the ion at m/z 306.2 is 162 Da. This mass difference can be
accounted by the addition of a 6-carbon sugar unit through a
glycosidic bond to one of the three hydroxyl groups present in
the rohitukine. Again due to a similar fragmentation pattern to that
of rohitukine (Fig. 3C and D), it is likely that the sugar unit is
attached with the piperidine ring.

To further confirm the identities of these ions (Fig 2), accurate
m/z values of the ions were obtained by Orbitrap MS analysis.
Table 1 lists the accurate m/z values of the ions with their probable
chemical formulae. For m/z 348.2 and m/z 468.2, the probable
chemical formulae obtained from Metlin database are due to
C18H22NO6 and C22H30NO10, respectively. Based on the frag-
mentation patterns, these most likely correspond to acetylated
and glycosylated rohitukine, respectively.

Exact mass of three other compounds (m/z 174.1237, 328.1155
and 611.2601) indicated probable chemical formulae of C7H16N3O2,
C16H19NO5Na and C32H39N2O10, respectively, from Metlin database.
While the identities of these compounds remain to be elucidated, it
is likely that m/z 611.2601 corresponds to the protonated dimer of
rohitukine.
0

Stage I Stage II Stage III Stage IV

Seed developmental stages 

Fig. 4. HPLC analysis of rohitukine content in (A) different parts of fourth stage fruit
and (B) during different developmental stages of the seeds of D. binectariferum. Bars
indicate the standard deviation. Number of samples used for the analysis; Stalk: 4,
Fruit coat: 6, Seed coat: 16, Cotyledon: 15, Embryo: 12, different stages of the seeds:
5 each.
2.2. Temporal and spatial patterns in the occurrence of rohitukine and
related compounds during seed development – HPLC and DESI MSI
analysis

On a whole seed basis, rohitukine content increased from
0.40 ± 0.05% in the second stage fruits to 0.65 ± 0.11% in the fourth
stage fruits of D. binectariferum (Fig. 4B). Within the seed, the high-
est mean percentage of rohitukine was obtained in the embryo
(0.44 ± 0.28%) followed by that in the cotyledon (0.28 ± 0.09%)
and in the fruit coat (0.16 ± 0.04%). Fruit stalk (0.05 ± 0.03%) and
seed coat (0.04 ± 0.02) yielded low levels of rohitukine (Fig. 4A).

The spatial distribution of rohitukine was largely restricted to
the cotyledonary tissue followed by the embryo and lastly in the
seed coat (Fig. 5). Within the cotyledonary tissue, the outer core
of the cotyledon had relatively higher content of rohitukine com-
pared to the inner core. The signatures of rohitukine were most
prominent in the fourth stage seeds. The spatial and temporal dis-
tribution of m/z 348.2 (acetylated rohitukine) was similar to that of
rohitukine with DESI MSI showing relatively higher abundance in
cotyledon, followed by seed coat (except embryo). On the other
hand, m/z 468.2 (glycosylated rohitukine) was altogether absent
from the outer cotyledonary tissue as well as the seed coat. Also
within the cotyledons, the distribution of m/z 468.2 was restricted
to regions proximal to the embryonic axis. The ion at m/z 174.1
was uniformly distributed in the seed during the early growth
stage but at seed maturity, it was patchily distributed. The spatial
Table 1
Mass-to-charge (m/z) values of compounds obtained from seeds of D. binectariferum
using DESI MS and ESI MS analysis and their probable chemical formulae.

m/z obtained
from DESI MS
(LTQ XL)

m/z obtained
from ESI MS
(Orbitrap)

Probable
chemical
formula of the
ion

Exact m/z of the probable
ion mentioned in the
previous column

174.1 174.1237 C7H16N3O2 174.1237
306.2 306.1333 C16H20NO5

a 306.1336
328.2 328.1155 C16H19NO5Na 328.1155
348.2 348.1443 C18H22NO6 348.1442
468.2 468.1867 C22H30NO10 468.1864
610.5 611.2601 C32H39N2O10 611.2599
915.4 – – –

a In this case the formula is not probable, it is exact.
distribution of the three ions at m/z 328.2, m/z 610.5, and m/z 915.4
was non-uniform, and tended to decrease in concentration from
seed coat to the cotyledon. Distinctly, m/z 328.2 and m/z 348.2
were absent in the embryo (Fig. 5).

In order to visualize the abundance and spatial distribution of
molecular ions in relation to each other, DESI MS images of pair-
wise molecular signatures of mature seeds (Stage IV) were super-
imposed. Molecular ion m/z 468.2 was localized in the central
core of the seed while all other ions tended to be concentrated
in the outer core of the seed. The spatial location of this ion
was complementary to all other ions identified in the seed. The
occurrence of m/z 174.1 was complementary to m/z 328.2, and
m/z 915.4 (Fig. 6).

A number of secondary metabolites have been reported to accu-
mulate in developing seeds, presumably to confer resistance
against abiotic and biotic stress during the process of seed disper-
sal and germination (Alves et al., 2007; Dyer et al., 2001; McCall
and Fordyce, 2010; Eriksson and Ehrlén, 1998). The secondary
metabolites are either synthesized de novo in the seed from avail-
able precursors (Fang et al., 2012; Radchuk et al., 2011) or trans-
ported from their sites of synthesis elsewhere in the plant
(Borisjuk et al., 2002; Fang et al., 2012; Patrick and Offler, 2001).
In either case, there has been interest in examining the spatial
and temporal pattern of accumulation of the secondary metabo-
lites. For instance, Hebbar et al. (1993) showed that trypsin
proteinase inhibitors accumulated preferentially in fruits of ani-
mal-dispersed species and not in species dispersed by wind or
water. Furthermore, the accumulation of trypsin proteinase inhibi-
tors was highest in mature but unripe fruits compared to immature
and ripened fruits. They argued that the observed pattern could
arise as a selection to deter predators during the mature but unripe
stage, while attracting seed and fruit dispersers when the fruits
were mature and ripe. In more recent studies, using DESI MSI



Fig. 5. DESI MS images of D. binectariferum seeds during different developmental stages. Intensities are normalized across the columns. The ion m/z 306.2 corresponds to
rohitukine. Scale bar of 5 mm applies across each row.

Fig. 6. Superimposed DESI MS images of the fourth stage seeds of D. binectariferum. Color codes refer to the specific ions given in each panel. Scale bar of 5 mm applies across
each row. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and other mass spectrometric imaging techniques, attempts have
been made to spatially and temporally locate secondary metabo-
lites in developing seeds to not only understand the compartmen-
talization of metabolites, if any, in different parts of the seeds, but
also to trace the metabolic pathway from seed initiation to matur-
ity (Gorzolka et al., 2014). With the advent of tissue-specific tran-
scriptomic tools, attempts are being made to couple spatial and
temporal localization with gene expression studies, to unravel
critical pathway genes (Li et al., 2013a,b). In this context, our study
reported here is an initial attempt to examine the spatial and tem-
poral pattern of accumulation of rohitukine, a chromone alkaloid,
in developing seeds of D. binectariferum. Compared to stem
bark, rohitukine yield in seeds was less but substantial. Mature
and ripened seeds contain about 0.6% rohitukine compared to
2–3% in stem bark. However, unlike stem bark, the seeds of
D. binectariferum did not contain rohitukine N-oxide, an analog of
rohitukine. While the biosynthetic route of rohitukine is not
known, it is suggested that noreugenin (m/z 192) could be the pos-
sible upstream precursor of rohitukine (Houghton and Hairong,
1987a; Houghton and Woldemariam, 1993). However, we failed
to detect noreugenin in seeds at early seed development stage,
suggesting that rohitukine may be transported from sites of syn-
thesis elsewhere in the plant to seeds. Recently, a new regioisomer
of rohitukine, dysoline (m/z 306.2) was reported from stem bark of
D. binectariferum (Jain et al., 2013). The compound differs from
rohitukine in its melting point and HPLC retention time.
Compared to rohitukine, the concentration of dysoline in the bark
extract was very small (0.0003%) (Jain et al., 2013). In this study,
we did not detect dysoline in seed tissues.
DESI MSI analysis indicated the occurrence of at least 7 distinct
metabolites in seeds. Besides rohitukine (m/z 306.2), two other
compounds, m/z 348.2 and m/z 468.2 representing respectively,
rohitukine acetate and glycosylated rohitukine, were recovered in
the seeds. These masses did not correspond to any of the reported
chromone alkaloid, their analogs or natural derivatives reported
from D. binectariferum. Four other masses of unknown identity
were detected in the seeds. Two distinctive features of accumula-
tion were observed; accumulation of rohitukine increased mono-
tonically with seed development and there was a spatial
patterning of most of the compounds in the seed. Thus rohitukine
was predominantly distributed in the embryo and cotyledon with
little in the seed and fruit coat. Within the cotyledon, rohitukine
was fairly uniformly distributed. This is in contrast to compounds
such as m/z 468.2, whose distribution was restricted to regions
proximal to the embryonic axis and altogether absent from the
outer cotyledonary tissue as well as the seed coat. Besides these
compounds, a few others (m/z 174.1, m/z 328.2, m/z 610.5 and
m/z 915.4) were also detected in the different seed developmental
stages. The probable chemical formula of three of these (m/z 174.1,
m/z 328.2, m/z 610.5) were obtained from the Metlin database, but
their chemical structure is yet to be determined.

3. Conclusion

The present study, using DESI MSI, indicated a clear spatial and
temporal distribution of rohitukine and related compounds during
various stages of seed development in D. binectariferum. Rohitukine
content increased with seed developmental stages and was largely
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localized in the embryo and cotyledon, with little in the seed coat.
While the evolutionary or functional significance of rohitukine in
seeds is not clear, it is likely that the chromone alkaloid plays an
important role as a defense compound considering the fact that
rohitukine and its derivative are potent CDK inhibitors. It would
be interesting to examine the underlying genetic basis of such tem-
poral and spatial distribution of rohitukine and related
compounds.
4. Experimental methods

4.1. Plant material

Fruits of D. binectariferum were collected from trees occurring in
the Western Ghats, a mountain chain running parallel to the West
coast of India and one of the 34 biodiversity hotspots of the world
(Myers et al., 2000) between October 2013 and January 2014.
Fruits corresponding to four developmental stages were collected,
namely, immature (Stage I-20 days after anthesis), semi-mature
(stage II-40 days after anthesis), matured (stage III-60 days after
anthesis) and ripened (stage IV-80 days after anthesis) (Figs. 1A,
B and 2). The harvested fruits were wrapped in aluminum foils
and were frozen in liquid nitrogen. The frozen fruits were then
transferred to a deep freezer (�80 �C) for storage until further use.

4.2. Desorption electrospray ionization mass spectrometry imaging
(DESI MSI)

Seeds were removed from fruits corresponding to the four
developmental stages. Using a blade, the seeds were neatly cut
along their minor axis (cross section) through the embryonic
region, which is about 5 mm thick (Fig. 1C). The cut sections were
then pressed by hand for 10 s on a hot TLC plate (TLC Silica gel 60
F254, Merck KGaA, Germany), pre-wetted with methanol, kept on a
heating mantle (�70 �C) to get an imprint of the molecular signa-
tures present on the cut-end of the seeds. The hand pressing
method is a slight modification of an earlier method used for
imprinting assisted by both solvent extraction and heating
(Cabral et al., 2013). The TLC imprints were imaged using a DESI
ion source. Thermo Scientific LTQ XL (Thermo Scientific, San Jose,
CA, USA) mass spectrometer coupled with a 2D DESI ion source
(Omni Spray Ion Source) from Prosolia, Inc., Indianapolis, IN, USA
was used for imaging experiments. Methanol was used as the sol-
vent and was sprayed at an angle of 60� to the surface. Nebulizing
gas (dry nitrogen) pressure was 150 psi. Distance between the
emitter and inlet was kept at 3 mm and the inlet was positioned
1 mm above the surface. Imaging area was chosen according to
the sample dimensions and the spatial resolution used was
250 lm � 250 lm. Data were acquired in positive ion mode with
a spray voltage of 5 kV. After acquisition of the data, they were pro-
cessed by FireFly software to create the image files (IMG File) and
the images were viewed using BioMap software. Collision induced
dissociation (CID) was used for fragmentation of ions during MS/
MS measurements.

4.3. Exact mass analysis by electrospray ionization mass spectrometry
(ESI MS)

The seeds of D. binectariferum (Stage IV) were cut into small
pieces and soaked in methanol for 12 h. Following this, the solution
was filtered and centrifuged at 10,000 rpm for 10 min. The super-
natant was taken for ESI MS analysis using a Thermo Scientific
Orbitrap (Thermo Scientific, San Jose, CA, USA) mass spectrometer.
The data were acquired in positive ion mode with a spray voltage
of 5 kV.
4.4. Extraction for rohitukine and HPLC analysis

Fruits and seeds of D. binectariferum corresponding to the four
developmental stages were oven dried for 1 week at 70 �C.
Rohitukine was extracted from different parts of the fruit and seeds
following the protocol developed by Mohana Kumara et al. (2010).
The extracted samples (20 lL) were analyzed by reverse-phase
HPLC (Shimadzu, LC20AT, Japan) using RP-18 column
(4.6 � 250 mm, 5 lm) with UV absorbance at 254 nm. HPLC proto-
col was first standardized for rohitukine using a linear gradient
mode using acetonitrile and 0.1% TFA as mobile phases. We used
gradient method starting from 0%:100% to 100%:0% of acetonitrile:
(0.1%) TFA with a flow rate of 1 mL/min for 30 min. Sharp peak
with highest peak intensity was obtained when mobile phase con-
centration was 30% acetonitrile and 70% TFA. All samples were
then analyzed in isocratic mode using 30% acetonitrile: 70%
(0.1%) TFA as mobile phase. Care was exercised to ensure that
the initial and final volumes of the extract were maintained con-
stant for the sample. Standard curve was developed for the concen-
tration range of 0.125 mg/mL to 1 mg/mL of standard rohitukine
obtained from our earlier work (Mohana Kumara et al., 2010).
The best fit (R2 = 0.99) was used in calculating the amount of rohi-
tukine in the sample. All estimates were done on 5 replicates.
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ABSTRACT: We report a combined small-angle X-ray scattering
(SAXS) and mass spectrometric (MS) study of the growth of gold
clusters within proteins, in the solution state. Two different
proteins, namely, lysozyme (Lyz) and bovine serum albumin
(BSA), were used for this study. SAXS study of clusters grown
in Lyz shows the presence of a 0.8 nm gold core, which is in
agreement with the Au10 cluster observed in MS. Dynamic light
scattering suggests the size of the cluster core to be 1.2 nm. For
BSA, however, a bigger core size was observed, comparable to the Au33 core obtained in MS. Concentration- and time-dependent
data do not show much change in the core size in both SAXS and MS investigations. When metal−protein adducts were
incubated for longer time in solution, nanoparticles were formed and protein size decreased, possibly due to the fragmentation of
the latter during nanoparticle formation. The data are in agreement with dynamic light scattering studies. This work helps to
directly visualize cluster growth within protein templates in solution.

1. INTRODUCTION

Noble metal nanoclusters belong to one of the rapidly evolving
fields in nanoscience today.1−10 Subnanometer sized clusters
comprising a few to a hundred atom cores are of specific interest
due to their unusual physical and chemical properties. Investiga-
tions of such clusters started with their gas phase analogues,
which were studied extensively with mass spectrometry.1,11−13

Although clusters are many, only very few of the gold and silver
clusters have been crystallized so far.14−19 Macromolecular
templating is one way to create clusters. DNA, dendrimers, and
most recently proteins have been introduced to the cluster
community.3,10,20−23 Many proteins, namely, bovine serum
albumin (BSA), human serum albumin (HSA), lactoferrin
(Lf), human serum transferrin, pepsin, horseradish peroxidase,
ovalbumin, chymotrypsin, insulin, trypsin, lysozyme (Lyz), etc.
have been used so far for synthesizing clusters.24−37 Protein
protected clusters exhibit intense luminescence, which has
been exploited mostly for sensing of specific molecules and
bioimaging.26,29−31,38−43 Besides, retention of biological activity
of insulin after cluster formation has also been shown recently.30

Usually proteins are characterized by crystallography, cryo-
electron microscopy, nuclear magnetic resonance (NMR), etc.
Although crystal structure determination is the best option for
analyzing the protein structure,44,45 it has not been possible so far
to get crystals of protein protected clusters due to the inherent
difficulty to form crystals at experimental conditions of cluster

synthesis. Therefore, for assigning cluster composition, mass
spectrometry (MS) is often used, as it is possible to determine
molecular weights of proteins and related systems with reasonable
accuracy. For instance, Au/Ag/Au@AgQC@BSA,28,32,34,46

Au/AgQC@Lyz,24,47 AuQC@Lf,36,37 etc. (where the subscript
QC refers to quantum clusters, another name for such clusters)
have been studied using MS. However, it should be noted that
matrix-assisted laser desorption/ionization (MALDI) MS
involves studies in the gas phase, but the original synthesis of
clusters occurs in the solution phase. Ions observed in MALDI
MS need not necessarily correspond to the species in the con-
densed phase. So, it is essential to correlate the behavior of these
clusters in both solution and gas phases. Thus comes the need
for solution phase techniques like small-angle X-ray scattering
(SAXS) and neutron scattering (SANS) to study the size and
structural changes of protein protected clusters.
SAXS enables size analysis using small amounts of sample,

even at very low concentrations. Unlike dynamic light scattering
(DLS) studies, SAXS analysis does not require any special sample
preparation steps (such as preconcentration or predilution) and
can be performed at room temperature. Normally, transmission
SAXS gives accurate information about species of size less than
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50 nm. SAXS has been widely and successfully used to extract
information about size, shape and also secondary structure of
biomolecules, especially proteins, in solution.48−51 Recently, the
behavior of proteins like Lyz and BSA48,49 in the presence of salts
such as sodium dodecyl sufonate has been studied in detail using
SAXS. Blanchet et al. and Lipfert et al. have described various
aspects of SAXS investigations on biomolecules.52,53 Besides
macromolecules, many studies on the formation and growth of
nanoparticles in various media exist. For example, Gang et al.
have described DNA-mediated self-assembly of nanoparticles in
heterogeneous systems where they programmed nanoparticle-
coated DNA molecules to self-assemble into three-dimensional
superlattices, and corresponding structural information was
obtained from SAXS.54 In another report from the same group,
nanoparticle dimers linked via DNA were prepared, and the size
and other information were collected via DLS and SAXS studies.
One dimensional linear meso-structure of nanorod-DNA
assembly has also been looked at by in situ SAXS.55 The actual
solution state mechanism for the formation of citrate-capped
gold nanoparticles has also been demonstrated by Kraehnert
et al.56 using continuous flow SAXS measurement.57 There are
many other reports on the SAXS study of biological and material
interfaces,54,55,58−62 although until now very few reports existed
on noble metal nanoclusters. In 1995, Murray and group studied
alkanethiol protected gold clusters by SAXS and found that their
core size was about 1.2 nm, consistent with the TEM data.63

Recently SAXS study of Ag152 cluster has been reported.
56 Most

recently, the structure of Au68 has been solved by electron
microscopy and the size of the core has been validated by SAXS
data.64 However, in most cases, such studies have been limited to
the basic characterization of the clusters.
Until now, none of the protein protected clusters could be

crystallized, and they also have not been seen in electrospray
ionization mass spectrometry (ESI MS). Although more than
300 papers have been published to date on protein-protected
clusters, there is no direct way to observe these clusters in
solution. Thus, it is necessary to acquire additional data on the
cluster growth in solution using independent studies. As protein-
protected Au clusters are prepared in aqueous solutions, study of
the dynamics and growth of proteins in the same phase is more
useful. Since proteins are explored widely by SAXS, a study by
this methodology has relevance. In this paper, we are reporting a
combined MS-SAXS study of the evolution and growth of
protein protected clusters for the first time. We have probed
the growth of small gold clusters in a relatively small protein, Lyz
and correlated the results with mass spectral data. The same
procedure is followed for a larger protein, BSA, to validate our
point. The sizes of the clusters derived from SAXS profiles are in
good agreement with the previously reported cluster size as well
as with the mass spectra. The results were further validated using
dynamic light scattering.

2. EXPERIMENTAL SECTION
2.1. Reagents and Materials. Lysozyme with >90% purity

and sinapic acid with about 99% purity were purchased from
Sigma-Aldrich. BSA at pH 6−7 of about 96% purity was
purchased from SRL, India. Tetrachloroauric acid trihydrate
(HAuCl4·3H2O) was purchased from CDH chemicals with 49%
gold content. Sodium hydroxide (Rankem, India) was purchased
locally. All the chemicals were used without further purification.
Milli-Q water was used in all the experiments.
2.2. Synthesis. AuQC@Lyz was prepared by a method

reported previously. Briefly, 1:2, 1:4, and 1:8 of Lyz:Au3+ were

mixed and stirred for some time to get the Au+−Lyz adduct. After
that, the pH of the solution was elevated to 12 by NaOH, and
the solutions were further incubated to get red luminescent
AuQC@Lyz. This luminescence appeared over a period of 12 h.
For adduct and nanoparticle formation, the same procedure was
followed without the addition of NaOH to the system. For BSA
protected clusters, 1:5, 1:10, and 1:20 BSA:Au3+ were used, and
the same procedure was followed, as described in the case of Lyz.

2.3. Instrumentation. For MALDI TOF MS analysis, an
Applied Biosystems Voyager De Pro instrument was used with
sinapic acid as the matrix. A pulsed nitrogen laser of 337 nm was
used for ionizing the sample. Spectra were collected in the linear
positive mode and an average of 250 shots was used for each
spectrum. The matrix was prepared by dissolving 10 mg of
sinapic acid in a 1:3 mixture of acetonitrile: 0.1% trifluoroacetic
acid (overall volume of 1 mL). While preparing the samples
for analysis, 5 μL of the cluster solution (without dilution) was
mixed thoroughly with 100 μL of the matrix mixture. About
2.5 μL of the resulting mixture was used for spotting.
Luminescence measurement was carried out in a Jobin Yvon
NanoLog fluorescence spectrometer with a band-pass of 3 nm for
both emission and excitation spectra. UV-vis spectra were
collected using a PerkinElmer Lambda 25 spectrometer in the
range of 200−1100 nm. High-resolution transmission electron
microscopic (HRTEM) images were taken using a JEOL 3010
instrument. DLS and zeta potential measurements were done
using a Malvern Zetasizer ZSP instrument equipped with a 633
nm (He−Ne) laser.

2.4. Experimental Details of Transmission SAXS
Measurements. Transmission SAXS experiments were per-
formed to study the formation and growth of AuQC inside the
protein, Lyz. Experiments were carried out as a function of
incubation time. We have performed SAXS experiments at
different pH and precursor concentrations to observe the change
in the overall protein size in a wide time range. The SAXS profiles
of the sample solutions were collected in transmission mode
using a Rigaku Smart Lab X-ray diffractometer (9 kW; Cu−Kα

radiation; λ = 1.54059 Å). Transparent borosilicate capillary
tubes (∼1.5 mm internal diameter) containing the sample solu-
tions were mounted at a fixed position on a sample holder.
Sample alignment and premeasurement scan were carried out
before each SAXS measurement. The maximum time taken for
each SAXS data acquisition was ∼20 min. The NANO-Solver
software of Rigaku was used to solve the SAXS profiles. Prior to
the data-fitting step, the SAXS profiles of the sample solutions
were corrected for background contributions (originating from
the solvent and the sample holder).

3. RESULTS AND DISCUSSION
3.1. Formation of Protein Protected Clusters. As

luminescent noble metal clusters protected with proteins have
been investigated extensively, we introduce only their essential
aspects in the following. They are formed upon incubation of
the protein with the metal ions for 12 h at a basic pH, and the
appearance of the cluster is manifested by the presence of an
intense red luminescence upon UV excitation (Figure 1). These
clusters in the case of Lyz show an emission at 690 nm when
excited at 365 nm (see below, Figure 1).24 As of now, the most
widely applied property of such protein protected clusters is their
strong luminescence, which has made them useful for sensing,
biolabeling, and bioimaging. Cluster formation in such cases
proceed through an Au(I)-Lyz complex that we call adduct in the
subsequent discussion. Such adducts exist in the Au(I) form in
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complexation with cysteine residues of the protein. A maximum
of 10 Au attachments were seen in such cases with each Lyz
molecule when the highest concentration of Au3+ was used.65

During cluster formation, these adducts get reduced to Au(0)
involving interadduct metal transfer and consequent release of
free protein (while some proteins contain clusters within
them).24,36 Depending on the protein involved in cluster forma-
tion, various gold cluster cores have been identified in different
proteins; among which the most important are Au8,25@BSA,34,36

Au13,25@Lf,36,37 and Au10,11,12@Lyz24 although many other
proteins have been examined.
Proteins differ by their shape and size. Between Lyz and BSA,

Lyz is more spherical,45 therefore, we have used Lyz as a model
protein for our study. Lyz is a small protein (molecular weight
14.3 kDa) with 129 amino acids among which 8 are cysteines
forming 4 disulfide bonds. The overall surface structure of the
protein shows nearly spherical geometry with mean diameter
(considering three-dimensional orientation) of about 3.9 nm.45,47

We have studied the formation and growth of gold clusters using
SAXS, and the data were compared with mass spectrometric
evolution of the clusters within the protein. It is known from a
previous study that when protein interacts with Au3+, it unfolds to
accommodate the Au ions inside. This can lead to the breakage of
disulfide bonds and finally the protein’s secondary structure is lost
(partially).36,65 When the protein interacts with Au ions, it may
result in a free protein (without any Au attachment) or a protein
with single ormultiple Au attachments.36 Considering the existence
of all these species, we expect to get a broad size distribution due to
the presence of various stages of unfolded proteins. This is reflected
in themass spectrum of Au+−Lyz, where we can see multiple peaks
corresponding to Au attachments, including the parent protein
peak.65 When NaOH is added to the system, the Au ions start
rearranging to form a cluster core, and we are supposed to get only
a few possible species present in the system like, some free protein
as well as Au attached proteins (not converted to cluster core) and
mostly, cluster core containing proteins.24 All these together should
show reduced broadness in the size profile, largely because the
cluster core distributions are narrower than the adduct distributions.
3.2. Solution Phase SAXS Analysis of the Samples. The

as-prepared samples were used for SAXS analysis without further
purification. Here we briefly describe the working principle of
SAXS which may help understand of our results. The discussion
is kept to the essential aspects. Particles in the range of 1−50 nm
can efficiently scatter the incident X-ray. The larger the electron
density difference between the solvent medium and solute
particles (Δρ), the higher the scattering intensity [I(q)]. The
scattering amplitude [A(q)] is calculated from the Born
approximation as

∫ ρ= Δ ·q r rA( ) ( )e dV
iq r

(1)

π λ θ= ·q (4 / ) sin(2 /2) (2)

where, q is the scattering vector, V is the volume for the integral
over the entire medium, and λ is the wavelength of the X-ray.
The scattering intensity is expressed as

= *I q A q A q( ) ( )[ ( )] (3)

If the particles possess definite shape, then I(q) is generalized
in terms of the structure factor [S(q)] and the form factor [F(q)]
as follows:

= | |I q F q S q( ) ( ) ( )2
(4)

The form factor, F(q), is related to the shape of the particle.

(i) For spherical particles with a radius of R, the form factor is
expressed as

ρ
π

= Δ ·
−

F q R
qR qR qR

q
[ ( , )]

4 {sin( ) cos( )}
sphere 3

(5)

(i) In the cylinder model, form factor considers the con-
tribution from aspect ratio (a) of the cylinder (or rod):

φ ρ
π α φ φ

φ φ
= Δ ·F q a R

R a q R qR
qR

[ ( , , , )]
4 {sin( cos )( sin }

( ) sin coscylinder

3

2

(6)

where, φ is the angle formed between the scattering vector and
the normal to the surface of the rod.
For irregular particles or in case of particles of unknown shapes

“Model Free Analysis” is often helpful, in which the B-spline
function is first adopted to generate a “true” scattering profile
with scattering intensity, IT(q) from the raw SAXS profile as
given in eq 7:

∑= − · −
=

I q q a b q( ) S ( ) ( )T

i
i i

p
i

r

0

N
i i

(7)

Fourier transform of the true scattering profile generates the
correlation function [C(R)], which relates to the interparticle
interactions and the distance distribution function p(r) as
follows:

∫ ∫= · ÷C R R qI q qR q q I q q( ) 1/ { ( ) sin( ) d ( ) d }T T2
(8)

π= ·p r R C R( ) 4 ( )2
(9)

The structure factor, introduced in eq 4, depends upon the
interparticle distance and particle−particle arrangements, i.e., it
indicates the correlation between particles in a system.
Mathematically,

∫= + − · ·S q n r n r( ) 1 { ( ) } e diq r
0 (10)

where n(r) is the particle count density function. Usually, short-
range interparticle correlations are observed from SAXS analysis.
In dilute solutions, the particles are considered to be randomly
distributed such that the interparticle distances are very large.66

We chose the “sphere” and “cylinder” models of NANO-
Solver software, and the simulated profiles are generated based
upon eqs 5 and 6. We have considered S(q) = 1 while solving the
SAXS profiles using these models.66 The best profiles are those
for which the residual between the raw and simulated profiles
(residual factor) is the lowest. To minimize the error in
evaluation of average sizes, we have considered only the best fit
(simulated) profiles with residual factors less than or around 4%.
Normalized dispersion value (σ) is an important parameter
that gives us an idea about the polydispersity of particles. For
example, a solution containing monodisperse particles with
narrow size distribution will have a low σ value. Also, correlation
function [C(R)] and distance distribution functions [p(r)] have
been evaluated through the “Model Free Analysis” program of
Nanosolver to observe short-range interparticle interactions in
the protein solutions under the reaction conditions. It is to be
noted that “interparticle distance” shall be recognized as the
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distance between centers of two neighboring particles, X and Y,
arranged in any possible manner.
To select a suitable model for our interpretation of the solution

phase growth of clusters in proteins, the SAXS profiles of pure
Lyz and BSA solutions were fitted using both the models (See
parts A and B of Supporting Information Figure S1). From the
cylinder model, optimized simulated profiles could be generated
only when the aspect ratio (a) was fixed in the range of 0.80−1.00
for both Lyz and BSA. It can be clearly seen that by choosing
either of these models similar fittings (with the same residual
factor) could be obtained in each of the proteins as shown in
Figure S1. However, the nature of the size distribution curves of
Lyz (shown in Figure S1C) evaluated from the cylinder and
the sphere models differs widely; the size of Lyz (and BSA; see
Figure S1D) obtained from the sphere model is more in
agreement with its reported value (3.9 nm). Moreover, a
cylindrical model with aspect ratio in the range of 0.8−1.00
indicates that the particles are more or less spherical and so the
simpler sphere model is a better choice. Thus, considering the
above observations, we have used the sphere model in the
subsequent analyses.45,47

3.3. Evolution of Gold Cluster in Lyz. Figure 1A shows that
the simulated SAXS profile of Lyz changes significantly after the
addition of Au3+ in the system (Au+−Lyz and Au10@Lyz). Size
profiles of Lyz, Au+−Lyz and Au10@Lyz have been presented
in Figure 1B. Initially, pure Lyz solution shows a narrow size
distribution with an average size of 3.9 nm along with the
presence of large aggregates (∼11.1%; not shown in the figure for
simplicity). The average size of this adduct does not change
significantly with time (see Figure S2) or at higher pH
(Figure S3). However, upon addition of NaOH, the size profiles
become relatively broader, possibly due to unfolding of the
protein at basic pH (See Figure S4). In all the cases studied here,
some amount of aggregates is always present (10−20%). Due to
the broad distribution, it is not wise to conclude any size changes
in the aggregate region (20 nm and above). The average size of

Lyz increases to 4.6 nm due to Au+−Lyz adduct formation.
As multiple Au attachments (maximum 10 Au) are possible, we
have observed a relatively broader size distribution in this case.
Upon reduction of the adducts in basic medium, luminescent
clusters (Figure 1C) form with an overall protein size of 4.7 nm
(Au10@Lyz). Thus, the difference in size of Lyz protein before
and after cluster formation is 0.8 nm (3.9 nm for Lyz). The
cluster obtained in this process shows emission at 690 nm
when excited at 365 nm as shown in Figure 1C. The as-formed
cluster showed a mass difference of 10 atoms of Au from
the parent protein peak in MALDI MS (Figure 1D). The core
size remains the same without any further change with time. A
core size of 0.8 nm from SAXS is consistent with the size
obtained in TEM (1 nm as shown in Figure 1E). The C(R)
profiles of Lyz shows two peaks at 6.31 and 10.82 nm
corresponding to the nearest Lyz−Lyz interparticle distances
(Figure S5 A). The C(R)-distance profile of AuQC@Lyz
resembles that of the original Lyz solution and incubation of
these AuQC@Lyz (up to 48 h) does not change the correlation
pattern. This shows that the cluster formation in Lyz does not
involve much change in its overall structure except for the
expansion in its size observed from the size distribution profiles
(see Figure 1B).
We have conducted a concentration-dependent SAXS study

by varying the Au3+ concentration, keeping Lyz concentration
the same (see Figure 2 and Figure S6). During this study, the core
size, analyzed by sphere model, does not change much.24 This
was explained in terms of the size of Lyz. Being a small protein,
Lyz cannot accommodate larger cluster cores inside it. Less
number of cysteines does not help in stabilizing a bigger core.
The simulated SAXS profiles of different concentrations of
Au3+ reveal that the scattering pattern changes a bit and the
corresponding size profile shows core sizes ranging from 0.7 to
0.9 nm (0.7, 0.8, and 0.9 nm for 1:2, 1:4, and 1:8 Lyz:Au3+,
respectively). Mass spectral study shows that Au10−12 cores are
possible inside a single molecule of Lyz (see Table S1 for details)

Figure 1. (A) Difference in the SAXS profiles of Lyz, Au+-Lyz adduct and AuQC@Lyz. Size distribution obtained from the SAXS profile is shown in panel B.
A 0.8 nm core is observed after cluster formation. The overall state of the protein is schematically represented in the background of each plot. (C) Fluorescence
spectra of AuQC@Lyz. In the inset, photographs of AuQCs@Lyz under UV and visible light are shown. (D) Comparative MALDIMS spectra of Lyz, Au+−Lyz
and AuQC@Lyz. In the case of Au+−Lyz, distinct separation of peaks spaced bym/z 197 due to Au is observed. In AuQC@Lyz, however, a separation of 10 Au
atoms from the parent protein peak due to an Au10 core is seen. (E) A cluster core of 1 nm was observed in TEM. Some of them are circled.
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in this entire concentration range. These data clearly suggest that
it is indeed possible to observe the solution phase growth of the
cluster inside a protein, through SAXS.
The change in size was further supported by DLS, which gives

the hydrodynamic diameter of the whole particle, including
the protein. This study is very much sensitive to concentration
(aggregation can happen at higher concentrations), pH and

other factors. All the samples were analyzed at same experimental
conditions to avoid errors. Lyz shows a size of 3.2 nm, which
increases to 4.2 nm after Au3+ addition while AuQC@Lyz has a
size of 4.5 nm (see Table 1 and Figure S7). The data are in good
agreement with the SAXS result. We have also probed the change
in protein during cluster formation through zeta potential mea-
surements. The same sample used for DLS analysis was used for

Figure 2. (A) Schematic representation of the concentration-dependent growth of Au+−Lyz adduct resulting in AuQC@Lyz. (B) SAXS patterns of
AuQC@Lyz samples after 24 h incubation, at various ratios of Lyz:Au3+. (C) Size distributions of different AuQC@Lyz samples after 24 h of incubation.

Figure 3. (A) Time-dependent SAXS spectra of Au+−Lyz up to 48 h of incubation, when nanoparticles are formed. (B) Corresponding size distribution
showing a larger distribution in size, with reduced mean, indicating fragmentation of the protein. (C) UV−vis absorption spectra of Au+−Lyz showing a
plasmonic feature after 48 h due to nanoparticle formation. (D) TEM image of the Au nanoparticles formed after 48 h of incubation.
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zeta potential measurement. Lyz shows a positive zeta potential
(+12.2 mV), which increases to +39.3 mV when excess positive
charge is introduced in terms of Au3+ in the system. When clusters
form at basic pH, zeta potential becomes negative (−29.9 mV)
(see Table 1).
3.4. Growth of Au+−Lyz Adduct toNanoparticles.When

Au+−Lyz adducts are incubated for longer time (48 h) without
changing the pH of the solution, they form Au nanoparticles,
distinctly different from luminescent clusters. Formation of
nanoparticles is indicated by the appearance of a purple colored
solution. Corresponding changes were observed in the SAXS (as
well as size) profiles. Size of protein decreases considerably when
nanoparticles form (see Figure 3A,B). UV−vis absorption
spectra show (Figure 3C) the presence of a plasmonic feature
at 527 nm due to the presence of polydispersed Au nanoparticles
(Au NPs). The core size of the particles was confirmed by
transmission electron microscopic (TEM) analysis. Particles of
different shape ranging from 5 to 20 nm in size were observed
in TEM. When nanoparticles grow, due to the smaller cavity
inside the protein, it cannot accommodate the growing particles
within. As a result, nanoparticles come out from the protein
cavity causing fragmentation of the protein molecules and

decrease in overall size of the protein. This was supported by
increase in the size distribution with reduced mean size (see
Table S1 for details).

3.5. Cluster Growth in BSA. To check the validity of SAXS
in studying the growth of Au clusters inside proteins in general,
we have performed similar experiments with another protein,
BSA. It is a widely used serum protein (molecular weight
66.7 kDa) containing 583 amino acids. BSA contains 35 cysteine
residues, which form 17 internal disulfide bonds, causing 9
internal loops in the tertiary structure resulting in three primary
domains, each containing one small and two large loops. These
disulfide bridges are the basis of its compact heart-shaped
(equilateral triangle) structure. Two loops are of equal size of 9
nm while the other smaller one is 4 nm.44 Considering the three-
dimensional orientation of these different lobes, mean size comes
around 7.3 nm.
The size distribution profiles of native BSA showed two peaks

with the 7.4 nm as the major component (64% population) as
shown in Figure 4A,B. Some fragments are observed with 2.7 nm
in size in the parent solution itself. These fragments are also seen
in MALDI MS, with about 13 kDa mass (see Figure 4C for
details). Addition of Au3+ facilitates adduct formation; however,
this did not show any considerable change in the overall SAXS
profile other than an increase in overall size of the protein to
8.3 nm (Figure 5). Addition of NaOH to the as-formed adduct
solution drastically changed the overall scattering pattern as
well as the size distribution of BSA. After addition of NaOH to
the adduct, size of BSA increased to 8.7 nm, which remained
almost unchanged (8.8 nm) on further incubation for 24 h (after
appearance of red luminescence). So the cluster core size is

Figure 4. (A) SAXS profile of AuQCs@BSA showing a completely different kind of scattering pattern from the parent BSA as well as Au+−BSA. (B)
Corresponding size profile showing the presence of about 1.4 nm cluster core. (C) MALDI MS showing the presence of Au33 cluster core.

Table 1. Comparative Size (SAXS and DLS) and Zeta
Potential for Lyz and Related Systems

sample
size from SAXS

(nm)
size from DLS

(nm)
zeta potential

(mV)

Lyz 3.90 3.20 +12.2
Au+−Lyz 4.61 4.20 +39.3
Au10@Lyz 4.68 4.50 −29.9
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about 1.4 nm (size of BSA is 7.4 nm); slightly more than the size
observed in TEM reported for this cluster (1.1 nm). After 48 h,
the size of BSA in was about 8.9 nm. From a previous study on
the time-dependent evolution of BSA protected gold clusters, we
know that these clusters grow to bigger cores (Au25 to Au38 and
higher) with time and hence such minute increase in SAXS size is
justified.36 The C(R)-distance profiles generated from BSA,
Au+−BSA adduct, and AuQC@BSA have been presented in
Figure S5C. The C(R)-distance profile of BSA reveals several
interparticle interactions at distances of 3.00, 5.30, 7.67, and
10.10 nm and the corresponding p(r)-distance shows numerous
oscillations, characteristic to its multidomain nature. The
C(R) pattern of Au+−BSA adduct (at pH = 12, at 0 h) is similar
to the native BSA solution. Prominent change in the C(R)
functions during the growth of AuQC@BSA (24−48 h) sug-
gests conformational modifications in the structure of BSA
under the reaction conditions. The isoelectric point of BSA
is 4.7, and structural change is more likely to happen in this
case during cluster formation. BSA also has higher amount of
helical structures, which also get affected during cluster
formation. This kind of conformational modification through
loss in helicity has been reported already for such protein
protected clusters.32

From the mass spectrum of AuQCs@BSA, it is observed that at
specific Au3+ concentration, Au33 core forms inside BSA, and
the cluster can be assigned as Au33@BSA. Being a bigger
protein, BSA is capable of uptaking more Au inside it. Cluster
core size varies linearly with concentration of Au3+ used. For
higher Au concentration (1:20), 9.2 nm sized BSA was
observed. SAXS data show that 0.6 to 1.7 nm Au cluster cores
are possible when Au3+ concentration is varied from 1:5 to 1:20
(BSA:Au3+; see Table 2).
After 48 h of incubation of the Au+−BSA adducts, nano-

particles form and the size of the protein decreases. The same
kind of behavior was also observed for Lyz. Increase in Au
concentration increases the amount of Au uptake, which is
reflected from the increase in size of BSA. A clear increase
in fragmentation can also be observed from MALDI MS data

(see Figure S8). TEM analysis of these nanoparticles shows their
polydispersed nature similar to the case of Lyz.
Formation of nanoparticles was further confirmed by UV−vis

absorption spectrum showing the 540 nm plasmonic feature.
DLS studies shows that the size of BSA (7.4 nm) increases to
8.4 nm when Au3+ was introduced in the system (see Figure S9).
Incubation of the Au+−BSA adduct resulted in nanoparticles after
48 h. Two different prominent peaks were observed when the
nanoparticle sample was subjected to DLS. A 5.4 nm peak which
corresponds to the fragmented protein and the other peak at 20 nm
correspond to Au NPs. Change in protein was further monitored
using zeta potential study and a comparison is shown in Table 3.

Figure 5. Formation of AuNPs is schematically represented in A along with the corresponding size of BSA. B is showing time dependent SAXS profile of
the formation of AuQC@BSA. Change in SAXS profile due to Au3+ concentration is shown in C.

Table 3. Comparative Sizes (SAXS and DLS) and Zeta
Potentials for BSA and Related Systems

sample
size from SAXS

(nm)
size from DLS

(nm)
zeta potential

(mV)

BSA 7.30 7.40 −30.3
Au+−BSA 8.29 8.40 +18.6
After Au NP formation 6.81 5.40 and 20.30 +32.1
Au33@BSA 8.84 9.00 −39.3

Table 2. Comparative Size of BSA and Related Systems from
SAXS Profile

sample BSA:Au3+
time of

incubation (h)
average particle size
from SAXS (nm)

BSA 0 7.45 and 2.73
BSA+NaOH 0 7.08 and 3.06
Au+−BSA 1:10 0 8.29 and 3.63
Au+−BSA 1:10 24 8.61 and 3.52
Au+−BSA (nanoparticle) 1:10 48 6.81 and 2.50
AuQC@BSA 1:5 0 7.91 and 2.85
AuQC@BSA 1:5 24 8.04 and 2.69
AuQC@BSA 1:10 0 8.75 and 3.23
AuQC@BSA 1:10 24 8.84 and 3.28
AuQC@BSA 1:10 48 8.87 and 2.47
AuQC@BSA 1:20 0 9.16 and 3.32

The Journal of Physical Chemistry C Article

DOI: 10.1021/jp509332j
J. Phys. Chem. C 2015, 119, 2148−2157

2154

D
ow

nl
oa

de
d 

by
 I

N
D

IA
N

 I
N

ST
 O

F 
T

E
C

H
N

O
L

O
G

Y
 M

A
D

R
A

S 
on

 S
ep

te
m

be
r 

9,
 2

01
5 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 J
an

ua
ry

 1
7,

 2
01

5 
| d

oi
: 1

0.
10

21
/jp

50
93

32
j

http://dx.doi.org/10.1021/jp509332j


4. SUMMARY AND CONCLUSIONS

In summary, we have presented a detailed SAXS and mass
spectrometric study of the formation and growth of luminescent
Au clusters inside a small protein, Lyz, for the first time. SAXS
data shows the presence of a 0.8 nm core, which is in agreement
with the Au10 cluster seen in MALDI MS. Due to the smaller size
and availability of less number of cysteine residues, the core size
does not change significantly upon further increase in Au3+

concentration, which was previously observed to be in the range
of Au10−12. Nanoparticle growth can also be monitored using
time dependent SAXS along with other microscopic (TEM) and
spectroscopic (UV−vis) techniques. We have shown a similar
kind of study of cluster growth with a larger protein, BSA. In this
case, due to the unsymmetrical structure of the protein, we see an
average three-dimensional distribution of the size. The data
confirm the presence of Au clusters protected by proteins, in
solution.
As of now, none of the protein-protected clusters could be

crystallized. There is always a question of whether these clusters
form inside a protein cavity or are they an artifact in the MALDI
MS. This concern exists as ESI MS is not reported of the
same clusters. The present work opens up new possibilities for
studying solution phase structure of macromolecule-protected
clusters. This study suggests that SAXS can be used to visualize
cluster growth in solution regardless of the protein structure.
Such studies may be extended to other proteins and several other
macromolecules in which cluster growth has been observed.
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Figure S1: SAXS profiles of freshly prepared aqueous (A) Lyz and (B) BSA solutions evaluated 

using cylinder and sphere models (same residual factors) are shown for comparison. The 

corresponding size distribution profiles of (C) Lyz and (D) BSA proteins using the above two 

models. The average sizes of the proteins are tabulated in the insets of C and D;  represents 

normalized dispersion. 
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Figure S2: A) SAXS profile of Lyz in water, corresponding size profile is shown in B. C) SAXS 

profile of Lyz in water after one day, corresponding size profile is shown in D.  
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Figure S3: A) SAXS profile of Lyz in presence of NaOH at pH 12, corresponding size profile is 

shown in B. C) SAXS profile of Lyz in presence of NaOH at pH 12 after one day, corresponding 

size profile is shown in D.  
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Figure S4: A) SAXS profile of Au
+
-Lyz, corresponding size profile is shown in B. C) SAXS 

profile of Au
+
-Lyz after 24 h, corresponding size profile is shown in D. After 48 hours of 

incubation, nanoparticles form. The SAXS profile is shown in E and the corresponding size 

profile in F is showing overall decrease in protein size after nanoparticle formation. 

 



6 
 

Supporting Information 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. The effect of cluster formation and growth on short range inter-particle interactions 

in (A) Lyz and (B) BSA systems expressed as correlation function. The corresponding distance 

distribution functions are presented in the insets. 
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Figure S6: A) Time and concentration dependent SAXS profile of AuQC@Lyz and the 

corresponding size profile is shown in B. 

Supporting Information 7 

 

 

 

 

 

 

 

 

 

Figure S7: A) DLS data of Lyz, Au
+
-Lyz adduct and Au10@Lyz showing presence of 1.3 nm 

cluster core. B) Time dependent growth of Au
+
-Lyz adduct lead to nanoparticle formation and 

the corresponding size of nanoparticle was observed by DLS study. 
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Figure S8: Time dependent MALDI MS of Au
+
-Lyz showing increase in fragmentations at 

lower mass region (˂m/z 20k). 
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Figure S9: A) DLS data of BSA, Au
+
-BSA adduct and Au10@BSA showing presence of 1.3 nm 

cluster core. B) Time dependent growth of Au
+
-BSA adduct leads to nanoparticle formation and 

the corresponding size of nanoparticle was observed by DLS study. After nanoparticle formation, 

the size of the protein decreases.  
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Sample Particle Size 

(nm) 

Normalized

Distribution 

(%)

Volume 

(%)

R Factor 

(%)

1 Lyz (0 h) 03.9

37.1

03.2

31.4

88.86

11.14

4.54

2 Lyz (24 h) 04.0

62.8

07.3

20.9

68.12

31.88

3.82

3 Lyz+NaOH (0 h) 03.9

28.5

27.9

03.2

86.52

13.48

4.14

4 Lyz+NaOH (24 h) 04.0

26.9

27.4

61.1

78.85

21.15

4.54

5 Lyz+Au3+ (0 h) 04.6

37.9

19.3

23.7

84.34

15.66

6.25

6 Lyz+Au3+ (24 h) 04.7

42.2

08.1

28.1

79.10

21.90

3.99

7 Lyz+Au3+ (48 h)

Nanoparticles

03.3

39.8

35.2

69.3

83.57

16.43

4.19

8 Lyz+Au3+ (high 

concentration) (0 h)

04.7

30.3

25.0

03.2

88.07

18.93

3.84
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Table S1: Details of SAXS parameters of Lyz and Au
+
-Lyz at different conditions.  
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Sample Particle Size 

(nm) 

Normalized

Distribution 

(%)

Volume 

(%)

R Factor 

(%)

1 Lyz+Au3+ + NaOH (0 

h) (1:4 Lyz:Au3+)

04.5

34.8

18.7

30.5

78.87

21.13

4.00

2 Lyz+Au3+ + NaOH (24 

h) (1:4 Lyz:Au3+)

04.7

42.2

08.1

28.1

79.04

20.96

3.99

3 Lyz+Au3+ + NaOH (48 

h) (1:4 Lyz:Au3+)

04.7

33.0

31.3

43.7

81.57

18.43

4.18

4 Lyz+Au3+ + NaOH (0 

h) (1:2 Lyz:Au3+)

04.6

34.2

26.0

12.7

70.63

29.37

4.11

5 Lyz+Au3+ + NaOH (24 

h) (1:2 Lyz:Au3+)

04.6

34.0

35.4

38.2

73.43

26.57

4.59

6 Lyz+Au3+ + NaOH (0 

h) (1:8 Lyz:Au3+)

04.9

36.6

31.1

27.5

81.59

18.47

4.14

7 Lyz+Au3+ + NaOH (24 

hr) (1:8 Lyz:Au3+)

04.8

32.4

39.7

23.1

88.36

11.64

4.02
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Table S2: Details of SAXS parameters of AuQC@Lyz at different conditions. 

 

 

 

 

 

 

 

 

 

 



Advancing the Use of Sustainability Metrics

Now in its third year, ACS Sustainable Chemistry and
Engineering (ACS SCE) continues to receive high-

quality manuscripts in the areas of green chemistry, green
engineering, and the grand challenges for sustainability in
chemistry and chemical engineering. This includes the
development and demonstration of renewable feedstocks,
fuels, and materials that are less toxic and more sustainable
than their functional equivalents. It also includes the develop-
ment and demonstration of alternative processes and products
that are more resource-efficient (in terms of conserving energy
and feedstock) and more sustainable compared to conventional
chemical processes and products.
In presenting their findings, ACS SCE authors generally

justify the contributions of their work to the sustainability of
the chemical enterprise by qualitatively invoking the principles
of green chemistry1 and green engineering2 or other principles
of sustainability.3 This approach is encouraged and acceptable.
Ultimately, however, such qualitative approaches will be
complemented by rigorous, semiquantitative and quantitative
sustainability assessments. These may include life cycle
analyses, toxicity assessments, or other indicators of sustain-
ability. More quantitative approaches to sustainability assess-
ments can also help identify the key features to be improved to
make a process or product sustainable, providing valuable
guidance to further process or product development.
Articles published in ACS SCE and other journals4−10 have

described and applied such quantitative sustainability assess-
ments, and the editors wish to encourage more authors to
consider utilizing quantitative sustainability metrics in their
submitted work. Toward this end, we offer suggestions and
helpful tools and resources that are simple to use and hopefully
add more value to manuscripts.

■ GUIDELINES FOR INCORPORATING
SUSTAINABILITY METRICS

At the outset, we want to make it clear that ACS SCE will
continue to accept manuscripts for review, with or without the
inclusion of quantitative sustainability metrics, as we do now.
We also continue to welcome contributions that describe new
approaches to quantifying sustainability or that are entirely
focused on novel and rigorous quantitative sustainability
assessments based on life cycle,11−15 supply chain,16−20 or
other concepts.21,22 The guidelines provided here are meant to
help authors use quantitative metrics, in an evolving process, to
demonstrate how their research contribution advances
sustainable chemistry or engineering.
Because of the broad scope of research described in ACS

SCE, ranging in scale from new nanomaterial development, to
process synthesis and analyses of regional or global scale
material flows, the types of metrics used by ACS SCE authors
will take a variety of forms. These may range from evaluations
of the properties of individual chemicals (e.g., toxicity,
persistence in the environment, efficiency in material synthesis,
or the extent of use of renewable materials) to assessment of a
variety of impacts along a supply chain. Although there is great

diversity in the use of metrics, some common principles are
emerging and these common principles have been described by
ACS SCE authors. For example, in the first issue of ACS SCE,
Russell and Shiang4 described the sustainability metrics and
sustainability tools used by a multinational chemical manu-
facturer. In Volume 2, Giraud et al.5 described results of a
survey conducted by the American Chemical Society’s Green
Chemistry Institute on the commercial use of the principles of
Green Chemistry and the metrics used to quantify progress in
applying those principles. Multiple tools are now available to
assist researchers in applying quantitative metrics. For example,
the iSUSTAIN tool23 is a freely available tool for quantifying
progress in the application of the principles of Green
Chemistry. The United States Environmental Protection
Agency (EPA) has developed and made available online tools
that can be used to assess the environmental fate,
bioaccumulation, and toxicity of chemicals.24 New computa-
tional methods for property estimation, relevant to sustain-
ability assessments, are continuing to develop. Data for supply
chains and individual process steps along supply chains are also
becoming available. Commercial and public domain Life Cycle
Assessment software tools such as SimaPro, GaBi, and
GREET25−27 can serve as a resource for authors seeking to
benchmark their concepts with current supply chains.
On the basis of these considerations, some general guidelines

for authors wishing to incorporate quantitative metrics are as
follows:

• Whenever possible, place the contribution in the context
of the life cycle or supply chain of the relevant product,
process, or chemical function. Although a quantitative life
cycle assessment will be beyond the scope of most
manuscripts, framing the paper’s contribution in the
context of product and process life cycles will be a
valuable addition.

• Cite or briefly describe relevant property data such as
environmental persistence or toxicity.

• In describing chemical pathways or processes, consider
using metrics such as those associated with the principles
of green chemistry, such as atom economy, mass
efficiency, E-factor, C efficiency, emission rates, or others.

• When using well established sustainability metrics (e.g.,
atom economy), detailed methodological descriptions
are not necessary; however, if novel metrics are used, the
method of their calculation should be described in the
manuscript or Supporting Information.

• Authors who incorporate quantitative sustainability
metrics are encouraged to highlight their results in the
Graphical Abstract.

Recognizing that the field of quantitative sustainability
assessments continues to evolve, these guidelines will be
periodically reviewed and updated to reflect current trends.
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In closing, we want to reiterate that the current initiative is to
encourage authors to assess more critically their work from a
sustainability viewpoint via quantitative assessments. We hope
that such efforts would not only serve to advance the field but
also bring to light sustainability challenges that are nonobvious,
and thereby guide process and product development.

D. T. Allen, Editor in Chief
B.-J. Hwang, Associate Editor
P. Licence, Associate Editor
T. Pradeep, Associate Editor
B. Subramaniam, Associate Editor
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Lectures Delivered 
 

1. Towards point-of-care mass spectrometry: New advances in ambient ionization methods, H3C 
(International conference of the Ohio State University), Taj Palace Hotel, Mumbai January 15-17, 2015.  

2. Clean drinking water and inequality – Technological challenges, addressing economic inequality in India, 
International Centre for Human Development and National Institute of Advanced Studies, Bengaluru, 8-9 
January 2015. 

3. Affordable point-of-use water purification using nanomaterials, Plenary lecture at 150 years of BASF, 
Mumbai, January 23, 2015. 

4. Affordable point-of-use water purification using nanomaterials, Nano India 2015 – Plenary lecture, 
Sastra, Thanjavur, January 29-30, 2015. 

5. Understanding the evolution of atomically precise clusters using mass spectrometry, 29th ISMAS 
Symposium on Mass Spectrometry, Vivanta by Taj Hari Mahal, Jodhpur, February 2-6, 2015. 

6. On the birth of metals, Emerging Frontiers of Materials Science, Opening lecture, Maris Stella College, 
Vijayawada, February 12, 2015. 

7. Understanding cancer therapy using mass spectrometry and single particle plasmonics, International 
symposium on Nanotechnology and Cancer Theranostics, IIT Bombay, Mumbai, February 15-17, 2015.  

8. Mass spectrometric imaging of living objects, AgriNANO-2015, Opening lecture, Institute of Frontier 
Technology, Regional Agricultural Research Station, Tirupati, March 11, 2015. 

9. On the birth of metals, Thrust Areas in Chemistry, Govt. Arts College, Nandanam, Chennai March 12, 
2015. 

10. Atomically precise clusters of noble metals, MANA, Tsukuba, Japan, March 18, 2015. 

11. Understanding cancer therapy using mass spectrometry and single particle plasmonics, Kovai Medical 
Center and Hospital April 25, 2015. 

12. Safe water through advanced materials, CII-UNICEF CSR Conference and Exhibition on Swachh 
Bharat Abhiyan, Chennai May 12, 2015. 

13. Optical sensors using synthetic nanostructures, IC-IMPACTS Summer Institute, University of Toronto, 
June 15, 2015. 

14.  Affordable clean water using nanomaterials, University of Waterloo, June 17, 2015. 



15. Nanotechnology for clean water, University of Alberta, Edmonton, June 19, 2015. 

16. Cluster reactions, International Symposium on Monolayer Protected Clusters 2015, Fuji area, Japan, 
July 13-16, 2015. 

17. Affordable clean water using nanomaterials, Emerging Frontiers for Sustainable Water – A Trilateral 
Partnership, Africa-India-UK Johannesburg, August 3-5, 2015. 

18. Affordable clean water using nanomaterials, Plenary lecture, BITRI, Gaborone, August 6, 2015. 

19. Chemistry of Noble Metal Clusters, Department of Chemistry, Purdue University, August 19, 2015. 

20. Chemistry of Noble Metal Clusters, Professor S. V. Anantakrishnan Memorial Lecture, MCC Chennai, 
August 28, 2015. 

21. Chemistry of Nano molecules, Stella Maris College, Chennai, September 7, 2015. 

22. Affordable clean water using nanomaterials, Indian Institute of Toxicology Research, Lucknow, Golden 
Jubilee Lecture, October 13, 2015. 

23. Affordable clean water using nanomaterials, IWA Development Congress, Plenary lecture, Amman, 
Jordan, October 17, 2015. 

24. Extraction of Silver by Glucose, International Toxicology Conclave, Indian Institute of Toxicology 
Research, November 5, 2015. 

25. Clean water and materials, Indian Academy of Sciences Refresher Course, Madikeri, November 16-29, 
2015. 

26. Fundamental problems at ice surfaces, Indian Academy of Sciences Refresher Course, Madikeri, 
November 16-29, 2015. 

27. Investigating ice surfaces with ions, Indian Academy of Sciences Refresher Course, Madikeri, 
November 16-29, 2015. 

28. Chemistry of Atomically Precise Clusters of Noble Metals, Institute for Nanotechnology, Karlsruhe 
Institute of Technology, Karlsruhe, Germany, November 24, 2015. 

 



Patents/Technology/Grants 

 

Patents  

Applications 

 On-line water purifier for hand pumps, Design application, Application No. 271059, April 6, 2015. 

 Method for colocalization of plasmonic nanoparticles and biomolecules with plasmonic and 

Raman scattering microspectroscopy, T. Pradeep and Kamalesh Choudhari, 1864/CHE/2015, 

April 09, 2015. 

 Cellulose derived graphenic fibers for capacitive desalination of brackish water and preparation 

method of the electrode thereof, T. Pradeep, N. Pugazhenthiran, Soujit Sen Gupta, Anupama 

Prabhath and J R Swathy, 3951/CHE/2015, July 31, 2015 

 Methods of making alloys of precise composition in solution by inter-cluster reactions in solution, 

T.Pradeep, K. R. Krishnadas, Atanu Ghosh, Ananya Baksi, Indranath Chakrabarti and 

Ganapathy Natarajan, Filed on December 14, 2015.  

 Method for preparing crossed bilayer assembly of 1D nanowires using an atomically precise 

clusters, T. Pradeep, Anirban Som, Indranath Chakraborty, Tuhina Adit Maark and Shridevi 

Bhat, Filed on December 28, 2015. 

 Composition for sustained release of carbonate and a water purification device based on the 

same with enhanced biocidal activity, T.Pradeep, Swathy J.R. and Nalendhiran Pugazhenthiran, 

Filed on December 29, 2015. 

Granted 

 Gold and Silver quantum clusters in molecular containers, methods for their preparation and 

use, E. S. Shibu and T. Pradeep, US-8999717, Issued: April 7, 2015. 

Technology development 

 AMRIT hand-pump model commercialized; 330 units (serving ~100,000 people) were installed 

in the arsenic affected areas.  

Photograph of an installation in a school 



 

 Arsenic free drinking water technology developed by the lab and our incubated company, Inno  

Nano Research Pvt. Ltd. has been approved for nationwide implementation. 

Technology receipts 

 Technology licensing fee of $130,000 for some of our patents was received. 

 Cumulative royalty receipts for the pesticide removal patent has crossed Rs. 150,00,000. 

New grants 

 Indo – UK GITA grant: Development of a novel combined arsenic filtration/monitoring system 

for community‐scale water supplies amounting to Rs. 160,00,000 at the Indian side and 

£614,000 at the UK side. 

 DST Grant: Arsenic free South 24 Parganas using Indian Technology, amounting to Rs. 

460,00,000 

 Indo-German grant: Cluster-composite nanofibre membranes for rapid, ultra-trace detection of 

waterborne contaminants, Rs. 200,00,000 at the Indian side and Euro 400,000 at the German 

side. 
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