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A Covalently Integrated Reduced Graphene Oxide–
Ion-Exchange Resin Electrode for Efficient Capacitive 
Deionization

Md Rabiul Islam, Soujit Sen Gupta, Sourav Kanti Jana, Pillalamarri Srikrishnarka, 
Biswajit Mondal, Sudhakar Chennu, Tripti Ahuja, Amrita Chakraborty, and Thalappil Pradeep*Q1

DOI: 10.1002/admi.202001998

terms of equipment and energy consump-
tion.[6,8–11] Capacitive deionization (CDI) is 
an emerging technology which involves 
adsorption and desorption of ions on the 
electrode surface by application of low 
potential difference (≈1.2–1.8  V) across a 
pair of porous carbon electrodes, thereby 
making it both energy and cost-efficient 
compared to other existing desalination 
methods. When a flowing water stream 
is passed across a CDI system, cations 
and anions move toward oppositely 
charged electrodes and get adsorbed on 
them, thereby generating deionized and 
‘drinkable’ water, starting from brackish 
water. Subsequently, adsorbed ions can be 
removed from the electrode by reversing 
the polarity, thereby regenerating the 
electrode surface, ready for reuse for next 
adsorption cycle.[5] Thus, clean water can 
be produced continuously by repeating the 
adsorption and desorption cycles. CDI is a 
cost-effective, point-of-use method with a 
high theoretical desalination efficiency.[5] 
However, its practical applications for 
desalination are yet to be recognized at a 

large scale, and research is being carried out to synthesize new 
materials with improved adsorption capacities.[5,12–14] Related 
technologies such as Faradaic deionization and the use of dif-
ferent 2D materials in CDI are also explored intensely.[15–17]

Various carbonaceous materials and their composites are 
being used as CDI electrodes because of their high salt adsorp-
tion capacities in the range of several mg  g−1.[18–25] Graphene, 
and graphene-derivatized materials, such as, graphene-like 
nanoflakes,[26] activated carbon,[27] activated carbon nanofiber 
(ACF),[28] reduced graphene oxide (rGO),[27,29] carbon nano-
tubes (CNT),[29] graphene–CNT composites,[29,30] rGO–ACF,[28] 
3D macroporous graphene architectures,[31] sponge-templated 
graphene,[14] graphene–Fe3O4,[32] graphene chitosan–Mn3O4,[33] 
rGO–activated carbon composites,[27] and functionalized gra-
phene nanocomposite,[34] have been used as CDI electrodes. 
The adsorption capacities of graphenic composites, such as 
graphene/carbon nanotube, CO2 activated rGO, sulfonic func-
tional graphite nanosheets, SO3H/NH2 graphene/activated 
carbon, MgAl-Ox/G nanohybrids, 3D-graphene architecture, 
and graphene sponge measured were 1.4, 6.26, 8.6, 10.3, 13.6, 

Capacitive deionization (CDI) is an emerging, cost-effective alternative for 
energy-efficient desalination technology. Efficient electrode materials based 
on individual reduced graphene oxide (rGO) nanosheets are produced by 
functionalizing them with polystyrene (rGO–PS) through an in situ polym-
erization process involving rGO, styrene monomer, and divinylbenzene. The 
rGO–PS-integrated composite nanostructures are subsequently functional-
ized with sulfonate and quaternary amine functionalities to achieve positively 
and negatively charged electro-adsorbent ion-exchange resins (EAIERs), 
respectively. These EAIERs ‘molecular constructs’ are used to fabricate CDI 
electrodes, and deionization is performed to remove various ions. These 
molecular constructs promote faster charge transfer at the electrode–electro-
lyte interface and maintained the electrical conductivity of the active rGO. This 
leads to a high electroadsorption capacity of 15.93 mg g−1 of Cl− using NaCl 
solution with a conductivity of 802 µS in laboratory batch experiments, which 
is approximately five times higher than the adsorption capacity of rGO elec-
trodes reported earlier (≈2–3 mg g−1) in comparable experimental conditions. 
No significant Faradaic redox reactions or chemical changes are observed on 
the electrode surface, which make these electrodes exhibit excellent electro-
chemical stability even after multiple adsorption/desorption cycles.

M. R. Islam, S. S. Gupta, S. K. Jana, P. Srikrishnarka, B. Mondal, 
S. Chennu, T. Ahuja, A. Chakraborty, T. Pradeep
DST Unit of Nanoscience (DST UNS)
and Thematic Unit of Excellence (TUE)
Department of Chemistry
Indian Institute of Technology Madras
Chennai 600 036, India
E-mail: pradeep@iitm.ac.in

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/admi.202001998.

Q2

The availability of clean potable water at an affordable cost 
is a growing challenge for mankind. Recently, the drinking 
water crisis has reached alarming levels due to the increasing 
population, climate change, and contamination of various 
water sources.[1–7] To meet the growing demand for affordable 
drinking water, several technologies (such as reverse osmosis, 
ultrafiltration, adsorption, photocatalytic degradation, and distil-
lation) are being utilized, some of which are highly expensive in 

Q3
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14.7, and 14.9 mg g−1, respectively, for an input of 500 ppm NaCl 
solution.[29,35–40]

The main objective of the CDI technology is to make a cost- 
and energy-efficient desalination process. Thus, synthesizing 
new materials and improving electrode architecture are the 
major tasks driving the progress of CDI technology. The elec-
trode’s performance largely depends upon the desalination 
capacity of the electrode materials and initial salt concentra-
tion. Mostly, carbon materials are utilized for electrode fabri-
cation, but novel materials can also be integrated with carbon 
matrix to obtain enhanced electrode performance.[12] Electrode 
materials must have a high specific surface area, high electrical 
conductivity, and high electrochemical stability over different 
pH and voltage ranges (≈1.2–1.8 V). Additionally, electroadsorp-
tion capacity is also affected by total pore volume, pore size, 
and pore connectivity of the active electrode materials. Fur-
thermore, suitable porosity of the electrode materials, excellent 
wetting behavior, and high bio-inertness to prevent biofouling 
are important factors for improving desalination performance. 
Besides electrode characteristics, input water flow rate, config-
uration of electrode stacks, lifetime of the electrodes, and the 
process’s cost are other parameters that should be taken into 
account to design an efficient CDI technology.[12,41]

Scheme 1 illustrates the adsorption mechanism of regular 
CDI and membrane CDI (MCDI) electrodes. In a regular 
CDI, when a voltage is applied across the electrodes, ions with 
opposite charges also referred to as counter-ions, move toward 
electrodes of opposite polarity (cations toward cathode and 
anions toward anode) and are adsorbed within the intraparticu-
late porous network of the carbon electrode, while ions having 
the same charge (co-ions) are repelled from the electrodes of the 
same polarity (anions are repelled from cathode and cations are 

repelled from anode). The co-ions present in the spacer channel, 
or separator (a gap between anode and cathode), further pre-
vent the counter-ions from coming in contact with the elec-
trode surface. Moreover, some of the co-ions, which may have 
accumulated in the micropores/macropores of the electrode, 
neutralize the adsorbed counter-ions, leading to a decrease 
in the adsorption capacity of the electrodes. In addition to the 
aforementioned drawbacks, poor electrochemical stability of 
regular CDI is another challenge. All of these have resulted in 
the invention of MCDI. In MCDI, ion-exchange membranes 
(IEMs, anion-exchange resin on the anode side, and vice versa) 
are incorporated in front of the carbon electrodes. Membranes 
containing covalently bound linkers, such as sulfonate or quater-
nary amine-containing IEMs, are typically used due to their high 
internal charge, which plays a significant role in selective trans-
port of counter-ions. During MCDI, counter-ions are exchanged 
through the membrane (cations at cathode and anions at the 
anode, as the electrodes are coated with cation- and anion-
exchange membranes, respectively). They can be adsorbed on 
the porous carbon surface, resulting in the formation of an elec-
trical double layer (EDL) within the intraparticle nanostructures 
(micropores) of the porous carbon electrodes.[42] However, due to 
presence of a membrane on top of the electrodes, many counter-
ions from the solution passes through the membrane to reach 
the active electrode surfaces. This movement of counter-ions 
results in the formation of an enhanced EDL at the electrodes. 
Moreover, counter-ions are also adsorbed on the respective 
membrane surfaces. Thus, the co-ions are blocked, and they 
reside in the vicinity of the membrane in the solution. Net effect 
is that IERs enhance the adsorption capacity of MCDI elec-
trodes.[12,42–44] As the membrane is placed right over the carbon 
surface, the membrane layer extends well into the diffuse layer.

Scheme 1. Ions adsorption mechanism for A) CDI and B) MCDI electrodes at the anode, where AEM denotes anion-exchange membrane. The cor-
responding process occurs at the cathode. (B) shows the enhanced electroadsorption in comparison to (A).

Adv. Mater. Interfaces 2020, 2001998
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Thus, an MCDI system shows a higher salt removal rate 
or desalination performance. However, ion removal per unit 
energy consumption in MCDI is lower compared to regular 
CDI.[12,44] Although MCDI exhibits several advantages compared 
to conventional CDI, its major drawback is the weak adhesion 
between the electrode material and the IEM, leading to high 
charge transfer resistance at the electrode–electrolyte interface. 
Moreover, all the IEMs are hydrophobic and have poor wetting 
characteristics, which lead to low removal efficiency of the ions, 
even at low salt concentrations.[12]

In general, electroactive materials are printed on a stable 
conducting surface during CDI electrode fabrication. This 
usually requires the use of a non-conducting binder, such as 
polyvinylidene fluoride (PVDF) and polyvinyl alcohol, which 
reduces the available electrochemical surface area and conduc-
tivity of the electrode materials. This can be resolved by inte-
grating electro-adsorbent materials with the ion-exchange resin 
via covalent linkages. Graphene and its derivatives have proved 
extremely advantageous in this context. Due to its large surface 
area, high electrical conductivity, and tunable functionality, it 
is possible to retain the electrodes’ adsorption capacity even 
while maintaining proper covalent linkages. Selective function-
alization of rGO with ion-permeable membranes by forming a 
single molecular construct enables the possibility of enhanced 
adsorption and ion permeation characteristics.[45]

In this work, CDI electrodes were prepared by forming 
covalent linkages between rGO and IERs, which were used 
for selective anion and cation permeation during the desalina-
tion process. This methodology also improves the adsorption 
capacity of the target ions (counter-ions) and the blocking of 
the co-ions, allowing rapid desalination of brackish water. By 
this process, the material retains its conductivity and wetting 
characteristics, unlike conventional MCDI. It is essential to 
point out that mixing graphene and ion-exchange resin without 
any covalent linkage does not produce the desired result.[46] In 
MCDI, IER is coated on electrode material through covalent 
linkages that decrease electrical conductivity of the electrode 
and simultaneously increase the charge transfer resistance 
at the electrode/electrolyte interface. However, this can be 
overcome by molecular constructs. Hence, our materials are 
expected to exhibit higher adsorption capacity and energy effi-
ciency. Our technology has proved to be suitable for commer-
cial implementation after the evaluation of its performance 
using various electrochemical and spectroscopic studies.

CDI electrode materials with molecular constructs were syn-
thesized through in situ polymerization of styrene monomer in 
the presence of rGO. CDI electrodes were fabricated on bare 
graphite sheets, which were further characterized by different 
spectroscopic and microscopic techniques. Detailed synthesis 
and fabrication processes have been discussed in the Experi-
mental Section. Figure 1A presents a schematic of the CDI cell 
integrated with electro-adsorbent ion-exchange resins (EAIERs) 
electrodes. The EAIERs were coated on graphite sheets, which 
act as current collectors, and a DC potential (±1.5 V) was applied 
to the electrodes to drive the counter-ions to the electrode sur-
face from the input feed water. A spacer was placed between 
the two electrodes. An expanded view depicts the structure of 
the molecular construct of both +ve EAIERs and −ve EAIERs, 
namely cathode and anode, respectively. High-resolution 

scanning electron microscopy (HRSEM) images of both 
the electrode materials are shown in an expanded view in 
Figure 1A. Electron microscopy images using HRSEM (magni-
fied view in Figure 1A) and TEM (Figure 1B,C) confirmed that 
both the electrode materials had hierarchical structures with 
multiple rGO sheets arranged in a stacked manner. This struc-
ture shows a higher accessible surface area for a large number 
of ion adsorption/desorption cycles. Characterization of the 
starting materials is presented in the Supporting Information.

Fourier transform infrared (FT-IR) spectra, shown in Figure 2 
present the vibrational modes of different functional groups of 
electrode materials. The spectral features are assigned in Table 1.  
A discussion of these features is presented as part of Sup-
porting Information. The aforementioned spectral features vali-
date the covalent linkage between rGO and polystyrene (PS), in 
addition to the formation of anionic and cationic EAIERs.

Electrochemical adsorption and desorption behavior of 
both the electrodes was studied using cyclic voltammetry (CV) 
measurements in a conventional three-electrode configuration. 
A DC potential was applied at the working electrode (EAIERs 
coated graphite electrode) with respect to Ag/AgCl electrode, 
using 1  m  NaCl solution, and the resulting capacitive cur-
rent was measured between the working and platinum mesh 
counter electrodes. Figure 3A,B depicts the cyclic voltammo-
grams obtained at different scan rates from 1 to 1000  mV  s−1 
for cathode and anode, respectively. A noticeable change in the 
shape of the CV curve at higher scan rates was observed. At 
lower scan rates, the electrolyte penetrates within the pores of 
EAIERs unrestricted, which results in the formation of both an 
electrical double layer capacitance (EDLC) and diffusion capaci-
tance at the interface of the hierarchical surfaces. However, at 
higher scan rates, ions do not have sufficient time to penetrate 
within the porous structures due to the ionic transport resist-
ance, which affects the formation of diffusion capacitance at 
the electrode surface. Scan rate-dependent specific capacitance 
profiles of both +ve and −ve EAIERs are plotted in Figure S5, 
Supporting Information, demonstrating that electrodes exhibit 
higher specific capacitance at a lower scan rate and vice versa. 
This specific capacitance is the contribution of both EDLC and 
diffusion capacitance. EDLCs are formed at the interfaces due 
to the high surface charge density of the EAIERs electrodes. 
The formation of diffusion capacitance largely depends on the 
electrodes’ porosity and the electrical potential applied to the 
electrodes.

Electrochemical impedance spectroscopy (EIS) was per-
formed to understand the effect of the electrode materials’ 
electronic conductivity on the interfacial (electrode/electro-
lyte) charge transport property and resulting electroadsorption 
behavior. EIS was carried out by applying a fixed AC signal of 
10  mV at the CDI electrode, and the frequency of the motion 
was varied from 3  MHz to 5  mHz, simultaneously. The total 
impedance of the electrochemical cell (adopted with three-elec-
trode configuration) was measured as a function of the applied 
frequency at the electrode. Figure 3C,D shows the Nyquist Plots 
of +ve and −ve EAIER electrodes (the expanded views are shown 
in inset), which depicts the variation of the imaginary part of the 
total impedance with the real part. Each plot is majorly consti-
tuted of two impedance regions, a small semicircle at the high-
frequency region (3 MHz–1.5 KHz), followed by a straight line 
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Figure 1. A) Schematic design of a cell with integrated EAIERs (molecular construct) for capacitive deionization (CDI). The rGO sheets have COOH 
functionalization. Expanded views show the HRSEM images of +ve and −ve EAIERs, respectively. Corresponding molecular structures are also shown. 
TEM image of B) +ve EAIERs and C) −ve EAIERs materials. The scale bars are 500 and 50 nm for HRSEM and TEM, respectively.Q4
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in the low-frequency area (1.5 KHz–5 mHz). The first intercept 
of the semicircle (leftmost) is known as the equivalent series 
resistance (ESR), which is related to the combined effect of the 
material resistance of rGO–PS, the contact resistance between 
graphite sheet and the EAIERs coating, and the ionic resistance 
of the electrolyte (Rs). Thus, the ESR value (1.56 ohm) confirms 
that the working electrode (EAIERs) retains the conductivity of 
bare rGO, even after covalent functionalization of rGO with PS. 
The quasi-semicircle with a small arc radius suggested a low 
charge transfer resistance at the electrode–electrolyte interface 
(Rct) for both the electrodes. High conductivity and enhanced 
surface charge density of EAIERs result in fast electroadsorp-
tion of ions. In the low-frequency region, the straight line 
implies the formation of an EDLC at the electrode–electro-
lyte interface. Moreover, the straight line parallel to the y-axis 

(inset figure) also suggests fast ion diffusion to the electrodes, 
leading to a low Warburg diffusion resistance (W). Thus, both 
+ve and −ve EAIERs electrodes have good accessibility for ions 
to/from an EDL at their surfaces. To sum up, the EAIERs elec-
trodes possess low internal resistance because of the covalent 
interaction between rGO and PS. Therefore, low Rct is retained 
in the composite material (rGO–PS), compared to bare rGO.[47] 
Figure S6A,B, Supporting Information, represents Bode plots 
for cathode and anode, respectively, which further confirm the 
capacitive nature of the electrode. Furthermore, the frequency-
dependent phase angle of both the electrodes was determined 
from the EIS measurement, and these were maximum (≈−75°) 
for both the electrodes in the low-frequency region. This 
confirmed the formation of EDL on the electrodes during the 
adsorption cycle.

Figure 2. Fourier transform infrared (FT-IR) spectra of A) PS, B) rGO and rGO–PS, C) rGO, rGO–PS, and rGO–PS–SO3H (+ve EAIERs), and D) rGO–PS, 
rGO–PS–CH2Cl, and rGO–PS–CH2–N+(CH3)3Cl− (−ve EAIERs). Essential features are labeled. Chemical functionalization is evident.

Table 1. IR features of PS, rGO, rGO–PS, and −ve and +ve EAIERs, with assignments.

Wavenumber (cm−1) Assigned vibrations Wavenumber (cm−1) Assigned vibrations

3450–3520 OH stretching 1411 aliphatic CH in chloromethyl CH2Cl

2850–3035 aliphatic and aromatic CH stretching 1261 aromatic CH of PhCH2Cl groups

1740–1745 CO stretching of a carboxylic acid group 1224 and 1180 SO bond of SO3H

1631–1638 CC stretching 1208 and 1154 CN stretching frequencies of the tertiary 
amine group

1450 CH deformation

Adv. Mater. Interfaces 2020, 2001998
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Electrochemical adsorption and desorption rates of the 
electrodes and the contribution of EDLC for desalination can 
be determined qualitatively through frequency-dependent 
interfacial capacitance analysis. In this context, frequency-
dependent variations of both real (C′[ f ]) and imaginary (C″[ f ]) 
capacitances were calculated through EIS measurements for 
both the electrodes, and the resulting profiles are shown in 
Figure S6C,D, Supporting Information, and Figure 3E,F, respec-
tively. Frequency-dependent imaginary capacitance profiles of 
both electrodes were calculated from Nyquist impedance plots. 
Figure S6C,D, Supporting Information, show C′(f) profiles were 
having three distinct regions. In the high-frequency region 
(1 to 2  ×  106  Hz), the capacitance C′(f) becomes almost zero, 
which indicates that the electrode behaves like a resistor (R). 
However, in the low-frequency region, the capacitance is almost 
constant (within ±10%) up to a specific frequency (5–100 mHz), 

indicating adsorption/desorption of ions occurred through phy-
sisorption, indicating pure capacitive behavior of the electrodes 
in this regime. In between high-frequency and low-frequency 
regions, that is, 100  mHz–1  Hz, the C′(f) decreases linearly 
with frequency, which indicates the loss of charge during the 
adsorption/desorption process. Furthermore, C″(f) profiles for 
both the electrodes shown in Figure 3E,F represent irreversible 
energy dissipation and ion relaxation process during adsorp-
tion/desorption.[48] Irreversible energy dissipation is related to 
loss of charges in the form of heat. It is well known that the 
adsorption/desorption kinetics of ions depends not only on the 
electrode’s electronic conductivity but also on the electrode sur-
face’s structure and porosity.[25] Since HRSEM and TEM images 
(Figure  1) of our composite electrodes show a larger number 
of nanosheets assembled into a wrinkled microporous mor-
phology, the ions which were adsorbed at the outward surface 

Figure 3. Cyclic voltammetry (CV) of A) +ve EAIERs electrode (cathode) and B) −ve EAIERs electrode (anode) at different scan rates; Nyquist Plots of 
C) +ve EAIERs electrode (the inset chart shows the magnified high-frequency region) and D) −ve EAIERs electrode (the inset chart shows the magnified 
high-frequency region): E,F) imaginary part of complex capacitance (C″) versus frequency for cathode and anode, respectively, in 1 m NaCl electrolyte.
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(wrinkled sheets) of hierarchical structures come out with faster 
desorption kinetics. However, the ions that were adsorbed at the 
interlayer of the porous structure’s nanosheets might not have 
had sufficient time to desorb entirely before the beginning of 
the next adsorption cycle.[49] In Figure 3E,F, the peak maximum 
represents the frequency at which ions were relaxed or released 
without facing any resistive barrier due to the contribution of 
both electronic and ionic conductivities. The relaxation time 
constant (τR) can be calculated from the peak frequency (fR), 
and this can be calculated using the equation, τR =  1/(2πfR).[50] 
This time constant represents the minimum time required to 
discharge all the ions from the electrode surface. The value of τR 
was found to be nearly the same for both the electrodes. These 
values were (1.24 and 0.91  s) comparable to the τR value for 
other rGO based electrodes reported earlier.[48,50]

Figure S7, Supporting Information, shows a schematic 
representation of the experimental set-up for analyzing ions 
undergoing adsorption–desorption during CDI. A DC power 
source (±1.5  V) was connected to the electrodes that drive the 
ions present in the solution toward the electrodes (anions to 
anode and cations to cathode). A total-dissolved-solids meter 
was immersed in the solution to measure the time-dependent 
changes in the solution’s conductivity during the adsorption/
desorption processes. The adsorption/desorption performance 

of EAIERs electrodes was compared with our previously 
reported work with conventional carbon-based CDI elec-
trodes.[24] For that, carbon powder prepared from melamine 
functionalized nanocellulose (MF-CNC) was used for tradi-
tional CDI (CMF-CNC). The synthesis protocol of CMF-CNC 
was reported elsewhere.[51] A comparative adsorption/desorp-
tion study of EAIERs and CMF-CNC electrodes was carried out 
using an NaCl solution with ionic conductivity of 610 μS. It is 
evident from Figure 4A that the EAIERs electrodes have higher 
adsorption capacity (≈15.86 mg g−1) than CMF-CNC electrodes 
(≈7.45 mg g−1) for Cl− ions. In the EAIERs electrodes, the adsorp-
tion occurred for the first 58 min, leading to equilibrium. This 
adsorption equilibrium was allowed to continue up to 120 min. 
After 120 min, by reversing the applied potential’s polarity to 
the electrodes, the desorption process was initiated. In this 
time interval, the conductivity of the solution approached an 
initial value of 610 µS, as all the adsorbed ions were desorbed, 
and thus, adsorption sites were regenerated. The electroadsorp-
tion/desorption remained at equilibrium until the potential was 
reversed. Similarly, CMF-CNC electrodes were also tested for a 
comparative study of adsorption and desorption capacities with 
EAIERs electrodes.

CMF-CNC electrodes required ≈73  min to attain the 
adsorption equilibrium (Figure  4A). By reversing the polarity, 

Q5

Figure 4. A) Comparison of CDI performance between covalently integrated EAIERs (rGO–PS functionalized) electrode and melamine-functionalized 
carbon nanocellulose (CMF-CNC) derived electrode in 610 μS NaCl solutions. Electrosorption kinetics for both the integrated EAIERs and CMF-CNC 
electrodes are shown in the expanded views below. Three distinct regimes of adsorption are shown, marked with a, b, and c, and a′, b′, and c′ for 
CMF-CNF and EAIERs electrode, respectively. Variation in the potential of the electrodes with time is shown on top of the (A). CDI performances of 
EAIERs electrodes using different B) cations (Na+, Mg2+, and Fe3+) and C) anions (Cl−, NO3−, F−, and SO4

2−) with solution conductivity of 802 µS. The 
operating potential was maintained at 1.5 V during the measurements.

Adv. Mater. Interfaces 2020, 2001998
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desorption started, and adsorption sites were regenerated at 
the electrode after 120 min. However, unlike EAIERs, the CMF-
CNC electrodes started to adsorb ions before desorption of all 
the ions from the electrodes, which reflected in the desalina-
tion performance of CMC-CNC electrodes. This is the crucial 
difference between EAIERs and CMF-CNC electrodes in terms 
of desalination efficiency. Electroadsorption kinetics for the 
integrated EAIERs and CMF-CNC electrodes are shown as a 
zoomed-in view of Figure 4A, and the EAIERs electrodes show 
three distinct adsorption kinetics before reaching the equilib-
rium. Initially, the adsorption was fast in the first ≈11 min, and 
it was moderate within ≈11–53 min; but in the final ≈53–64 min, 
adsorption was very slow.

Similarly, CMF-CNC electrodes also showed three distinct 
kinetics; initially, faster adsorption in the first ≈20 min, followed  
by moderate adsorption during ≈20–71 min, and finally, slower 
adsorption during ≈71–80  min. These results revealed that 
EAIERs electrodes have more active adsorption sites than  
conventional CDI electrodes (CMF-CNC). Furthermore, the 
covalent linkage between rGO and IER (synthesized material), 
which maintained the electronic conductivity of the EAIERs 
electrodes compared to rGO, further reduces the charge 
transfer resistance at the electrode–electrolyte interface during 
adsorption/desorption processes. Thus, EAIERs electrodes 
exhibited faster adsorption/desorption rate at their surfaces, 
resulting in a higher desalination efficiency than standard 
MCDI electrodes. In MCDI, the presence of a membrane on 
top of the electrode surface increases the charge transfer resist-
ance at the electrolyte interface, effectively reducing the overall 
adsorption capacity of active electrodes. However, high adsorp-
tion capacity with faster desorption kinetics was observed for 
EAIERs electrodes (Figure  4A). Therefore, synthesized mate-
rials, which would be more energy efficient (desalination per 
unit energy consumption, mg  g−1  watt−1) with higher adsorp-
tion capacity, could be utilized for developing future CDI elec-
trodes. The comparison of desalination efficiency of different 
electrode materials in terms of their salt adsorption capacities, 
reported in the recent past, is shown in Table 2. It is clear that 
the synthesized EAIERs electrode materials are superior to the 
reported ones.

Other than surface porosity and electronic conductivity, the 
electrochemical adsorption capacity of the electrode materials 
also depends on i) hydrated ionic radii, ii) ionic charge, and iii) 
initial concentration of the solution. To determine the adsorp-
tion capacity, considering the above factors, a set of different 
cations (Na+, Mg2+, and Fe3+) and anions (NO3

−, F−, Cl−, and 
SO4

2−) were taken. Here, Cl− ions were chosen as the common 
anion for all cations, and Na+ was the common cation for all 
anions. The electrochemical adsorption–desorption capacity 
of EAIERs electrodes and corresponding changes in the con-
ductivity of the solution was monitored. Conductivity pro-
files of the electrolyte containing each of the aforementioned 
ions during the adsorption–desorption process are shown in 
Figures 4B,C, and Figures S8, S9, and S11, Supporting Informa-
tion. A comparative study of the adsorption capacity of EAIERs 
electrodes was performed in the presence of different cations 
(Fe3+, Mg2+, and Na+). Initial ionic conductivity of the solution 
with each of these ions was maintained as 802  μS, as shown 
in Figure  4B. It is evident that the adsorption capacity of the 

electrode corresponding to individual cations follows the trend, 
Fe3+ > Mg2+ > Na+. It was noticed that the adsorption capacity 
of the EAIERs electrode increased with an increase in charge 
of the individual cation. Therefore, properties such as the ionic 
charge, ionic radii, and hydrated radii of different cations (Na+, 
Mg2+, and Fe3+) and anions (NO3

−, F−, Cl−, and SO4
2−) affect the 

absorption capacity. In the case of cations, adsorption capacity 
increased with an increase in valency; however, the reverse 
trend was observed in the case of anions (with the same cation, 
Na+). The hydrated radius of Fe3+ is the largest, and Na+ is the 
smallest among these cations. Therefore, adsorption of cations 
should follow the order, Na+ > Mg2+ > Fe3+; however, the reverse 
trend was observed experimentally. In the case of cations, the 
charge of the ion is the predominant factor than the hydrated 
radius. When a potential was applied at the electrodes, the 
cation with a higher charge should undergo higher adsorp-
tion than a lower charged cation. Therefore, trivalent Fe3+ 
was adsorbed at a faster rate than divalent Mg2+, followed by 
monovalent Na+.[52] However, in the case of anions, adsorption 
capacity decreases with an increase in the charge of anions. 
Adsorption capacities for all the anions are shown in Figure 4C. 
In the case of anions, hydrated radii are more important than 
their charges. The size of the hydrated radii of anions decreases 
as SO4

2− > F− > NO3
− > Cl−. Anions with the smallest hydrated 

radii would pass through the pores efficiently and reach the 
electrode surface at faster kinetics, and adsorption capacity fol-
lows the trend, Cl− > NO3

− > F− > SO4
2−.[3] Conductivity profiles 

of the solution after electroadsorption in the presence of cations 
and anions with initial ionic conductivity of 450 and 610 μS are 
shown in Figure S8, Supporting Information.

Adsorption capacities of covalently integrated EAIERs elec-
trodes using various solutions, each with different conductivity, 
are depicted in Figure S9A–C, Supporting Information. The 
adsorption capacity of EAIERs electrodes increased with an 
increase in the concentration of NaCl. The observed values of 
adsorption capacity were 14.45, 15.86, and 15.93 mg g−1 for Cl− 
ions of NaCl, with ionic conductivities of 450, 610, and 802 μS, 
respectively. The obtained adsorption capacities were much 
higher in comparison to pristine rGO or graphene-based CDI 
electrodes (Table 2).

To investigate the reproducibility of the electrode’s adsorp-
tion/desorption performance, it was carried out with the 
same measurement for 20 cycles. Four adsorption/desorption 
cycles were presented in Figure S9, Supporting Information. 
It was observed that adsorption–desorption efficiency (ratio 
between adsorption and desorption rate) was the same and 
remained constant even after 20 cycles (Figure S10, Supporting 
Information). There was no significant change observed in the 
desalination efficiency even if the electrode was run for a longer 
time more than 400 adsorption–desorption cycles. Stability 
of the electrode was assessed by performing the experiment 
repeatedly over a period of nearly a year. No noticeable effect 
in performance was observed. Due to high electrochemical 
stability of our electrodes during electrochemical cycles, they 
can be implemented in practical CDI technology.

Figure S11A–C, Supporting Information, shows the con-
ductivity versus time plots upon varying the concentration 
of MgCl2 in solution. The adsorption capacities of Mg2+ ions 
were found to be 20.40, 23.51, and 26.63 mg g−1 for the input  

Q6
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Table 2. Comparison of electrode materials efficiency in terms of salt adsorption capacity in mg g−1 reported in the recent past.

Materials Initial concentration (mg L−1) Adsorption capacity (mg g−1) Year of publication/Reference

Graphene 86.9 0.88 2012[26]

Graphene 25 1.85 2009[57]

rGO–CA composite
rGO
Activated carbon

65
65
65

3.23
1.8
1.51

2012[27]

3D Macroporous graphene architectures ≈52 3.9 2013[31]

Sulfonated graphite nanosheet 250 8.6 2012[35]

Sponge-templated graphene 106 4.95 2014[14]

rGO–activated carbon nanofiber (rGO–ACF) 400 7.2 2014[28]

Graphene sponge 500 14.9 2015[40]

Microporous graphene ≈74 11.86 2015[58]

3D Porous graphene 300 18.43 2016[59]

Graphene/carbon nanotube 500 1.4 2013[29]

rGO–activated carbon composites ≈25 2.94 2012[60]

rGO–resol (rGO–RF)/rGO–CA 40 3.47 2012[61]

Graphene oxide/ZrO2 50 6.3 2016[62]

MnO2-Nanorods@graphene ≈50 5.01 2014[63]

Sulfonic functional graphite nanosheet 500 µS cm−1 8.6 2012[64]

Graphene–Fe3O4 (E-Gr-Fe3O4)
rGO

300 µS cm−1

300 µS cm−1

10.3
6.00

2015[65]

Graphene–chitosan–Mn3O4 composites 100 µS cm−1

300 µS cm−1

500 µS cm−1

9.32
12.76
14.83

2015[33]

3D Graphene architectures 500 14.7 2016[38]

Anion-exchange polymer layered graphene com-
posites (A-NRGS)
N-doped rGO sponge composite (NRGS)
rGO

300 µS cm−1

300 µS cm−1

300 µS cm−1

11.3
8.6
6.2

2017[66]

Few-layered graphene (HCG)
Highly-crumpled N-doped graphene

50 µS cm−1

50 µS cm−1

1.72
1.96

2015[67]

N-doped electrospun rGO–carbon nanofiber 
composite (NG–CNF)

≈100 µS cm−1 3.91 2015[68]

SO3H–graphene–carbon nanofibers 400 9.54 2015[69]

SO3H/NH2 graphene/activated carbon 500 10.3 2014[36]

Hierarchical hole-enhanced 3D graphene 80 8.0 2018[70]

Spherical macroporous 0.5 × 10−3 m 5.7 2018[71]

3D intercalated graphene nanocomposite 500 22.09 2018[72]

MgAl-Ox/G nanohybrids 500 13.6 2018.[37]

3D channel-structured graphene (CSG) 295 9.6 2019[73]

CO2 activated rGO(AGE) 500 6.26 2019[39]

GO/hierarchical porous carbon 55.72 7.74 2018[74]

SiO2 activated GO (GR/NMC) 500 18.4 2018[75]

p-phenylenediamine functionalized GO ≈100 µS cm−1 7.88 2018[76]

Mesoporous G@MC heterostructured 500 24.3 J2018[77]

Graphene/Co3O4 composite 250 18.63 2018[78]

N-doped graphitic carbon polyhedrons 500 17.77 2019[79]

EAIERs 802 µS cm−1 15.93 2020 (This work)
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conductivities of 450, 610, and 802 µS, respectively. Figure S11 D–F,  
Supporting Information, shows that for Fe3+, the values were 
28.9, 32.58, and 34.28  mg  g−1 for initial conductivities of  
450, 610, and 802  µS, respectively. It was observed that the 
adsorption capacities of EAIERs electrodes increased with 
an increase in the concentration of ions (Figure  4B,C, and 
Figures S8, S9, and S11, Supporting Information). The 
observed results, comparable with other reported graphenic 
composites, revealed that our material exhibited improved 
adsorption capacity than bare rGO (approximately five times 
higher than reported) (Table 2).

Further, change in morphology, and chemical composition of 
the electrode surface, after one electrochemical adsorption cycle 
was investigated by SEM energy dispersive spectroscopy (EDS) 
(Figure S12, Supporting Information) and X-ray photoelectron 
spectroscopy (XPS) analysis (Figure 5), respectively. Before per-
forming these experiments, electrodes were kept in a solution 
containing MgCl2 and FeCl3 for a long time until adsorption 
equilibrium was achieved. Subsequently, they were washed with 
deionized water to remove the physisorbed ions. Elemental 
composition, after electroadsorption of MgCl2 on the elec-
trode surface, was determined by EDS measurements, and the 
results are shown in Figure S12A,B, Supporting Information.  
Mg2+ and Cl− were adsorbed on cathode and anode, respectively.  
The inset of Figure S12, Supporting Information, shows the 
EDS elemental mapping of the ions after physisorption.

Figure  5 shows the XPS survey spectra of both anodic and 
cathodic EAIERs electrodes before and after the adsorption of 
FeCl3. In the XPS survey spectra, no significant changes were 
observed in the binding energies of carbon, nitrogen, oxygen, 
and fluorine of both cathode and anode, even after electro-
chemical adsorption. The XPS survey spectra (Figure  5A) and 
deconvoluted XPS spectra (Figure  5B) revealed the enhanced 
intensity of Fe3+ and Cl− ions at cathode and anode, respectively. 

However, small amounts of Cl− on cathode and Fe3+ on anode 
were detected at the electrodes, which might be attributed to 
physisorption.

The electrode’s stability during electrochemical measure-
ments is crucial in CDI technology, as adsorption/desorption 
occurs continuously. Thus, a cyclability test was performed by 
measuring continuous CV in a 1 m NaCl solution at a scan rate 
of 50 mV s−1. Figure S13, Supporting Information, depicts CV 
cycles of +ve and −ve EAIERs electrodes, which revealed that 
the electrode’s adsorption/desorption occurred at the same rate 
for 400 cycles. CV cycles of both the electrodes exhibited nearly 
the same current in the anodic and cathodic sweep, demon-
strating the electrode’s electrochemical stability. Therefore, it 
can be concluded that no leaching or corrosion occurred on the 
electrode surface during the desalination process.

The present work describes the preparation of CDI elec-
trodes via in situ polymerization of styrene on rGO to create a 
single molecular construct for excellent electroadsorption and 
selective ion permeation. The functionalization of nanostruc-
tured rGO–PS composite resulted in positively and negatively 
charged EAIERs. These molecular constructs preserved the 
active composite material’s electronic conductivity, comparable 
to bare rGO, thereby promoting faster non-Faradaic charge 
transfer at the electrode–electrolyte interface. The synthesized 
EAIERs molecular constructs were used as CDI electrodes for 
removal of different cations (Fe3+, Mg2+, and Na+) and anions 
(Cl−, NO3

−, F−, and SO4
2−). The electroadsorption capacity of 

EAIERs electrode was ≈15.93 mg g−1 for Cl− using 802 μS NaCl 
solution in lab-scale experiments, the highest observed so far 
in comparable situations. This occurs as the electrode material 
has a large electrochemical surface area with a hierarchically 
porous structure and low interfacial charge transfer resistance. 
These EAIERs electrodes also exhibited high electroadsorption 
performance, fast deionization rate, and good regeneration 

Figure 5. A) XPS survey spectra of the material after single adsorption, a) anode and c) cathode (before adsorption); b) anode and d) cathode (after 
FeCl3 adsorption), and B) deconvoluted XPS spectra of a) Cl 2p, b) Fe 2p of the cathode and c) Cl 2p, d) Fe 2p of anode after adsorption of FeCl3. Peaks 
appearing at 717.35 eV (green) and 731.34 eV (yellow) are the satellite peaks of Fe 2p3/2 (blue) and 2p1/2 (brown), respectively.
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capability. Thus, we believe that this electrode fabrication 
methodology could lead to improving the existing membrane-
based CDI technology. Molecular construction gives new gen-
eration CDI electrodes with enhanced capacity for cost-effective 
brackish water desalination.

Experimental Section
Materials and Chemicals Used: Natural graphite flakes (95% of carbon) 

were obtained from Active Carbon India Pvt. Ltd. Ammonia (NH3, 
30%), hydrazine hydrate (N2H4), sulfuric acid (H2SO4, 95–98%), and 
hydrochloric acid (HCl, 36%) were procured from Rankem Chemicals 
Pvt. Ltd., India. Phosphorus pentoxide (P2O5, 95%), and hydrogen 
peroxide (H2O2, 98%), were purchased from SD Fine Chemicals Pvt. 
Ltd., India. Merck, India. Potassium permanganate (KMnO4, 98.5%), 
and potassium peroxydisulfate (K2S2O8, 98%), were procured from 
Sisco Research Laboratories Pvt. Ltd., India. Styrene monomer (C8H8) 
was purchased from Avra Synthesis Pvt. Ltd., India. Nitric acid (HNO3, 
65–68%) and sodium hydroxide (NaOH) were purchased from Merck, 
India. Acetone, sodium chloride (NaCl), magnesium chloride (MgCl2), 
ferric chloride (FeCl3), sodium nitrate (NaNO3), sodium fluoride, and 
sodium sulfate were purchased from Loba Chemie, India.

All chemicals were of analytical grade and were used as received 
without further purification. Glassware was cleaned thoroughly with 
aqua regia (HCl:HNO3, 3:1 vol%), rinsed with deionized water, and dried 
in an oven before use. Deionized water was used for the swelling. All 
solutions and suspensions were prepared in deionized water unless 
otherwise mentioned.

Preparation of Graphene Oxide: GO was synthesized from graphite 
powder using modified Hummer’s method.[53] Graphite powder (2  g) 
was oxidized in a hot solution (100 °C) of concentrated H2SO4 (25 mL) 
containing K2S2O8 (4 g) and P2O5 (4 g). The resulting dark blue mixture 
was thermally isolated and slowly cooled to room temperature for 6 h. 
The mixture was diluted to 200  mL and filtrated subsequently with 
a Whatman filter paper, and finally, the filtrated product was dried 
overnight at 60  °C in an oven. The preoxidized graphite powder (2  g) 
was added to 92 mL of cold H2SO4 (0 °C), to which KMnO4 (12 g) was 
added gradually under continuous stirring in an ice-bath. After 15 min, 
NaNO3 (2 g) was added to the mixture. The solution was further stirred 
for 2  h at 35  °C, and distilled water (200  mL) was added to it. The 
reaction was stopped after adding a solvent mixture containing 300 mL 
distilled water and 10  mL H2O2 (30%). The product was washed with 
HCl (1:10) and further with water, and finally, suspended in distilled 
water. The brown dispersion was extensively dialyzed to remove residual 
metal ions and acids. Subsequently, the dispersion was sonicated 
(300  W) for 2  h, aiming for better exfoliation of GO sheets. However, 
unexfoliated graphite oxide was removed by centrifugation. UV–vis 
and Raman spectroscopy techniques were performed as spectroscopic 
characterization of GO, and it was studied further by high-resolution 
transmission electron microscopy (HRTEM).

Preparation of Reduced Graphene Oxide: At first, as-synthesized freeze-
dried GO of 1 g was taken and dispersed in 1000 mL of deionized water. 
The GO solution was further mixed with a solvent mixture of ammonia 
and aqueous potassium hydroxide to adjust the alkalinity (pH ≈  10) of 
the GO dispersion, and the resulting solution was kept under continuous 
ultrasonication for 1 h. Ultrasound created an exfoliation of the lamellar 
GO structure, and this further leads to electrostatic repulsion between 
the interlayers of the lamellar structure. By this process, stacked layers 
were peeled off, and the authors obtained a uniform or homogeneous 
dispersion of GO. Subsequently, 1 mL N2H4 solution was added to the 
above dispersion under stirring conditions. Further, the solution was 
stirred in an oil-bath, where the temperature was set to 95  °C. The 
solution was refluxed overnight under this condition.[54] After completion 
of the reaction, the color of GO suspension was converted from brown to 
black, which suggested the formation of rGO. The resulting suspension 
was filtered and washed several times with deionized water. The washed 

solid rGO was dried under a vacuum. A small amount of solid rGO was 
dispersed in deionized water by ultrasonication. Finally, this dispersion 
was used for the synthesis of the rGO–PS composite.

Activation of Styrene: Styrene (C8H8, chemically pure) was alternately 
washed thrice with 0.5  m  NaOH and deionized water to remove the 
polymerization inhibitor. Activated styrene was further used for the 
polymerization process.

Synthesis Protocol of an Integrated Electro-Adsorbent Ion-Exchange Resin 
Composite: Detailed synthesis protocol of both GO and rGO is described 
in the Experimental Section. The characterization data of GO are shown 
in Figure S1, Supporting Information. Before starting the polymerization 
process, as-prepared rGO (1  g), activated styrene monomer, and 
divinylbenzene were taken in the ratio of 10:1:0.1 (in wt%) in 25  mL 
of deionized water, and the mixture was ultrasonicated for 10  min to 
obtain a uniform dispersion. The polymerization process was further 
carried out in an inert atmosphere (using N2 gas). Under this condition, 
the solution was stirred for 15  min, and 320  mg of K2S2O8 was added 
successively to the reaction mixture. Initially, the reaction mixture was 
stirred at room temperature for 30  min; after that, the temperature of 
the solution mixture was increased gradually to 70  °C and maintained 
at the same temperature for 1 h. The temperature was further increased 
to 80–85  °C and kept the solution for 12  h under the same condition. 
Finally, the temperature was raised again to 90–95 °C and kept there for 
another 2  h. After completion of the reaction, rGO–PS composite was 
washed with hot deionized water and dried overnight at 90 °C in a hot 
air oven.

For synthesizing anionic EAIERs (−ve EAIERs), anchoring of 
chloromethyl groups to the network of the polymer composite 
(rGO–PS) was essential. For this, the Friedel–Craft alkylation reaction 
was performed. Subsequently, the polymer composite (1  g) and 
chloromethylmethylether (3 mL) were mixed in 10 mL deionized water, 
and the mixture was allowed to stir for 2  h at room temperature. 
Afterward, ZnCl2 (≈380  mg) was added to the reaction mixture, and 
the mixture was stirred for 12  h at 35–38  °C. The chloromethylated 
product was washed with acetone several times and dried at 60  °C 
overnight. The obtained product was allowed to swell by immersing in 
1,2-dichloromethane for 2 h. Subsequently, trimethylamine hydrochloride 
(1 g) was added to the resultant mixture, and the reaction was continued 
for the next 6 h at room temperature. The final chloro-aminated product 
(rGO–PS–CH2–N+(CH3)3Cl− or −ve EAIERs) was dried overnight at 
60 °C.[55]

To synthesize cationic EAIERs (+ve EAIERs), rGO–PS composite (1 g) 
was dispersed in 20 mL of 4 m H2SO4, and the dispersion was stirred for 
24  h at 100  °C. After completion of this reaction, the rGO–PS–SO3

−H+ 
(+ve EAIERs) was formed, and the final product was dried in a hot air 
oven at 60 °C.[56]

Preparation of Electrodes: To fabricate the electrodes using as-prepared 
materials, EAIERs (300.3  mg) and 15  wt% of PVDF were dispersed in 
DMF, and the resulting solution was stirred to prepare a homogeneous 
viscous slurry. It was coated on a graphite sheet (≈250 um thickness), 
and the electrode was kept in an electrode coater for curing. Finally, the 
coated sheet was immersed in DI water overnight. A lab-scale CDI batch 
experiment was performed using a single pair of oppositely charged 
EAIERs electrodes (size 5 × 3 cm2). Furthermore, the conventional CDI 
electrodes prepared using CMF-CNC (422.4  mg) as the carbon source 
were fabricated using the above procedure.

Capacitive Deionization Set-Up: A CDI set-up was prepared with a 
two-electrode configuration using −ve EAIER (anode) and +ve EAIER 
(cathode), and an interelectrode spacing of ≈0.2  mm was maintained 
with a nylon membrane. This two-electrode configuration was immersed 
in a 100 mL beaker containing 85 mL of saline water with different ions. 
The initial conductivity of the solution was maintained as 450, 610, and 
802 µS, in separate experiments. By applying a potential (≈1.2–1.8 V DC) 
to the electrodes, the cations and anions of the input feed water got 
adsorbed electrostatically on the cathode and anode, respectively. This 
process was continued until the electrodes become saturated, and 
the system attained equilibrium. The regeneration (desorption) was 
conducted by reversing the polarity of electrodes, where all the adsorbed 
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ions were desorbed. The same surface was used further for the next set 
of adsorption–desorption cycles. The maximum adsorption capacity of 
the material was calculated from the equilibrium adsorption curve. The 
temperature of the solution was maintained at ≈23–25  °C during the 
adsorption and desorption process.

The electroadsorption capacity (Q, mg  g−1) of electrodes was 
calculated by using the formula:

Q C C V m/i f( )= − ×  (1)

where Ci and Cf were initial and final concentrations of the solution 
(mg L−1), V was the volume of the solution (mL), and m was the total 
mass of the electrodes (in g).

Instrumentation: 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 EDS) (FEI Quanta 200). Also, HRSEM images of the 
electrode materials were obtained through Thermo Scientific Verios G4 
UC SEM. The HRTEM images of the electrodes were obtained with JEOL 
3010 (JEOL, Japan), which was operated at 200 keV and before HRTEM 
measurements, the samples were drop-casted on carbon-coated copper 
grids and allowed to dry under ambient conditions. 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. 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. A PerkinElmer Lambda 25 spectrophotometer was used to 
measure the UV–vis spectral feature of the sample. Raman spectra of 
GO were collected by a confocal Raman spectroscope (WiTec GmbH 
CRM200). IR spectra of electrode materials were taken by PerkinElmer 
FT-IR spectrometer. The Eyela Freeze Dryer (Model No: FDU–1200) was 
used for drying the sample.

The Eutech Cyber scan PC650 multiparameter monitor (Thermo 
Scientific, India) was used for ionic conductivity measurement. The 
electrochemical capacitive behavior of EAIERs was determined by CV 
using CH Electrochemical Analyzer (CH 600A). The CV was performed 
at various scan rates (1–1000  mV  s−1) in a potential range of −1.0 to 
+1.0 V. The specific capacitance was calculated from the CV curve based 
on the following equation:

C
mR V

I V V1 ds ( ) ( )= ∆ × ∫  (2)

where Cs was the specific capacitance, m was the mass of the 
active material, R was the scan rate, dV was the potential window 
of scanning, and I V V( )d∫  was the integral area under the CV curve. 
The electrochemical capacitive behavior of EAERs was determined 
by CV. All electrochemical measurements were carried out at room 
temperature in a three-electrode cell with 1  m  aqueous NaCl solution. 
An electrochemical cell with three-electrode configuration was adopted 
with an rGO–PS-coated graphite sheet, Ag/AgCl, and Pt mesh used as 
working, reference, and counter electrode, respectively.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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Materials and Chemicals used: Natural graphite flakes (95% of carbon) were obtained 

from Active Carbon India Pvt. Ltd. Ammonia (NH3, 30%), hydrazine hydrate (N2H4), sulfuric 

acid (H2SO4, 95–98%), and hydrochloric acid (HCl, 36%) were procured from Rankem 

Chemicals Pvt. Ltd., India. Phosphorus pentoxide (P2O5, 95%), and hydrogen peroxide (H2O2, 

98%), were purchased from SD Fine Chemicals Pvt. Ltd., India. Merck, India. Potassium 

permanganate (KMnO4, 98.5%), and potassium peroxydisulfate (K2S2O8, 98%), were procured 

from Sisco Research Laboratories Pvt. Ltd., India. Styrene monomer (C8H8) was purchase from 

Avra Synthesis Pvt. Ltd., India. Nitric acid (HNO3) (65−68%) and sodium hydroxide (NaOH) 

were purchased from Merck, India. Acetone, sodium chloride (NaCl), magnesium chloride 

(MgCl2), ferric chloride (FeCl3), sodium nitrate (NaNO3), sodium fluoride (NaF), and sodium 

sulphate (Na2SO4) were purchased from Loba Chemie, India. 

All chemicals were of analytical grade and were used as received without further purification. 

Glassware was cleaned thoroughly with aqua regia (HCl:HNO3, 3:1 vol%), rinsed with 

deionized water (DI) water, and dried in an oven before use. Deionized water was used for the 

swelling. All solutions and suspensions were prepared in deionized (DI) water unless otherwise 

mentioned. 

Preparation of Graphene oxide (GO): GO was synthesized from graphite powder using 

modified Hummer’s method.[49] Graphite powder (2 g) was oxidized in a hot solution (100°C) 

of concentrated H2SO4 (25 mL) containing K2S2O8 (4 g) and P2O5 (4 g). The resulting dark blue 

mixture was thermally isolated and slowly cooled to room temperature for 6 h. The mixture 

was diluted to 200 mL and filtrated subsequently with a Whatman filter paper, and finally, the 

filtrated product was dried overnight at 60°C in an oven. The pre-oxidized graphite powder (2 

g) was added to 92 mL of cold H2SO4 (0 °C), to which KMnO4 (12 g) was added gradually

under continuous stirring in an ice-bath. After 15 min, NaNO3 (2 g) was added to the mixture. 

The solution was further stirred for 2 h at 35 °C, and distilled water (200 mL) was added to it. 

Experimental section 
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The reaction was stopped after adding a solvent mixture containing  300 mL distilled water and 

10 mL H2O2 (30 %). The product was washed with HCl (1:10) and further with water, and 

finally, suspended in distilled water. The brown dispersion was extensively dialyzed to remove 

residual metal ions and acids. Subsequently, the dispersion was sonicated (300 W) for 2 h, 

aiming for better exfoliation of GO sheets.  However, unexfoliated graphite oxide was removed 

by centrifugation. UV-vis and Raman spectroscopy techniques performed spectroscopic 

characterization of GO, and it was also studied by HRTEM.  

Preparation of reduced graphene oxide (rGO): At first, as-synthesized freeze-dried GO 

of 1 g was taken and dispersed in 1000 mL of deionized water. The GO solution was further 

mixed with a solvent mixture of ammonia and aqueous potassium hydroxide to adjust the 

alkalinity (pH~10) of the GO dispersion, and the resulting solution was kept under continuous 

ultrasonication for 1 hour. Ultrasound created an exfoliation of the lamellar GO structure, and 

this further leads to electrostatic repulsion between the interlayers of the lamellar structure. By 

this process, stacked layers were peeled off, and we obtained a GO uniform or homogeneous 

dispersion. Subsequently, 1 mL hydrazine hydrate solution was added to the above dispersion 

under stirring conditions. Further, the solution was stirred in an oil bath, where the temperature 

was set to 95 ℃. The solution was refluxed overnight under this condition.[50] After completion 

of the reaction, the color of GO suspension was converted from brown to black, which 

suggested the formation of rGO. The resulting suspension was filtered and washed several times 

with deionized water. The washed solid rGO was dried under a vacuum. A small amount of 

solid rGO was dispersed in deionized water by ultrasonication. Finally, this dispersion was used 

for the synthesis of the rGO-polystyrene composite. 

Activation of styrene (ST): Styrene (C8H8, chemically pure) was alternately washed three 

times with 0.5 M sodium hydroxide (NaOH) and deionized water to remove the polymerization 

inhibitor. Activated styrene was further used for the polymerization process. 
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Synthesis protocol of an integrated electro-adsorbent-ion exchange resin (EAIERs) 

composites: Detailed synthesis protocol of both GO and rGO is described in the experimental 

section. The characterization data of GO are shown in Figure S1. Before starting the 

polymerization process, as-prepared rGO (1 g), activated styrene (ST) monomer, and 

divinylbenzene (DVB) were taken in the ratio of 10:1:0.1 (in wt%) in 25 mL of DI water, and 

the mixture was ultrasonicated for 10 min to obtain a uniform dispersion. The polymerization 

process was further carried out in an inert atmosphere (using N2 gas). Under this condition, the 

solution was stirred for 15 min, and 320 mg of K2S2O8  was added successively to the reaction 

mixture. Initially, the reaction mixture was stirred at room temperature for 30 min; after that, 

the temperature of the solution mixture was increased gradually to 70 oC and maintained at the 

same temperature for 1 h. The temperature was further increased to 80–85 oC and kept the 

solution for 12 h under the same condition. Finally, the temperature was raised again to 90-95 

oC and kept there for another 2 h. After completion of the reaction, rGO-PS composite was 

washed with hot DI water and dried overnight at 90 oC in a hot air oven. 

For synthesizing anionic EAIERs (-ve EAIERs), anchoring of chloromethyl groups to 

the network of the polymer composite (rGO-PS) is essential. For this, the Friedel-Craft 

alkylation reaction was performed. Subsequently, the polymer composite (1 g) and 

chloromethylmethylether (3 mL) were mixed in 10 mL DI water, and the mixture was allowed 

to stir for 2 h at room temperature. Afterward, ZnCl2 (~380 mg) was added to the reaction 

mixture, and the mixture was stirred for 12 h at 35-38 oC. The chloromethylated product was 

washed with acetone several times and dried at 60 oC overnight. The obtained product was 

allowed to swell by immersing in 1,2-dichloromethane (DCM) for 2 h. Subsequently, 

trimethylamine hydrochloride (1 g) was added to the resultant mixture, and the reaction was 

continued for the next 6 h at room temperature. The final chloro-aminated product (rGO-PS-

CH2-N+(CH3)3Cl- or –ve EAIERs) was dried overnight at 60 oC.[51] 
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To synthesize cationic EAIERs (+ve EAIERs ), rGO-PS composite (1 g) was dispersed 

in 20 mL of 4 M H2SO4, and the dispersion was stirred for 24 h at 100 oC. After completion of 

this reaction, the rGO-PS-SO3-H+ (+ve EAIERs) was formed, and the final product was dried 

in a hot air oven at 60 oC.[52] 

Preparation of electrodes: To fabricate the electrodes using as-prepared materials, 

EAIERs (300.3 mg) and 15 wt% of PVDF were dispersed in DMF, and the resulting solution 

was stirred to prepare a homogeneous viscous slurry. It was coated on a graphite sheet (~250 

um thickness), and the electrode was kept in an electrode coater for curing. Finally, the coated 

sheet was immersed in DI water overnight. A laboratory-scale CDI batch experiment was 

performed using a single pair of oppositely charged EAIERs electrodes (size 5 x 3 cm2). 

Furthermore, the conventional CDI electrodes prepared using CMF-CNC (422.4 mg) as the 

carbon source were fabricated using the above procedure. 

Capacitive deionization set-up: A CDI set-up was prepared with a two-electrode 

configuration using –ve EAIER (anode) and +ve EAIER (cathode), and an inter-electrode 

spacing of ∼0.2 mm was maintained with a nylon membrane. This two-electrode configuration 

was immersed in a 100 mL beaker containing 85 mL of saline water with different ions. The 

initial conductivity of the solution was maintained as 450, 610, and 802 𝜇𝜇S, in separate 

experiments. By applying a potential (~1.2-1.8 V DC) to the electrodes, the cations and anions 

of the input feed water got adsorbed electrostatically on the cathode and anode, respectively. 

This process was continued until the electrodes become saturated, and the system attained an 

equilibrium. The regeneration (desorption) was conducted by reversing the polarity of 

electrodes, where all the adsorbed ions were desorbed. The same surface was used further for 

the next set of adsorption-desorption cycles. The maximum adsorption capacity of the material 

was calculated from the equilibrium adsorption curve. The temperature of the solution was 

maintained at ∼23-25 °C during the adsorption and desorption process. 
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The electroadsorption capacity (Q, mg /g) of electrodes was calculated by using the 

formula: 

𝑄𝑄 =  (𝐶𝐶𝐶𝐶 − 𝐶𝐶𝐶𝐶) 𝑥𝑥 𝑉𝑉/𝑚𝑚       (1) 

where Ci and Cf are initial and final concentrations of the solution (mg/L), V is the volume of 

the solution (mL), and m is the total mass of the electrodes (in g).  

 

Instrumentation: 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). Also, high-resolution scanning electron microscopy images of the electrode materials 

were obtained through ThermoScientific Verios G4 UC SEM. The high-resolution transmission 

electron microscopy (HRTEM) images of the electrodes were obtained with JEOL 3010 (JEOL, 

Japan), which was operated at 200 keV (and before HRTEM measurements, the samples were 

drop-casted 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. 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. A PerkinElmer Lambda 25  spectrophotometer was 

used to measure the UV-vis spectral feature of the sample. Raman spectra of GO were collected 

by a confocal Raman spectroscope (WiTec GmbH CRM200). IR spectra of electrode materials 

were taken by PerkinElmer  Fourier transform infrared (FT-IR) spectrometer. The Eyela Freeze 

Dryer (Model No: FDU – 1200) was used for drying the sample. 

The Eutech Cyber scan PC650 multiparameter monitor (Thermo Scientific, India) was used for 

ionic conductivity measurement. The electrochemical capacitive behavior of EAIERs was 
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determined by cyclic voltammetry (CV) using CH Electrochemical Analyzer (CH 600A). The 

CV was performed at various scan rates (1 mV/s to 1000 mV/s) in a potential range of -1.0 V 

to +1.0 V. The specific capacitance was calculated from the CV curve based on the following 

equation: 

𝐶𝐶𝑠𝑠 = � 1
𝑚𝑚𝑚𝑚∆𝑉𝑉

� × ∫ 𝐼𝐼(𝑉𝑉)𝑑𝑑𝑉𝑉            (2) 

where Cs is the specific capacitance, m is the mass of the active material, R is the scan rate, dV 

is the potential window of scanning, ∫ 𝐼𝐼(𝑉𝑉)𝑑𝑑𝑉𝑉 which is the integral area under the CV curve. 

The electrochemical capacitive behavior of EAERs was determined by cyclic voltammetry 

(CV). All electrochemical measurements were carried out at room temperature in a three-

electrode cell with 1 M aqueous NaCl solution. An electrochemical cell with three-electrode 

configuration was adopted with an rGO-PS-coated graphite sheet, Ag/AgCl, and Pt mesh used 

as working, reference, and counter electrode, respectively. 
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Table 1. IR features of PS, rGO, rGO-PS, and –ve and +ve EAIERs, with assignments. 

 

Table 2. Comparison of electrode materials efficiency in terms of salt adsorption capacity in 
mg/g reported in the recent past. 

Materials Initial conc. (mg/L) Ads. capacity 
(mg/g) 

Year of publication/ Reference. 

Graphene 86.9 0.88 2012[22] 
Graphene 25 1.85 2009.[53] 

rGO-CA composite 
rGO 
AC 

65 
65 
65 

3.23 
1.8 
1.51 

2012[23] 

3D Macroporous graphene 
architectures 

~52 3.9 2013[27] 

Sulphonated graphite nanosheet 250 8.6 2012[31] 
Sponge-templatedgraphene 106 4.95 2014[14] 

rGO- activated carbon nanofiber (rGO-ACF) 400 7.2 2014[24] 
Graphene sponge 500 14.9 2015[36] 

Microporous graphene ~74 11.86 2015[54] 
3D Porous graphene 300 18.43 2016[55] 

Graphene/carbon nanotube 500 1.4 2013[25] 
rGO-AC composites ~25 2.94 2012[56] 

rGOresol (rGO-RF)/rGO-CA 40 3.47 2012[57] 
Graphene oxide/ZrO2 50 6.3 2016[58] 

MnO2-Nanorods@graphene ~50 5.01 2014[59] 
Sulphonic functional graphite 

nanosheet 
500 µS/cm 8.6 2012[60] 

Graphene-Fe3O4 (E-Gr-Fe3O4) 
rGO 

300 µS/cm 
300 µS/cm 

10.3 
6.00 

2015[61] 

Graphene−chitosan−Mn3O4 
composites 

100 µS/cm 
300 µS/cm 
500 µS/cm 

9.32 
12.76 
14.83 

2015[29] 

3D Graphene architectures 500 14.7 2016[34] 
Anion-exchange polymer layered 
Graphene composites (A-NRGS) 
N-doped rGO sponge composite 

(NRGS) 
rGO 

300 µS/cm 
 

300 µS/cm 
300 µS/cm 

11.3 
 

8.6 
6.2 

2017[62] 

Few-layered graphene (HCG) 
Highly-crumpled N-doped graphene  

50 µS/cm 
 

50 µS/cm 

1.72 
 

1.96 

2015[63] 

Wavenumber (cm-1) Assigned vibrations Wavenumber (cm-1) Assigned vibrations 

3450-3520 O–H stretching 1411 
 

aliphatic C–H in 
chloromethyl –CH2Cl 

2850-3035 aliphatic and aro- 
matic C–H 
stretching 

1261 aromatic C–H of Ph–
CH2Cl groups 

1740-1745 C=O stretching of a 
carboxylic acid 

group 

1224 and 1180 S=O bond of SO3H 

1631-1638 C=C stretching 1208 and 1154 C–N stretching 
frequencies of the 

tertiary amine group 
1450 C–H deformation   
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N-doped electrospunr GO–carbon 
nanofiber composite (NG–CNF) 

~100 µS/cm 3.91 2015[64] 

SO3H-graphene-carbon nanofibers  400 9.54 2015[65] 
SO3H/NH2 graphene/AC 500 10.3 2014[32] 

Hierarchical hole-enhanced 3D 
graphene 

80 8.0 2018[66] 

Spherical macroporous, 0.5 × 10−3 M 5.7 2018[67] 
3D intercalated graphene nano-

composite. 
500 22.09 2018[68] 

MgAl-Ox/G nanohybrids 500 13.6 2018.[33] 
3D channel-structured graphene 

(CSG) 
295 9.6 2019[69] 

CO2 activated rGO(AGE) 500 6.26 2019[35] 
GO/hierarchical porous carbon 55.72 7.74 2018[70] 
SiO2 activated GO (GR/NMC) 500 18.4 2018[71] 

p-phenylenediamine functionalized 
GO  

~100 µS/cm 7.88 2018[72] 

Meso porous G@MC heterostructured 500 24.3 J2018[73] 
Graphene/Co3O4 composite 250 18.63 2018[74] 

N-doped graphitic carbon polyhedrons 500 17.77 2019[75] 
EAIERs 802 µS/cm 15.93 2020 (This work) 
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Characterization of starting materials  

Before starting the electrode fabrication method, graphene oxide (GO) was synthesized 

(detailed protocol has been provided in the experimental section), and it was characterized 

through spectroscopy (UV-vis and Raman) and transmission electron microscopy (TEM) 

techniques. Characterization results are shown in Figure S1. In the UV-vis spectrum, two 

characteristic features of GO were observed at ∼310 and 235 nm, which are ascribed to the n-

π* and π-π* resonances, respectively (Figure S1A). The Raman spectrum of the GO sample is 

shown in Figure S1B, which has two significant peaks at 1350 and 1596 cm-1, corresponding 

to the D- and G-bands, respectively. Usually, G- and D-bands signify sp2 hybridization 

(graphitic signature of carbon) and disorderness of the sp2 hybridized hexagonal sheet of 

graphenic carbon, respectively. The G- and D-bands lie in the range of ~ 1500-1600 cm-1 and 

~ 1300-1400 cm-1, respectively. The D-band’s peak intensity and line-width are larger than the 

G-band in GO, indicating higher disorder, which could be attributed to intense chemical 

treatments and/or increased amorphous carbon content (unreacted graphite powder). Thus, the 

Raman spectrum confirms the presence of a graphitic signature of carbon (in-plane sp2 carbon) 

and defects present in GO sheets (sp3 carbon). High-resolution TEM (HRTEM) images of GO 

at lower and higher magnifications are presented in Figure S1C and Figure S1D, respectively. 

The HRTEM images revealed a few-layered structure with nearly transparent, wrinkled, and 

folded GO sheets. 

Chemical functionalization of rGO was confirmed using spectroscopic techniques such 

as UV-vis, Raman, and FT-IR. HRSEM and TEM investigated the electrode material. Energy-

dispersive spectroscopy (EDS) analysis further confirmed the chemical composition of the 

electrode materials. UV-vis spectra of PS, rGO, and rGO-PS are shown in Figure S2A. The 

characteristic peaks of PS were observed at 273 and 287 nm, which could be attributed to the 
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isolated phenyl groups and interactions between them, respectively [Figure S2A(i)].[76] A 

significant peak appeared at 277 nm in Figure S2A(ii), which corresponds to the feature of 

pristine rGO.[77] However, two new prominent peaks at ~270 and ~290 nm were also witnessed 

for rGO-PS composite, indicating an interaction between rGO and PS. The presence of both 

rGO and PS features in the UV-vis spectra suggests the formation of the rGO-PS composite 

[Figure S2A(iii)]. Raman spectra of PS, rGO, and rGO-PS are shown in Figure S2B. Peaks at 

846, 898, 980, 1063, 1192, and 1217 cm-1 are similar to the Raman features of PS, as observed 

in Figure S2B(i).[78] The peaks at 980 and 1063 cm-1 correspond to the aromatic C-C stretching 

of benzene rings of polystyrene. In contrast, mono-substituted benzene rings of polystyrene 

were confirmed by two peaks observed at 1192 and 1217 cm-1. Figure S2B(ii) shows the Raman 

spectrum of bare rGO depicting the characteristic features of G- (1580 cm-1) and D- (1331 cm-

1) bands, which signifies sp2 hybridization of graphitic carbons and defect-induced disorder on 

the sp2 hybridized hexagonal sheets of carbon. In Figure S2B(iii), the Raman spectrum of the 

rGO-PS composite is shown with peaks at 973, 1007, 1105, 1141, 1317, and 1577 cm-1. In the 

same spectrum, no significant shift was observed in the peak position of the G-band of rGO-

PS, while the position of the D-band showed a considerable change of 14 cm-1 compared to that 

of pristine rGO. This could be due to the polymeric chains of PS attached to the oxygen-

functionalized edges of rGO. 

Elemental compositions of both +ve and –ve EAIERs are shown in Figure S3. The SEM 

EDS of +ve EAIERs confirms C, O, and S as the elements in it (Figure S3A), where the S peak 

is due to –SO3 functionality that might be formed after the sulfonation of EAIERs. Similarly, 

Figure S3B shows the elemental mapping of –ve EAIERs, which confirms carbon and oxygen 

as the same electrode material’s main constituents. The presence of trace amounts of N and Cl 

is due to the formation of the chloro-aminated product of –ve EAIERs.  

The EDS spectra and corresponding elemental maps of both anode (-ve EAIERs) and 

cathode (+ve EAIERs) are shown in Figure S4A,B. Fluorine was evident in both electrodes due 
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to PVDF, which was used as a binder (~15 wt%) and active materials (EAIERs) during the 

fabrication of electrodes on graphite substrates. The presence of C, O, F, and a small amount of 

N and Cl in EDS confirmed the chemical composition of –ve EAIERs (Figure S4A). The 

presence of trace amounts of S along with C, O, and F confirmed the chemical composition of 

+ve EAIERs (Figure S4B). The presence of aluminium (Al) in the EDS spectrum is due to the 

SEM stub. 

Surface charges of both +ve and –ve EAIERs were confirmed by zeta potential 

measurements. The zeta potential values for +ve and –ve EAIERs were found as -11.1 and -

28.4 mV, respectively, and the zeta potential of bare rGO was measured as -24.5 mV. These 

values further confirm the selective functionalization of both the electrode materials.  

FT-IR spectra of electrode materials in details 

FT-IR spectrum of PS (Figure 2A) shows a broad peak around 3450-3520 cm-1 due to O–H’s 

stretching, which indicates the presence of hydroxyl groups in the electrode materials. This O–

H vibrational feature may be due to either (i) the moisture adsorbed on electrode materials or 

(ii) the presence of NaOH that was used for the activation of styrene during the polymerization 

process. A characteristic peak at 3035 cm-1 was observed due to the aromatic C–H stretching 

vibration. The other signature peaks at 2925 and 2850 cm-1 are ascribed to the asymmetric and 

symmetric stretching frequencies of aliphatic C–H, respectively. The peaks at 1632 and 1450 

cm-1 are due to C =C stretching and C–H deformation, respectively. In addition, the IR spectra 

of both rGO and rGO-PS are shown in Figure 2B. FT-IR spectrum of rGO has been reported 

earlier.[79] The peaks at 2924 and 2854 cm-1 of rGO are assigned to asymmetric and symmetric 

stretching of C–H bonds, respectively. The peak at ~1740-1745 cm-1 is associated with C=O 

stretching of the carboxylic acid group. The peak at ~1634 cm-1 is due to the C=C stretching 

frequency of rGO. The spectrum of rGO-PS showed a peak at 2968 cm-1, assigned to aromatic 

C–H vibration. The characteristic peaks at 2922 and 2852 cm-1 are due to asymmetric and 
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symmetric stretching of aliphatic C–H, respectively. The peak at 1631 cm-1 is due to the C=C 

stretching of rGO-PS. A substantial increase in the peak intensity of C=C was observed in the 

rGO-PS composite, owing to the covalent linkage between rGO and PS, which confirms the 

rGO-PS composite formation. Figure 2C(iii) shows the FT-IR spectrum of rGO-PS-SO3H (+ve 

EAIERs). Peaks at 2925 and 2852 cm-1 are the characteristic features of asymmetric and 

symmetric stretching frequencies of aliphatic C–H bond of +ve EAIERs, respectively, and the 

other two peaks at 1224 and 1180 cm-1 are associated with the S=O bond of SO3H in the same 

electrode. Figure 2D(ii) displays the IR spectrum after chloromethylation of rGO-PS composite, 

which showed two peaks at 2923 and 2851 cm-1 indicating the C–H stretching (asymmetric and 

symmetric, respectively) of rGO-PS-CH2Cl. The remaining two prominent peaks in the same 

spectrum at 1411 and 1261 cm-1 are assigned to the bending vibrations of aliphatic C–H in 

chloromethyl –CH2Cl and aromatic C–H of Ph–CH2Cl groups, respectively. The FT-IR 

spectrum of rGO-PS-CH2–N+(CH3)3Cl- (–ve EAIERs) in Figure 2D(iii) has a peak at 2962 cm-

1 due to aromatic C–H whereas, peaks at 2924 and 2851 cm-1 are due to asymmetric and 

symmetric vibrations of aliphatic C-H, respectively. The peaks at 1638 and 1632 cm-1 confirm 

the C=C stretching frequency of both –ve EAIERs and rGO-PS-CH2Cl, respectively. After the 

chlorinated product’s amination, two new peaks were observed at 1208 and 1154 cm-1, which 

are assigned to the C–N stretching frequencies of the tertiary amine group in -ve EAIERs. 
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Figure S1. (A) UV-vis spectra of aqueous GO dispersions are presented, (B) Raman spectrum 
showing the presence of D, G bands, (C) and (D) TEM image of the GO at different 
magnifications (0.1 μm and 50 nm scale bar,  respectively). 
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Figure S2. (A) UV-Vis absorption spectra of i) polystyrene (PS), ii) rGO, and iii) rGO-PS 
composite and (B) Raman spectra of i) PS, ii) rGO, and iii) rGO-PS composite. 
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Figure S3. SEM EDS of rGO-PS functionalized ion exchange resin materials of (A) +ve 
EAIERs (cation EAIERs) and (B) –ve EAIERs (anion EAIERs). The corresponding SEM EDS 
and elemental mapping images are shown in the inset.  
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Figure S4. SEM EDS of (A) anode and (B) cathode (before adsorption). The SEM image and 
the corresponding elemental mapping images are shown in the insets. Aluminium is from the 
SEM stub. 
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Figure S5. Specific capacitance vs. scan rate for both +ve and -ve EAIERs electrode materials 
in 1 M NaCl solution. 
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Figure S6. (A) and (B) are Bode impedance for cathode and anode, respectively; (C) and (D) 
real part of complex capacitance (C’) vs. frequency for cathode and anode, respectively; in 1 M 
NaCl electrolyte. 
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Figure S7. Schematic representation of a CDI set-up used for measuring CDI performance. 
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Figure S8. CDI performances of EAIERs electrodes using different cations (Na+, Mg2+, and 
Fe3+) with solutions of different conductivities: (A) 450 and (B) 610 𝜇𝜇S. Similarly, anions (Cl-, 
NO3-, F- and SO42-) with solution of different conductivities: (C) 450 and (D) 610 𝜇𝜇S. The 
operating potential was maintained at 1.5 V during the measurements. 
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Figure S9. Adsorption capacities of covalently integrated EAIERs electrodes with NaCl 
solution of different conductivities: (A) 450, (B) 610 and (C) 802 𝜇𝜇S, as a function of time at 
an applied voltage of ±1.5 V. Desorption starts after the adsorption cycle was complete, at an 
applied potential of ±1.5 V. Four adsorption-desorption cycles are shown in (D), (E) and (F). 
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Figure S10. Electrode repeatability (20 cycles of adsorption-desorption) of a covalently 
integrated EAIERs electrode with different concentrations of NaCl solutions; (A) 450, (B) 610, 
and (C) 802 𝜇𝜇S at an applied voltage of ±1.5 V. 
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Figure S11. The adsorption and desorption rate of a covalently integrated EAIERs with MgCl2 
and FeCl3 at different conductivities of 450 (A and D), 610 (B and E), and 802 𝜇𝜇S (C and F) as 
at an applied voltage of ±1.5 V. 
  

C
on

du
ct

iv
ity

 (µ
S)

Time (min)

Time (min)

Time (min)

Time (min)

Time (min)

Time (min)

C
on

du
ct

iv
ity

 (µ
S)

C
on

du
ct

iv
ity

 (µ
S)

C
on

du
ct

iv
ity

 (µ
S)

C
on

du
ct

iv
ity

 (µ
S)

C
on

du
ct

iv
ity

 (µ
S)

A D

B E

C F



  

25 
 

 

 

Figure S12. SEM EDS of MgCl2 adsorption after single adsorption on (A) cathode and (B) 
anode. The corresponding SEM EDS and elemental mapping images are shown in the insets. 
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Figure S13. Cyclic voltammograms of (A) +ve and (B) -ve EAIERs electrodes and 
voltammetry was performed in 1 M NaCl at a fixed scan rate of 50 mV/s for 400 cycles. 
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ABSTRACT: Atomically precise metal nanoclusters (NCs), protected by a monolayer of
ligands, are regarded as potential building blocks for advanced technologies. They are
considered as intermediates between the atomic/molecular regime and the bulk.
Incorporation of foreign metals in NCs enhances several of their properties such as catalytic
activity, luminescence, and so on; hence, it is of high importance for tuning their properties
and broadening the scope of applications. In most of the cases, enhancement in specific
properties was observed upon alloying due to the synergistic effect. In the past several years,
many alloy clusters have been synthesized, which show a tremendous change in the properties
than their monometallic analogs. However, controlling the synthesis and tuning the structures
of alloy NCs with atomic precision are major challenges. Various synthetic methodologies
have been developed so far for the controlled synthesis of alloy NCs. In this perspective, we
have highlighted those diverse synthetic routes to prepare alloys, which include co-reduction,
galvanic reduction, antigalvanic reduction, metal deposition, ligand exchange, intercluster
reaction, and reaction of NCs with bulk metals. Advancement in synthetic procedures will
help in the preparation of alloy NCs with the desired structure and composition. Future perceptions concerning the progress of alloy
nanocluster science are also provided.

1. INTRODUCTION

There is a rich and fascinating history for metals and their
alloys.1−3 Alloys have been known from ancient times; bronze
(90%Cu and 10% Sn) was the first to be invented circa BC 3500.
Nanoscience has provided a new direction to the subject of
metals and their alloys.4−6 The famous Lycurgus cup known
since the 4th century AD is one of the earliest known
applications of nanotechnology.7 It is found to be composed
of nanoparticles of Ag, Au, and Cu of 50−100 nm in size,
dispersed in a glass matrix.8 The cup changes its color in
different light, greenish in reflected light, and reddish in
transmitted light. The nanoalloy particles of different sizes in
the cup are responsible for this color change. Michael Faraday
observed the unusual behavior of finely dividedmetal particles in
their colloids in 1857.9 Their optical properties are now known
to be due to surface plasmon excitations. Nanoparticles with
monolayer protection were prepared over a century later,
enabling the synthesis of solid powders of such freely dispersible
particles. They also show similar optical characteristics.
Nanoclusters (NCs), which are atomically precised, are the
smallest analogues of such ligand-protected nanoparticles and
they exhibit unique optical, electronic, dielectric, magnetic, and
chemical properties.10,11 These properties are strongly depend-
ent on the composition and geometric variations. The
combination of two or more metals in NCs modify several of
their properties, often leading to enhancement in the desired
properties such as luminescence, catalysis, etc.12−14 Therefore,

the main objective of multicomponent alloy NC science is to
explore the rich variety of alloys and their interesting properties.
The synthesis of solution-phase Au NCs protected by

phosphine ligands was started in 1969−1970 and a few
phosphine-protected bi- and trimetallic NCs were also
prepared.15−19 After a long gap, in 2005, Shichibu et al.
synthesized Au25(SG)18 (SG = glutathione) by ligand exchange
from phosphine-protected Au NCs.20 Glutathione was used for
the synthesis of gold nanoparticles byWhetten et al.21 After that,
many NCs have been prepared with ligand protection. More
than 300 monometallic NCs of Au, Ag, and Cu have been
synthesized by various synthetic methods. However, the number
of multimetallic NCs is less.22−33 Among them, the number of
bimetallic NCs is higher than trimetallic and tetrametallic
ones.34−42

During the synthesis of alloy NCs, mixtures of products get
formed. For unambiguous characterization of the formed NC, it
is important to purify or separate the as-synthesized NCs.
Several separation techniques such as gel electrophoresis43 and
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size exclusion chromatography (SEC)44 have made tremendous
contributions to the science of metal NCs and their alloys. In
2005, Tsukuda et al. separated the mixture of glutathione-
protected Au NCs such as Au10(SG)10, Au15(SG)13, Au18(SG)14,
Au22(SG)16, Au22(SG)17, Au25(SG)18, Au29(SG)20, Au33(SG)22,
and Au39(SG)24 using polyacrylamide gel electrophoresis
(PAGE).45 Other than SEC, high-performance liquid chroma-
tography (HPLC) and thin-layer chromatography (TLC) are
used widely for purification and separation of clusters. The
composition of alloy NCs can be probed by high-resolution
electrospray ionization (ESI) and matrix-assisted laser desorp-
tion ionization (MALDI) mass spectrometry (MS).42,46 In
2005, compositions of a series of glutathione-protected Au NCs
separated by PAGE technique were determined mass-spectro-
metrically. Later, Whetten et al. unambiguously assigned the
composition of themost popular NC in this family, Au25(PET)18
(PET = 2-phenylethanethiol), through ESI MS in 2007.47

Although the composition of alloy NCs can be examined byMS,
the exact structure and position of dopants can be understood
only by using single-crystal X-ray diffraction (SCXRD). The
structure of Au25(PET)18 was solved in 2008 and, in 2014, the
first X-ray crystal structure of AgxAu25−x(PET)18 was deter-
mined.22,47,48 Recently, electron diffraction has been used to
resolve the structures of those NCs for which crystallization is
difficult.49 In addition to the experimental methods, computa-
tion has also contributed significantly for understanding the
structures and properties of these clusters.22,50−53

To understand the origin of optical and electronic properties
of NCs, the substitution of metal atoms by another element is
worthwhile. For example, the emission intensity of rod-like
[Au25(PPh3)10(SR)5Cl2]

2+ can be enhanced 200-fold by
substituting 13 Au atoms with Ag.54 The doped NC,
[Ag13Au12(PPh3)10(SR)5Cl2]

2+, having the same structure and
nuclearity exhibits 40% photoluminescence quantum yield. An
interesting change in the UV−vis spectrum of Au25(SR)18 was
seen after single Pd/Pt doping.55−57 The change in electronic
structure upon doping with Pd/Pt led to the enhancement of
catalytic efficiency toward hydrogen evolution reaction than
with the undoped parent cluster, Au25(SR)18. The stability of the
NC was enhanced due to doping. Unlike Pd/Pt, multiple Au
atomswere replaced by Ag atoms and, depending on the number
of doped Ag atoms, the electronic and catalytic properties
differ.58,59 The silver analogue of Au25(SR)18, namely,
Ag25(SR)18, also showed different optical and electronic
properties upon doping with Pd, Pt, and Au atoms.60,61 The
yellow color of Ag25(SR)18 turned to greenish-yellow while
being doped with Pd and the color turned dark green upon
doping with Pt and Au. Also, the singly doped Ag25(SR)18 with
Pd, Pt, and Au exhibited higher catalytic performance.62 Doping
can induce chirality in NCs. For example, the incorporation of
three Ag atoms in Au18(2,4-DMBT)14 (DMBT = dimethylben-
zenethiol) transformed the achiral NC into the chiral
system.63,64 Also, the doping of Ag in Au38(SR)24 induced
chirality. Along with a significant change in circular dichroism
(CD) spectrum, AgxAu38−x(SR)24 lowers the racemization
temperature.36 The doped foreign atoms prefer to occupy
certain positions in the parent NC. Pd, Ni, Pt, and Cd atoms
always prefer to occupy the center, whereas Ag and Au atoms
can be doped in all the possible positions. But Cu atoms always
prefer outer staple positions.65 Hence, by proper combinations,
more than one metal atom can be incorporated to make
multicomponent alloy NCs.

In this perspective article, we focus on the various synthetic
methods used for making multimetallic alloy NCs (Scheme 1).

At first, we discuss the classical methods used for the preparation
of alloy NCs such as co-reduction and galvanic and antigalvanic
reduction methods. After that, we discuss the other emerging
procedures for the formation of alloy NCs, which are metal
deposition, ligand exchange, intercluster reactions, and reaction
between NCs and bulk metals. In the case of co-reduction
method, the structure and composition cannot be controlled,
while galvanic and antigalvanic exchange reaction methods are
used for making a large number of alloy NCs, keeping the
structural integrity the same as that of the monometallic
analogues. Metal deposition certainly changes the composition;
however, the total structure of the parent cluster remains
unaltered. Ligand exchange method, which is a well-established
method for the preparation of noble metal NCs, is now being
used for the synthesis of alloy NCs with new atomicity and
properties. Other than galvanic and antigalvanic reduction
methods, a new synthetic method has been discussed in detail
where reaction involving two different NCs (named as
intercluster reaction) leads to the formation of structure-
conserved alloy NCs. Such intercluster reactions between Ag
and Au NCs are illustrated here. Similar to the reaction between
twoNCs, NCwas found to react with bulk metals also. For more
detailed information about the structures and properties of NCs,
we direct the readers to several recent review articles.13,61,66−70

2. CO-REDUCTION METHOD
Co-reduction is a kind of Brust−Schiffrin method where, instead
of one metal precursor, several metal precursors are mixed with
appropriate protective ligands and the reduction is performed
with suitable reducing agents. The method is also known as the
direct reduction method. With the help of this synthetic

Scheme 1. Schematic Representation of Various Synthetic
Methodologies of Alloy NCsa

aCo-reduction, galvanic reduction, antigalvanic reduction, metal
deposition, ligand exchange, intercluster reaction, and reaction of
NCs with bulk metal are illustrated.
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procedure, a large number of bimetallic NCs and a few
trimetallic NCs have been prepared. In 1984, the first
phosphine-protected biicosahedral Au and Ag alloy NC was
synthesized following co-reduction method by Teo and Keating.
The obtained alloy NC contained 25 metal atoms with the
molecular composition of [(PPh3)12Au13Ag12Cl6]

m+.71 This
work was followed by the synthesis of [(Ph3P)l0Au13Ag12Br8]-
(PF6).

72 Then, the same group found new triicosaherdal and
tetraicosahedral alloy NCs, [(p-Tol3P)12Au18Ag20Cl14] and
[(Ph3P)12Au22Ag24Cl10], respectively.

73,74 In 1994, Brust et al.
reported the synthesis of thiolate-protected Au NCs, which
showedmore stability than their phosphine-protected analogs.75

Among thiolate-protected NCs, Au25(SR)18 is one of the most
studied NCs due to its higher stability. In 2009, Murray et al.
synthesized PdAu24(PET)18, which was found to have different
electrochemical properties than its monometallic analog.57 Ag,
Cu, and Pt atoms were incorporated into Au25(PET)18 to make
Au 2 5− xAg x (PET) 1 8 ,

7 6 Au 2 5− xCu x (PET) 1 8 ,
7 7 and

PtAu24(PET)18
55 via this method. Later, PdAu24(DDT)18

(DDT = dodecanethiol) was purified by Negishi et al. using
HPLC and the cluster was more stable than monometallic
Au25(DDT)18.

78 Au25−nAgn(DDT)18 was also prepared and the
number of doped Ag atoms was dependent on the molar ratio of
the precursor salts.79 Ni-doped bi- and trimetallic clusters such
as Ag4Ni and Ag12Au12Ni were achieved by this method, which
can exhibit interesting magnetic properties.18,80 Various other
alloys with interesting properties can be synthesized easily. Such
an example is the chiral alloy NC, Au13Cu2((2r,4r)/(2s,4s)-
BDPP)3(SPy)6, which was synthesized using chiral ligand 2,4-
bis(diphenylphosphino)pentane (BDPP).81 In addition, alloys
of larger-sized NCs were also obtained such as (Ag-
Au)144(PET)60, Au144−xCux(SC6H13)60, [Au80Ag30 (PhC
C)42Cl9]Cl, etc.

82−84 A large number of Ag-rich alloy NCs
were also synthesized such as [Ag46Au24(TBHP)32]

2+,
(TOA)3AuAg16(TBBT)12, Au12Ag32(FTP)30, Ag28Cu12(2,4-
DCBT)24, etc.

31,85−87 Among various Ag NCs, Ag25(DMBT)18
is one of the most studied Ag NCs due to its exceptional stability
than other Ag NCs and it is structurally similar to Au25(PET)18.
Different groups have synthesized its Pt-, Pd-, and Au-doped
alloys such as PtAg24(2,4-DMBT)18, PdAg24(2,4-DMBT)18, and
AgxAu25−x(PET)18.

60,88 Our group has reported Ni-doped Ag25,
NiAg24(2,4-DMBT)18.

89 Synthesis of alloy NCs using metal
precursors having large differences in their redox potentials is
difficult. Hence, the incorporation of Fe and Cd by co-reduction
method is not possible. NaBH4 is the most used reducing agent
during the synthesis of bi- and trimetallic NCs. However, other
reducing agents were used such as H2, which was used to prepare
[Pt(H)(PPh3)(AuPPh3)7]

2+.90 A list of NCs prepared so far
(until September 2020) is given in Table 1, which includes co-
reduction method.

3. GALVANIC REDUCTION METHOD
The post-synthetic metal exchange reaction of a NC with a
suitable metal precursor is one of the important methods for the
preparation of alloy NCs. Among different metal exchange
reactions, galvanic reduction reaction has become a very
effective approach for making multimetallic alloy NCs as well
as various anisotropic alloy nanoparticles. According to the
classic galvanic theory, a metal ion of higher reduction potential
in solution gets reduced and replaces a metal atom present in a
material and the latter subsequently enters the solution after
being oxidized. The process is explained in detail in Scheme 2.
The metal activity sequence is Fe (−0.77 V) > Cd (−0.40 V) >

Co (−0.28 V) >Ni (−0.25 V) >Cu (+0.34 V) >Hg (+0.79 V) >
Ag (+0.80 V) > Pd (+0.95 V) > Pt (+1.2 V) > Au (+1.50 V).
Various metal atoms have been incorporated in the Ag NCs
using galvanic replacement procedure to make silver-rich
multimetallic alloy NCs. Such an example is the atomically
precise doping of Au atom in Ag25(DMBT)18 to make
Ag24Au(DMBT)18 (reduction potentials of Ag+/Ag and Au+/
Au are 0.80 and 1.69 V, respectively).137 It was found that co-
reduction led to the synthesis of Ag25−xAux(DMBT)18 (where x
= 1−8) and, therefore, it is difficult to make single crystals. The
availability of single crystal will help in understanding the
position of the dopant and, hence, synthesis of a single product is
important, which can be achieved by this method. Ag24Au-
(DMBT)18 exhibits higher stability and enhanced photo-
luminescence than monometallic Ag25(DMBT)18. For the
synthesis of Ag24Au(DMBT)18, an already synthesized
Ag25(DMBT)18 was treated with AuClPPh3, which changed
the color of the solution from brown to green. The product was
characterized using ESI MS and SCXRD. The structure of
bimetallic Ag24Au(DMBT)18 is similar to the monometallic one.
During galvanic exchange reaction, the structure of mono-
metallic NC remains unaltered in their multimetallic analogue;
however, Kang et al. reported shape-altered synthesis of alloy
NCs using this method.40 The incorporation of Au atoms in
PtAg24(DMBT)18 resulted in the formation of shape-unaltered
trimetallic PtAuxAg24−x(DMBT)18 when Au-DMBT was used as
the precursor, while the use of AuBrPPh3 led to the formation of
shape-altered trimetallic Pt2Au10Ag13(PPh3)10Br7. In this case,
Br− peeled away the PtAg12 core from the staple motifs and
transformed it into a biicosahedron, which was stabilized by
PPh3 ligand instead of DMBT. Trimetallic PtCuxAg28−x-
(BDT)12(PPh3)4 and tetrametallic Pt1Ag12Cu12Au4(S-Adm)18-
(PPh3)4 (S-Adm = adamentanethiol) NCs were synthesized by
galvanic replacement procedure. Several bimetallic NCs have
been prepared via this method, which are listed in Table 1.

4. ANTIGALVANIC EXCHANGE REACTION
Alloying or doping in Au25(SR)18 was performed largely with
different metals such as Ag, Cu, Pd, Pt, Ni, Cd, Hg, and Ir.
According to the classic galvanic reduction method, Au NCs are
unable to react with the less noble metal atoms such as Ag, Cu,
Cd, etc. (reduction potentials of Au+/Au, Ag+/Ag, Cu2+/Cu, and
Cd2+/Cd are +1.50, +0.80, +0.34, and −0.40 V, respectively).
However, Murray et al. showed the reduction of Ag ions by Au
NCs, which was followed by the replacement of Au atoms with
Ag, leading to the formation of AgxAu25−x(SR)18 alloy NCs.

135

This reaction was named as antigalvanic reduction, which is a
unique property of Au and Ag NCs and nanoparticles of core
size below 3 nm.136 In 2012, Wu performed the reaction
between Au25(PET)18 and Ag ions and the formed bimetallic

Scheme 2. Schematic Representation of Galvanic and
Antigalvanic Exchange Reaction Processes Using Au and Ag
as Examples

ACS Omega http://pubs.acs.org/journal/acsodf Perspective

https://dx.doi.org/10.1021/acsomega.0c04832
ACS Omega XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acsomega.0c04832?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04832?fig=sch2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c04832?ref=pdf


products were characterized using laser desorption ionization
(LDI) MS. To prove that antigalvanic exchange reaction is not a
unique property of Au25(PET)18 NC, approximately 2−3 nm
nanoparticles were treated with AgNO3 solution. The
incorporated Ag was detected by XPS and, after the reaction,
the binding energy of Ag indicated the incorporation of neutral
Ag, which confirmed the reduction of Ag ions by Au
nanoparticles. A similar experiment was performed on 3 nm-
sized Ag nanoparticles using Cu salt and incorporation of neutral
Cu in Ag nanoparticles was observed using XPS. This proved
that Cu ions can be reduced by more noble Ag atoms.
Antigalvanic reduction reaction is feasible due to the enhanced
reducing ability when the metal is in nanoscale form. One of the
important driving factors for antigalvanic reduction is the
protective ligands on the surface of nanoparticles or NCs. It was
proposed that the partial negative charge present on the surface
ligands plays a crucial role in the reduction of more reactive ions.
This observation led Wu et al. to modify the sequence of metal
activity as Fe > Ni > Pd > Au (∼3 nm) > Cu > Ag.92,136 After
that, Zhu et al. showed the incorporation of monovalent Cu/Ag
and bivalent Cd/Hg in Au25(SR)18 NCs.

91 Cd and Hg atoms
were getting doped at the center of the icosahedral core, while
Cu and Ag atoms were incorporated on the surface of the
icosahedron. Similar to galvanic exchange reaction, in the case of
antigalvanic exchange, dopants are mostly getting incorporated
in the parent NCs without changing their structures and
compositions. However, in some NC systems, the replacement
with a foreign metal atom can lead to structural transformations.
For example, the doping of Ag and Cu atoms in Au25(SR)18,
Au38(PET)24, Au36(SR)24, Au144(PET)60, etc., and doping of Cd
and Hg in Au25(SR)18 resulted in the formation of alloy NCs

with preserved composition and structure.82,91,97,132 On the
other hand, doping of Ag atoms in Au23(CHT)16 (CHT =
cyclohexylthiol) NCs first led to the formation of
Au23−xAgx(CHT)16, which then got converted to
Au25−xAgx(CHT)18.

38,154 The Au-rich trimetallic and tetrame-
tallic NCs M1AgxAu24−x(SR)18 (M = Cd/Hg)41 have also been
synthesized by this effective method. A list of multicomponent
NCs made via antigalvanic reduction is presented in Table 1.

5. METAL DEPOSITION METHOD

The metal deposition or intramolecular metal exchange is one of
the emerging alloying methods. Li et al. reported the synthesis of
Ag2Au25(SR)18 via reaction of Au25(SR)18 with AgNO3

152 where
Ag atoms occupied the outer staple. But, after treatment with
excess ligand, Ag atoms diffused within the icosahedral core,
which led to the formation of AgAu24(SR)18. The reaction
occurred in two steps as shown in Scheme 3A. The first step is
the self-metal exchange, which is the intramolecular metal
exchange. During the first step, one of the Ag atoms, which were
in the outer staple (denoted in blue color in Scheme 3A), got
exchanged with one of the icosahedral Au atoms. Thus, after
exchange, one Ag atom was on the inner icosahedral surface and
another one in the outer staple. This was followed by the second
step where the surface Au and Ag atoms were detached from the
surface of the cluster and resuted in the synthesis of
AgAu24(SR)18. This process was called the metal stripping
process. The same process was observed by Zheng et al. in
AuAg24(MHA)18 NCs.

140

Using high-resolution ESI MS, they monitored real-time
diffusion of Au atoms from the staple motif to the icosahedral
surface and then to the center of the icosahedron to attain

Scheme 3. Mechanistic pathway of the conversion of Ag2Au25(SR)18 to AgAu25(SR)18 and Proposed Mechanisms of Cu and Ag
Atom Deposition in [Au24(PPh3)10(PET)5Cl2]

+.a

Adapted from refs 152 and 153. Copyright 2018 Nanomaterials and 2017 Nature a(A) Mechanistic pathway of the conversion of Ag2Au25(SR)18 to
AgAu25(SR)18. Color codes: red, yellow, and cyan colors denote S, Au, and Ag atoms, respectively. (B, C) Proposed mechanisms of Cu and Ag
atom deposition in [Au24(PPh3)10(PET)5Cl2]

+, which resulted in the synthesis of [MAu24(PPh3)10(PET)5Cl2]
2+ (M = Cu/ Ag). Color codes:

yellow, orange, pink, and navy blue colors denote Au atoms, while cyan, gray, red, and green colors denote Cu, Ag, S, and Cl, respectively.
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thermodynamic stability. The metal deposition method can be
extrapolated into a hollowing and refilling process where foreign
metal atoms are incorporated to make alloy NCs. Single Cu and
Ag atoms were added successfully by Wang et al. in
[Au24(PPh3)10(PET)5Cl2]

+, which led to the synthesis of
[MAu24(PPh3)10(PET)5Cl2]

2+ (M = Ag/ Cu).153 In this case,
the −SR group and Cl atom played important roles. At first, a
foreign atom got attached to the S/Cl atom present in the waist/
apex positions, respectively. Due to this interaction, the Au−S/
Au−Cl bond collapsed and the Au atom migrated to the central
position, which reduced the energy of the system as shown in
Scheme 3B,C. Mainly, the Ag atom was doped at the apex site,
while Cu occupied both apex and waist positions as the Ag−Cl
bond is stronger than Ag−SR, unlike that of Cu−Cl that has the
same binding energy as of Cu−SR.

6. LIGAND EXCHANGE METHOD

Ligand exchange is an efficient method for the synthesis of
atomically precise NCs in which one NC is converted to
another, with the same or different nuclearity in the presence of
foreign ligands.68 The ligand exchange process where the
structure of the starting NC undergoes structural conversion is
named as ligand exchange-induced structural transformation
(LEIST) by Jin’s group.155 This is a fast-evolving method in NC
chemistry, which enhances the range of applications of NCs by
introducing different functional ligands. LEIST method has
been widely used for making a large number of monometallic
NCs; however, it is now also being used for the preparation of
multimetallic NCs. Biicosahedral Pt2Ag23(PPh3)10Cl7 was
converted to monoicosahedral PtAg24(DMBT)18 and PtAg28-
(BDT)12(PPh3)4 on addition of DMBT and BDT ligands,
respectively.145,147 PtAg28(S-Adm)18(PPh3)4 was synthesized by
the conversion of PtAg24(DMBT)18 after addition of Adm-SH
and PPh3.

148 Similarly, MAg28(BDT)12(PPh3)4 (M = Ni/Pd/
Pt) was synthesized via the LEIST method starting from
MAg24(DMBT)18 (M = Ni/Pd/Pt) (see Figure 1).89 Ligand
exchange method also helped make the n-hexanethiol (HT)-
protected NC, PtAg28(HT)18(PPh3)4 from PtAg28(S-
Adm)18(PPh3)4, keeping the structure unaltered.

151 Moreover,
Zhu et al. showed the synthesis of highly luminescent
Pt1Ag12(dppm)5(DMBT)2 from feebly luminescent
Pt2Ag23(PPh3)10Cl7 by introducing dppm along with
DMBT.147 Further, Kang et al. reported a new alloy NC,
AgAu16(S-Adm)13 starting from AgAu17(CHT)14 by this
methodology.95 Also, AgxAu24−x(TBBT)16 was synthesized
from AgxAg23−x(HT)16 upon treatment with TBBT. It has
been proposed that the drastic change in the nuclearity of the
NC is due to the change in the electron-withdrawing and
electron-donating effect of ligands, which depends on the
position of the functional groups. The noncovalent interactions
and steric hindrance are also crucial factors for this trans-
formation. However, the effect of ligand on the nuclearity and
structure of the NC is unclear.

7. INTERCLUSTER REACTION METHOD

Besides various synthetic methods, the reaction between two
NCs has become an emerging method to obtain multimetallic
alloy NCs. We are discussing this method more elaborately than
others as it has not been reviewed previously, in the context of
alloy clusters. Krishnadas et al. found the chemical reaction
between two atomically precise NCs, which resembles the
reaction between two organic molecules. They first reported the

reaction between pure Ag and Au NCs, Ag44(FTP)30 and
Au25(FTP)18, respectively, which led to the formation of Au-
doped Ag44(FTP)30 and Ag-doped Au25(FTP)18 bimetallic
NCs.138 These intercluster reactions are controlled by both
kinetics and thermodynamics. The extent of reaction and its
mechanism were studied in detail using MS. Negative-mode
MALDI MS at two different reaction times at the Au25(FTP)18
side is shown in Figure 2. The blue spectrum corresponding to
MALDIMS after 1 h of reaction showed the incorporation of up
to 5 Ag atoms, which resulted in the formation of
Au25−xAgx(FTP)18, while the insertion of up to 13 Ag atoms
was observed after 3 h of reaction (red spectrum). As both
reacting NCs were protected by the same protecting ligand, no

Figure 1. (A) Formation of MAg28(BDT)12(PPh3)4 from
MAg24(DMBT)18 (M = Pd, Pt, Ni) NCs. Green, pink, yellow, and
orange denote M (Pd, Pt, Ni), Ag, S, and P atoms, respectively. Blue
color denotes C and H atoms of thiol ligands. (B) Conversion of
AgAu17(CHT)14 to AgAu16(S-Adm)13. The colors pink, green, and
yellow denote Ag, Au, and S atoms, respectively. Blue color denotes C
and H atoms of thiol ligands.

Figure 2. MALDI MS of reaction between Au25(FTP)18 and
Ag44(FTP)30 in negative ion mode after (A) 1 h and (B) 3 h of the
reaction at the Au25 region. Reprinted from ref 138. Copyright 2016
American Chemical Society.
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ligand exchange was observed in the MS. The doping of Ag
atoms into Au25(SR)18 was found to be more facile via this
protocol where up to 20 Ag atoms can be incorporated. The total
number of atoms and the overall charge state remain preserved
in the formed alloyNCs during this kind of substitution reaction.
Similar to the Au25 region, the reaction also occurred in the Ag44
region as shown in Figure 3.133 At first, a mixture of bimetallic

NCs was formed having the composition, AuxAg44−x(FTP)30
where x = 1−12. After 1 h, this mixture resulted in the formation
of Au12Ag32(FTP)30 exclusively (Figure 3A). The reaction was
monitored by time-dependent UV−vis spectroscopy as shown
in Figure 3B. It showed a significant spectral change with time
and the final spectrum was completely different than that of
Ag44(FTP)30 as well as Au25(FTP)18, confirming the formation
of the bimetallic NC Au12Ag32(FTP)30. Although tools like MS,
UV−vis absorption spectroscopy, NMR, etc., help in under-
standing the extent of doping, the precised structural insight can
be obtained only from X-ray crystallography. In the absence of a
single crystal, one can understand the doping position by
computations as the structures of the monometallic NCs remain
preserved to a large extent in the multimetallic NCs during such
reactions. The single-crystal X-ray structure of Ag44(FTP)30
consists of a Ag12 hollow icosahedron inside a Ag20
dodecahedron, which is covered by a Ag12(FTP)30 outer shell.
On the other hand, Au25(FTP)18 is made up of a Ag13 central
icosahedron protected by a Ag12(FTP)18 surface motif. In the
case of the reaction involving Ag44(FTP)30 and Au25(FTP)18,
the total energy of the substituted product was found to be the
most negative when Au and Ag atoms occupied the icosahedral
surface of Ag44(FTP)30 and Au25(FTP)18, respectively. Hence, it
was concluded that the substitution of metal atoms during the
intercluster reaction was an energy-driven process. It was
proposed that the intercluster reaction proceeds through bond
breaking due to metallophilic and noncovalent interactions
between ligands or redox reactions. The fragments generated
after bond breaking behaved as nucleophiles, which led to the
incorporation of another metal atom similar to that of the metal
exchange reactions. The formation of an adduct of two NCs
(due to noncovalent interactions between ligands and metal-
lophilic interactions) was observed in ESI MS during the
reaction between two structurally similar Au and Ag NCs,
Au25(PET)18 and Ag25(DMBT)18, as shown in Figure 4.

156 The
adduct vanished within 5 min of mixing and a series of peaks
were observed due to the formation of AuxAgy(SR)18. This
adduct formation suggested that the intercluster reaction is

bimolecular. The structure of this adduct was calculated using
DFT, which manifested that bond lengths of both NCs were
longer than that of individual NCs. Also, the bond angles of
staples of both NCs changed significantly in the adduct. Further
chemical and structural transformation might occur during the
reaction after adduct formation. In the alloy NCs AuxAgy(SR)18,
the number of doped Ag and Au atoms can be varied from 1 to
24 by varying the molar ratio of reactant NCs. Therefore, the
desired number of dopants can be inserted using intercluster
reaction. Similar to the previous reaction, in this case, the total
number of metal and ligand in alloy NCs is identical with that of
the unreacted NCs. Regarding the dopant position, the
computational study revealed that the total energy of the
reaction will be the most favorable when a Au atom occupies the
central position of the icosahedron in Ag25(DMBT)18, while a
Ag atom occupies the icosahedral surface of Au25(PET)18. Not
only Ag but also Ir metal incorporation in Au25(SR)18 was
obtained via intercluster reaction, which otherwise is difficult to
achieve by other methods. Bhat et al. discussed the intercluster
reaction between an Ir NC, Ir9(PET)6, and a Au NC,
Au25(PET)18, which led to the formation of Ir3Au22(PET)18.

142

In this reaction, only one single product got formed, which was
then separated from the unreacted NCs by thin-layer
chromatography (TLC), and the purity was checked with ESI
MS. TheDFT study revealed that the Ir atoms occupy the center
and surface of the icosahedral core.
In these reactions, the use of two monothiol-protected NCs

also led to ligand exchange; although, the total number of thiol
ligands remains the same. As DMBT and PET are of the same
mass, no ligand exchange could be observed in ESI MS data but
ligand exchange between FTP and PET was observed. Due to
high mobility, ligands undergo spontaneous exchange. The
mobility of ligands can be decreased by using bidentate ligands
such as dithiols. Ghosh et al. showed the reactions of bidentate
th io l -p ro t ec t ed NCs , Ag 5 1 (BDT)1 9 (PPh3 ) 3 and
Ag29(BDT)12(PPh3)4, with Au25(PET)18 and noticed the
exchange between Ag and Au atoms and no exchange occurred
between the ligands.144 The reaction rate was observed to be
slow, which may be due to the presence of a rigid bidentate
ligand that rigidifies the surface of the NC. They found the
incorporation of three Au atoms in Ag51(BDT)19(PPh3)3 and

Figure 3. (A) Time-dependent ESI MS and (B) time-dependent UV−
vis absorption spectra of the reaction between Ag44(FTP)30 and
Au25(FTP)18 at the Ag44 region. Adapted from ref 133. Copyright 2017
American Chemical Society.

Figure 4. ESI MS of the mixture of [Ag25(DMBT)18]
− and

[Au25(PET)18]
−, resulting in the formation of the intermediate adduct

[Ag25Au25(DMBT)18(PET)18]
2− whose theoretical and experimental

isotopic distributions match with each other. Reprinted from ref 156.
Copyright 2016 Nature.
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Ag29(BDT)12(PPh3)4. Later on, the reaction between
Ag29(BDT)12(PPh3)4 and Au25(PET)18 was studied in detail,
which showed the incorporation of a maximum of 12 Au atoms
in Ag29(BDT)12(PPh3)4, while only up to 7 Ag atoms were
getting doped in Au25(PET)18, unlike the previously mentioned
intercluster reactions.89 This was due to the use of a very high
concentration of Au25(PET)18 (five times higher) in comparison
to Ag29(BDT)12(PPh3)4 to increase the reaction rate, which was
otherwise very slow due to the rigid surface. This proved that the
rate of reactions strongly depends on themetal−ligand interface.
The oligomeric MxLy surface staples were well defined in these
NCs, and in some of these clusters, the oligomeric staple motifs
formed interlocked rings as in Ag25(SR)18 and Au25(SR)18. The
structure of these kinds of NCs had been compared to the
Borromean rings, as proposed by Natarajan et al., and NCs were
referred to as aspicules (meaning shielded molecules).157

According to this structural alignment, breaking of one ring
led to the destruction of the entire structure of these NCs, which
resulted in the generation of MxLy fragments behaving as
nucleophiles in the substitution reaction. This process led to the
incorporation of 1−24 Ag andAu atoms in the respective NCs to
make bimetallic ones. This was not the same in the case of
dithiol-protected NCs such as in Ag29(BDT)12(PPh3)4, which
comprised two types of staples: Ag3S6 and Ag-P, unlike that of
the Borromean ring structure. These staples were difficult to
break as they were stabilized by dithiol, and hence, it was
proposed that Au25(SR)18 NCs were interacting with
Ag29(BDT)12(PPh3)4 via weak van der Waal interactions at
the less congested Ag3S6 staples as shown in Scheme 4. This
interaction assisted the metal exchange between two NCs at the
outer staple, leading to the synthesis of bimetallic NCs. Then,
the doped Ag and Au atoms underwent intramolecular galvanic

and antigalvanic exchange to occupy the energetically most
stable positions, which were the icosahedral surface positions.
Intercluster reaction was then expanded to make trimetallic

NCs.89 We showed the reaction of bimetallic MAg28(BDT)12-
(PPh3)4 (where M = Ni/Pd/Pt) with monometallic
Au25(PET)18, which produced a mixture of trimetallic
MAuxAg28−x(BDT)12(PPh3)4 and bimetallic AgxAu25−x(PET)18.
Unl ike Ag29(BDT)1 2(PPh3) 4 , the use o f doped
Ag29(BDT)12(PPh3)4 exhibited higher reactivity; however, it
was slower as compared to the monothiol-protected ones. A
time-dependent ESI MS of the reaction sequence between
PdAg28(BDT)12(PPh3)4 and Au25(PET)18 (1:5 molar ratio) is
shown in Figure 5, which manifests the extent of reaction with
time. With increasing time, the number of doped Au atoms
increased and it formed a stable single trimetallic NC
PdAu12Ag16(BDT)12(PPh3)4, while doping up to 7 Ag atoms
was seen in Au25(PET)18 forming a mixture of bimetallic
AgxAu25−x(PET)18 (where x = 1−7) clusters. Similar to
P d A u 1 2 A g 1 6 ( B D T ) 1 2 ( P P h 3 ) 4 , t r i m e t a l l i c
PtAu12Ag16(BDT)12(PPh3)4 NC too got formed by intercluster
reaction between PtAg28(BDT)12(PPh3)4 and Au25(PET)18.
Also, NiAuxAg28−x(BDT)12(PPh3)4 was obtained by intercluster
reaction between NiAg28(BDT)12(PPh3)4 and Au25(PET)18.
One important aspect to notice here was that the centrally doped
Ni, Pd, and Pt atoms in Ag29(BDT)12(PPh3)4 did not get
transferred to Au25(PET)18 to make corresponding bi- or
trimetallic NCs. This observation supported the above
mechanism, which depicted the involvement of metal−ligand
interface during the intercluster reaction and not the central
atom. Hence, based on this, we calculated the structure of
trimetallic MAu12Ag16(BDT)12(PPh3)4 (M =Ni/Pd/Pt), where
M atom was at the center of the icosahedral core and 12 Au
atoms occupied the icosahedral surface positions.
There have been other attempts of intercluster reactions by

other groups such as Xia et al., who reported the synthesis of
Au20Ag5(Capt)18 by the reaction between Au25(Capt)18 and
Ag30(Capt)18.

143 The product was purified using polyacrylamide
gel electrophoresis (PAGE). While both the reactant NCs were
non-emissive, the alloy cluster exhibited intense red emission.
MALDI MS was used to determine the composition of as-
synthesized alloy NCs.
The reaction of nanocluster has also been observed with

nanoparticles by Xia et al.143 They found the doping of Cu atoms
by the reaction of Au25(SR)18 with Cu nanoparticles of∼1.4 nm.
This gave a new turn of the reaction involving nanoclusters.
Similarly, Bose et al. have observed doping of Ag atoms in
atomically precise Au25(PET)18 nanoclusters using polydis-
persed Ag nanoparticles.158

8. NANOCLUSTER-BULK REACTIONS
To understand the mechanism of intercluster reactions and the
role of metal−ligand interfaces in greater detail, Kazan et al.
conducted a reaction of NCs with surfaces of bulk metals.159

They used Au25(PET)18 and Au38(PET)24 NCs to react with Ag,
Cu, and Cd foils before and after functionalization with thiols.
The doping rate was observed to be different for the treated and
untreated foils. Treated Ag foils exhibited a faster reaction rate,
which decreased with time, while the untreated one showed a
lower reaction rate at first and slowly increased after a certain
time. This observation indicated that pre-functionalized thiols
on the foils play a crucial role in the reaction, which indeed
emphasized the importance of metal−ligand interfaces during
the reaction between NCs (the mechanism is shown in Scheme

Scheme 4. Proposed Interactions between Ag and Au Atoms
of Ag29(BDT)12(PPh3)4 and Au25(PET)18 (A), Which Led to
the Formation of Kinetically Controlled
Au12Ag17(BDT)12(PPh3)4 at the Outer Surface, Which Then
Diffuses Inside the Icosahedron Core to Form a
Thermodynamically Stable Structure.a

Adapted with permission from ref 89. Copyright 2020 American
Chemical Society aColor codes: Green and pink (both light and dark
shades) denote Ag atoms, yellow and purple denote Au atoms, cyan
denotes S atoms, and orange denotes P atoms.
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5).160 In the case of Cu and Cd foils, the reaction did not occur
with the bare metal foils. Insertion of a few Cu and Cd atoms can

be seen during the reaction with the pre-treated foils. This new
class of reactions of NCs with bulk metals opens up new
opportunities for making different alloy NCs.

9. CONCLUSIONS AND FUTURE PERSPECTIVES
In the following, we list below several possibilities to expand this
science.

Diversity: About 100 bimetallic alloy NCs are known till
now; however, only about 10 alloy NCs with more than
one heteroatom have been reported. To the best of our
knowledge, only two tetrametallic NCs ([Pt1Ag12Cu12-
Au4(S-Adm)18(PPh3)4] and Au24−x−yAgxCuyPd(SC12-
H25)18) have been reported. Hence, incorporation of
more metals in a given cluster core, such as pentametallic
and beyond, will be worth exploring. This may lead to
high entropy alloy NCs, which might show improved
properties, in areas such as catalysis. Finding some

methods to control the number of doped atoms in an alloy
NC are also important.

The reaction of a NCwith another NC of a different metal
or even bulk metal is an efficient method for preparing
bimetallic and trimetallic NCs. The reactions between a
few NCs have been studied. There are more than 150
NCs whose structures have been solved and many more
NCs are reported, whose structures are yet to be
understood. Hence, intercluster reactions using these
NCs can be studied to expand their chemistry. Reactions
of NCs can be studied with other nanostructures and
different bulk metals, which might give a new twist to the
area.

Structures and properties: Over 100 multicomponent
atomically precise alloy NCs comprising Au, Ag, Ni, Cu,
Hg, Ir, Cd, Pd, and Pt have been synthesized till date using
different synthesis methods. Most of these have been
characterized with mass spectrometry, and about 50 have
crystal structures. As a glaring gap, Fe and Co doping has
not been accomplished yet in such clusters and these alloy
clusters can be of potential interest due to their magnetic
properties. Incorporation of lanthanides in NCs to make
alloys will be an exciting study due to their interesting
magnetic and photophysical properties. Even though Ni-
dopedNCs such as NiAu24, NiAg24, andNiAg28 have been
synthesized, their magnetic properties have not been
studied so far. These alloy NCs can show multiple
phenomena such as circularly polarized luminescence,
magneto-fluorescence, etc., which will help to broaden
their applications.

Structures of multimetallic NCs will provide details of
their optical and electronic properties. Unlike bimetallic
NCs, the structure of tri- and tetrametallic NCs are yet to
be studied extensively. Mainly, two kinds of alloy NCs are
observed, (i) keeping the structure and composition the
same, a specific number of foreign atoms are doped and
(ii) the structure and compositions are different and the
extent of doping depends on the molar ratio of the
precursors used. In both the cases, it is crucial to get a
single product either by controlling the synthesis method
or by isolating the cluster of interest. The isolation of a
specific isomer will be highly interesting, which can
induce the possibility of crystallization.

Figure 5. ESI MS of reaction between PdAg28(BDT)12(PPh3)4 and Au25(PET)18 (1:5 molar ratio) at different time intervals. (A) Reaction at the
PdAg28(BDT)12(PPh3)4 side and (B) the reaction at the Au25(PET)18 side. The formed clusters are [PdAuxAg28−x(BDT)12]

4− and
[AgxAu25−x(PET)18]

−. The charged species are not mentioned in the text for simplicity. The red asterisk in (A) is due to thiolates produced
during the reaction. Adapted with permission from ref 89. Copyright 2020 American Chemical Society.

Scheme 5. Pictorial Illustration of the Reaction between
Au25(PET)18 with Ag Foil. Adapted with permission from ref
159. Copyright 2019 Royal Society of Chemistry
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Dynamics and mechanism: The exchange of metal atoms
and the ligands between two different NCs manifest the
dynamic nature of the outer staple motifs of NCs and
protecting ligands. The investigation of this chemical
event will be interesting. Also, a detailed study of the
metal−ligand interface by theoretical calculations can
reveal important information. In addition, a mechanistic
study of the interactions between two NCs in the
transition state is essential to have a deeper understanding
of intercluster reactions. Although interaction of clusters
leading to dimers have been observed in mass
spectrometry, these species have not been trapped.
Cluster reactions go through such an intermediate and
several such intermediates have been identified. However,
none of them have been seen. With the advancements in
cryo-electron microscopy, it might be possible to observe
such species in solution. If that becomes possible, it will
lead to a new understanding of atom transfer processes,
how chemical bonds are modified, etc. The existence of
Borromean rings may be understood from such studies.
Bulk properties: The availability of larger crystals will
enable the measurements of various physical properties of
NC solids such as electrical conductivity, mechanical
properties, etc., which can open a new paradigm in NC-
based research. A systematic effort in the properties of
clusters has to occur. The mechanical response of a few
monometallic NC solids has been studied; however, this
new field need to be explored using various multimetallic
NC solids.
Assemblies and superstructures: Supramolecular assem-
blies of NCs with different nanoparticles or molecules and
NC-based metal−organic frameworks are emerging
materials as they can be used as functional building
blocks to make hierarchical frameworks with improved
properties. Although a few assemblies have been made
using monometallic NCs, the area is yet to be expanded to
multimetallic alloy NCs, which can bring in several
unprecedented properties.
While many of these will be pursued in the coming years,
there are inherent challenges in this system. The principal
one is related to the dynamics of atoms in this length scale.
That would mean that stabilizing the cluster systems in
the solution and solid state for extended periods would
involve the use of specific ligands, which do not allow
atom transfer to occur. However, in some other contexts,
these dynamics may be advantageous also. The extent of
dynamics may be the reason for their use in catalysis.
Whatever be the case, understanding such processes will
require a great amount of computational effort. As the size
of the systems increases, these efforts will become
increasingly demanding.
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Reaction between Ag17
+ and acetylene outside

the mass spectrometer: dehydrogenation in the
gas phase†

Madhuri Jash, Rabin Rajan J. Methikkalam, Mohammad Bodiuzzaman,
Ganesan Paramasivam and Thalappil Pradeep *

We present the first example of acetylide protected silver clusters by a

reaction between Ag17
+ and acetylene, conducted around atmo-

spheric pressure. The products were obtained after dehydrogenation

of acetylene in the gas phase. The observed reaction mechanism may

be helpful to design new catalysts useful in organometallic chemistry.

Atomically precise nanoclusters (NCs), being the link between
atoms and bulk materials, show unique properties and represent
one of the major pillars of current nanoscience.1 Due to their
electronic and geometric shell closing and quantum confinement,
even a change of one atom can alter their physical and chemical
properties.2 Catalytic properties of most of the NCs are studied in
the supported form after ligand desorption, although stabilizing
clusters after ligand removal, in a specific size and shape, is of
concern.3 In contrast, gas phase studies of size-selected naked
clusters give us molecular level understanding of their catalytic
processes due to the absence of ligands and the stabilising
medium.4–6

From an organometallic point of view, transition metal–p
complexes are crucial intermediates of several metal-mediated
transformations.7,8 This kind of metal-unsaturated hydrocar-
bon interaction can be varied by changing a single metal atom
in a metal cluster.4,9 The type of interaction can be ionic,
covalent or weak ion–p interaction, depending on the cluster’s
atomicity, valence electrons and ligands. Mass spectrometry,10

photoelectron spectroscopy11 and infrared spectroscopy12 are
different characterization tools for the investigation of such gas
phase interactions along with quantum chemical calculations.

Gas phase reactivity and catalysis of cluster metal ions have
been reported by various research groups, inside the mass
spectrometer.4,5,13,14 The first report of the formation of silver

clusters by electrospray ionization under atmospheric pressure was
in 2013.15 Later, we had shown that single gas phase species, Ag17

+

can be produced outside as well as inside a mass spectrometer,
without mass selection.16,17 Recently, it has also been shown that
Ag17

+ reacts with acetylene under vacuum and formed –C2H5

attached Ag17
+ within the ion trap.18 However, interaction of such

large sized clusters has not been studied before outside the mass
spectrometer, under atmospheric pressure conditions. In this
communication, we explored the interaction of acetylene with
Ag17

+ outside a mass spectrometer where Ag17
+ forms adducts with

2, 4 and 6 acetylene molecules after dehydrogenation. Density
functional theory (DFT) calculations elucidate the structure of these
adducts along with the dehydrogenation mechanism.

Gas phase ion–molecule reaction experiments were con-
ducted using a LTQ XL Linear Ion Trap Mass Spectrometer
with an external home-built nano-electrospray ion source. Here,
we have used [Ag18H16(TPP)10]2+ clusters as a precursor analyte,
which was synthesized following a reported method19 and
details are presented in the Experimental section. All the
characteristic features including their UV-Vis spectrum, high
resolution ESI mass spectrum and formation of deuterated
analogue, [Ag18D16(TPP)10]2+ (measured with a Synapt G2Si
HDMS instrument) confirm the formation of the cluster and
all these data are shown in Fig. S1A–D (ESI†). The electro-
sprayed cluster was passed through a heating tube by using N2

as the nebulizing gas to obtain a stream of the naked cluster.
This flow of naked cluster ions was reacted with acetylene
outside the mass spectrometer. Fig. 1 shows a schematic of
the experimental set-up which consists of a coiled copper tube
as the heater, a stainless steel union cross connector with
external gas line and an LTQ mass spectrometer. Formation
of naked clusters from [Ag18H16(TPP)10]2+ was presented in our
previous report.16 The end of the heating tube was connected to
one inlet of the union cross connector. Another inlet was fixed
to the acetylene gas channel, an outlet was directed to the mass
spectrometer inlet and another port was blanked. The acetylene
gas channel was made with a stainless-steel tube of 1.5 mm

DST Unit of Nanoscience (DST UNS) and Thematic Unit of Excellence (TUE),

Department of Chemistry, Indian Institute of Technology Madras,

Chennai 600 036, India. E-mail: pradeep@iitm.ac.in

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0cc05837h

Received 1st September 2020,
Accepted 19th November 2020

DOI: 10.1039/d0cc05837h

rsc.li/chemcomm

ChemComm

COMMUNICATION

Pu
bl

is
he

d 
on

 2
0 

N
ov

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

C
he

nn
ai

 o
n 

12
/2

8/
20

20
 7

:0
1:

02
 A

M
. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-9991-7788
http://orcid.org/0000-0003-3174-534X
http://crossmark.crossref.org/dialog/?doi=10.1039/d0cc05837h&domain=pdf&date_stamp=2020-11-27
http://rsc.li/chemcomm
https://doi.org/10.1039/d0cc05837h
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC056100


15624 | Chem. Commun., 2020, 56, 15623--15626 This journal is©The Royal Society of Chemistry 2020

outer diameter and 0.7 mm inner diameter, where the gas flow
could be controlled with a needle valve. This set-up was kept in
air, to make ion/molecule reactions feasible in air. The resulting
ions, coming out from the cross connector enter the transfer
capillary of the mass spectrometer and are analysed by the LTQ
mass spectrometer.

At first, naked clusters were made from electrosprayed
[Ag18H16(TPP)10]2+ in the absence of acetylene and the ESI mass
spectrum obtained is shown in Fig. 2A. During this process, we get
Ag17

+ (m/z 1833) and Ag18H+ (m/z 1943) alone, without any mass
selection. To study the ion/molecule reaction under ambient condi-
tions, acetylene gas (from Rana Industrial Gases & Products, purity
99.99%) was introduced into the cross connector where the naked
clusters enter from the heating tube along with N2. During this
reaction, the N2 gas flow was increased from 25 psi to 40 psi to
obtain adequate ion signal in the mass spectrometer. Fig. 2B
represents the ESI mass spectrum after introducing acetylene gas
at a lower flow rate. Three adduct peaks of [Ag17(CRCH)2]+,
[Ag17(CRCH)4]+ and [Ag17(CRCH)6]+ appeared at m/z 1883, 1933
and 1983, respectively and the intensity of Ag17

+ got reduced. The
isotopic distributions of Ag17

+ and the adducts matched well with
their calculated spectra shown in Fig. S2 (ESI†). As acetylene
pressure was increased in Fig. 2C, the intensities of the adduct
peaks increased and the peak of Ag17

+ disappeared. Dehydrogena-
tion of acetylene (C2H2) to acetylide (–C2H) during adduct formation
was confirmed by the mass shift of Dm/z = 2, 4 and 6 in the case of
[Ag17(CRCH)2]+, [Ag17(CRCH)4]+ and [Ag17(CRCH)6]+, respec-
tively (Fig. 2D–F). As always even mass shift was seen, which was
suggested to be due to the loss of a hydrogen molecule (H2) during
adduct formation, in our experimental conditions. Here the disap-
pearance of Ag18H+ with acetylene gas flow can be due to its very low
abundance. Full range ESI mass spectra of this ion/molecule reac-
tion are shown in Fig. S3 (ESI†). The reaction of Ag17H14

+ was also
conducted with acetylene, but it was inert due to the surface
passivation by hydride ligands.

To get a clear idea about the structure and binding pattern of
the adducts, collision induced dissociation (CID) experiments
were performed. For a simpler representation, the adducts
[Ag17(CRCH)2]+, [Ag17(CRCH)4]+ and [Ag17(CRCH)6]+ are
denoted as (17,2), (17,4) and (17,6), respectively where the first
number inside the bracket represents the atomicity of the silver
core and the second number represents the number of acetylide
ligands attached to it. The same notation is also followed for the
CID fragments. Here all the adducts and their CID fragments are
in +1 charge states which is not mentioned separately in the case
of bracket notations. The fragmentation patterns (MS2 and MS3)
of (17,2) are shown in Fig. 3A with two concentric rings. The full
fragmentation patterns from MS2 to MS6 are shown as a flow
chart and also in the form of five concentric rings in Fig. S4A and
B (ESI†), respectively. In Fig. 3A, the inner ring, closer to the
centre, shows the five different MS2 fragments of (17,2). The MS2

spectrum showing these fragmented peaks is given at the centre
of that circle. Then, the next level fragmentation is shown in a
lighter shade of the same colour. Here the second ring repre-
sents the MS3 fragmentation products of the five MS2 fragments.
Fig. 3B–F are the MS3 spectra of (17,1), (16,2), (16,1), (15,2) and
(15,0), respectively. As it was not possible to represent all the

Fig. 1 Schematic diagram for an ion/molecule reaction between naked
clusters and acetylene. Acetylene was crossed with the flowing naked
clusters coming out from the heating tube and the products are detected
with an LTQ mass spectrometer.

Fig. 2 (A) ESI mass spectrum of Ag17
+ and Ag18H+ before the reaction with

acetylene. (B and C) Are the ESI mass spectra after the reaction between Ag17
+

and acetylene, at different flow rates of acetylene. During this reaction, three
adducts appeared as [Ag17(CRCH)2]+, [Ag17(CRCH)4]+ and [Ag17(CRCH)6]+.
The experimental (black) spectrum of (D) [Ag17(CRCH)2]+, (E) [Ag17(CRCH)4]+

and (F) [Ag17(CRCH)6]+ show mass shifts of Dm/z = 2, 4, 6 with the calculated
spectrum (magenta) of [Ag17(CHRCH)2]+, [Ag17(CHRCH)4]+ and [Ag17

(CHRCH)6]+, respectively.
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mass spectra up to MS6 level in a single figure, we have plotted
them separately. The different fragmentation pathways of (17,2),
which proceed through (17,1), (16,2), (16,1) and (15,2) in MS3

level are presented in Fig. S5–S9 (ESI†). Whereas, the ion (15,0)
does not reveal any fragmentation, probably due to low intensity.

For the (17,4) adduct, the overall fragmentation flowchart is
shown in Fig. S10A (ESI†). In Fig. S10B (ESI†), the same fragmen-
tation data are shown with two concentric rings. Fig. S11A (ESI†)
shows the MS2 mass spectrum of (17,4) with three fragments,
(17,3), (17,0) and (16,3). Fig. S11B–D (ESI†) are the MS3 mass
spectra of (17,3), (17,0) and (16,3), respectively. For the third
adduct (17,6), Fig. S12A (ESI†) represents the fragmentation
flowchart whereas Fig. S12B (ESI†) represents it with one ring of
MS2 fragments. The MS2 mass spectrum of (17,6) is shown in
Fig. S13 (ESI†) with seven fragments. From all the fragmentation
patterns of the three adducts, it is noticed that during the
fragmentation process, the acetylide ligand can get knocked out
from the cluster core with or without the silver atom. This result is
very much unlike that from our previous report, fragmentation of
the oxygen added peaks of Ag17

+.16 During the CID of oxygen
added peaks, there was at first detachment of all oxygen atoms
(ligands), forming intact Ag17

+, which was further fragmented to
smaller silver naked clusters with higher collision energy. From
this result, we conclude that the fragmentation pattern of Ag17

+

adducts depends on the binding type of silver with the ligand. The
experimental and calculated masses of all the assigned clusters in
this experiment are summarized in Table S14 (ESI†).

The structures of Ag17
+ and adducts were optimised using

density functional theory. The structure of Ag17
+ was optimized

based on a previously reported method and then it was used for

further calculations.20 The most stable structures of Ag17
+ and its

adducts are shown in Fig. S15 (ESI†). In Fig. S16 (ESI†), their
HOMO–LUMO gaps are also given. During the reaction, the
increases in mass of the three adduct peaks were m/z 50, 100
and 150 which are due to 2, 4 and 6 –C2H additions and desorption
of 1, 2 and 3 hydrogen molecules, respectively as below:

Ag17
+ + 2C2H2 - [Ag17(CRCH)2]+ + H2m

Ag17
+ + 4C2H2 - [Ag17(CRCH)4]+ + 2H2m

Ag17
+ + 6C2H2 - [Ag17(CRCH)6]+ + 3H2m

To determine the actual mechanism of dehydrogenation,
initially the interaction was calculated with one and two intact
acetylene molecules over Ag17

+, which show weak non-covalent
cluster–p interactions (Fig. S17, ESI†). According to a previous
report, the dissociation threshold values for such larger
cluster–p moieties (for Agn

+, when n 4 7) is small, which makes
them sufficiently unstable.21 However, for [Ag17(HCRCH)2]+,
due to dehydrogenation of two acetylene molecules, we may
have either one butadiyne (–C4H2) or two acetylide (–C2H)
attached Ag17

+ (Fig. S18, ESI†). The calculated total energies
of these two structures are closer to each other but the binding
energy values show that in [Ag17(CRCH)2]+, the interaction of
C2H units with silver are stronger (covalent) than the butadiyne
unit in [Ag17C4H2]+ (non-covalent). Hence, the [Ag17(CRCH)2]+

structure, where the average bond distance of Ag–C was 2.25 Å,
was considered for further calculation.

Possible mechanism for the formation of a hydrogen mole-
cule after dehydrogenation of an even number of acetylenes
interacting with Ag17

+, was studied in detail. Fig. 4 shows the
energy profile during the dehydrogenation of two acetylene over

Fig. 3 The CID fragments of [Ag17(CRCH)2]+ or (17,2) resulting from MS2 and MS3 experiments. (A) represents the MS2 spectrum of (17,2) at the centre of the
circle and the MS2 and MS3 fragments with two individual concentric rings. (B–F) represent the MS3 spectrum of the corresponding (17,1), (16,2), (16,1), (15,2) and
(15,0) fragments, respectively. The collision energies used are mentioned as MS3 (xx, yy C.E.) corresponding to MS2 and MS3 data and are in an instrumental unit.
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the surface of Ag17
+. Here, like the previously reported [Ag7

+C2H2]
cluster, we have also calculated a competitive isomer (1a in
Fig. 4) of [Ag17(HCRCH)2]+, where one hydrogen from each of
the acetylenes got dissociated and attached to the silver core
transiently.21 This competitive isomer was higher in energy
(–2631.481 H) compared to the normal [Ag17(HCRCH)2]+

(�2631.588 H) and was consider as an intermediate structure
for the next step. The attached hydrogens to silver, changed their
positions with respect to the silver atoms during the optimiza-
tion of the structure (1a–c in Fig. 4) and come out as a hydrogen
molecule giving the final product, [Ag17(CRCH)2]+ (2 in Fig. 4).
The relatively lower energy of the product compared to the
intermediates makes this reaction energetically favourable.
Therefore, the formation of a hydrogen molecule is possible,
which was observed in our experiments. Further detailed studies
of binding of four and six acetylene molecules were also carried
out which show the formation of hydrogen molecules and the
products, [Ag17(CRCH)4]+ and [Ag17(CRCH)6]+, respectively
(Fig. S19 and S20, ESI†). Energy profile of the overall reaction
is shown in Fig. S21 (ESI†). The dehydrogenation process also
has been calculated for an odd (one) number of acetylenes but it
gives only a higher energy intermediate, and not any stable
product (Fig. S22, ESI†). Therefore, dehydrogenation or for-
mation of a hydrogen molecule was successful only when an
even number of acetylenes interacted with Ag17

+. The calculated
binding energies after dehydrogenation are listed in Table S23
(ESI†). Calculated structures of [Ag17(CRCH)]+ and [CRCH],
generated during the CID experiment of [Ag17(CRCH)2]+ are shown
in Fig. S24 (ESI†). Electronic structures of [Ag17(CRCH)2]+,
[Ag17(CRCH)]+ and [CRCH] have also been calculated and shown
in Fig. S25–S27 (ESI†), respectively.

In conclusion, the naked cluster, Ag17
+ was formed outside a

mass spectrometer and for the first time, its reactivity with
acetylene was studied around atmospheric pressure. During the
reaction, dehydrogenation of acetylene results in the formation

of acetylide attached Ag17
+. Dehydrogenation occurred always

for an even number of acetylenes, which also supports the
dihydrogen molecule desorption. This study provides new
insights into the binding mechanism of acetylene on Ag17

+

and gives new light on the reactivity of size-selected naked
clusters. As these reactions were conducted near ambient
conditions, it is possible to collect the product on a suitable
substrate for further characterization. Similar studies with
other molecules may lead to new directions in gas phase
clusters. Potential application of this method will be in the
understanding of catalytic processes in atomically precise
materials.

We thank the Department of Science and Technology for
supporting our research. M. J. thanks U. G. C. for her SRF
fellowship.

Conflicts of interest

There are no conflicts to declare.

Notes and references
1 I. Chakraborty and T. Pradeep, Chem. Rev., 2017, 117, 8208–8271.
2 J. Zhang, Z. Li, J. Huang, C. Liu, F. Hong, K. Zheng and G. Li,

Nanoscale, 2017, 9, 16879–16886.
3 M. Turner, V. B. Golovko, O. P. H. Vaughan, P. Abdulkin,

A. Berenguer-Murcia, M. S. Tikhov, B. F. G. Johnson and R. M.
Lambert, Nature, 2008, 454, 981.

4 Z. Luo, A. W. Castleman and S. N. Khanna, Chem. Rev., 2016, 116,
14456–14492.

5 D. K. Boehme and H. Schwarz, Angew. Chem., Int. Ed., 2005, 44,
2336–2354.

6 S. M. Lang, T. M. Bernhardt, R. N. Barnett, B. Yoon and U. Landman,
J. Am. Chem. Soc., 2009, 131, 8939–8951.

7 J.-M. Weibel, A. Blanc and P. Pale, Chem. Rev., 2008, 108, 3149–3173.
8 M. Meldal and C. W. Tornoe, Chem. Rev., 2008, 108, 2952–3015.
9 Z. Luo and A. W. Castleman, Acc. Chem. Res., 2014, 47, 2931–2940.

10 M. J. Manard, P. R. Kemper, C. J. Carpenter and M. T. Bowers,
Int. J. Mass Spectrom., 2005, 241, 99–108.

11 W. Y. Lu, P. D. Kleiber, M. A. Young and K. H. Yang, J. Chem. Phys.,
2001, 115, 5823–5829.

12 T. B. Ward, A. D. Brathwaite and M. A. Duncan, Top. Catal., 2018, 61,
49–61.

13 G. N. Khairallah and R. A. J. O’Hair, Dalton Trans., 2007, 3149–3157,
DOI: 10.1039/B700132K.

14 P. B. Armentrout, Annu. Rev. Phys. Chem., 2001, 52, 423–461.
15 M. Wleklinski, D. Sarkar, A. Hollerbach, T. Pradeep and R. G. Cooks,

Phys. Chem. Chem. Phys., 2015, 17, 18364–18373.
16 M. Jash, A. C. Reber, A. Ghosh, D. Sarkar, M. Bodiuzzaman,

P. Basuri, A. Baksi, S. N. Khanna and T. Pradeep, Nanoscale, 2018,
10, 15714–15722.

17 A. Ghosh, M. Bodiuzzaman, A. Nag, M. Jash, A. Baksi and
T. Pradeep, ACS Nano, 2017, 11, 11145–11151.

18 A. Baksi, M. Jash, S. Bag, S. K. Mudedla, M. Bodiuzzaman, D. Ghosh,
G. Paramasivam, V. Subramanian and T. Pradeep, J. Phys. Chem. C,
2019, 123, 28494–28501.

19 M. S. Bootharaju, R. Dey, L. E. Gevers, M. N. Hedhili, J.-M. Basset
and O. M. Bakr, J. Am. Chem. Soc., 2016, 138, 13770–13773.

20 M. Chen, J. E. Dyer, K. Li and D. A. Dixon, J. Phys. Chem. A, 2013, 117,
8298–8313.

21 M. Yang, H. Wu, B. Huang and Z. Luo, J. Phys. Chem. A, 2019, 123,
6921–6926.

Fig. 4 Energy profile during the formation of [Ag17(CRCH)2]+ and a
hydrogen molecule (2) starting from the intermediates (1a–c). During
the optimization of the intermediate structure, there was mobility of
bonded hydrogens with respect to silver atoms. The intermediates finally
give the lower energy product after dehydrogenation. The total energy and
relative energy values are in Hartree.

Communication ChemComm

Pu
bl

is
he

d 
on

 2
0 

N
ov

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

C
he

nn
ai

 o
n 

12
/2

8/
20

20
 7

:0
1:

02
 A

M
. 

View Article Online

https://doi.org/10.1039/d0cc05837h


1

Supporting Information

Reaction between Ag17
+ and acetylene outside the mass spectrometer: 

Dehydrogenation in the gas phase 
Madhuri Jash, Rabin Rajan J. Methikkalam, Mohammad Bodiuzzaman, Ganesan Paramasivam, and 
Thalappil Pradeep*

DST Unit of Nanoscience (DST UNS) and Thematic Unit of Excellence (TUE), Department of 
Chemistry, Indian Institute of Technology Madras, Chennai 600 036, India

*To whom correspondence should be addressed. E-mail: pradeep@iitm.ac.in 

Table of Contents

Name Description Page No.
S1 Characterisation of [Ag18H16(TPP)10]2+ and 

[Ag18D16(TPP)10]2+ clusters
5

S2 Experimental and calculated spectra of Ag17
+, 

[Ag17(C≡CH)2]+, [Ag17(C≡CH)4]+ and [Ag17(C≡CH)6]+
6

S3 Full range ESI mass spectra during the reaction between 
naked clusters and acetylene

7

S4 Total CID pattern of [Ag17(C≡CH)2]+ 8-9

S5 CID mass spectra of [Ag17(C≡CH)2]+ through 
[Ag17(C≡CH)1]+ pathway

10

S6 CID mass spectra of [Ag17(C≡CH)2]+ through 
[Ag16(C≡CH)2]+ pathway

11

S7 CID mass spectra of [Ag17(C≡CH)2]+ through 
[Ag16(C≡CH)1]+ and followed by [Ag15(C≡CH)1]+ 

pathway

12

S8 CID mass spectra of [Ag17(C≡CH)2]+ through 
[Ag16(C≡CH)1]+ and followed by [Ag15]+ pathway

13

S9 CID mass spectra of [Ag17(C≡CH)2]+ through 
[Ag15(C≡CH)2]+ pathway

14

S10 Total CID pattern of [Ag17(C≡CH)4]+ 15

 S11 CID mass spectra of [Ag17(C≡CH)4]+ up to MS3 16

S12 Total CID pattern of [Ag17(C≡CH)6]+ 17
S13 CID mass spectruma of [Ag17(C≡CH)6]+ cluster for MS2 18

S14 Comparison of experimental and calculated masses 
measured with the LTQ

19

S15 Most stable calculated structures of reactant and 
products

20

S16 HOMO-LUMO gap of reactant and products 21

Electronic Supplementary Material (ESI) for ChemComm.
This journal is © The Royal Society of Chemistry 2020

mailto:pradeep@iitm.ac.in


2

S17 Calculated structure of [Ag17(HC≡CH)]+ and 
[Ag17(HC≡CH)2]+

22

S18 Possibility of formation of [Ag17(C≡CH)2]+ and 
[Ag17C4H2]+

23

S19 Formation of [Ag17(C≡CH)4]+ and hydrogen molecule 24

S20 Formation of [Ag17(C≡CH)6]+ and hydrogen molecule 25

S21 Energy profile of overall reaction 26

S22 Possibility of formation of [Ag17(C≡CH)]+ 27

S23 Calculated binding energies 28

S24 Calculated structures of precursor and product ions 
during CID

29

S25 Electronic structure of [Ag17(C≡CH)2]+ 30

S26 Electronic structure of [Ag17(C≡CH)]+ 31

S27 Electronic structure of [C≡CH] 32



3

EXPERIMENTAL SECTION 

Reagents and Materials 
Silver nitrate (AgNO3) was purchased from Rankem India, sodium borohydride (NaBH4, 98%), sodium 
borodeuteride (NaBD4, 98 atom% D) and triphenylphosphine (TPP) were purchased from Sigma-
Aldrich. HPLC grade methanol (MeOH) was from Finar chemicals and analytical grade chloroform 
(CHCl3) was from Rankem India. All the chemicals were used without further purification. Millipore 
water, with a resistivity of 18.2 MΩ.cm was used for the synthesis purpose.

Synthesis 
The cluster [Ag18H16(TPP)10]2+ was synthesized by following our previous method, a modified method 
of a reported one. About 20 mg of AgNO3 was dissolved in 5 mL of MeOH followed by the addition of 
70 mg of triphenylphosphine in 10 mL of chloroform, under stirring at room temperature. After 20 
minutes of reaction, 6 mg of NaBH4 in 0.5 mL of ice cold water was added dropwise to the reaction 
mixture, which changed the color immediately from colorless to light yellow. Then the reaction was 
continued for three hours in dark condition to avoid any further oxidation of silver. The light yellow 
reaction mixture became dark green after three hours of continuous stirring, which indicated the 
formation of [Ag18H16(TPP)10]2+ cluster. The mixture of solvents was then vacuum evaporated and the 
excess silver precursor and NaBH4 were removed by washing with 20-22 mL of cold Millipore water. 
Then the solid material consisting of [Ag18H16(TPP)10]2+ cluster was extracted with 2 mL of methanol 
and centrifuged for 5 minutes at 5,000 rpm to remove the excess TPP ligand. The deep green 
[Ag18H16(TPP)10]2+ cluster solution was used for further characterizations like UV-Vis and ESI MS. For 
all of our mass spectrometric experiments in LTQ, the above mentioned green cluster solution was 
diluted to 10 times by using methanol. For synthesizing the [Ag18D16(TPP)10]2+, in the synthesis 
procedure, NaBH4 was replaced by NaBD4. 

Instrumentation 
The optical absorption spectra of clusters were measured using a Perkin Elmer Lambda 25 UV-Vis 
spectrometer in the range of 200-1100 nm with a band pass filter of 1 nm. Waters Synapt G2Si HDMS 
instrument (abbreviated as G2Si subsequently) with electrospray ionization (ESI) source was used to 
record the high resolution mass spectra (HRMS) of [Ag18H16(TPP)10]2+ and [Ag18D16(TPP)10]2+ in 
positive ion mode. This mass spectrometer is equipped with electrospray source, quadrupole ion 
guide/trap, ion mobility cell and time of flight analyzer. For HRESI MS of the clusters, an optimized 
condition including a flow rate of 30 µL/min, a capillary voltage of 2 kV, a cone voltage and source 
offset of 0 V was used. All other experiments, related to the naked clusters and their reactions with 
acetylene described in this paper were carried out by using Thermo Scientific LTQ XL Linear Ion Trap 
Mass Spectrometer (abbreviated as LTQ subsequently) with a home-built nano-ESI source. The 
instrumental set-up of LTQ with nano-ESI source was described in details in our previous publication. 
To obtain a well-resolved MS signal the optimized conditions were, flow rate: 3 µL/min; ionization 
spray voltage: 3 kV; capillary temperature: 250 °C; capillary voltage (abbreviated as CV): 45 V and 
tube lens voltage (abbreviated as TV): 100 V. All the mass spectrometric measurements were done in 
the positive ion mode and 25 psi N2 was used as the nebulizing gas. In this LTQ, CID was done by 
selecting a ion with a specific mass to charge ratio (m/z) by changing the radiofrequency (RF) and 
direct current, then colliding the ion with helium (He) gas inside the trap. Mass analysis of CID was 
done based on the ejected ions out of the trap. Multiple stages tandem mass spectrometry was also 



4

performed in this instrument where a product ion, formed by CID experiment, was again selected for 
the next level CID experiment. These types of tandem mass spectrometry are also called MSn 
experiment, where n = number of product ion stages. During all the CID experiments, the following 
parameters were kept constant; injection time 300 ms, microscans 5, activation time 30 ms, activation Q 
value 0.25.

COPUTATIONAL DETAILS

The ion/molecule reaction between acetylene and Ag17
+ leads to dehydrogenation of acetylene 

and formation of hydrogen molecule/s and adducts such as [Ag17(C≡CH)2]+, [Ag17(C≡CH)4]+ and 
[Ag17(C≡CH)6]+.  All the structures were optimized using density functional theory (DFT) using the 
Gaussian 09 software.[1] Vibrational frequencies were calculated for all the optimized monocationic 
structures to ensure that it corresponds to a lower minimum. For the optimized structures of Ag17

+, 
[Ag17(C≡CH)2]+, [Ag17(C≡CH)4]+ and [Ag17(C≡CH)6]+, HOMO-LUMO gaps were calculated. During 
the optimization of adduct structure [Ag17(C≡CH)2]+, other possible forms of acetylene adducts such as 
[Ag17(HC≡CH)]+, [Ag17(HC≡CH)2]+, [Ag17(C4H2)]+ and  [Ag17(C≡CH)]+ have also been optimized 
along with their binding energy values to know their possibility of formation. The mechanism of 
formation of hydrogen molecule/s was studied computationally when even number of acetylene 
molecules react with Ag17

+. Whereas, for odd number of acetylene interaction, the intermediate does not 
end up with energetically favourable product or hydrogen molecule formation. We have also optimised 
the structures of [Ag17(C≡CH)]+ and [C≡CH],  generated during the CID experiments of 
[Ag17(C≡CH)2]+. The geometric optimization of the [Ag17(C≡CH)2]+ cluster was done using restricted 
(closed electron shell) DFT in g09. The restricted occupancy of electrons allows 2 electrons for one MO. 
The calculated HOMO-LUMO gap of the cationic cluster is found to be 0.79 eV. The geometric 
optimization of [Ag17(C≡CH)]+ fragment was done using unrestricted (open shell) DFT in g09 by 
keeping its spin multiplicity as 2. The unrestricted occupancy of electrons splits the MOs into alpha and 
beta MOs either with a single free spin-up or spin-down electron respectively. The calculated HOMO-
LUMO gap of the cationic cluster is 0.21 eV. The [C≡CH] fragment exists in its neutral form having an 
odd electron system with spin multiplicity 2. The calculated HOMO-LUMO gap is 1.11 eV. The 1s 
electron of H atom contributes to the beta π-bonding orbital of beta MOs of C2H through sp2 
hybridization and the LUMO is made up of σ* anti-bonding orbital of beta MOs. 
The binding energies were calculated using the following equation,

binding energy = Ecomplex – [Emonomer1 + Emonomer2]
where Ecomplex is the energy of [Ag17(C≡CH)n]+, Emonomer1 is the energy of Ag17

+, and Emonomer2 is the 
energy of n number of (C≡CH), where n = 1, 2, 4 and 6. In other cases (without dehydrogenation of 
acetylene), Ecomplex is the energy of [Ag17(HC≡CH)n]+, Emonomer1 is the energy of Ag17

+, and Emonomer2 is 
the energy of n number of (HC≡CH), where n = 1 and 2.

 [1] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. 
Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. 
Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, et al. 
Gaussian 09, Revision B.01. Gaussian 09, Revision B.01; Gaussian, Inc.: Wallingford, CT, 
2009. 
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Supporting information 1 

Characterisation of [Ag18H16(TPP)10]2+ and [Ag18D16(TPP)10]2+ clusters:

Fig. S1 A) UV-Vis absorption spectrum of [Ag18H16(TPP)10]2+ in MeOH showing two peaks at 545 nm 
and 615 nm. The characteristic absorption features are marked. B) ESI mass spectrum of 
[Ag18H16(TPP)10]2+ in positive ion mode (using the G2Si) showing a sharp molecular ion peak at m/z 
2290 with 2+ charge state. Other small peaks arise due to PPh3 losses from molecular ion peak. C) 
Expanded view of the m/z 2290 peak which shows the agreement between experimental and calculated 
isotopic patterns. D) ESI mass spectra of [Ag18H16(TPP)10]2+ and [Ag18D16(TPP)10]2+ clusters. The mass 
shift is ∆m/z = 8 which is due to the exchange of 16 hydride ions with deuteride ions in 2+ charge state. 
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Supporting information 2

Experimental and calculated spectra of Ag17
+, [Ag17(C≡CH)2]+, [Ag17(C≡CH)4]+ and 

[Ag17(C≡CH)6]+:

Fig. S2 The isotopic distribution of experimental (black) mass spectrum of A) Ag17
+, B) 

[Ag17(C≡CH)2]+, C) [Ag17(C≡CH)4]+ and D) [Ag17(C≡CH)6]+ matches well with their calculated (red) 
spectrum. 
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Supporting information 3

Full range ESI mass spectra during the reaction between naked clusters and 
acetylene:

Fig. S3 Full range (150-2000 m/z) ESI mass spectra of naked clusters in absence and presence of 
acetylene gas. In absence of acetylene, there were naked cluster peaks of Ag17

+ and Ag18H+ along with 
lower mass region peaks of [Ag(TPP)]+, [Ag(TPP)(H2O)]+, [Ag(TPP)2]+ and [Ag(TPP)2O]+. In presence 
of acetylene, the lower mass peak [Ag(TPP)(H2O)]+ converted to [Ag(TPP)(C2H2)O2]+, where acetylene 
(C2H2) addition was observed. Whereas, for higher mass region, Ag17

+ resulted only acetylide (-C2H) 
addition peaks. 
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Supporting information 4A

Total CID pattern of [Ag17(C≡CH)2]+:

Fig. S4A Flow chart of the breaking pattern and fragments of the adduct [Ag17(C≡CH)2]+, which were 
resulted by MS2 to MS6 experiments.
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[Ag16]+ [Ag15(C≡CH)]+ [Ag15]+ [Ag14(C≡CH)]+

[Ag14(C≡CH)2]+[Ag15(C≡CH)]+ [Ag14(C≡CH)]+

[Ag14]+

M
S2

M
S3

[Ag14(C≡CH)]+ [Ag13(C≡CH)]+

[Ag15(C≡CH)]+ [Ag14(C≡CH)2]+ [Ag14(C≡CH)]+ [Ag13(C≡CH)2]+

[Ag13(C≡CH)]+ [Ag12(C≡CH)2]+ [Ag11(C≡CH)2]+

[Ag10(C≡CH)]+ [Ag9(C≡CH)2]+ [Ag8(C≡CH)]+ [Ag7(C≡CH)2]+

[Ag14]+ [Ag13]+

[Ag12]+ [Ag11]+

[Ag9]+

[Ag14(C≡CH)]+ [Ag14]+

[Ag13(C≡CH)]+ [Ag13]+ [Ag12(C≡CH)]+

[Ag12]+ [Ag11]+

M
S4

M
S5

M
S6

[Ag13(C≡CH)2]+

[Ag12(C≡CH)]+ [Ag11(C≡CH)2]+
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Supporting information 4B

Total CID pattern of [Ag17(C≡CH)2]+:

Fig. S4B The total CID fragments of Ag17(C≡CH)2]+ or (17,2), resulting from MS2 to MS6 experiments 
are presented with five individual concentric rings. The first number represents the atomicity of the 
silver core and the second number represents the number of acetylide (-C2H) ligands attached to it. The 
first level of fragmentation or MS2 is shown in inner most ring with five different fragments. Then the 
next level of fragmentation continues with lighter shade of the same colour, ending at MS6 level.  
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Supporting information 5

CID mass spectra of [Ag17(C≡CH)2]+ through [Ag17(C≡CH)1]+ pathway:

Fig. S5 MS1 to MS4 mass spectra of [Ag17(C≡CH)2]+ or (17,2) through the (17,1) and (15,1) 
fragmentation pathway. The collision energy required to get the particular CID mass spectrum are 
written at the top of every mass spectrum. RA refers to relative abundance. 
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Supporting information 6

CID mass spectra of [Ag17(C≡CH)2]+ through [Ag16(C≡CH)2]+ pathway:

Fig. S6 MS1 to MS6 mass spectra of [Ag17(C≡CH)2]+ or (17,2) through the (16,2), (15,2), (13,2) and 
(11,2) fragmentation pathway. The collision energy required to get the particular CID mass spectrum 
are written at the top of every mass spectrum. At the last step of MS6, collision energy was changed 
from 23 to 25 to get different fragments, shown in two different MS6 mass spectrum. RA refers to 
relative abundance. 
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Supporting information 7

CID mass spectra of [Ag17(C≡CH)2]+ through [Ag16(C≡CH)1]+ and followed by 
[Ag15(C≡CH)1]+ pathway:

Fig. S7 MS1 to MS6 mass spectra of [Ag17(C≡CH)2]+ or (17,2) through the (16,1), (15,1), (14,1) and 
(13,0) fragmentation pathway. The collision energy required to get the particular CID mass spectrum 
are written at the top of every mass spectrum. RA refers to relative abundance. 



13

Supporting information 8

CID mass spectra of [Ag17(C≡CH)2]+ through [Ag16(C≡CH)1]+ and followed by 
[Ag15]+ pathway:

Fig. S8 MS1 to MS6 mass spectra of [Ag17(C≡CH)2]+ or (17,2) through the (16,1), (15,0), (13,0) and 
(11,0) fragmentation pathway. The collision energy required to get the particular CID mass spectrum 
are written at the top of every mass spectrum. RA refers to relative abundance.
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Supporting information 9

CID mass spectra of [Ag17(C≡CH)2]+ through [Ag15(C≡CH)2]+ pathway:

Fig. S9 MS1 to MS4 mass spectra of [Ag17(C≡CH)2]+ or (17,2) through the (15,2) and (13,2) 
fragmentation pathway. The collision energy required to get the particular CID mass spectrum are 
written at the top of every mass spectrum. RA refers to relative abundance.



15

Supporting information 10

Total CID pattern of [Ag17(C≡CH)4]+:

Fig. S10 A) Flow chart of the breaking pattern and fragments of the adduct [Ag17(C≡CH)4]+, resulted 
from MS2 and MS3 experiments. B) The total CID fragments of [Ag17(C≡CH)4]+ or (17,4) resulted from 
MS2 and MS3 experiments are presented with two individual concentric rings.
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Supporting information 11

CID mass spectra of [Ag17(C≡CH)4]+ up to MS3:

Fig. S11 A) MS2 mass spectrum of [Ag17(C≡CH)4]+ or (17,4), resulting three fragments of (17,3), (17,0) 
and (16,3). MS3 mass spectrum of (17,3), (17,0) and (16,3) are also shown in B), C) and D), respectively. 
The collision energy required to get the particular CID mass spectrum are written at the top of every 
mass spectrum. RA refers to relative abundance.
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Supporting information 12

Total CID pattern of [Ag17(C≡CH)6]+:

Fig. S12 A) Flow chart of the breaking pattern and fragments of the adduct [Ag17(C≡CH)6]+, resulted 
from MS2 experiment. B) The total CID fragments of Ag17(C≡CH)6]+ or (17,6) resulting from MS2 
experiment is presented with one ring.
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Supporting information 13

CID mass spectrum of [Ag17(C≡CH)6]+ for MS2:

Fig. S13 MS2 mass spectrum of [Ag17(C≡CH)6]+ or (17,6), resulting seven fragments of (17,5), (16,6), 
(17,0), (15,6), (15,4), (14,4) and (14,0). The collision energy required to get the particular CID mass 
spectrum is written at the top of the spectrum. RA refers to relative abundance.

1000 1200 1400 1600 1800 2000
0

50

100

 

 R.
A.

m/z

17
,616

,6
17

,5

17
,0

15
,6

15
,4

14
,4

14
,0

[Ag17(C≡CH)6]+

MS2 (30 C.E.)[Agx(C≡CH)y]+ = x,y



19

Table S14

Comparison of experimental and calculated masses measured with the LTQ: 

In the isotopic cluster, the most abundant peak is used to define the m/z value.
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Most stable calculated structures of reactant and products:

Fig. S15 Calculated most stable structures of Ag17
+, [Ag17(C≡CH)2]+, [Ag17(C≡CH)4]+ and 

[Ag17(C≡CH)6]+ with their calculated energy values. All the energy values are in Hartree.

E = -2630.361 H E = -2783.856 H E = -2937.391 H

[Ag17(C≡CH)6]+[Ag17(C≡CH)4]+[Ag17(C≡CH)2]+

E = -2476.855 H

Ag17
+

Ag C H
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Supporting information 16

HOMO-LUMO gap of reactant and products:

Fig. S16 HOMO-LUMO gap (∆HL) of most stable structures of Ag17
+, [Ag17(C≡CH)2]+, 

[Ag17(C≡CH)4]+ and [Ag17(C≡CH)6]+. With increasing the number of attached –C2H unit to Ag17
+, ∆HL 

value increases and for [Ag17(C≡CH)6]+ it becomes highest, which makes it more resistive towards 
further reaction with acetylene.
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Supporting information 17

Calculated structure of [Ag17(HC≡CH)]+ and [Ag17(HC≡CH)2]+:

Fig. S17 Most stable calculated structures of [Ag17(HC≡CH)]+ and [Ag17(HC≡CH)2]+ with their energy 
and binding energy values. The higher binding enrgy of [Ag17(HC≡CH)2]+ refers to the higher stability 
compared to [Ag17(HC≡CH)]+. Energy values are in Hartree.

[Ag17(HC≡CH)]+ [Ag17(HC≡CH)2]+

E = -2554.226 H E = -2631.588 H

B.E. = -20.06 kcal/mol B. E. = -40.12 kcal/mol

Ag C H
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Supporting information 18

Possibility of formation of [Ag17(C≡CH)2]+ and [Ag17C4H2]+:

Fig. S18 After dehydrogenation of [Ag17(HC≡CH)2]+, it can lead to the formation of either 
[Ag17(C≡CH)2]+ or [Ag17C4H2]+ which are of same energy. But as [Ag17(C≡CH)2]+ is having higher 
binding energy compared to [Ag17C4H2]+, the chance of formation of later becomes minimal.
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Supporting information 19

Formation of [Ag17(C≡CH)4]+ and hydrogen molecule:

Fig. S19 Energy profile during the formation of [Ag17(C≡CH)4]+ and hydrogen molecule (2) starting 
from the intermediate (1) of higher energy. The energy difference between the product and intermediate 
is 0.013 H. The exact energy and relative energy values are in Hartree. 
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Formation of [Ag17(C≡CH)6]+ and hydrogen molecule:

Fig. S20 Energy profile during the formation of [Ag17(C≡CH)6]+ and hydrogen molecule (2) starting 
from the intermediate (1) of higher energy. The energy difference between the product and intermediate 
is 0.010 H. The exact energy and relative energy values are in Hartree. 
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Supporting information 21

Energy profile of overall reaction:

Fig. S21 Energy profile during the overall reaction between Ag17
+ and acetylene. The exact energy of 

the reactant Ag17
+, intermediates (IM) and products are in Hartree. This profile shows that with 

increasing the number of attached –C2H unit to Ag17
+, the energy got decreased starting from the free 

Ag17
+ to [Ag17(C≡CH)6]+ consecutively. 
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 Possibility of formation of [Ag17(C≡CH)]+:

Fig. S22 Energy profile during the formation of [Ag17(HC≡CH)]+ from Ag17
+ and and its 

dehydrogenation, giving the higher energy intermediate (IM). The intermediate does not end up to  any 
stable lower energy product in the case of odd (one) number of attached acetylene molecule. The energy 
values are in Hartree.
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Table S23

Calculated binding energies:

Cluster + C2H Binding Energy
(kcal/mol)

[Ag17(C≡CH)]+ -79.90

[Ag17(C≡CH)2]+ -85.57

[Ag17(C≡CH)4]+ -83.04

[Ag17(C≡CH)6]+ -86.43
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Supporting information 24

Calculated structures of precursor and product ions during CID:

Fig. S24 Structures of precursor and product ions during the CID event. Calculated structures of 
[Ag17(C≡CH)2]+, [Ag17(C≡CH)]+ and [C≡CH)] with their spin multiplicity and calculated energy values. 
All the energy values are in Hartree.
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Supporting information 25

Electronic structure of [Ag17(C≡CH)2]+:

Fig. S25 The electronic structure (closed-shell) and HOMO-LUMO gap of [Ag17(C≡CH)2]+. The 
electronic shell structure is | 1S2 | 1P6 | 1D6 |. 
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Supporting information 26

Electronic structure of [Ag17(C≡CH)]+:

Fig. S26 The electronic structure (open-shell) and HOMO-LUMO gap of [Ag17(C≡CH)]+. The 
electronic shell structure is | 1S2 | 1P6 | 1D7 |. 
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Electronic structure of [C≡CH]:

Fig. S27 The electronic structure (open-shell) and HOMO-LUMO gap of [C≡CH].
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ABSTRACT: Microdroplet impact-induced spray ionization (MISI) is
demonstrated involving the impact of microdroplets produced from a
paper and their impact on another, leading to the ionization of analytes
deposited on the latter. This cascaded process is more advantageous in
comparison to standard spray ionization as it performs reactions and
ionization simultaneously in the absence of high voltage directly applied
on the sample. In MISI, we apply direct current (DC) potential only to
the terminal paper, used as the primary ion source. Charge transfer due
to microdroplet/ion deposition on the flowing analyte solution on the
second surface generates secondary charged microdroplets from it
carrying the analytes, which ionize and get detected by a mass
spectrometer. In this way, up to three cascaded spray sources could be
assembled in series. We show the detection of small molecules and
proteins in such ionization events. MISI provides a method to understand chemical reactions by droplet impact. The C−C bond
formation reactions catalyzed by palladium and alkali metal ion encapsulation using crown ether were studied as our model
reactions. To demonstrate the application of our ion source in a bioanalytical context, we studied the noninvasive in situ
discrimination of bacteria samples under ambient conditions.

■ INTRODUCTION

Electrospray ionization and its variations have grown
phenomenally in recent years. Paper spray ionization (PSI) is
one of them.1,2 It has provided an easy and direct sampling
method in the field of ambient ionization mass spectrometry.
In a paper spray technique, a high DC potential is applied to
achieve ionization from the tip of a paper in the form of
charged microdroplets. However, additional factors such as
heat,3 ultrasonic sound,4 chemical vapor,5 solvent,6 or laser7

have also been used to assist ionization. Paper spray ionization
and its other variants such as leaf spray,8 spray from a
polymer,9 cloth,10 cotton thread,11 and glass12 have also been
used for the analysis of plant metabolites,13 blood clots,14

dyes,15 bio fluids, etc. In all such cases, ion generation is mainly
driven by the potential difference between the tip of the
substrate and the inlet of the mass spectrometer (MS).
Generally, potential on the order of a few kilovolts (kV), which
produces a large electric field between the substrate and the
inlet of MS, is required to facilitate the ionization process. In-
source molecular fragmentation,16−19 structural or conforma-
tional changes,20 and biological damage of the analyte in large
electric field21,22 are undesired effects of such techniques.
These limitations can be due to the generation of large electric
field across the electrodes. However, ionization through
nanomaterials has helped in reducing a few of the limitations.23

For example, a carbon nanotube-coated paper reduced the
potential required from kilovolts to a few volts.24 Nano- and
microstructural super hydrophobic paper spray25,26 helped in
reaching a very low detection limit. But in comparison to
kilovolt paper spray ionization (kVPSI), low voltage ionization
is limited by its signal intensity and requires advanced materials
for effective ionization.
Another interesting feature of a paper-based device is that a

paper due to its inherent fibrous structure can be utilized in
microfluidics. The capillarity-driven liquid transport on a paper
surface makes it a unique reaction vessel in many cases.
Examples include enzymatic reactions, immunoassays, bio-
marker detection in biomedical applications, detection of
heavy metal ions, pesticides, and volatile organic compounds
(VOCs) in water for environmental applications and many
more.27 In most of the cases, the detection is performed either
by direct colorimetric methods or coupling them with suitable
detectors. Distance-based colorimetric detection is another
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important feature of such paper microfluidics, in which colored
product bands get generated during flow along the paper
channel due to in situ reaction with predeposited reagents.28,29

Reactive paper spray MS is being used for online monitoring of
reactions on the paper surface, coupled with MS. In this
technique, the reagents are being deposited/mixed over the
paper surface to react in situ and products are analyzed using
an MS, simultaneously. Many organic reactions such as
reactions between isothiazolinones and cysteamine,30 Suzuki-
coupling,31 haloform reaction,32 quinone derivatization,33 etc.,
have been investigated.
Herein, we introduce a new ambient ionization method-

ology, called microdroplet impact-induced spray ionization
mass spectrometry (MISI MS). By this, we established a
consecutive ionization process. In MISI, a primary ion source
initiates a second paper spray by impinging desolvated ions
and/or microdroplets on the latter. MISI provides ionization of
analytes without directly applying a high potential to the
sample. It supports analysis of live samples in real time. Several
analytical methods have been developed for the detection and
discrimination of bacteria. Many of them involve complex
sample preparation processes such as extraction, purification,
and preconcentration requiring expertise on sampling and
instrumentation. Enzyme-linked immune assay (ELISA),34

fluorescence microscopy,35 polymerase chain reaction
(PCR),36 and biosensors37 are a few examples of such analyses.
However, techniques of this type are often time-consuming
where the same sample cannot be measured repeatedly. Mass
spectrometry-based detection methods, e.g., matrix-assisted
laser desorption ionization (MALDI),38 pyrolysis gas chroma-
tography (Py GC),39 electrospray ionization (ESI),40 desorp-
tion electrospray ionization (DESI),41 and paper spray
ionization (PSI),42 have also been employed in this context.
However, most of the techniques are invasive and ineffective
for direct live sample analyses.
MISI has been utilized as an online reaction monitoring

system which can deliver reagents, catalysts, or solvents
through microdroplets. We show that the mechanism of
ionization is not due to the applied potential in the primary ion
source but due to charge that transfer through interactions of
the microdroplets/ions with the molecules on the paper
surface during the flow of analyte solution. Many analytes have
been ionized through MISI to show the applicability of the
method. The technique provides molecular ionization in
analytical situations which is often advantageous than standard
ionization techniques such as electrospray ionization (ESI),
nanoelectrospray ionization (nESI), desorption electrospray
ionization (DESI) or kVPSI. We note that the relay mode of
ionization (relay electrospray ionization; rESI), which
generates secondary electrospray, was first demonstrated by
Li et al. where they showed charge deposition onto an array of
sample-loaded capillary.43 They characterized the technique
with a few biologically important molecules. Unlike glass
capillaries used in rESI, employing a cascaded paper spray
mode of ionization in MISI MS provides additional advantages.
A few of them are demonstrated in this article and include
ionization using immiscible solvents, Pd-catalyzed Suzuki−
Miyaura cross-coupling reactions, monitoring ion encapsula-
tion reactions in ambient conditions, controlling reaction
dynamics, and discrimination of live bacterial samples in real
time.

■ MATERIALS AND METHODS
Chemicals and sample preparation. The chemicals

were bought commercially and were used with no additional
processing or purification. p-Nitrophenol, glucose, and malic
acid were purchased from Avro. Benzothiophene, C60, indole,
18-crown-6, dibenzo-18-crown-6, rhodamine 6G, lysozyme,
cytochrome c, and myoglobin were from Sigma-Aldrich.
HPLC-grade methanol, toluene, and chloroform were from
Sigma or Rankem. Luria−Bertani (LB) broth, nutrient agar,
and Mackonkey agar for the culture of bacteria were obtained
from HiMedia. Bacillus subtilis (ATCC 21331) was a gift from
Prof. S. Gummadi (Department of Biotechnology, IITM).
Escherichia coli (MTCC 443) and Pseudomonas putida (MTCC
2467) were obtained from the Microbial Type Culture
Collection and Gene Bank. LIVE/DEAD Baclight bacterial
viability kit was purchased from Molecular Probes, Eugene,
OR.

MISI MS. To build a MISI source, we used a kV PSI
technique as the primary ion source, and the charged
microdroplets were then impacted to the next paper, as
shown in the schematic of Figure 1, to induce a second paper

spray ionization. This paper spray couple is termed as cascade
1 (abbreviated as C1). The overall setup is then held in front
of a mass spectrometer in such a way that the tip of the second
triangular paper is pointed toward the inlet of the
spectrometer. The primary ion source can be of any ambient
ionization method such as, ESI, nESI or kVPSI, etc. We used
kVPSI for our setup. Figure S1 presents the optical image of
the setup. In a similar way, cascade 2 (C2) can be fabricated by
placing a third paper below the second. This series can
continue until the ion generation at the last paper becomes
extremely poor. Shape and dimensions of the paper were
chosen to be isosceles triangle of 50 mm2 average area, with 10
mm base length. In the primary paper spray ion source, we
ionize solvent molecules such as methanol or water. However,
any solvent which can easily generate an electrospray plume is
sufficient. Solvents were infused through a fused silica capillary
with a preferred flow rate. The flow was driven by a syringe
pump. The sample was pipetted on to the second paper and

Figure 1. (A) Schematic representation of microdroplet impact-
induced spray ionization mass spectrometry (C1), (B) mass spectrum
of lysozyme, and (C) chronogram of primary ion source in on/off
conditions. The chronogram is for the selected ion at m/z 1431. “On/
Off” in the chronogram describes on/off of the primary spray,
respectively. a, b, and c represent the distance between the planes of
the two paper, tip-to-tip, and tip-to-inlet distance as shown in the
schematic of the setup, respectively.
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analyzed immediately while it was still wet. Variable parameters
used in MISI MS are the potential used in the primary ion
source, the vertical gap between the two papers (termed as “a”
taken as 1 cm), the horizontal distance between the two paper
tips (termed as “bi”, i = 1, 2, 3) (b1 = 2 cm, as in Figure 1A),
the distance between the tip of the final paper to the MS inlet
(termed as “c”, set to 1−8 mm), and the angle between the
papers (θ, set to 120°), as shown in Figure 1A. The parameters
mentioned were used in most experiments and changes, if any,
are mentioned.
A Thermo LTQ XL mass spectrometer was used for all the

mass spectrometric experiments. Capillary and tube lens
voltages were set to ±35 and ±139 V, respectively, to obtain
maximum ion intensity for the corresponding positive and
negative analysis modes during most of the experiments. The
capillary temperature was tuned to 275 °C. The sheath gas
flow rate was set to zero.
Online Monitoring of Ion Encapsulation Reactions In-

Flow. Chemical reactions involving encapsulation of deposited
ions in solution were investigated. We used reagents in the
primary ion source instead of solvents alone, and the
corresponding dryions or the charged microdroplets contain-
ing the solvated ions of the reagent were deposited on other
reagent molecules, flowing continuously on the second paper.
It is noted that for highly volatile solvents with sufficient flight
time these primary microdroplets can desolvate to release and
deposit dry ions. In both the cases, the reaction occurs in-flow
after the impact of the charged microdroplets/ions in the
second paper. Products of the reaction were analyzed in
cascade mode using mass spectrometry. To demonstrate such
an interaction of the deposited ions with the neutral molecules
in-flow, alkali metal ion encapsulation reactions using crown
ethers were performed. We used an aqueous solution
containing equal concentrations of chlorides of Na, K, Rb,
and Cs in the primary ion source. The individual ion
concentration of each salt in the mixture was 10 μM. In the
second paper, we used 10 μM solutions of two different crown
ethers, namely 18-crown-6 and dibenzo-18-crown-6. We drop
casted 30 μL of crown ether solution on the paper. The
measurement was done in C1 mode. We have also recorded
the mass spectrum of the bulk reaction in which the metal salts
and the crown ether were mixed in a vial and stored for 30 min
before measurement by kVPSI.
The kinetics of a reaction in any microfluidics system is

measured by varying the reaction time either by changing the
travel distance of the liquid, keeping the flow rate constant or
by changing the flow rate for a constant travel distance.44−46

Ratio of the travel distance and the flow velocity corresponds
to the time of mixing or the reaction time. The reaction
kinetics is then understood by plotting the relative intensity of
the product with time. We have also monitored the kinetics of
the alkali metal ion encapsulation in crown ethers using MISI.
The experiment was conducted by infusing crown ether
continuously on the paper. The mass spectrum was recorded
by varying the distance, b1. The relative intensity ratio of the
potassiated and the sodiated peaks were plotted against the
distance, b1. The average terminal velocity of the fluid over the
paper surface was also measured by taking the time taken for
the liquid front to move a unit distance at a fixed flow rate of
100 μL/min from a syringe pump.
Onsite Delivery of Active Catalyst for C−C Bond

Formation in MISI. Palladium-catalyzed C−C, C−O, and C−
N bond formation reactions have been of interest to synthetic

organic chemistry.47 Suzuki coupling is one such example
where C−C coupling occurs between arylboronic acid and aryl
halide in the presence of a catalyst and base.48 One of the
tricky parts of the reaction mechanism is to activate the
precatalyst using base for the reaction to proceed further.49

Research in this area shows different ways to perform such
reactions.50 Online reaction monitoring through mass
spectrometry opens new possibilities to understand the
chemistry of the catalyst during the reaction. Literature
shows that the base eliminates the ligands from the catalyst
to activate it. Chen et al. performed a Buchwald coupling
reaction using liquid DESI, where the activated catalyst was
mixed through channels to the reagent solution before
electrospray detection.51 We utilized MISI as a system to
deliver such activated catalyst efficiently to the reagent mixture
flowing on a paper surface through droplets. For this we used
nESI as our primary ion source which contains the base and
the catalyst. The solution was then subjected to spray over the
flowing reaction mixture on the paper surface. The flowing
reaction mixture contained the base, arylborornic acid, and aryl
halide. It should be noted that MISI was used as a preparative
tool rather than an analytical method.
We used xphos-Pd-G3 (0.1 mM in ethanol) as our model

catalyst. As reagents, we used 4-hydroxyboronic acid, 4-
pyridineboronic acid, 6-bromoquinoline, and 4-iodoanisole
and saw product formation both in positive and negative
modes. Each reagent and base were prepared in ethanol in 1
and 2 mM concentrations. As the microdroplets from the
primary spray impacted with the activated catalyst, the reaction
was started in-flow and the products finally ended up in the
secondary spray and were detected by the mass spectrometer.

In Situ Detection of Bacterial Lipid at Ambient
Conditions. Fresh cultures of B. subtilis, E. coli, and P. putida
were prepared from their respective stocks by inoculating 0.1
mL in 10 mL of LB broth and culturing at 37 °C, with 210 rpm
shaking, to reach late exponential phase. About 100 μL of the
culture was drop casted on top of a triangularly cut sterile filter
paper. In situ MISI MS was performed by directly placing the
bacteria-containing paper in front of the inlet of the mass
spectrometer (in C1 mode). Sterile water containing 10%
methanol was sprayed on the paper, and it was used along with
nutrient solution in the primary ion source. This was then
electrosprayed at a potential of 3 kV. The mass spectra in both
positive- and negative-ion modes were recorded, each for 1−2
min. The measurements were repeated after 10 min. We have
continued this process at least 5 times and checked the viability
of the bacteria after the analysis in MISI. In a supportive
experiment, B. subtilis containing papers were placed on a
nutrient agar plate after analysis for replica plating from the
filter paper and the colonial growth of viable cells was observed
visually.

■ RESULT AND DISCUSSION
Characterization of the System. One of the major

advantages of doing MISI over other spray-based ionization
methods is that there is no direct application of high voltage to
the analyte. This allows one to bring the paper tip as close as
possible (∼0.1 mm) to the inlet of the mass spectrometer
without causing arc discharge, whereas ESI or PSI requires a
minimum distance from the MS inlet to avoid discharge.
Lowering the distance resulted in better coupling of the source
with the spectrometer. Initial characterization of MISI MS was
done with 30 μL of 10 μM aqueous solution of lysozyme. We
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used methanol in the primary ion source to generate kVPSI
because methanol can be electrosprayed comparatively at a
lower kV (1.5−2 kV). We used 2 kV for most of the
experiments. The experiment was done in C1 mode. Figure 1B
represents the MISI mass spectrum collected using a 3 mm tip
to inlet distance (c = 3 mm). The cascade phenomenon was
tested by switching on/off the primary ion source. As the
primary ion source was switched off, the cascade process got
stopped, which inhibits the ionization subsequently. In Figure
1C, we show the spray on/off signal of the chronogram of
MISI. A few more protein samples were also analyzed to see
the applicability of the setup toward different proteins. Figure
S2 presents the MISI mass spectrum of cytochrome c and
myoglobin.
We use a similar methodology to show that MISI in C1

mode can ionize a large variety of molecules having different
functionalities. We have chosen a few small molecules, such as
indole, malic acid, and C60, as shown in Figure 2. In Figure

2A,B, we observed the protonated and the deprotonated peaks
of indole and malic acid at m/z 118 and 133 in positive- and
negative-ion modes, respectively, while a peak at m/z 720
(Figure 2C) is due to the molecular ionization of C60 in
negative-ion mode. Inset shows the molecular structure and
the isotopic distribution of the corresponding analytes. Figure
S3 similarly represents MISI MS of nitrophenol, glucose and
benzothiophene. Assignments of the mass peaks were made by
understanding their MS2 spectrum. Figure S4 represents the
MS/MS spectrum of the corresponding ions of indole, malic
acid, and nitrophenol. In an experiment, we demonstrated the
cascade behavior of our setup as discussed in Supporting
Information 1.
In MISI, ionization occurred through charge transfer from

microdroplets to the neutral molecules. The cascade
configuration was arranged in such a way (seen in Figure
S6) that the microdroplets which are generated at the tip of the
first paper impact on the second paper and ionize the analyte
present on it. These charged droplets are also formed at the tip
of the second paper, which promotes further droplet
generation through Coulomb fission at the tip of the same

paper, and subsequently, they impact on the next paper in the
cascade arrangement. C60 in toluene requires 3.5−4 kV to
ionize in a standard PSI experiment (Figure 3A). At the same

time, MISI required only 1.5−2 kV to generate the
electrospray plume in the primary ion source which
subsequently ionized C60 as shown in Figure 3B. It is noted
that any solvent in the primary ion source is suitable to deposit
the charge to the second paper. It has also been noticed that
the intensity of the C60 peak in MISI is 1 order of magnitude
less in comparison to kVPSI. To understand the reason behind
it, we measured ion current upon droplet impact at each paper
in the cascade arrangement. We found that the current due to
the secondary spray was less than the primary spray (Figure
S9), measured by a picoammeter, connected as shown in the
inset of the Figure. This clearly tells that a fraction of charge
generated by the primary ion source gets transferred into the
liquid, flowing on the subsequent paper due to the charged
microdroplets/ions impact. Such charge loss is expected under
ambient conditions. The ionization of the analytes flowing on
subsequent papers in MISI is then caused by charge transfer
occurring on the paper surface by the impact of charged
microdroplets/ions with the solution. Loss of charge during
deposition also explains the reduction in ion intensity in
cascade, as shown previously.
The detection limit of the setup in C1 mode turned out to

be 10 nM, measured using R6G in methanol. Figure S10 shows
the calibration curve.

MISI MS Monitoring of Suzuki−Miyaura Cross-
Coupling Reactions. The catalytic cycle of Suzuki reaction
(Figure 4A) shows that NaOEt participates in reductive
elimination of carbazole from the xphos-Pd-G3 precatalyst,
resulting in the activation of the catalyst. In this step, the
success of the Suzuki reaction relies on the rapid delivery of the
activated catalyst to the reaction mixture. The activation of the
catalyst was done in the primary ion source as shown by the
shaded area in Figure 4A. Finally, droplet impact and transport
of matter through the fibers of the paper help the reaction to
progress. We performed two different reactions as shown in the
insets of Figure 4B,D. In the absence of the catalyst in the
primary ion source, we observed a peak corresponding to
deprotonated 4-hydroxyphenylboronic acid (Figure 4B) at m/z
137 in the negative-ion mode for the first reaction. Similarly,

Figure 2. MISI mass spectra of (A) indole, (B) malic acid, and (C)
C60 in positive- and negative-ion modes. Insets show isotopic
distributions of the corresponding mass speaks and the molecular
structures of the analytes.

Figure 3. Comparative mass spectra of kVPSI and MISI. (A) kVPSI
mass spectrum of C60 in toluene (20 μL of 10 μM) at 4 kV in
negative-ion mode. (B) MISI mass spectrum of C60 in toluene (20 μL
of 10 μM) in C1 mode using 2 kV in the primary ion source in which
methanol was taken as the solvent. We observed ∼30-fold difference
in intensity between the two techniques.
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Figure 4. Microdroplet delivery of activated catalyst for online monitoring of Suzuki cross-coupling reaction by MISI MS. (A) Scheme of the
catalytic cycle of the reaction using xphos-Pd-G3 catalyst. The sky blue shaded area represents the activation of the catalyst in the primary ion
source. The primary ion source can either be nESI or PSI. (B, C) Mass spectra during the reaction between 4-hydroxyboronic acid and 4-
iodoanisole in negative-ion mode in the absence and presence of the catalyst. (D, E) Mass spectra for the reaction between 4-pyridinboronic acid
and 6-bromoquinoline in positive-ion mode in absence and presence of catalyst. Molecular structure of the reagents and the products are shown at
the inset of the respective figure.

Figure 5. (A) Schematic representation of cascade 1 setup for encapsulation of alkali metal ions in the host, 18-crown-6. (B) MISI mass spectrum
of Na+ and K+ addition in 18-C-6. Inset: molecular structure of 18-C-6. The yellow shaded area represents the peak for Na+ added crown ether at
m/z 287. Similarly, the green highlighted area shows the signal for the K+ added crown ether at m/z 303. (C) Intensity ratio of K+ to Na+ added
peaks vs distance.
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the molecular ion peak of 6-bromoquinoline in positive-ion
mode at m/z 208 was seen for the second reaction. However,
for both the reactions, we observed product peaks when the
active catalyst was sprayed. The first reaction between 4-
hydroxybrornic acid and 4-iodoanisole gives a deprotonated
cross-coupling product at m/z 199 as the base peak (Figure
4C) along with a peak at m/z 137 in negative-ion mode. In the
second reaction, between 4-pyridinebroronic acid and 6-
bromoquinoline, we observed a protonated product at m/z
207 (Figure 4E) along with a peak at m/z 208 in the positive-
ion mode. All the peaks were confirmed by their MSMS data as
shown in Figure S11 and S12.
Ion-Encapsulation Reactions. MISI was utilized as a tool

to investigate ion encapsulation reactions in situ in solution.
This is because in MISI primary charged microdroplets/ions
are impacting with molecules that are flowing on another paper
surface. To give an example, we have conducted alkali metal
ion encapsulation reactions with crown ethers. Figure S13A
shows the MISI mass spectrum of the reaction between cations
of Na, K, Rb, and Cs with 18-crown-6 in C1 mode. We found a
sodiated peak of the crown ether at m/z 287 as the base peak
and a peak at m/z 303 for K+ encapsulation. However, the bulk
reaction shows different distribution of the peaks in which
addition of all of the metal ions was observed. Figure S13B
shows the mass spectrum of the same reaction done in bulk.
We found the potassiated peak of the crown ether at m/z 303
as the base peak in addition to the other peaks at m/z 287, 349,
and 397 for Na+, Rb+, and Cs+ added crown ether, respectively.
Generally, the equilibrium constant of 18-crown ethers for K+

selection is higher than Na+ selection for bulk reaction in
water.52 This hints at the fact that the encapsulation products
during MISI measurement do not undergo thermodynamic
equilibrium. Rather, it may be kinetically controlled. We have
also demonstrated a similar phenomenon with another crown
ether. The MISI and kVPSI mass spectra using dibenzo-18-
crown-6 are presented in Figure S14. In Figure S14A, we see
the mass spectrum of the bulk reaction which shows a different
distribution than the ion molecule reaction in MISI, as shown
in Figure S14B. The scanning electron microscopy images of
the triangularly cut paper, in Figure S15, show that the fibers of
the paper make a microfluidic system in which liquid transport
is driven by capillary force. The reaction might occur during
liquid transport through the capillaries of the paper by mixing
of the reagents. Hence, if we increase the travel time of the
liquid by lengthening the paper, we can increase the reaction
time. To do so, we have changed the geometry of the paper.
Figure 5A schematically presents such a setup. We have also
put a scale on the paper by making pencil marks (which do not
interfere with the reaction). Figure S16 shows an optical image
of the setup. When we increase the travel distance (or time) by
moving the primary spray head toward the base of the labeled
paper (or increasing the b value), we see changes in the mass
spectrum. For this, we have used equal concentration of
sodium and potassium chlorides in the primary ion source. In
Figure 5B, we observed that upon increasing b from 0.8 to 4
cm the intensity ratio between the potassiated ([K(18-C-6)]+

at m/z 303) and the sodiated peaks ([Na(18-C-6)]+ at m/z
287) increase and finally make a distribution like bulk (Figure
S17). A plot of intensity ratio vs distance is shown in Figure
5C, which essentially suggests that the ion encapsulation
reaction dynamics change linearly from kinetically controlled
to thermodynamically controlled, as the reaction time was
increased. In Supporting Information 2, we present the details

of terminal velocity calculation. Images taken during the
experiment are also shown in Figure S18. The intensity ratio of
potassiated and sodiated peaks of 18-crown-6 with respect to
the calculated travel time shows similar change in the reaction
dynamics with increasing time (Figure S19).

In Situ Monitoring of Live Bacterial Lipid. Having
established that molecules over the paper surface experience
negligible amount of potential in MISI, we tried to see the
compatibility of the setup toward the analysis of live biological
samples. For this, we have chosen three different bacterial
samples. These were Gram-positive B. subtilis, Gram-negative
E. coli, and P. putida.
A high electric field has a lethal effect on bacteria due to the

rupture of cell membranes.22,53,54 PSI is known to produce a
large electric field (∼108 V/cm) between the fibers of the
paper as the gap between the fibers are in the micrometer
range.55 Such high electric fields can cause cell death. But MISI
provides a noninvasive methodology to discriminate bacteria
based on their lipid distribution as there is no high voltage
applied directly on the sample. The signal intensity was quite
similar to other ambient ionization processes such as
electrospray or PSI, as discussed earlier. Figure 6A schemati-

cally illustrates the process of analysis in C1 mode using a
bacterial sample deposited on a paper. Figure 6B presents the
MISI mass spectrum collected in negative-ion mode using B.
subtilis. The inset shows the lipids in a selected mass range, in
which a peak at m/z 1035 is identified as the signature
deprotonated peak of surfactin (C15) for this species. This was
confirmed using the MS/MS spectrum as shown in Figure S20.
Figure 7 shows the lipidomic discrimination of three different
bacteria in positive-ion mode. The paper after analysis was kept
on saline water medium for controlled growth of bacteria. The
entire measurement took place in 1−2 min. The paper was
then measured again after 10 min, and similar signals were
achieved. This suggests the noninvasiveness of the analysis.
The same procedure was repeated at least five times.
Additionally, there were no tedious sample preparation steps

involved in this technique. We found that the bacterial cells

Figure 6. Noninvasive detection of bacterial lipid. (A) Schematic
diagram of the experiment. Inset of the figure also shows the
molecular structure of surfactin. (B) MISI mass spectrum of the
bacterial lipid in negative-ion mode. B. subtilis was cultured over a
triangularly cut filter paper. Inset shows the zoomed in view of the
selected mass range. Deprotonated surfactin (C15) peak is at m/z
1035. The other lipid peaks are indicated on the blue trace which are
homologues of surfactin (C15).
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had a viability of 98% after the first analysis. The bacterial cells
which were analyzed five times under MISI showed 89%
viability, as shown in Figure S21. However, there is a
significant reduction in the bacterial count after a single
kVPSI experiment according to the replica plating experiment.
Similarly, B. subtilis cells were also observed to grow on agar
plates after they were transferred from the filter paper onto
agar plates by placing the paper on the freshly prepared agar
plates after analysis (Figure S22). We ensured that the bacteria
subjected to MISI were studied for viability.

■ CONCLUSION

We introduce the method of microdroplet impact-induced
spray ionization mass spectrometry (MISI MS), which is more
advantageous in comparison to standard kVPSI in terms of
absence of high voltage directly applied on the sample. We
show that the ionization is due to charge transfer by impact of
charged microdroplets on flowing solutions. We have
demonstrated three different modes of MISI, termed as C1,
C2, and C3. The detection limit of the setup in C1 mode
turned out to be 10 nM, measured using R6G in methanol.
MISI paved a new way to perform reactions online. The Suzuki
coupling reaction is shown as a model example, where the
catalyst activation was performed, and the activated catalyst
was delivered on the reactant. In this way, many reactions can
be performed and monitored online, where the primary spray
can be used as a source of catalyst/reagents either by
synthesizing them or by delivering them using microdroplets.
We have also shown that MISI can help in the noninvasive in
situ detection of live bacterial samples. We have discriminated
three bacterial species based on their lipid profiles. We have
shown that the ionization causes no harm to the bacteria even
after five analysis cycles. This indicates that our system can
detect metabolites in live samples without electrical field-
induced biological changes. Such unique aspects make MISI a
novel ambient ionization method to investigate chemical and/
or biological transformations in future.
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Figure 7. Discrimination of bacteria based on their lipid distribution
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subtilis, and (C) P. putida.
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Figure S1. Optical image of the MISI MS in C1 mode. The primary ion source, paper in C1 
mode, solvent capillary, mass spec inlet, clamp and clip are indicated in the picture.  
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Figure S2. MISI mass spectra of A) cytochrome c, and B) myoglobin in C1 mode. The charge 
states of all the peaks for both the protein mass spectra are indicated in red. The solutions (0.1 
mg/ml) were made in deionized water. 
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Figure S3. MISI mass spectra of A) nitrophenol, B) glucose and C) benzothiophene in C1 mode. 
Insets of each figure show the isotopic distribution of the corresponding peak as well as the 
molecular structure of the analyte used for the experiment.  
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Figure S4. MS/MS spectrum of A) indole, B) malic acid, and C) p-nitrophenol in negative-ion 
mode. Inset of Figure B shows the MS3 spectrum of the mass selected peak at m/z 115. The peak 
assignments are based on the neutral loss during the fragmentation of peaks. 
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Cascaded mode of ionization- 

To demonstrate the cascaded behavior, rhodamine 6G (20 µL of 10 µM) was chosen as an 
analyte. Figure S5A schematically represents the setup for cascade 1, 2 and 3 (C1, C2 and C3). 
The optical image of the setup is shown in Figure S6. The MISI mass spectrum of R6G in C3 
mode is shown in Figure S5B. In it, we see a peak at m/z 443 which corresponds to the protonated 
ion. This was further confirmed by the MS2 spectrum (Figure S7). Figure S8 presents the mass 
spectra of R6G for C1 to C3 modes where we see a gradual decrease in the absolute intensity. 
The absolute intensities of the selected peak at m/z 443 in C1-3 modes of ionization are presented 
in Figure S5D. 
 

Figure S5. A) Schematic representation of cascade 1, 2 and 3. B) MISI mass spectrum of 
Rhodamine 6G in C3 mode. Inset represents the isotopic pattern of the peak at m/z 443 and the 
molecular structure of R6G. C) Molecular structure of rhodamine 6G. D) Ion intensity of the 
selected ion at m/z 443 for different cascade modes. 
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Figure S6. Optical image of MISI MS in C3 mode. the yellow traces indicate that the modes can 
be switched by removing or adding another paper triangle into the setup.  
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Figure S7. MS/MS spectra of the peak at m/z 443 corresponding to the protonated peak of R6G. 
The above spectrum presents the MS2 fragmentation of the mass selected peak at m/z 443 whereas 
the bottom spectrum presents the MS3 spectrum of the mass selected peak at m/z 415.  
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Figure S8. MISI mass spectrum of R6G in C1-3 mode. The intensity variation of the shaded peak 
at m/z 443 is shown. The intensity loss during the cascaded process may due to the charge loss. 
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Figure S9. Spray current measurement in A) kVPSI, B) MISI. Inset of each trace presents the 
arrangements used for the measurement. The intensity fluctuations in the latter two spectra are 
probably due to the cascaded process in which the charges are also lost during the charge transfer 
processes over the surface.  
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Figure S10. Intensity vs concentration plot using R6G as the analyte. The inset shows the 
zoomed-in view of the low concentration regime. 
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Figure S11. MSMS spectra of deprotonated 4-hydroxyboronic acid and product peak at m/z A) 
137 and B) 119 in the negative-ion mode.  
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Figure S12. MSMS spectra of 6-bromoquinoline and product peak at m/z A) 208 and B) 207 in 
the positive-ion mode.  
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Figure S13. Comparative mass spectrum using A) MISI and B) kVPSI of ion encapsulation 
reaction between alkali metal ions with 18-crown-6. The kVPSI mass spectrum is recorded for 
the bulk reaction. Inset of Figure A shows the molecular structure of crown ether.  
 
 
 
 
 
 
 
 
 
 
 

R
el

at
iv

e 
in

te
ns

ity

100

50

0

100

50

0

m/z

M+Na+ M+K+

M+Rb+

M+Cs+

28
7

30
3

44
4

49
3

A

B

250 300 350 400 450

  

kVPSI

  

CPSI

18-crown-6

MISI



S16 
 

 

 
Figure S14. Comparative mass spectrum using A) kVPSI and B) MISI of ion encapsulation 
reaction between alkali metal ions with dibenzo-18-crown-6. The kVPSI mass spectrum is 
recorded for the bulk reaction. Inset of Figure B shows the molecular structure of the crown ether. 
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Figure S15. SEM images of paper surface. The scale bar is shown at the top of the images.  
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Figure S16. Photograph of the setup for the measurement of encapsulation kinetics. Marks over 
the second paper are to provide a measure of scale. 
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Figure S17. kVPSI mass spectrum of the bulk reaction. Intensity ratio of peak at m/z 303 and 
287 is 119 %. The final concentration of each reagent was 10 µM in water. The reaction mixture 
was kept at room temperature for 15 min before the mass spectrometric measurement. 
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Supporting information 2.  
 
Fluid terminal velocity- 

Experimental details- The fluid terminal velocity over the paper surface was measured by 
measuring the time to flow a liquid due to the capillary action of the paper. The experiment was 
conducted on a labelled paper, as shown in Figure S18. The pencil marks do not interfere with 
the fluid flow. The flow was initiated using a fused silica capillary by flowing methanol 
containing some R6G in it. R6G was added to visualise the system. The flow rate was set to 100 
µL/min using a syringe and a pump. Three independent experiments gave time as 2.54, 2.60 and 
3.20 s to travel a distance of 1 cm. The average time taken was 2.78 s. The velocity was found to 
be 0.36 cm/s. 
 
 

 
Figure S18. Optical images of the fluid terminal velocity experiment. The change in the liquid 
front is clearly visible and indicated in red trace. The paper has marks to indicate to scale. each 
gap in the paper corresponds to 1 cm. The flow rate is set to 100 µL/min. The average terminal 
velocity of three measurements was 0.36 cm/s. 
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Figure S19. Mass spectral intensity ratio of K+ to Na+ added peaks of 18-crown-6 vs time. 
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Figure S20. MS/MS spectrum of the peaks: A) m/z 1059 in positive-ion mode and B) m/z 1035 
in negative-ion mode. The peaks are labeled in blue. 
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Figure S21. Effect of MISI on bacterial viability after A) 1st time and B) 5th time measurements. 
Bars represents the colony-forming units of the bacteria over the paper surface in control vs MISI-
measured sample. Each measurement was conducted for 1-2 min and the paper was held for 10 
min at rest in between the mass spec measurements.  
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Figure S22. Optical image of the petri dish containing three triangularly cut filter papers after 5-
time measurements of bacterial lipids using MISI MS. Samples were incubated for 24 hrs after 
MISI measurements. Bacteria used for this image was B. subtilis.  
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ABSTRACT: The growing emission of CO2 is a severe cause of concern
due to its adverse impact on the environment and climate change
worldwide. In the past, various approaches, including synthesis of porous
materials and amino modifications, were adopted for efficient and direct
separation of CO2 from flue gas. Recently, hydrophobicity has been
introduced to protect some of the highly potent porous materials and
membranes from high humidity and aqueous exposures. While these
approaches remained successful in removing CO2 from flue gas, the exact
role of hydrophobicity towards CO2 separation is not yet validated in the
literature. In this current study, an amine-amplified chemically reactive
coating on fibrous cotton has been unprecedentedly developed for facile
tailoring of different water wettability through the 1,4-conjugate addition
reaction under ambient conditions. Further, these amine-amplified
interfaces having tailored water wettability were extended to investigate
independently the role of: (a) amine amplification and (b) hydrophobicity on the performance of CO2 separation at room
temperature and atmospheric pressure. The increased hydrophobicity on the amine-amplified interface played an important role in
improving the CO2 uptake from 24 mmol/L (water contact angle (WCA) of 86°) to 63 mmol/L (WCA of 151°). However,
superhydrophobic coating that lacked the amine amplification process displayed a poor (7 mmol/L) CO2 separation performance.
Thus, controlled amalgamation of amine amplification and bioinspired superhydrophobicity in fibrous cotton lead to a synergistic
impact towards efficient CO2 separation at ambient temperature and pressure, irrespective of the level of humidity present during the
course of the experiments. Thus, this current study would allow to design a more potent CO2 removal material by strategic
association of porosity, amine modulation, and liquid wettability.

KEYWORDS: reactive superhydrophobicity, amine amplification, chemically reactive, CO2 separation, tailored wettability

■ INTRODUCTION

Industrial revolution remains instrumental for the advance-
ment of human civilization; however, the uncontrolled
management of different forms of industrial wastes leads to
various severe environmental pollutions, which has an adverse
impact on climate and different ecosystems. For example, the
rapidly growing emission of CO2 due to excessive burning of
fossil fuels, deforestation, vehicular and industrial exhausts, etc.,
has an immense catastrophic impact on the environment and
climate.1,2 In the past, various approaches were adopted to
combat this existing severe challenge.3−6 However, the direct
capture of CO2 from flue gas appears to be a more practical
and promising approach.6 In this process, different porous
organic/inorganic nanomaterials were commonly decorated
with amines for increasing the efficiency of CO2 removal from
air due to the strong and inherent affinity of the amines
towards CO2 gas.

7−12 However, the performance of many such
materials varied depending on the level of humidity present
during the proof of concept demonstrations.9−11 In fact, the

amine modifications rendered the reported materials highly
hydrophilic, which is likely to promote condensation of humid
air in the reported material. Thus, the performance of CO2
separation is expected to vary depending on the humidity in
the surroundings.12−14 For instance, a humidity-dependent
swing in the CO2 capture has been reported in the literature.15

Thus, the design of a material for direct capture of CO2 at
ambient pressure and temperature, irrespective of the level of
humidity, would be important for practical applications.
In the past, the design of highly porous materials remained

an obvious strategy to separate CO2 from flue air.16−19 In this
context, metal−organic frameworks (MOFs), which are
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developed by integrating water-sensitive coordination bonds,
emerged as a prospective approach for capturing CO2 at high
pressure.16−19 However, the poor durability of such materials
under humid conditions and other practically relevant
circumstances is a major concern.13,14 Recently, few special
designs were introduced to improve the stability of the MOF,
where hydrophobicity was adopted following modification of
ligands and depositing a protective layer on top.20−29 Another
important material, that is, a CO2 capturing membrane,30−35

has been rationally decorated with bioinspired superhydro-
phobicity to prevent unwanted blocking of active absorption
sites, where the extreme water repellence restricted the wetting
of membranes by liquid water even in the presence of high
humidity.30−35 However, a detailed and systematic inves-
tigation of (a) amine modification and (b) tailoring hydro-
phobicity on the CO2 separation performance is unprece-
dented in the literature. Moreover, such comprehensive
investigation is likely to pave the way for designing a
sustainable and eco-friendly approach for direct and
unperturbed capture of CO2 at ambient temperature and
pressure, irrespective of the level of relative humidity.
Recently, a clay-based superhydrophobic coating was

introduced on a fibrous filter paper, where 3-(2-amino-
ethylaminopropyltrimethoxysilane) was used to decorate the
coating with residual amine groups.36 The adsorption capacity
was found to be around 10.90 mmol/L/g after 8 h of CO2
exposure under ambient conditions; however, this separation
performance varied depending on the level of humidity during
the course of the experiment.36 In this current study, a
naturally abundant fibrous substrate, that is, cotton ball, has
been decorated with a porous and chemically reactive
polymeric coating to tune the water wettability through the
1,4-conjugate addition reaction between amine and residual
acrylate moieties under ambient conditions. The chemically
reactive coating (CRC) loaded with residual acrylate groups
was first treated with the polymer, i.e. branched polyethyle-
nimine (BPEI) for amine amplification, prior to treat with
primary amine-containing small molecules (e.g. propylamine,
pentylamine, hexylamine, octylamine, decylamine, and octade-
cylamine), where the length of the hydrocarbon tail of primary
amine-containing small molecules allowed to tune the water
wettability in the synthesized material. The amine-amplified
chemically reactive coating (AACRC) that was post-modified
with octadecylamine (ODA) yielded amine-amplified super-
hydrophobic cotton (AASHC). The synthesized AASHC
lowered the CO2 level with an adsorption capacity of 63
mmol/L over 6 h at room temperature and pressure.
Interestingly, a very similar superhydrophobic cotton that
lacked the amine amplification process displayed poor CO2
separation performance under the same experimental con-
ditions. Thereafter, the controlled tailoring of water wettability
on the amine-amplified interface through the 1,4-conjugate
addition reaction allowed to examine the impact of hydro-
phobicity on CO2 separation performance under ambient
conditions. The efficiency of CO2 separation was compromised
on lowering the hydrophobicity. Moreover, the CO2 separation
performances for hydrophobic and superhydrophobic amine-
amplified cotton were noticed to be completely different at
high humidity. Furthermore, the CO2 separation ability of
amine-amplified superhydrophobic cotton remained independ-
ent of the initial concentration of CO2 present in the model
flue air.

■ EXPERIMENTAL SECTION
Materials. Branched polyethylenimine (PEI; MW ≈ 25 kDa),

dipentaerythritol penta-acrylate (5Acl, MW = 524.21 g/mol),
propylamine, pentylamine, hexylamine, octylamine, decylamine, and
octadecylamine were purchased from Sigma-Aldrich (Bangalore,
India). Absolute ethyl alcohol (CAS 64-17-5; lot 1005150) was
purchased from Tedia Company (United States of America).
Reagent-grade THF was purchased from RANKEM (Maharashtra).
Methylene blue was acquired from Sigma-Aldrich (Bangalore, India).
A Lab Companion vacuum desiccator, UV blocking (Amber 6 L) was
purchased from Tarson (India). CO2 concentration was measured
using a CO2 meter Chauvin Arnoux (C.A 1510, Air Quality
Measurement). Cotton was obtained from a local medical shop in
Guwahati City (Assam, India). Milli-Q grade water was used for all
experiments.

General Considerations. Glass vials that were used for preparing
the polymer solutions were washed with acetone and ethanol prior to
use. FTIR spectra were recorded using a PerkinElmer instrument
under ambient condition by preparing the KBr pellets. Scanning
electron microscopy images were obtained using a Sigma Carl Zeiss
scanning electron microscope (samples were coated with a thin layer
of gold prior to imaging). The water contact angles were measured
using a KRUSS drop dhape analyzer-DSA25 instrument with an
automatic liquid dispenser under ambient conditions. Change in the
CO2 concentration was measured using a CO2 meter. Digital pictures
were acquired using a Canon PowerShot SX420 IS digital camera.

Preparation of Amine-Amplified Superhydrophobic Cot-
ton. First of all, the naturally abundant medical cotton (1 gram) was
rinsed with ethanol and acetone to remove the deposited
contaminants. Next, the precleaned cotton was placed in BPEI
solution (10 mg/mL ethanol) for 2 h. Afterward, the BPEI-modified
cotton was placed in the chemically reactive nanocomplex (CRNC)
solution, which was prepared by mixing ethanolic solutions of 5-Acl
(132.5 mg/mL) and BPEI (50 mg/mL) with an appropriate
composition (5Acl/BPEI = 10:3) for 1 h. The deposition of the
CRNC on the fibrous cotton yielded a chemically reactive coating
(CRC). Next, the CRC was washed with ethanol to remove the
unreacted and loosely bound nanocomplexes and was dried under
ambient conditions. Thereafter, the CRC was post-modified with
BPEI for amine amplification. The BPEI-treated CRC is denoted as
amine-amplified chemically reactive coating (AACRC). Finally, the
AACRC was exposed to solution (5 mg/mL in THF) of
octadecylamine (ODA) for 8 h for adopting superhydrophobicity.
After the ODA treatment, the synthesized material was washed
thoroughly with THF for 1 h to remove the unreacted ODA
molecules and allowed to air-dry under ambient conditions. Then, the
water wettability of the as-modified cotton pieces was examined with
digital images and contact angle measurement. This post-covalent
modification of AACRC provided the amine-amplified super-
hydrophobic cotton (AASHC).

Similarly, AACRC was post-modified with lower analogues of
ODA, including propylamine, pentylamine, hexylamine, octylamine,
and decylamine for tailoring water wettability. After post-modification
with these selected amine-containing small molecules, cotton pieces
were rinsed with THF for 1 h and were dried under ambient
conditions. After successful post-modification with different amines,
the wettability of the cotton pieces was examined by measuring the
water contact angle. Meanwhile, in the absence of the amine
amplification process, the direct post-covalent modification of CRC
with octadecylamine yielded another superhydrophobic interface,
which is labeled as without amine-amplified superhydrophobic cotton
(WOAASHC).

Carbon Dioxide (CO2) Separation. To understand the CO2
adsorption capability of the AASHC, a Tarson 6 L desiccator was
taken in which 1 g of uncoated and modified cotton along with the
CO2 sensor was placed. Thereafter, a desired amount of 99% pure
CO2 was introduced into the desiccator using a syringe and the
change in CO2 concentration was monitored using a CO2 sensor for
24 h. These changes were recorded using a data logger present inside
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the sensor and later transferred to PC. Afterwards, this cotton piece
was placed at 60 °C in a conventional oven for 2 h for desorption of
the adsorbed CO2 gas. Moreover, the CO2 separation studies for
other cotton pieces including pristine cotton and superhydrophobic
cotton were performed in a similar manner.

■ RESULTS AND DISCUSSION

Synthesis of Amine-Amplified Chemically Reactive
Coating (AACRC). In the recent past, interfaces consisting of
residual amine groups were found to be an effective approach

for separating CO2 from flue air.16−19 In this context, branched
polyethyleneimine (BPEI) has been widely used for modifying
various metal oxides and zeolites for demonstrating the CO2

separation performance.16−19 However, the controlled tailoring
of hydrophobicity on amine-modified interfaces and its impact
on the CO2 separation process at practically relevant settings
are rare in the literature. In our current design, an amine-
amplified chemically reactive coating has been introduced for
(a) tailoring of water wettability and (b) investigating its
impact on CO2 separation performance. In the recent past, our

Scheme 1. (A) Chemical Reaction of the 1,4-Conjugate Addition Reaction between Representative Amine and Acrylate
Groups. (B) Chemical Structure of Branched Polyethylenimine (BPEI). (C) Schematic Illustration of Chemically Reactive
Nanocomplex (CRPNC) Loaded with Residual Acrylate, Which Was Synthesized by Mixing BPEI and Dipentaerythritol
Penta-acrylate (5Acl). (D, E) Illustrating the Deposition of CRPNC on the Fibrous Cotton That Yielded The Chemically
Reactive Coating (CRC). (E, F) Schematic Representation Depicting the Amine Amplification Process of CRC through the
1,4-Conjugate Addition Reaction for Achieving Amine-Amplified Chemically Reactive Coating (AACRC; F). (G) Post-
Covalent Modification of AACRC with Octadecylamine (ODA) Yielded Amine-Amplified Superhydrophobic Cotton
(AASHC). (E, H) Post-Modification of CRC (E) with ODA Provided Superhydrophobic Coating that Lacked the Amine
Amplification Step, and Such a Material Is Denoted as Without Amine-Amplified Superhydrophobic Cotton (WOAASHC, H)

Figure 1. (A) FTIR spectra of chemically reactive coating (CRC: violet), amine-amplified chemically reactive coating (AACRC: black), and amine-
amplified superhydrophobic cotton (AASHC: red). The peaks at 1409 and 1735 cm−1 correspond to symmetric deformation for the C−H bond of
the β-carbon of the vinyl group and the carbonyl stretching, respectively. (B, C) FESEM images of pristine cotton (B) and chemically reactive
coating (C) on fibrous cotton. (D−G) Digital images (D, F) and contact angle images (E, G) of amine-amplified superhydrophobic cotton
(AASHC; D, E) and without amine-amplified superhydrophobic cotton (WOAASHC; F, G) respectively.
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research group has extended the 1,4-conjugate addition
reaction (Scheme 1A) between BPEI (Scheme 1B) and
dipentaerythritol penta-acrylate (5Acl) to synthesize chemi-
cally reactive polymeric nanocomplex (CRPNC, Scheme 1C)
loaded with residual acrylate group.37,38 In the past, the spray
deposition and layer-by-layer deposition of this CRPNC
provided chemically reactive coatings for customizing different
water and oil wettability through appropriate post-covalent
modification with the selected small molecules.39−42 Further,
this CRPNC was successfully deposited on fibrous cotton to
develop a chemically reactive coating (CRC, Scheme 1D,E),
where the post-covalent modification of the coating with
octadecylamine (ODA) provided durable superhydrophobic-
ity, which was extended for remediation of oil spillages
following an environment-friendly selective absorption and
filtration approach.43 In contrast to these earlier designs, a
facile and covalent amine amplification process has been
integrated to this CRPNC-derived chemically reactive coating
through post-covalent modification with BPEI polymer
(Scheme 1E,F). This coating is labeled as AACRC in the
rest of the text. Next, the synthesized AACRC was modified
with a hydrophobic small molecule (i.e. ODA) through the
1,4-conjugate addition reaction, to achieve amine-amplified
superhydrophobic cotton (AASHC, Scheme 1G). The
deposition of CRPNC on a fibrous substrate followed by the
amine amplification process prior to ODA treatment was
characterized through FESEM and FTIR analysis, as shown in
Figure 1A−C and Figure S2. The characteristic IR peaks at

1410 cm−1 and 1735 cm−1 represent the symmetric
deformation of the ß-carbon of the vinyl group and the
carbonyl stretching, respectively, revealing the presence of
residual acrylate groups in the CRPNC deposited cotton, as
shown in Figure 1A (violet spectrum). Further, the FESEM
images of the uncoated (Figure 1B) and coated (Figure 1C)
fibrous cotton confirmed the successful deposition of CRPNC,
where the random aggregation of granular domains in CRC
provided the essential hierarchical topography to achieve the
bioinspired water wettability. The residual acrylate groups in
the CRC further allowed the covalent immobilization of BPEI
polymer, as confirmed with FTIR analysis. After the treatment
of CRC with BPEI polymer, a significant change in the IR peak
was observed in the region of 3200−3600 cm−1, where two
prominent humps indicate the inclusion of primary amines
from BPEI. Further, the IR peak intensity at 1410 cm−1, which
corresponded to the symmetric deformation of the ß-carbon of
the vinyl group, decreased significantly with respect to the
normalized carbonyl stretching at 1735 cm−1, as shown in
Figure 1A (black spectrum). During this amine amplification
process, ∼28% of the total residual acrylate groups in CRC is
consumed on the reaction with the amines of BPEI polymer
through the 1,4-conjugate addition reaction. The remaining
acrylate groups in AACRC were post-modified with selected
small molecules for adopting the desired extreme water
repellency. The FTIR analysis after the reaction of AACRC
with ODA revealed the significant depletion of the IR signature
for the ß-carbon of the vinyl group at 1409 cm−1 with respect

Figure 2. (A) Plot illustrating the reduction in the concentration of CO2 by pristine cotton (black), without amine-amplified superhydrophobic
cotton (WOAASHC: green), and amine-amplified superhydrophobic coating (AASHC: violet). (B) Plot displaying the CO2 separation
performance using AASHC at high (black) and low (red) concentrations of CO2. (C) FTIR spectra of amine-amplified superhydrophobic cotton
before (black) and after (red) performing CO2 separation, whereas the violet curve accounts for the IR spectrum after desorption (violet) of CO2 at
60 °C for 2 h. (D) Plot illustrating the recyclability of AASHC in separating CO2 for five consecutive cycles.
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to the normalized carbonyl stretching at 1735 cm−1. This
simple study confirmed the successful post-chemical mod-
ification of AACRC with selected small molecules, as shown in
Figure 1A (red spectrum). The water wettability was
monitored at each step, and AACRC remained super-
hydrophilic with a water contact angle of 0° as similar to
uncoated cotton, as shown in Figure S1. However, after ODA
treatment, the same AACRC displayed superhydrophobicity,
where water droplets were beaded with a contact angle of 151°,
as shown in Figure 1D,E. This coating on fibrous cotton will be
denoted as amine-amplified superhydrophobic cotton
(AASHC) for further discussion. During this amine
amplification process, CRC was exposed to different
concentrations of BPEI, prior to treatment with ODA. Beyond
a certain concentration (125 mg/mL) of BPEI treatment,
AACRC failed to display superhydrophobicity, as shown in
Figure S3. The amine amplification was performed with 125
mg/mL concentration of BPEI polymer solution for the rest of
the CO2 separation experiments. As expected, after ODA
treatment, the as-synthesized CRC, without any amine
amplification, also displayed superhydrophobicity with a
water contact angle of ∼156°, as shown in Figure 1F,G; and
this coating on fibrous cotton was denoted as without amine-
amplified superhydrophobic cotton (WOAASHC).
Investigation on CO2 Separation Performances by

AASHC and WOAASHC. In this current study, two distinct
superhydrophobic coatings with (AASHC) and without
(WOAASHC) amine amplification were extended to examine
the role of embedded biomimicked superhydrophobicity on
the performance of CO2 separation. For direct comparison,

uncoated cotton, WOAASHC, and AASHC, with the same
weight (1 g), were individually exposed to a constant
concentration (68 mmol/L) of CO2 gas at a relative humidity
of 40% and ambient temperature and pressure. Over time,
AASHC gradually lowered the concentration of CO2 in the
experimental system, and after 6 h, the concentration of CO2
reduced from 68 to 5 mmol/L (Figure 2A). However, under
similar experimental conditions, both uncoated cotton and
WOAASHC failed to perform, as evident from Figure 2A.
Further, the CO2 separation performance of AASHC was
compared at settings having different initial concentrations of
CO2. As a proof of concept demonstration, AASHC was
separately exposed to two different concentrations of CO2
including 68 and 113 mmol/L. After 6 h of exposure, AASHC
lowered the CO2 concentration with equal efficiency (63
mmol/L), irrespective of differences in the initial concen-
tration of CO2, as shown in Figure 2B. Further, AASHC
continued to separate CO2 over 24 h, in contrast to
WOAASHC, as shown in Figure S4. After 24 h, the reduction
values in the concentration of CO2 by WOAASHC and
AASHC were 10 and 87 mmol/L, respectively. To understand
the mechanism of the efficient separation of CO2 by AASHC,
an FTIR analysis was performed on AASHC before and after
conducting the CO2 capture, as shown in Figure 2C. With
respect to the normalized IR signature at 1735 cm−1 for the
ester carbonyl stretching, prominent appearance of IR peaks
for the C−N (1310 cm−1) and amide CO stretching (1650
cm−1) revealed chemisorption of CO2 on AASHC through a
mutual reaction between the residual amine and CO2 gas.
Further, these intense IR signatures for the C−N (1310 cm−1)

Figure 3. (A, B) Schematic illustration of amine-amplified chemically reactive cotton (AACRC; A) that was post-modified with amine-containing
small molecules (B) through the 1,4-conjugate addition reaction for tailoring water wettability. (C) Plot displaying the static contact angle of
beaded water droplets on amine-amplified chemically reactive coating after post-modification with different amine-containing small molecules
including propylamine, pentylamine, hexylamine, octylamine, decylamine, and ODA. (D) Plot accounting for the CO2 separation performance of
AACRC after post-modification with different amine-containing small molecules including propylamine (red), pentylamine (gray), hexylamine
(yellow), octylamine (green), decylamine (blue), and ODA (violet).
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and amide CO stretching depleted significantly with respect
to the ester carbonyl stretching at 1735 cm−1 after heating
cotton at 60 °C for 2 h (violet spectrum; Figure 2C). This
study suggested the successful desorption of CO2 from
AASHC. Interestingly, the same AASHC was successfully
and repetitively used for separating CO2 for five consecutive
cycles, as shown in Figure 2D, without compromising its
separation performance. At the end of each cycle, the AASHC
was treated at 60 °C for 2 h for the desorption of CO2 gas.
Further, this repetitive adsorption and desorption of CO2 has
no impact on the integrity and antiwetting property of the
AASHC. Hence, this study implies that the as-synthesized
AASHC could be a potential candidate for practical
applications owing to its highly durable and recyclable
property.
Effect of Change in Water Wettability on CO2

Separation Performance. In the past, few reports have
focused on the extremely liquid-repellent interfaces to improve
the CO2 separation performance, where the extreme water
repellence emphasized on protecting the CO2 separating
interface from unwanted wetting by the liquid phase.30−35

However, the impact of different liquid wettability on CO2
separation performance is yet to be demonstrated in the
literature. The residual acrylate groups in the amine-amplified
chemically reactive cotton (AACRC) allowed to tailor the
liquid wettability by post-modification with various alkyl
amines through the 1,4-conjugate addition reaction, as
shown in Figure 3A,B. The extent of hydrophobicity was
tailored by selecting appropriate alkylamines (i.e., propylamine,
pentylamine, hexylamine, octylamine, decylamine, and octade-
cylamine). The water contact angle gradually enhanced on
increasing the hydrocarbon chain length in the selected

alkylamine, as shown in Figure 3C. Afterward, these amine-
amplified interfaces having different water wettability were
explored for examining the CO2 separation performance.
Interestingly, the CO2 separation ability significantly compro-
mised on decreasing the hydrophobicity in the amine-amplified
interface. For instance, the propylamine-treated AACRC,
which is extremely hydrophilic, reduced the concentration of
CO2 by 12 mmol/L over 6 h, whereas the octylamine-treated
AACRC, which displayed moderate hydrophobicity with a
water contact angle of 122°, reduced the concentration of CO2
by 38 mmol/L over the same time duration (6 h), under an
identical experimental setup. However, under similar exper-
imental conditions, the concentration of CO2 was depleted
significantly (63 mmol/L) by AASHC (ODA-treated AACRC)
that embedded with biomimicked superhydrophobicity, as
shown in Figure 3D. The initial concentration (68 mmol/L) of
CO2 and relative humidity (40%) were kept identical for
examining the performance of CO2 separation by amine-
amplified cotton (1 g each) with tailored water wettability.
Thus, the reduction in the concentration of CO2 significantly
changed with variation in the water wettability (Figure 3D).
Therefore, this study affirms that the change in water
wettability indeed has a significant impact on the CO2
adsorption capability for the amine-amplified interface.
When evaluating CO2 separation performance for flue gases,

the presence of water vapor cannot be overlooked. In the past,
various materials including zeolites, ionic liquids, carbon-based
materials, and MOFs were explored for CO2 adsorption.
However, many synthesized materials explored in the past for
CO2 adsorption failed to perform on exposure under moist/
humid conditions. The adsorption of water vapors into the
adsorbent material is known to reduce the CO2 adsorption

Figure 4. (A−C) Plots illustrating the reduction in the concentration of CO2 in different humid conditions including 40% (black) and 90% (red)
for amine-amplified chemically reactive coatings (AACRC) that were post-modified with ODA (A), octylamine (B), and pentylamine (C).
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capacity under humid conditions. Therefore, the CO2
separation performance of AASHC derived from AACRC
was compared under low (RH: 10%; Figure S5), moderate
(RH: 40%), and high (RH: 90%) humid conditions. The CO2
separation ability of AASHC at three distinct RH values was
found to remain unperturbed, as shown in Figure 4A and
Figure S5. However, the same AACRC, that is, post-modified
with octylamine, displayed moderate hydrophobicity and
became inefficient for separating CO2 at high relative humidity
(RH: 90%), as shown in Figure 4B. Moreover, such depletion
of the CO2 separation performance was observed for
pentylamine-treated AACRC (that is, embedded with an
even lower WCA ≈ 86°) at high relative humidity (RH: 90%),
as shown in Figure 4C. Hence, under a highly humid
environment, the CO2 separation performance is tremendously
affected on decreasing the hydrophobicity in the amine-
amplified interfaces. Such compromise of CO2 separation at
high humidity is likely due to the easy penetration of moisture
in the less and moderately hydrophobic amine-amplified
cotton; however, the long hydrocarbon tail of the covalently
immobilized ODA in the AASHC restricts the condensation of
moisture. Thus, the embedded superhydrophobicity merely
has any impact on separation of CO2 (see Figure 2A), but this
extreme water repellence displayed an immense impact on the
CO2 uptakeonce it is integrated with the amine-amplified
interface. Further, the AASHC continued to perform under
practically relevant high humid conditions. Therefore, the
coexistence of bioinspired superhydrophobicity and amine
amplification is important for efficient and uninterrupted CO2
separation at practically relevant diverse settings.

■ CONCLUSIONS

In conclusion, an amine-amplified chemically reactive cotton
(AACRC) has been introduced through strategic use of the
1,4-conjugate addition reaction between residual acrylate of
CRC and amines of BPEI polymer. The residual acrylate
groups in CRC provided facile basis for both (i) associating
amine amplification and (ii) tailoring various water wettability,
including bioinspired superhydrophobicity. The performance
of CO2 separation was compared for amine-amplified coating
that embedded with different water wettability. The CO2
separation performance was observed to improve with
increasing hydrophobicity in the amine-amplified interface,
where AASHC that displayed superhydrophobicity was found
to be the most efficient in separating CO2 at ambient
temperature and pressure. Thus, improved hydrophobicity
on the amine-amplified interface has a positive impact on CO2
uptake. However, without amine amplification, the super-
hydrophobicity has merely any impact on CO2 uptake. Further,
this CO2 separation performance of AASHC remained
unperturbed at high relative humidity, irrespective of the
initial concentration of CO2 present in the experimental
system. Such a material would be useful in developing a more
effective green house facility. Further association of AASHC
with an appropriate catalytic component would allow to
convert the separated CO2 to useful chemicals.
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Figure S1. (A-D) Digital images (A, C) and contact angle images (B, D) of pristine cotton (A, B) and amine amplified 
chemically reactive coating (AACRC: C, D) respectively. 
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Figure S1. (A-D) Digital images (A, C) and contact angle images (B, D) of pristine cotton (A, B) and amine amplified chemically reactive
coating (AACRC: C, D) respectively.
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Figure S2. (A-I) FESEM images of uncoated cotton (A-C) and WOAASHC (D-F) and AASHC (G-I) at lower (A, D,G) 
and higher (B-C, E-F and H-I) magnifications. 
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Figure S3. (A-F) Digital images (A, C, E) and contact angle images (B, D, F) of amine amplified reactive coating 
after ODA treatment with different concentrations of BPEI including 50 mg/ml (A, B), 125 mg/ml (C, D) and 250 
mg/ml (E, F) respectively. 
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Figure S3. (A-F) Digital images (A, C, E) and contact angle images (B, D, F) of amine amplified reactive coating after ODA treatment with different
concentrations of BPEI including 200 mg (A, B), 500 mg (C, D) and 1000 mg (E, F) respectively.
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Figure S4. (A-B) Plots illustrating the decrease in concentration of CO2 by WOAASHC (A) and AASHC (B) over 24 
hours. 
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Figure S4. (A-B) Plots illustrating the decrease in concentration of CO2 by WOAASHC (A) and AASHC (B) over 24
hours.
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Figure S5. Plots illustrating the decrease in concentration of CO2 by AASHC in different humid conditions 
including 10% (purple),  40% (black) and 90% (red). 
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Atom transfer between precision nanoclusters and
polydispersed nanoparticles: a facile route for
monodisperse alloy nanoparticles and their
superstructures†

Paulami Bose,a Papri Chakraborty,‡a Jyoti Sarita Mohanty,‡a Nonappa, b

Angshuman Ray Chowdhuri,a Esma Khatun,a Tripti Ahuja,a Ananthu Mahendranatha,c

and Thalappil Pradeep *a

Reactions between atomically precise noble metal nanoclusters (NCs) have been studied widely in the

recent past, but such processes between NCs and plasmonic nanoparticles (NPs) have not been explored

earlier. For the first time, we demonstrate spontaneous reactions between an atomically precise NC,

Au25(PET)18 (PET = 2-phenylethanethiol), and polydispersed silver NPs with an average diameter of 4 nm

and protected with PET, resulting in alloy NPs under ambient conditions. These reactions were specific to

the nature of the protecting ligands as no reaction was observed between the Au25(SBB)18 NC (SBB = 4-

(tert-butyl)benzyl mercaptan) and the very same silver NPs. The mechanism involves an interparticle

exchange of the metal and ligand species where the metal–ligand interface plays a vital role in controlling

the reaction. The reaction proceeds through transient Au25−xAgx(PET)n alloy cluster intermediates as

observed in time-dependent electrospray ionization mass spectrometry (ESI MS). High-resolution trans-

mission electron microscopy (HRTEM) analysis of the resulting dispersion showed the transformation of

polydispersed silver NPs into highly monodisperse gold–silver alloy NPs which assembled to form

2-dimensional superlattices. Using NPs of other average sizes (3 and 8 nm), we demonstrated that size

plays an important role in the reactivity as observed in ESI MS and HRTEM.

Introduction

Well-defined plasmonic metal nanoparticles (NPs) are crucial
in nanotechnology due to their unique roles as catalysts in fuel
cells,1–3 electrochemical reduction of CO2,

4,5 green
chemistry,6,7 etc. and as probes in biomedical diagnosis8,9 and
therapy.10,11 These and related applications bring in chal-
lenges for synthetic methods that can offer fine control over
NP size dispersity. Substantial progress has been made in
developing recipes to synthesize metal NPs that could address

the issue of polydispersity as well as shape selectivity at the
same time.12–17 Efforts have been made to optimize synthetic
methodologies for the size and shape-selective preparation of
monodisperse spherical metal NPs, nanorods,18–21 nano-
wires,22 nanotriangles,23,24 nanocubes25 and other polygonal
structures. Most of the available literature is limited to the syn-
thesis of monodisperse particles of either gold (Au) or silver
(Ag). It is well established that bimetallic Au–Ag alloys have
enhanced catalytic and plasmonic performance.26,27 Ultrafine
bimetallic alloy NPs often suffer from inhomogeneous alloying
and aggregation due to their high surface energy and phase
separation at the atomic level.27 There are still challenges to
develop strategies to synthesize ultrafine well-alloyed NPs that
can offer concurrent control over size homogeneity and
crystallinity. Size dispersity of NPs can significantly alter their
self-assembling behavior,28–30 material properties,31 and
device performance.32,33 Therefore, methods have been devel-
oped to enhance their monodispersity, including solvent-
selective precipitation,34,35 centrifugation,36 size-exclusion
chromatography,37,38 and electrophoresis.39,40 Anti-galvanic
reactions (AGR) have recently been gaining popularity particu-
larly in the preparation of atomically monodisperse bimetallic

†Electronic supplementary information (ESI) available: Concentration calcu-
lations, ESI MS, UV-Vis, HRTEM, MALDI MS, STEM-EDS, and Raman spectra.
See DOI: 10.1039/d0nr04033a
‡These authors contributed equally.
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NPs where NP size is less than 3 nm. AGR studies are mostly
limited to atomically precise ultrasmall NPs of less than 3 nm
in size, referred to as nanoclusters (NCs).41 To the best of our
knowledge, extensive studies of AGR involving larger NPs are
rare. Available techniques27,42 for ultrafine bimetallic alloy NPs
are co-reduction,43 seed-mediated growth,44 laser ablation,45

and galvanic replacement.46

In recent years, atomically precise noble metal nanoclusters
(NCs) have emerged as a new family of nanomaterials with
precise composition and structure, and exhibit well-defined
physical, chemical and electronic properties.47–50 Over a
hundred well-defined NCs have been characterized in the
recent past, and many of their properties have been
examined in detail.51–53 Of these, 2-phenylethanethiol
(PET)-protected gold NC, Au25(PET)18, is one of the most
studied NC systems, and has been used in the present
investigation.54–57

Extensive studies on various properties of NCs showed that
they are indeed molecules.58,59 An essential characteristic of
the NC is its chemical reactivity and sensitivity towards atomic
exchange. It has been demonstrated that reactions between
NCs (i.e. intercluster reactions), conserving composition and
structure, involving atom exchange between two different types
of NCs are possible.60 An intercluster reaction was first
reported for the NC systems comprising Au25(PET)18 and
Ag44(FTP)30, where FTP refers to 4-fluorothiophenol.61 Later
on, similar reactions were observed for Au25(PET)18 with
various other NC systems, such as Ag25(DMBT)18,

60

Ag51(BDT)19(TPP)3, and Ag29(BDT)12(TPP)4,
62 where DMBT,

BDT, and TPP refer to 2,4-dimethylbenzenethiol, 1,3-benzene-
dithiol, and triphenylphosphine, respectively. In a few cases,
such intercluster reactions were employed to make new NC
products as well.63 For instance, Au25(PET)18 reacts with
Ir9(PET)6 to give a completely new alloy NC, Au22Ir3(PET)18 as
the product, which was not synthesized earlier using the con-
ventional synthetic protocols.64 Metal exchanges were seen
between Au25(PET)18 and Au38(PET)24 NCs with bulk metallic
silver.65

In an effort to achieve monodispersity in NPs, a method
called digestive ripening was proposed by Klabunde and
Sorensen,66 which demonstrated positive results for highly
polydispersed dodecanethiol-ligated gold NPs. This method
was extended to other metal systems and was explored exten-
sively by several researchers over the years.67–70 Digestive ripen-
ing is a post-synthetic size modification method that makes
highly polydispersed particles to attain monodispersity, typi-
cally in the case of noble metal NPs, without employing any
other size-separation techniques. This method is assumed to
be driven by ligand-mediated surface etching of larger NPs
along with the dissolution of smaller NPs, followed by the
growth of the remaining NPs as they come in contact with the
etched species. Both two-dimensional (2D) and three-dimen-
sional (3D) superlattices have been prepared using this
approach.71,72 Despite its success in enhancing monodisper-
sity, the mechanism involved has not been understood clearly.
The binding strength between the NPs and the ligand, ligand–

solvent compatibility and temperature were already identified
as the main parameters affecting digestive ripening.73–78

Previously, it has been shown that tellurium nanowires
decorated with Ag44(pMBA)30 NCs (where pMBA refers to para-
mercaptobenzoic acid) form crossed bilayer assemblies driven
by inter-NC hydrogen bonding.79 Similarly, when pMBA-coated
gold nanorods were interacted with Ag44(pMBA)30 NCs, well-
defined core–shell structures were formed.80 It is important to
note that in the above examples, the interaction between the
NCs and NPs led to supramolecular assemblies directed purely
via hydrogen bonding between the surface ligands and no
metallic atom transfer reactions were involved. Therefore, the
intrinsic properties of the individual components were
retained in the superstructures. However, it is relevant to inves-
tigate the feasibility of chemical reactions between atomically
precise NCs and plasmonic NPs. In this paper, we present the
first example of a chemical reaction between Au NCs and poly-
dispersed Ag NPs offering a unique route towards the prepa-
ration of well-defined highly monodisperse hybrid Au–Ag alloy
NPs. The resulting alloy NPs further self-assemble spon-
taneously to a higher order superstructure. This study gives a
better insight into the reaction pathways and intermediate
species involved colloidal state reactions. Compared to other
AGR reported to date, the merit of this method is that it allows
modification in order to achieve fine control over the size and
composition of bimetallic NPs and their assembly with repro-
ducibility. The properties of the resulting NPs can be altered
by simply modifying the reaction with different protecting
ligands. We chose PET-protected polydispersed silver NPs
(Ag@PET) and the Au25(PET)18 NC as model systems to investi-
gate NC–NP reactions.

We show that when gold NCs were mixed with polydis-
persed silver NPs, the NC–NP reactions led to highly mono-
disperse thermodynamically stable Ag–Au bimetallic NPs.
Importantly, the newly formed monodisperse NPs underwent a
higher order assembly resulting in a 2D superlattice. The tran-
sient NC species formed in the course of the reaction are
alloys that have been characterized by mass spectrometry (MS).
A host of microscopic and spectroscopic studies confirmed the
compositional change in both the systems. We also observed
that the composition of the alloy clusters formed in the
process goes through time-dependent changes, suggesting the
details of the mechanism involved. We propose that the
atomic transfer between NCs and NPs during interparticle
reactions is one of the plausible routes leading to digestive
ripening. Our study also shows that such reactions are more
facile with smaller NPs than with larger ones.

Experimental
Materials

Silver nitrate (AgNO3, 99.9%) was purchased from Rankem
Chemicals. 2-PET, 4-(tert-butyl)benzyl mercaptan (BBSH),
sodium borohydride (NaBH4, 98%), and tetraoctylammonium
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bromide (TOABr) were purchased from Sigma-Aldrich.
Tetrachloroauric acid (HAuCl4·3H2O) was prepared in the lab-
oratory starting from pure gold. All the solvents (dichloro-
methane, methanol, and tetrahydrofuran) used were of HPLC
grade and were used without further purification. Millipore-
produced deionized water (∼18.2 MΩ) was used throughout
the experiments.

Synthesis of Ag@PET nanoparticles

The synthesis of Ag@PET NPs was carried out by modifying
the traditional preparation methods of silver NPs.81–83

Different sizes of Ag NPs were obtained by varying the amount
of the reducing agent used in the course of the reaction. In a
typical synthesis, 50 mg of AgNO3 was dissolved in 0.5 mL
water and added to 58 μL of PET in 30 mL methanol.
Subsequently, silver was reduced to the zero-valent state by
slow addition of the freshly prepared aqueous NaBH4 solution
(0.3 M, 0.2 M, and 0.1 M), made in 8 mL ice-cold water. The
reaction mixture was kept under reflux at 333 K with vigorous
stirring for 12 h. The resulting precipitate was collected and
repeatedly washed with methanol by centrifugal precipitation.
Finally, the Ag@PET NPs formed were extracted as dark brown
precipitate, soluble in DCM and DMF. High-speed centrifu-
gation at 8000 rpm for 20 min was used to separate larger-
sized particles. The particles were found to be stable for weeks
when stored in a refrigerator under dark conditions but the
stability decreased to 3–4 days under ambient conditions.
During the optimization process, it was observed that the
amount of the reducing agent plays a key role in defining the
size of the NPs. When the molar concentration of NaBH4 was
increased in the reaction mixture, smaller Ag NPs were
obtained. Apart from this, temperature was found to be a
crucial factor in tuning the shape of the NPs, and hence the
reaction temperature was set at 333 K. Fig. S1† shows the
detailed characterization of the Ag NPs using HRTEM and
UV-Vis spectroscopy, where characteristic plasmonic peaks
were observed at 454, 442, and 453 nm for particles with mean
sizes of 3.17 ± 1.5, 4.37 ± 2.3 and 8.45 ± 6.3 nm NPs, respect-
ively, which are referred to as 3, 4 and 8 nm particles sub-
sequently. The sizes of the particles refer to the core diameter
measured by high-resolution transmission electron microscopy
(HRTEM).

Synthesis of the Au25(PET)18 NC

The synthesis of the NC was performed following the reported
protocol.84,85 A solution containing 40 mg of HAuCl4·3H2O
and 7.5 mL of THF was prepared, and to that 65 mg of TOABr
was added. The mixture was stirred for 15 min until the solu-
tion turned orange red. Subsequently, 68 μL of PET was added
and the mixture was allowed to stir for 1 h. The as-formed Au-
PET thiolate was reduced by adding a solution containing
39 mg NaBH4 in ice-cold water as the color of the reaction
mixture changed from yellow to orange. Now, the solution was
stirred for another 5 h for complete reduction and size focus-
ing in order to achieve high yields of the intended NC. After
5 h, the crude NC was dried using a rotavapor and it was sub-

jected to a methanol wash to get rid of free thiols and excess
thiolates. The process was repeated multiple times to obtain a
clean NC. The NC was extracted in acetone and centrifuged,
the supernatant was collected, and the precipitate containing
larger NCs was discarded. The supernatant, composed of the
size-focused clean NC in acetone, was vacuum dried. Finally,
the NC was dissolved in DCM, followed by centrifugation at
10 000 rpm, and the supernatant comprising pure NC was col-
lected. The purified NC was characterized using UV-Vis spec-
troscopy and ESI MS (Fig. S2†).

Reaction of Ag@PET NPs with the Au25(PET)18 NC

For the NP–NC reaction, about 7.5 mg of Ag@PET NPs were
dissolved in 3 mL DCM (∼9.05 µM) and about 0.9 mg of the
Au25(PET)18 NC was dissolved in 300 µL of DCM (∼7.67 µM,
concentration in the final reaction mixture), separately.
Concentrations mentioned are in terms of the metal present.
The two dispersions were mixed at room temperature and after
15 min, about 100 µL of the reaction mixture was taken and
further diluted in 0.5 mL of DCM. The solution was character-
ized using HRTEM and UV-Vis spectroscopy. Allowing the reac-
tion to continue for a longer time (of the order of hours)
resulted in slow precipitation (black in color) with the super-
natant turning colorless. The concentration calculations are
presented in the ESI.†

Sample preparation for ESI MS experiments

First, about 75.99 µM solution of the NC was prepared by dis-
solving 8.1 mg of Au25(PET)18 in 3 mL of DCM. Another
Ag@PET NP dispersion of ∼9.05 µM was prepared with 7.5 mg
of NPs in 3 mL DCM. Then, to the NC solution, 300 µL of Ag
NP (∼0.82 µM, concentration in the final reaction mixture) dis-
persion was added. The reaction was monitored using a stop-
watch which was started immediately as the NP was added.
After 2 min of the reaction, 0.25 mL of the reaction mixture
was pipetted out and diluted with 0.25 mL of DCM, and was
cooled in an ice-bath. The time interval specified is the time at
which the pipetted out reaction mixture was dipped in the ice-
cold conditions. The cooling down of the reaction mixture
slowed down the reaction rate but did not quench it comple-
tely. The reaction mixture was then centrifuged and the super-
natant was studied using ESI MS. The same process was
repeated at 3, 4, 5, 7, and 10 min intervals. After 15 min, the
left-over reaction mixture was centrifuged and the black pre-
cipitate was subjected to HRTEM imaging.

Synthesis of the Au25(SBB)18 NC

The NC was synthesized according to our already reported pro-
tocol.86 In a round bottom flask, about 10 mL of HAuCl4·3H2O
(14.5 mM in THF) was taken and then 15 mL of 4-(tert-butyl)
benzyl mercaptan (BBSH) (89.2 mM in THF) was added while
stirring at 400 rpm at room temperature. The solution turned
colorless after 15 min, indicating the formation of Au(I)SBB
thiolate. This was followed by a rapid addition of 2.5 mL
aqueous solution of NaBH4 (0.4 M) to the reaction mixture
under vigorous stirring (1100 rpm). The color of the solution
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changed from colorless to black, indicating the formation of
NCs. The reaction mixture was allowed to stir for 3 h under
ambient conditions and then for another 3 h at 318 K for com-
plete conversion. The solution was left overnight for size focus-
ing. The product was vacuum dried and the residue was
washed repeatedly with 1 : 1 water : methanol mixture to
remove excess BBSH and other side products. The Au25(SBB)18
NC was then precipitated, dried and used for further
experiments.

Results and discussion
Characterization of the starting materials

To study the interparticle reaction between polydispersed
silver NPs and atomically precise gold NCs, Ag@PET NPs and
the Au25(PET)18 NC were chosen as model systems initially.
Stability of the mentioned systems made us select them for the
study. Initially, three differently sized Ag@PET NPs were syn-
thesized using the protocol discussed in the Experimental
section. The Ag@PET NPs were characterized using optical
absorption spectroscopy (UV-Vis) and HRTEM (Fig. S1A–C†).
Three discrete sets of the synthesized Ag NPs of average dia-
meters 3, 4, and 8 nm showed plasmonic features in UV-Vis at
454, 442, and 453 nm, respectively (Fig. S1D†) (see the
Experimental section for more details).

The atomically precise Au25(PET)18 NC was characterized
using UV-Vis which showed the characteristic peaks at 675 and
450 nm (Fig. S2A†) and ESI MS measurements showed the
molecular peak at m/z 7391 (Fig. S2B†). The characteristic iso-

topic distribution further confirmed the composition of the
NC.

Reaction between Ag@PET NPs and the Au25(PET)18 NC

The reaction between Ag@PET NPs and the Au25(PET)18 NC
was achieved by mixing known volumes of the respective solu-
tions in DCM at room temperature (see the Experimental
section). To monitor the progress of the reaction, after 15 min,
the reaction product was analyzed under a HRTEM. These
micrographs showed that the NP and the NC mixture resulted
in highly monodisperse NPs (Fig. 1B), compared to the initial
polydispersed Ag@PET NPs (Fig. 1A). More large area images
from HRTEM are provided in Fig. S3† and the corresponding
UV-Vis spectra in Fig. S4.† The UV-Vis spectrum of the reaction
product shows clearly a red-shifted surface plasmon resonance
(SPR) peak at 480 nm which happens to be a characteristic
feature of bimetallic Au–Ag NPs (details are provided in the
latter part of the manuscript).43 The particle size distribution
(Fig. S5†) also underwent a transformation from 4.37 ± 2.3 nm
(Fig. S5A†) in the case of parent silver NPs to 3.45 ± 1.2 nm
(Fig. S5B†) after the reaction. This can be correlated to the
changes that usually happen during high temperature anneal-
ing of particles in the digestive ripening process.67

Both the parent NP and the NC were initially dispersed in
DCM, and upon mixing, the assembly of NPs occurred spon-
taneously, and the reaction product underwent slow precipi-
tation when left undisturbed. The product dispersed in DCM
was dropcast on a copper grid for HRTEM studies. The reacted
NPs were self-assembled into a hexagonal close-packed (hcp)
2D superlattice with an interparticle distance (denoted by “a”)

Fig. 1 HRTEM micrographs of (A) 4 nm silver NPs protected by 2-PET, and (B) spontaneously assembled NPs after the parent NPs were subjected to
react with the Au25(PET)18 NC.
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of 4.48 nm and a periodicity (denoted by “d”) of 4.23 nm (cal-
culated using the formula, d ¼ ffiffiffi

3
p

=2a).87 While the para-
meters “a” and “d” include the monolayers, particle diameters
determined from HRTEM refer only to the core. The parent
Ag@PET NPs had a lattice fringe of 2.1 Å which corresponds to
the (111) plane of silver. Upon reaction, the lattice fringe
remained unaltered at 2.1 Å accompanied by the altered size of
the NP. Ag@PET NPs were characterized by Raman spec-
troscopy before and after the reaction. All the peaks of the
spectra were assigned with the help of the literature which con-
firmed the presence of PET ligand before and after the reac-
tion of Ag NPs.88 Spectral peak assignments are presented in
Fig. S6.† Reduced signal intensity of the 1586 cm−1 peak (from
120 to 30 counts) was an indication of the reduced surface
enhanced Raman activity of the reacted particles. Reduction in
size led to reduced plasmonic nature of NPs which was evident
from the HRTEM images. The composition was changed as
well. A similar pattern of hcp superlattices in the case of crys-
talline Ag NPs was reported by Whetten et al.89 Moreover, there
exist reports on gold NPs organizing to form hcp
superlattices.70

To analyse a reaction from the perspective of the nano-
particle, there are a few in situ characterization techniques,
like in situ scanning transmission electron microscopy
(STEM)90 and in situ small-angle X-ray scattering (SAXS),91

which can monitor the NP nucleation and growth, and which
can also provide mechanistic insights. The main challenges
with these measurements are their limited time resolution,
short observation time, damage arising from the electron
beam and high experimental cost. However, in order to avoid
such complications, we attempted to understand the chemical
changes during the reaction using different mass spectro-
metric techniques. However, initial experiments with MALDI
MS were not successful because there was no NC left in the
reaction medium when monitored after 2 min of the reaction
(Fig. S7†). This was attributed to the fact that the NC concen-
tration was low and it was consumed completely during the
reaction. Therefore, to monitor the changes occurring to the
NC during the reaction, the initial composition (NPs : NCs =
9.05 µM : 7.67 µM, in terms of the metal) was altered with a
higher concentration of NCs and a lower concentration of NPs
(NCs : NPs = 75.99 µM : 0.82 µM, in terms of the metal).
Subsequent ESI MS measurements were carried out using this
composition (Fig. 2). As described above in the Experimental
section, after 15 min of the reaction, the solution was centri-
fuged and the black precipitate was subjected to HRTEM
studies. HRTEM micrographs suggested that upon changing
the composition of the reaction (refer to the Experimental
section), no significant changes were seen in the product mor-
phology (Fig. S8†). The arrangement of the reacted particles
was slightly disturbed as a result of centrifugation in the
process of separating the product from the excess NC. The
reacted NPs showed an average size of 3.45 nm in the precipi-
tate which is in agreement with the initial experiments. We
also conducted a concentration-dependent experiment
(Fig. S9†) where the concentration of Ag@PET NPs was kept

constant, while the overall concentration of the Au25(PET)18
NC was varied. First, stock solutions of 75.99 µM Au25(PET)18
NC and 9.05 µM Ag@PET NPs were prepared (as mentioned in
the Experimental section). To the Ag@PET NP dispersion, ali-
quots of 300 µL NC solution were added, and analyzed with
HRTEM (Fig. S9A–C†) and UV-Vis spectroscopy (Fig. S9D†).
Upon addition of the first aliquot of 300 µL NC, the UV-Vis
spectrum (Fig. S9D,† red trace) mimicked the initial obser-
vations (Fig. S4,† blue trace), and the HRTEM micrographs
(Fig. S9A†) appeared similar to the initial particles (Fig. 1B). As
the volume of the NC was increased in the reaction mixture,
HRTEM micrographs (Fig. S9B and C†) showed the presence of
a superlattice and NC in a decreasing and increasing trend,
respectively. Similarly, in the UV-Vis spectrum (Fig. S9D†), the
reaction mixture was similar to that of the Au25(PET)18 NC
(Fig. S2A†). This observation led to the conclusion that the
reaction was stoichiometric (all concentrations are in terms of
the metal) in nature. From the above observations, it can be
assumed that the reacted NP superlattices were formed when
the reactants were mixed in a stoichiometric ratio (NCs : NPs =
1 : 1.18, in terms of the metal) and in the presence of excess
Au25(PET)18, NC remained unreacted in the medium.

To understand the mechanistic details of the reaction,
time-dependent ESI MS was performed for the reaction of
4 nm Ag@PET NPs with the Au25(PET)18 NC (refer to the
Experimental section). All the mass spectrometric parameters
were kept constant throughout the experiment to analyze the

Fig. 2 Time-dependent ESI MS spectra of the reaction product ident-
ified the intermediate species, Au24Ag(PET)18 along with the evolution of
the parent NC, Au25(PET)18 at m/z 7303 and 7393, respectively.
Calculated (red) and experimental (black) high-resolution isotopic distri-
bution patterns (marked in *) of Au24Ag(PET)18 and Au10(PET)15 (m/z
4027) are provided for the 2 min interval spectrum. The spectral region
of m/z 7280–7410 is expanded as the inset.
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compositional variation of the reaction mixture with time. As
shown in Fig. 2, Au24Ag(PET)18 (m/z 7303) along with a few
peaks (m/z 3000–4500) corresponding to other intermediate
species started to appear as early as 2 min (the corresponding
UV-Vis spectrum is in Fig. S10†). The intensity of Au24Ag
(PET)18 was observed to have a fluctuating trend. Au24Ag was
found to have a maximum lifetime in the reaction medium
owing to its enhanced stability compared to other intermediate
species.92 The parent Au25(PET)18 NC (m/z 7393) showed con-
tinuous reduction in signal intensity until 5 min, followed by
regeneration. Changes in the intensity of the Au25(PET)18 NC
can be correlated to one of the intermediates, Au10(PET)15 (m/z
4027), the generation of this species might have happened at
the cost of the Au25(PET)18 NC. Such short-lived species
suggested that the dissociation of the Au25(PET)18 NC occurred
in the presence of Ag@PET NPs. A time-dependent plot of
signal intensity (Fig. S11†) of the intermediate species such as
Au10(PET)15 and Au24Ag(PET)18, in comparison to that of the
Au25(PET)18 NC, suggested that the reaction proceeded
through alloy–cluster intermediates in conjunction with NC
dissociation. Occurrences of a few more thiolate intermediates
were seen in the course of the reaction. Thus, all the fragments
including the alloy NCs generated in the course of the reaction
finally coalesce to form monodisperse alloy particles.

The particle size was already known as one of the primary
variables of NPs, capable of modulating their chemical and
physical properties.93–96 The surface area of NPs has an inverse

proportional relationship with the particle size. Smaller metal-
lic particles have a large fraction of atoms exposed, which in
turn enhances their catalytic ability.97,98 In Fig. 3 we showed
that as the size of the parent Ag NP decreases, the interparticle
reaction proceeds faster. The estimated time required for the
3, 4, and 8 nm Ag NPs to react and self-assemble was around
5, 15, and 30 min, respectively. Monodisperse 3 nm sized
Ag@PET NPs (Fig. 3A) underwent a rapid self-assembly
(Fig. 3B) upon reaction with the Au25(PET)18 NC. In this case,
there was a slight increase in the size (∼3.5 nm) of the NPs
post reaction (particle size distribution in Fig. S24A†). To
study the effect of size and polydispersity on the interparticle
reactions, a batch of highly polydispersed Ag@PET NPs
(Fig. 3C) with sizes ranging between 2 and 20 nm were used.
When this polydispersed sample was mixed with the
Au25(PET)18 NC, the reaction was relatively slower compared to
monodisperse NPs of other two sizes. HRTEM analysis of the
reaction mixture after 30 min revealed that NPs transformed
into two different kinds of arrangements (Fig. S12†), one com-
prised of the reacted NPs of mostly 3.7 nm (Fig. 3D) and
another a disc-shaped assembly extending over a diameter of
about 240 nm, composed of nearly 2 nm reacted particles
(Fig. S12C†). The particle size distribution of the post-reaction
samples depicted that there was a transformation of Ag NPs
from high polydispersity of 8.45 ± 6.3 nm (Fig. S13A†) to
monodispersity of 3.73 ± 1.0 nm (Fig. S13B†). This transform-
ation of NPs from 8.45 ± 6.3 nm to 3.73 ± 1.0 nm appears
strange in terms of mass balance; however, we note that the
number of particles has changed significantly in the course of
the reaction. The reacted 3 and 8 nm Ag NPs were character-
ized using HRTEM (Fig. 3) and UV-Vis spectroscopy
(Fig. S25†). A slightly shifted SPR peak was observed in the
case of reaction of 3 nm Ag NPs (Fig. S25A†); this may be
attributed to the highly reactive Ag atoms at the surface of
NPs, which readily exchange with Au atoms of NCs, attaining
rapid thermodynamic equilibrium (see below). On the other
hand, in the case of 8 nm Ag NPs, there was a very prominent
red-shifted broad SPR peak of the reaction product, centred at
556 nm (Fig. S25B†). Broad SPR peaks are in agreement with
the formation of a higher order assembly of the reacted NPs. It
is widely accepted that the SPR wavelength increases with the
NP size for a fixed chemical composition.99,100 However, it has
been shown that the SPR position is expressed as second-order
and third-order polynomial expressions with the composition
and size-dependent coefficients, respectively. Therefore, the
small shift observed for alloy NPs for 3 nm Ag NPs after the
reaction is presumably due to low Au content, unlike alloys
from 4 (discussed earlier in Fig. S4†) and 8 nm Ag NPs.
Elemental compositions of the self-assembled superstructures
were analyzed by energy-dispersive X-ray spectroscopy (EDS)
using a scanning transmission electron microscope (STEM)
(Fig. 4). Elemental mapping confirmed the presence of gold,
silver, sulphur and carbon in the superstructure. More impor-
tantly, the uniform distribution of gold, silver and sulphur
throughout superstructures suggested that the structures that
resulted from the reaction were complex gold–silver hybrids.

Fig. 3 Size dependence of silver NPs on the spontaneous assembly.
HRTEM images (left to right) showing Ag@PET NPs before and after
reaction. Silver NPs with an average size of (A) highly uniform 3 nm, (B)
assembly of post reacted particles, and (C) highly polydispersed 8 nm
particles followed by (D) assembly post reaction. A second kind of
assembly was observed in D (yellow circle); more images are presented
in the ESI (Fig. S12C†). Higher magnification images of representative
areas are in the respective insets.
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Therefore, spot EDS analysis was performed for the reacted
particles, as shown in Fig. 4A, obtained from parent 4 nm
Ag@PET NPs, which confirmed the presence of gold (∼29%)
and silver (∼71%) (refer to the spot EDS spectrum in
Fig. S14†). The difference in ratios of Au and Ag between the
initial mixing (Au NC : Ag NP = 1 : 1.18) and final resulting NPs
(Au : Ag = 1 : 2.45) may be due to the experimental limitation
where EDS mapping was attempted on a few particles in a
selected area against the entire range of particles including
byproducts, and therefore it is only a semi-qualitative method
in the present case.101–103 Then, a similar compositional
analysis was performed on the self-assembled reacted particles
obtained from polydispersed 8 nm Ag@PET NPs. The
planar assembly showed alloy particles (Fig. 4B) with the pres-
ence of gold (∼30%) and silver (∼70%) (refer to the spot EDS
spectrum in Fig. S15†). The disc-shaped assembly also con-
firmed to be a hybrid assembly of gold (∼42%) and silver
(∼58%) (Fig. 4C) alloy NPs (refer to the spot EDS spectrum in
Fig. S16†).

Fig. 5 shows the reactivity of three differently sized NPs as
the progress of the reaction was monitored with ESI MS and
UV-Vis spectroscopy (Fig. S17†) for the same period of time; in
this case, at 2 min intervals, while all experimental conditions
and parent substrate concentrations were kept constant.

Before the mass spectral investigation, the reactions were
quenched by lowering the temperature to ice-cold conditions.
For 3 nm Ag NPs (Fig. 5D), AgxAu25−x particles were seen for x
= 1, 2, 3, and 4, while for 8 nm Ag NPs (Fig. 5B) it was limited
to x = 1. This reduced reactivity was reflected in all samples
with a larger size and greater polydispersity, consequently
such samples required comparatively more time to get mono-
dispersed. Comparative HRTEM images of the progress of the
reaction for 8 nm Ag@PET NPs with time are presented in
Fig. S23.†

The reactions discussed above were extremely rapid and
spontaneous in nature. Reactivity of the system was enhanced
with the decreasing size of parent Ag NPs. Since the intermedi-
ates were short-lived, ESI MS peak intensities varied depending
on the time at which the reaction was quenched. In an attempt
to capture the intermediates, we performed the same time-
dependent reaction of 4 nm Ag@PET NPs with the Au25(PET)18
NC under ice-cold conditions (Fig. S18A†). The reaction was
found to proceed even at a lower temperature of 273 K but at a
much slower rate. The reaction mixture was subjected to ESI
MS measurements from 3 min until 6 h. The intermediates
continued to exist until 6 h under the ice-cold conditions
(Fig. S18A†), which was usually 5 min for the same reaction at
room temperature (Fig. S18B†). In view of such reactivity, the

Fig. 4 Scanning transmission electron micrographs (STEM) for the (A) assembly of the reacted 4 nm Ag@PET NPs and the reacted 8 nm Ag@PET
NPs arranged in (B) a planar assembly and (C) a disc-shaped assembly. The corresponding STEM-EDS maps of Ag, Au, Ag–Au overlay, and S are given
below the STEM micrographs.
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reported intermediate signal intensities would vary slightly
from the true values for a given time interval of the reaction
(observed under ambient conditions).

Owing to the spontaneous nature of the NP–NC reaction,
we are assuming that the NP–NC reaction is driven towards a
thermodynamically stable state. A monodisperse Au-doped Ag
NP with an equilibrium size is thermodynamically more stable
over its polydispersed pure monometallic state, under the reac-
tion conditions. A thermodynamic equilibrium size of a metal
NP depends on the specific protecting ligand and temperature
of the reaction.69,104,105 A thermodynamic equilibrium size is a
critical size that possesses an optimum surface energy allow-
ing a ligand coverage in order to protect the core of a metal NP
from further reaction. We observed that upon interparticle
reaction, when 3 nm Ag NPs were used, the resulting alloy NPs
showed an increase in their size to 3.5 nm. However, when the
reaction was carried out using 5 and 8 nm Ag NPs, a decrease
in the size of the alloy NPs to 3.45 and 3.7 nm, respectively,
was seen. Hence, we can say that, at room temperature, for
PET-protected Au–Ag bimetallic NPs, the equilibrium sizes of
the NPs range between 2 and 5 nm with an average of ∼3.5 nm
(Fig. S24†). The effects of polydispersity in the shapes of Ag
NPs (as evident from Fig. S1C†) were reflected in the nature of
the intermediates. It may be said that greater the diversity in
the shapes and sizes of parent Ag NPs, larger will be the
number of intermediates, as observed in ESI MS (Fig. S19B†).
Now, irrespective of the sizes of the parent Ag NPs, the reacted
NPs get spontaneously resized to ∼3.5 nm due to the reaction
pathway which involves complete fragmentation and exchange

of metal atoms between the particles. The process continues
until a thermodynamically stable state is achieved. Digestive
ripening implies the modification of both smaller and larger
NPs until a preferred size is achieved. On similar lines, we are
suggesting that the NP–NC reaction can be considered as one
of the plausible routes of digestive ripening. Similarly, here we
conclude that the smaller particles, i.e. NCs can drive particle
fragmentation leading to monodispersity. This can be sup-
ported from the ESI MS experiment where a number of low
mass fragments were seen in addition to alloy NCs in the
initial stages of the reaction. From all this, we propose a reac-
tion scheme (Scheme 1).

Monolayers on the surface of NPs have a contribution
towards their chemical reactivity. We examined their influence
with ESI MS (Fig. S20†) as we replaced the original NC with the
Au25(SBB)18 NC. Here also, keeping all the experimental con-
ditions similar, we allowed the NC to react for a span of 2 min
and collected the mass spectra, where no new peaks were seen
(Fig. S20A and C†). Again, HRTEM (Fig. S20B and D†) showed
no change even after 30 min of the reaction (experimental con-
ditions as mentioned in the previous case). We failed to find
any notable changes in the reaction medium unlike the one
observed in the case of the Au25(PET)18 NC. The results there-
fore suggested that the ligand also played a crucial role in such
interparticle reactions. For a facile and effective reaction
between a NC and a NP, the metal–ligand interface played an
important role as the reaction was expected to occur through
the exchange of surface atoms or metal–ligand
fragments.106–108 The failure of the reaction can be attributed
to a possible steric hindrance between the bulky terminal tert-
butyl group of SBB and the benzene ring of PET ligands
restricting the closer approach of NC to the NP surface
required to initiate the reaction.

From the previous discussion, it was evident that the
reacted particles were arranging themselves in a specific
pattern depending on the size of the reacting NPs. To gain
further insights into packing of the resulting NP assemblies,
inverse fast Fourier transforms (IFFT) of the selected images of
assembles corresponding to 4 and 8 nm Ag@PET NPs were

Scheme 1 Proposed chemical pathway for the reaction between
Ag@PET NPs and the Au25(PET)18 NC. Steps: (1) Ag@PET NPs initiating
alloying and fragmentation of the Au25(PET)18 NC giving rise to inter-
mediates, where x = 25, 24, 23,……, and y = 0, 1, 2, 3,……, and (2) finally
the intermediates undergo mutual coalescence as well as with
unreacted NPs, the reaction continues until complete consumption of
the Au25(PET)18 NC, and resulting in monodisperse gold–silver alloy NPs.

Fig. 5 Size-dependent reactivity monitored using ESI MS, keeping the
reaction and mass spectrometric conditions constant. The reaction was
allowed for 2 min and quenched under ice-cold conditions. The rate of
reaction was found to vary with the size of silver NPs. Spectra monitored
after 2 min of reaction with (B) 8 nm, (C) 4 nm, and (D) 3 nm particles,
and the extent of exchange was compared with the spectrum of the
parent (A) Au25(PET)18 NC. Spectra were normalized with the corres-
ponding Au25(PET)15 peak intensity for visual comparison.
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performed. 3D structural reconstructions of assemblies were
carried out using electron tomography. Accordingly, a series of
2D projections were collected by tilting the sample from +69°
to −69° with an increment angle of 2–3°. The tilt series were
then subjected to image processing to obtain the final 3D
reconstruction. As shown in Fig. 6A, a superlattice assembly of
the reacted 4 nm Ag@PET NPs showed an hcp array of par-
ticles, with an interparticle distance of ∼4.5 nm (refer to a
square lattice in Fig. S21A†). On the other hand, for the first

kind of assembly derived from 8 nm Ag@PET NPs, the planar
assembly (Fig. 6B) displayed a square lattice with an interparti-
cle distance of ∼4.0 nm (refer to a square lattice in Fig. S21B†).
However, due to complex 3D multilayered assemblies (Fig. 6B),
unambiguous interpretation of the assemblies based on 2D
projections remained inconclusive. The second kind of assem-
bly (Fig. S22†) resulting from the same NPs turned out to be a
circular disc, densely filled with the reacted particles. The tilt
series and 3D reconstructions for the assemblies corres-

Fig. 6 Electron tomography and 3D reconstruction: 2D projection followed by its corresponding 3D reconstruction for (A) the superlattice assem-
bly of the reacted 4 nm Ag@PET NPs and IFFT image of the hcp assembly, and (B) a planar assembly of the reacted 8 nm Ag@PET NPs.
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ponding to the reacted 4 nm Ag NPs (Fig. 6A) are provided in
the ESI as Videos V1 and V2,† respectively. Also, tilt series and
3D reconstructions for the planar assembly of the reacted
8 nm Ag NPs (Fig. 6B) are provided in the ESI as Videos V3 and
V4,† respectively.

We propose a mechanism for the reaction between Ag@PET
NPs and the Au25(PET)18 NC. The reaction can be hypothesized
to proceed through a series of events like (i) interparticle
approach, (ii) adduct formation, (iii) atomic exchange, and (iv)
attaining monodispersity and consequent equilibrium. The
metallophilic interaction of the Ag NPs and Au NCs might
initiate their approach toward each other. The NC–NP reaction
can be presumed to follow a host–guest reaction model similar
to the enzyme–substrate model, where the NP host forms
adducts with the NC guest. The flexibility of the protecting
ligands on both the substrates plays a major role in allowing
the adduct formation. Adduct formation apparently facilitates
Au–Ag atomic exchange between the two species. It was
already reported that the exchange of Au-PET and Ag-PET units
is facile in the case of isolobal fragments.61 Unlike dithiols,
where only metal exchange is reported, for monothiols, the
metal–ligand transfer is feasible.62 The Au25(PET)18 NC under-
goes atomic exchange with Ag@PET NPs to form Au24Ag
(PET)18 with Ag at the center of the M13 core (M = metal, in
this case Au) which happens to be an exceptionally stable
structure.109,110 ESI MS measurements of the ongoing reaction
suggested the presence of both multiple doped NCs as well as
dissociated NC species. It can be assumed that extensive inter-
particle atomic exchange leads to multiple doping of the NCs,
which eventually destabilized the system. In order to release
this geometric strain, the NC system may undergo dis-
sociation. The newly formed species (alloy–NC intermediates,
dissociated NCs, and other low-mass fragments) in the reac-
tion medium can now undergo coalescence mutually as well as
with unreacted NPs until the system attains a stable equili-
brium size. As the reactants were mixed in a ratio of NCs : NPs
= 1 : 1.18 (in terms of the metal), the above process continues
until complete consumption of Au25(PET)18 occurs.

Apart from this, the phenomenon of digestive ripening can
also occur. The driving force for digestive ripening is the
decrease of interfacial free energy. In a study by Hwang
et al.111 on digestive ripening, the phenomenon was explained
using a modified Gibbs–Thomson equation by the introduc-
tion of an electrostatic energy factor. The equation mainly
relates interfacial free energy as one of the most important
factors to other physical properties, like chemical potential,
particle size, and curvature factor.112 In the case of binary
systems, the chemical potentials of both Au and Ag are impor-
tant in resulting monodispersity. According to the phase
diagram of an Au/Ag binary system,113,114 Au and Ag are iso-
morphous with face-centered cubic (FCC) structure, and there-
fore it is assumed that Au and Ag NPs behave like an ideal
binary solid solution. At equilibrium, the Gibbs free energy is
the minimum for spherical Au–Ag binary particles compared
to their pure states. The Au–Ag atomic exchange between the
NPs contributes to the decrease in total Gibbs free energy. The

size and compositional change due to atomic exchange
between the NPs is governed by the chemical potential, which
finally contributes to the minimization of the total Gibbs free
energy. According to reports, solid–gas interface free energies
of Ag115 and Au116 are 1.25 J m−2 and 1.2 J m−2, respectively, at
their melting point. Interface free energies of Au, Ag, and Au/
Ag solid solution in the colloidal form are assumed to have a
value of 0.3 J m−2. The chemical potential of Au is always
higher in Au NPs than in Ag NPs. Similarly, the chemical
potential of Ag is higher in Ag NPs than in Au NPs. Therefore,
simultaneous diffusion of Ag from Ag NPs to Au NPs and Au
from Au NPs to Ag NPs minimizes the total free energy produ-
cing monodisperse alloy NPs. We can say that doped Au or Ag
NPs are thermodynamically more stable compared to their
monometallic state. Inter-ligand interaction plays an impor-
tant role in the formation of superlattices.117–119 During the
self-assembly of metallic NPs, the presence of strong van der
Waals forces between the metallic cores brings the particles
closer and at the same time the ligands (dominantly the alkyl
groups) introduce an opposing interparticle steric repul-
sion.120 The inter-ligand steric repulsion balanced by strong
interparticle van der Waals attraction can result in a superlat-
tice arrangement. The strong van der Waals attraction usually
contributes to the ligand interdigitation between adjacent
particles.121–123

Conclusions

In summary, we have explored the reaction of Ag NPs with
atomically precise Au NCs resulting in monodisperse Au–Ag
alloy NPs. Interparticle reactions are key initiators in the for-
mation of the resulting 2D superlattice assemblies. Such inter-
particle reactions can be proposed as one of the methods con-
tributing to the digestive ripening of NPs. Reactions were
studied for the Au25(PET)18 NC with differently sized Ag@PET
NPs where we observed that the reactivity of the system was
enhanced upon decreasing the size of the NPs. From our ESI
MS measurements, it was evident that gold–silver alloying in
the case of interparticle reactions proceeded through an alloy–
nanocluster intermediate followed by atomic exchange
between them and subsequent NC detachment. The proposed
methodology was found to contribute to achieving the highest
control over NP size distribution in solutions at room tempera-
ture. The nanocluster–nanoparticle reactions can open up an
entirely new method of generating uniform alloy NPs with
tunable optoelectronic properties. The method may be
extended to other transition metals like Ni and Fe in order to
introduce properties like magnetism. Similar studies could be
conducted between NPs and NCs of the same metal, resulting
in monodisperse NPs without change in composition,
although the present investigation was conducted with Ag NPs
and Au NCs in view of the feasibility in exploring the reaction
by mass spectrometry, observing the changes by EDS and
STEM. In the absence of stable PET-protected Ag NCs, it was
not possible to extend this study presently to reaction between

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2020 Nanoscale, 2020, 12, 22116–22128 | 22125

Pu
bl

is
he

d 
on

 1
6 

O
ct

ob
er

 2
02

0.
 D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

C
he

nn
ai

 o
n 

11
/1

2/
20

20
 5

:4
1:

11
 P

M
. 

View Article Online

https://doi.org/10.1039/d0nr04033a


Au@PET and Ag NCs. Further studies are progressing to
understand the corresponding processes with other transition
metal NPs, which will be reported in due course.
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Instrumentation 

UV-Vis Spectroscopy: Perkin Elmer Lambda 25 instrument was used for optical absorption 

spectra recording having a range of 200 – 1100 nm with a band pass filter of 1 nm. 

HRTEM: High-resolution transmission electron microscopy (HRTEM) imaging was carried out 

on a JEOL 3010, 300 kV instrument with a UHR polepiece. Energy dispersive analysis (EDS) 

was performed using an Oxford EDAX connected to the HRTEM. A Gatan 794 multiscan CCD 

camera was used to capture the images. Samples were prepared by dropcasting the 

dispersion on carbon coated copper grids (spi Supplies, 3530C-MB) and dried at ambient 

conditions. 

MALDI MS: Matrix Assisted Laser Desorption Ionization Mass Spectrometer (MALDI MS) 

data were collected using Voyager-DE PRO Biospectrometry Workstation from Applied 

Biosystems. 

A solution in 0.5 mL of dichloromethane (DCM) was made with about 6.2 mg of Trans-2-[3-

(4-tertbutylphenyl)-2-methyl-2- propenylidene]malononitrile (DCTB, > 98%) matrix  and it 
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was used for the MALDI MS measurements. Roughly 1 part of sample dissolved in DCM  and 

2 parts of the prepared DCTB matrix solution were mixed thoroughly and spotted on the 

sample plate and was left to dry at ambient conditions. In order to minimize fragmentation 

of the sample, all the measurements were carried out at the laser fluence. Desorption and 

ionization was carried out with a 337 nm Nitrogen laser. Mass spectra were recorded in 

linear positive ion and/or negative ion mode and were averaged for nearly 250 shots. 

Accelerating voltage was kept at 20 kV. 

ESI MS: All the mass spectrometric measurements were carried out in a Waters SYNAPT G2-

Si instrument. The instrument is well equipped with electrospray ionization, and all spectra 

were measured in the negative ion and resolution mode. The instrument has the capability 

of measuring ESI MS with high-resolution up to the orders of 50,000 (m/Dm). NaI was used 

for calibrating the instrument. The measurement conditions were optimized to a capillary 

voltage of 3 kV, a cone voltage of 20 V, a desolvation gas flow of 400 liters/hour, a source 

temperature of 100°C, a desolvation temperature of 150°C, and a sample infusion rate of 30 

ml/hour. 

All the mass spectrometric measurements were done in a Waters SYNAPT G2-Si instrument. 

The instrument is well equipped with ESI, and all spectra were measured in the negative ion 

and resolution mode. The instrument is capable of measuring ESI MS with high-resolution 

touching orders of 50,000 (m/Dm). The instrument was calibrated using NaI. An optimized 

condition involving a capillary voltage of 3 kV, a cone voltage of 20 V, a desolvation gas flow 

of 400 liters/hour, a source temperature of 100°C, a desolvation temperature of 150°C, and 

a sample infusion rate of 30 ml/hour was used for all measurements.  

Raman Spectroscopy: Raman measurements were carried out using a WITec GmbH 

alpha300S confocal Raman equipped with a 532 nm laser as the excitation source. 

Measurements involved a 20× objective (Plan-Apochromat, Zeiss), 600 grooves/mm grating 

for 1 s acquisition time. A laser power of ∼800 µW was maintained on the sample 

throughout the measurement. 

Serial EM and Electron Tomography Reconstruction:  The transmission electron microscopy 

(TEM) images were collected using JEM 3200FSC field emission microscope (JEOL) operated 

at 300 kV in bright field mode with Omega-type Zero-loss energy filter. The images were 
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acquired with Gatan digital micrograph software while the specimen temperature was 

maintained at -187⁰C. For transmission electron tomographic reconstruction, tilt series of 

2D projections were acquired with the SerialEM-software package.1,2 Specimen was tilted 

between ±69⁰ angles with 2-3⁰ increment steps under low dose mode.3 The acquired raw 

stack of images was first subjected for a series of pre-processing, coarse alignment, final 

alignment and further aligned using IMOD software package.4 The final aligned file was then 

utilized for 3D reconstruction with custom made maximum entropy method (MEM) 

program with a regularization parameter value of λ = 1.0 e-3 on MacPro.5,6 The 3D isosurface 

and solid colored images were produced using UCSF Chimera.  

Scanning Transmission Electron Microscopy and EDS mapping: The STEM imaging was 

performed using JEOL JEM-2800 high throughput electron microscope equipped with 

Schottky type field emission gun operated at 200 kV with simultaneous bright field (BF) and 

dark field (DF) STEM imaging. For elemental mapping energy dispersive X-ray mapping and 

spectra were collected using dual silicon drift detectors. 

 

Concentration calculation* for 4 nm Ag@PET nanoparticles case (Fig. 1 A)  

Average size of Ag NP (HRTEM), 2R = 4.37 nm  

Volume of 1 Ag NP (sphere), V = 
4

3
πR3 = 43.69 nm3  

Density of Ag NPs, ρ = 10.5 
g

cm3
 = 1.05 

mg

nm3
  

Mass of 1 Ag NPs, m = Vρ = 4.58 x 10-16 mg 

Weight of Ag NPs (dry weight of the sample), W = 7.5  
mg

3 mL
 = 2.5  

mg

L
 

Number of NPs in the sample, N = 
𝑊

𝑚
 = 5.45 x 1018  particles

L

 

Particle molarity of Ag@PET NPs = 
N

NA
 = 9.05 µM 

 

Concentration calculation* for 1.8 nm Au25(PET)18 nanocluster  

Average size of gold nanocluster (HRTEM), 2R = 1.8 nm  

Volume of 1 gold nanocluster (sphere), V = 
4

3
πR3 = 3.05 nm3  

Density of gold nanoparticles, ρ = 19.32 
g

cm3
 = 1.93 x 10-17 mg

nm3
 

Mass of 1 gold nanocluster, m = Vρ = 5.89 x 10-17 mg 
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Weight of gold nanocluster (dry weight of the sample), W = 0.9  
mg

0.3 mL
 = 3000  

mg

L
 

Number of particles in the sample, N = 
𝑊

𝑚
 = 5.08 x 1019    particles

L

 

Particle molarity of gold nanocluster = 
N

NA
 = 84.4 µM 

Using, M1V1= M2V2 

Particle molarity (M2) when 0.3 mL cluster diluted in 3.3 mL DCM = 7.67 µM 

Weight of gold nanocluster (dry weight of the sample), W = 8.1  
mg

3 mL
 = 2700  

mg

L
 

Number of particles in the sample, N = 
𝑊

𝑚
 = 4.57 x 1019   particles

L

 

Particle molarity of gold nanocluster = 
N

NA
 = 75.99 µM 

 

* For simplicity of calculation, the concentration was calculated in terms of the metal 

present. 
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Fig. S1 HRTEM micrographs of Ag@PET NPs of sizes, (A) 3 nm, (B) 4 nm, (C) polydispersed 8 

nm, and (D) the corresponding UV-Vis spectra. The mentioned size indicates the most 

probable diameter of the metallic core of the particle. 
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Fig. S2 Characterization of Au25(PET)18 NC, (A) HRTEM micrograph and (inset) UV-Vis spectra 

with characteristic peaks at 397, 445, 552, 683, and 796 nm, (B) ESI MS spectrum of 

[Au25(PET)18]– NC having a molecular peak at m/z 7391, (C) Experimental (black), and 

calculated (red) matching for high resolution isotopic distribution of the molecular ion peak. 

This is in agreement with already reported ESI MS spectra of Au25(PET)18 NC.7,8 
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Fig. S3 HRTEM micrographs of the spontaneous assembly formed after the reaction of 4 nm 

Ag@PET NPs captured at different magnifications, (A) 0.1 µm, (B) 100 nm, (C) 50 nm, and 

(D) 10 nm. The NPs resulted in the reaction are approximately 3.45 nm.   
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Fig. S4 UV-Vis spectra of 4 nm Ag@PET NPs (red trace), Au25(PET)18 NC (magenta trace), and 

the reaction product (blue trace). The corresponding HRTEM micrographs from the same 

reaction mixture are already discussed in Fig. 1. 
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Fig. S5 Particle size distribution of the 4 nm Ag@PET NP reaction case for the (A) parent NPs 

was 4.37 ± 2.3 nm, and (B) reacted NPs was 3.45 ± 1.2 nm, where <m> and σ are the 

notations used for mean size and standard deviation, respectively. 
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Fig. S6 Raman Spectroscopic analysis of 4 nm Ag@PET NPs (A) before reaction, and (B) after 

reaction with Au25(PET)18 NC (reaction mixture was centrifuged followed by washing with 

DCM). Here, only the capping agent (2-PET) is Raman active. 

Spectral analysis of 2-PET: 699 cm-1 (CS symmetric stretch due to trans conformation of 2-

PET), 823 cm-1 (CH2 rocking), 1005 cm-1 (In plane vibration of phenyl ring), 1209 cm-1 (CH2 

wag), 1600 cm-1 (8a In a plane vibration of phenyl ring), 2944 cm-1 (CH asymmetric stretch), 

and 3071 cm-1 (CH symmetric stretch) 
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Fig. S7 MALDI MS spectral analysis of the reactants, including, (A) Au25(PET)18 NC giving a 

molecular peak at m/z 7407 in the negative ion mode, 4 nm Ag@PET NPs measured in (B) 

negative ion mode, and (C) positive ion mode. In case of the Ag NPs, in both the modes 

signals were absent. Then, the reactants were mixed and allowed to react for 15 min, 

following which the reaction mixture was subjected to centrifugation and the MALDI MS 

spectra was collected for both (D) supernatant, and (E) precipitate in the negative ion mode. 

The absence of peak at m/z 7407 indicates the complete consumption of Au25(PET)18 NC 

during the reaction resulting in the alloy NPs. 
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Fig. S8 HRTEM micrographs of the precipitate collected on centrifugation after 15 min from 

the reaction mixture used for carrying out the ESI MS measurements. Precipitate images on 

the reaction with (A, B) 4 nm Ag@PET NPs, and (C, D) polydispersed 8 nm Ag@PET NPs. In 

both the cases, the precipitate HRTEM micrographs are similar to our initial findings in Fig. 1 

A, and 3 D.   
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Fig. S9 The concentration dependence of Au25(PET)18 NC in the reaction was studied using 

HRTEM and UV-Vis spectroscopy. The reaction mixture was monitored after adding each 

300 µL of Au25(PET)18 NC, HRTEM micrographs corresponding to the total cluster added to  

the reaction mixture, like, (A) 300 µL, (B) 600 µL, and (C) 900 µL. (D) UV-Vis spectra showing 

the Au25(PET)18 NC features getting dominant as the amount of the cluster increases in the 

reaction medium. Concentrations mentioned in the experimental section. 
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Fig. S10 Kinetic study of the reaction of 4 nm Ag@PET NPs using UV-Vis spectroscopy, 

Ag@PET NPs (olive trace), Au25(PET)18 (red trace), reaction mixture after 2 min (black trace) 

and 15 min (magenta trace). The blue shift (blue dotted lines) was observed after 2 min 

(black trace) and after 15 min the spectrum goes back to the original cluster (red trace) like 

feature. The shift in the UV-Vis spectrum at the 2 min interval suggests generation of new 

species in the reaction mixture. 
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Fig. S11 The evolution of the intermediate species Au24Ag(PET)18 and Au10(PET)15 can be 

observed in comparison to the parent Au25(PET)18 NC from the plot of signal intensities 

versus time.  
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Fig. S12 HRTEM micrographs of the spontaneous assembly formed after the reaction of 8 

nm Ag@PET NPs captured at different magnifications, (A) 0.2 µm, it comprises of two kinds 

of assemblies which further captured at (B) 50 nm, and (C) 0.2 µm (yellow, inset) (D) 20 nm. 

The NPs resulted in the reaction are approximately 3.73 and 2 nm.   
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Fig. S13 Particle size distribution of the polydispersed 8 nm reaction case for the (A) parent 

NPs was 8.45 ± 6.3 nm, and (B) reacted NPs was 3.73 ± 1.0 nm, where <m> and σ are the 

notations used for mean size and standard deviation, respectively. 
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Fig. S14 Spot EDS spectrum of the reacted particle (Fig. 4A). Elemental composition was 

quantified for the presence of Sulfur (S), Silver (Ag), and Gold (Au) present in the 

superlattice.  
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Fig. S15 Spot EDS spectrum of the reacted particle (Fig. 4B). Elemental composition was 

quantified for the presence of Sulfur (S), Silver (Ag), and Gold (Au) present in the layer-by-

layer planar assembly. 
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Fig. S16 Spot EDS spectrum of the reacted particle (Fig. 4C). Elemental composition was 

quantified for the presence of Sulfur (S), Silver (Ag), and Gold (Au) present in the disc-

shaped assembly. 
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Fig. S17 The reaction mixture was monitored at the 2 min interval using UV-Vis 

spectroscopy, in ESI MS experimental condition (Fig. 4), for differently sized Ag@PET NPs, 

polydispersed 8 (blue trace, Fig. 4 B), 4 (yellow trace, Fig. 4 C), 3 nm (magenta trace, Fig. 4 

D), and the parent NC (red trace, Fig. 4 A). The shifts are present in all the cases that 

confirms the generation of new species in all the three case at the particular time. 
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Fig. S18 Time dependent low temperature reaction monitoring of 4 nm Ag@PET NPs with 

Au25(PET)18 at two temperatures, namely ice-cold condition and room temperature. (A) 

Reaction mixture was analysed in ESI MS at ice-cold condition for 3, 6, 15, 30, 60, 90, 120, 

240 and 360 min. (B) The reaction was monitored at room temperature. Spectral region of 

m/z 1600-4000 is plotted to compare evolution of the thiolate intermediates under two 

different conditions.  
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Fig. S19 Size dependent reactivity monitored using ESI MS (Fig. 4), expanded region m/z 

2000-3000. The reaction fragments were found to vary for Ag@PET NPs for different sizes, 

(B) polydispersed 8 nm, (B) 4 nm, and (D) 3 nm. The exchange was compared with the (A) 

parent Au25(PET)18 cluster. Each spectrum is normalised w.r.t its corresponding Au25(PET)18 

peak intensity for visual comparison.  
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Fig. S20 Ligand specificity in the discussed reaction was explored on reacting 4 nm Ag@PET 

NPs with Au25(SBB)18 NC. The pure Au25(SBB)18 NC was characterized using (A) ESI MS, 

molecular peak at m/z 8150, and (B) HRTEM micrographs, at 50 nm and 5 nm (inset) 

magnifications. The reaction mixture was analysed after 2 min using (C) ESI MS, showed 

absence of new peaks, (D) HRTEM micrograph, no new morphology was observed unlike the 

previous cases (Fig. 1, 3). All the spectra were plotted to its original intensities.  
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Fig. S21 Inverse fast Fourier transform (IFFT) for (A) superlattice of the reacted 4 nm 

Ag@PET NP, (A1) profile, and (B) layer-by-layer of the reacted 8 nm Ag@PET NP, (B1) 

profile. 
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Fig. S22 Electron Tomography and 3D reconstruction a disc-shaped assembly: 2D projection 

followed by its corresponding 3D reconstruction for the reacted 8 nm Ag@PET NPs 

assembled as disc densely filled with particles. The tilt series and 3D reconstruction for the 

assembly is provided as Video V5, and Video V6, respectively. 
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Fig. S23 HRTEM micrographs of the reaction progress for a reaction between parent 8 nm 

Ag@PET NP (A), and Au25(PET)18 NC (B).  The products of the reaction after 15 (C, D) and 30 

(E, F) min of reaction are also shown.   
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Fig. S24 Effect of NP-NC reaction on the particle size distribution.  Before and after reaction 

with Ag NPs with average size of (A) 3, (B) 4 and (C) 8 nm, where <m> and σ are the 

notations used for mean size and standard deviation, respectively. 

 

Fig. S25 UV-Vis spectra of NP-NC reaction for (A) 3 and 8 nm Ag@PET NPs. Spectra are due 

to Ag NP (red trace), Au25(PET)18 NC (magenta trace), and the reaction product (blue trace). 

The broadening of the peak upon reaction is in agreement with the gradual formation of an 

assembly of the reacted NPs. Also see HRTEM micrographs of the reaction products for 3 

and 8 nm Ag NPs in Fig. 3B and D. 
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ABSTRACT: We report a dithiol-protected silver cluster, Ag14(BDT)6(PPh3)8
(BDT = 1,2-benzene dithiol), abbreviated as Ag14DT, which exhibits distinctly
different optical properties than the analogous monothiol-protected
Ag14(SC6H3F2)12(PPh3)8, abbreviated as Ag14MT. Replacement of monothiol by
dithiol, keeping the composition constant, has not been possible so far. The inner
cores of both Ag14DT and Ag14MT are composed of octahedral Ag6, but because of
the presence of dithiol, the outer cubic Ag8 shell became distorted in the former.
Consequently, Ag14DT showed a unique absorption in the near-infrared (NIR)
region, which is mainly due to transitions derived from ligands. It exhibits dual
visible/NIR emission, at around 680 and 997 nm. Ag14DT exhibited greater thermal
stability because of the rigidity provided by dithiol ligands. The clusters with NIR
absorption and emission open up a possibility for their application in solar thermal
conversion and medical imaging. NIR luminescence in the range of 1000 nm in
ultrasmall clusters is very new.

■ INTRODUCTION

Surface ligands play a pivotal role in directing the structures of
atomically precise nanoclusters (NCs).1−6 For years, research-
ers have been studying the effect of surface ligands on tuning
the structure and properties of silver clusters. The availability
of single crystal structures provides us with opportunities to
study the structure−property relationships in greater detail,
and such studies are further enriched by computations.7−11

The use of different ligands resulted in the formation of varying
silver NCs of different atomicity, namely, Ag25(SPhMe2)18,
Ag29(BDT)12(TPP)4 (BDT = 1,3-benzene dithiol), Ag44(SR)30
(SR = p-fluorothiophenol, p-mercaptobenzoic acid), and so
forth.12−16 Sometimes, the same ligand results in the formation
of different NCs depending on the synthetic conditions, such
as Ag29(BDT)12(TPP)4 and Ag51(BDT)19(TPP)3, which were
coprotected by BDT and TPP(PPh3) ligands.

17 A small change
in the structure of the ligand can change the nuclearity of
NCs.18 For example, two isomers of DCBT (dichlorobenze-
nethiol), namely, 2,4-dichlorobenzenethiol and 2,5-dichloro-
benzenethiol, resulted in two different NCs, Ag44(2,4-
DCBT)30 and Ag59(2,5-DCBT)32, respectively, under similar
conditions.19 Also, our recent report showed the formation of a
single silver cluster, Ag46(SPhMe2)24(TPP)8, using 2,5-DMBT
(DMBT = dimethylbenzenethiol), while the isomeric thiol,
2 ,4 -DMBT produced a cocrys ta l , composed of
Ag40(DMBT)24(PPh3)8 and Ag46(DMBT)24(PPh3)8.

20 The
origin of properties of NCs has been studied for long,
among which the evolution of photoluminescence (PL) has

been studied extensively.6,21−23 Among the silver NCs
reported so far, Ag14(SC6H3F2)12(TPP)8 is the first crystallized
silver NC as per previous references to journals and
books.8,24,25 Interestingly, it exhibits yellow emission (with a
peak maximum at 536 nm).25 The cluster contains an
octahedral Ag6 metal core. Recently, Ag14 was used as a
building block to create cluster-based metal−organic frame-
works (MOFs).26

Increase in denticity of the ligands increases the structural
rigidity of inorganic complexes, which enhances their stability.
Replacement of monothiols by dithiols in NCs can enhance
the electronic confinement which would be reflected in optical
properties. Ligand reconstruction also promoted the formation
of NC-based MOFs, which exhibit interesting properties.27

Furthermore, the change in the protecting ligand can vary the
properties of NCs keeping their structures unaltered as in the
case of Au22(SG)18. Surface engineering of this cluster resulted
in 60% enhancement in PL quantum yield.28 Other properties
such as chirality, catalytic activity, and reactivity can also be
tuned via surface ligand modifications.29−34
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In this paper, we investigate the structure−property
relationship between dithiol and monothiol protection in a
given cluster core, namely, Ag14(BDT)6(TPP)8 and
Ag14(SC6H3F2)12(TPP)8, labeled as Ag14DT and Ag14MT,
respectively. We observed that the dithiol (BDT) changes the
outer cubic shell structure of the NC and further confines the
inner Ag6 octahedral core. This structural confinement leads to
the improvement in optical properties. Introduction of dithiols
convert singly emissive Ag14MT to dual emissive Ag14DT.
Ligands of this kind can be handy to enhance photophysical
properties of many clusters. Incorporation of such ligands
enables strong supramolecular interactions, such as π···π
stacking, which were absent in the previously reported Ag14
cluster.25 The structure of Ag14DT was determined by single
crystal X-ray diffraction (SCXRD), and the composition was
confirmed by scanning electron microscopy (SEM)/energy-
dispersive analysis (EDS) and elemental analysis measure-
ments. New electronic properties were observed as evidenced
from the calculations. A density functional theory (DFT)
calculation was performed to obtain deep insights into the
electronic structures of Ag14DT. Partial density of states
(PDOS) was calculated to analyze the origin of electronic
transitions. Further, superatomic orbital calculation revealed
that the cluster is a 2e superatom with the electronic

configuration, 1S2. Our findings will enhance activities in the
area of dithiol-protected NCs leading to their diversity in
properties.

■ EXPERIMENTAL SECTION

Materials. Silver nitrate was bought from Rankem. Sodium
borohydride and 1,2-benzene dithiol (BDT) were bought from
Sigma-Aldrich. Triphenylphosphine (TPP) was bought from
Spectrochem Chemicals. Dichloromethane (DCM), methanol
(MeOH), n-hexane, and chloroform (CHCl3) were bought
from Rankem and are of analytical grade. Milli-Q water was
used for the synthesis.

Instrumentation. Optical absorption measurements were
performed in a PerkinElmer Lambda 25 UV−vis spectropho-
tometer.
A Horiba Jobin Yvon Nanolog spectrometer was used for

the PL measurements. The excitation and the emission band
pass were set at 3 nm.
SEM and EDS were performed using an FEI QUANTA-200.
SCXRD were measured using a Bruker Kappa APEX III

CMOS diffractometer. Mo Kα (λ = 0.71073 Å) was used as a
source of radiation. Indexing was done by APEX III.
Elemental analysis was done by LECO CS744 and LECO

ONH 836 analyzers.

Figure 1. Structural anatomy of Ag14DT clusters. (A) Full structure of Ag14DT. (B) Structure of Ag14S12P8 and (C) cubic shell of Ag8S12P8. (D)
Octahedral Ag6 inner core. (E) Structure of the unit, Ag14(BDT)6P8. Six faces cover the inner core. One such face is shown in (F). Color code:
cyan, magenta, and violet, silver; yellow, sulfur; blue, phosphorous; green, carbon; and grey, hydrogen.
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Synthesis and Purification of [Ag18H16(TPP)10]
2+. It was

prepared by a known method.35,36 20 mg of silver nitrate was
taken in 5 mL of methanol by sonication, and 10 mL of CHCl3
was added. Then, 70 mg of TPP was mixed to the reaction
mixture under stirring condition. After 20 min of stirring, 5.5
mg of cold aqueous solution of sodium borohydride was
added. On addition of the reducing agent, the color of the
reaction mixture became yellow. The reaction was carried out
for 3 h. After 3 h of stirring, it became dark green that confirms
the production of the material. Solvents were evaporated under
reduced pressure. The solid green material was cleaned several
times with water. Then, it was extracted by MeOH to avoid
excess phosphine. This green colored material was used for
characterization and further reaction.
Synthesis and Purification of [Ag14(BDT)6(PPh3)8]. The

cluster was synthesized by a ligand exchange induced size/
structural transformation methodology.20 ,37 Here,
[Ag18(PPh3)10H16]

2+ was used as a precursor and reacted
with 1,2-BDT. 5 mg of [Ag18(PPh3)10H16]

2+ was taken in
MeOH as a precursor. 1 μL of 1,2-BDT was mixed to the
methanolic solution. After adding dithiol, it became brown,
and the reaction was continued for 6 h. The reaction mixture
was centrifuged, and in the centrifugate, a brown color
precipitate was observed. The precipitate was cleaned 2−3
times with MeOH and dissolved in DCM. This solution in
DCM was used for further characterizations.
Crystallization Technique. Cleaned 20−30 mg of the

material was taken in distilled DCM and filtered by 0.22 μm
syringe filter paper. Then, it was layered by distilled hexane
(1:1) and kept at 4 °C. After approximately one week, square
shape reddish yellow crystals were observed which were
suitable for single crystal X-ray crystallography.
Computational Methods. The structural, electronic, and

optical properties of the Ag14 cluster were investigated
computationally by DFT as implemented in the GPAW
(grid-based projector-augmented wave method) software
package.38,39 The chosen GPAW PAW-setups for each element
of the cluster’s constituent atoms had the valence electronic
configurations given in brackets as follows, Ag (4d105s1), S
(3s23p4), P (3s23p3), C (2s22p2), and H (1s1), and scalar-
relativistic effects were included for the Ag atoms.
The simulation cell was a cubic box of side 22 Å, and a grid

spacing of 0.2 Å was used in real-space finite-difference mode
of GPAW. The geometry optimization was carried out with the
convergence condition that the forces acting on atoms should
be less than 0.05 eV/Å and without imposing any symmetry
constraints. All calculations were performed using the
Perdew−Burke−Ernzerhof exchange−correlation functional.40

The initial geometry of the Ag14 cluster for the ground-state
optimization was extracted from the atomic coordinates of the
unit cell of the crystal structure, and the optimization was
performed with complete ligands. The ground-state electronic
structure of the optimized cluster structure was characterized
by calculating and plotting the molecular orbitals (MOs). The
total density of states (TDOSs) and PDOSs were calculated
and plotted, and the superatom character of the MOs was
analyzed on the basis of the PDOS and also the influence of
ligand atomic orbitals (AOs) on the overall electronic structure
of the cluster. The absorption spectrum was calculated using
linear response time-dependent density functional theory (LR-
TDDFT), and the corresponding ground state MOs involved
in the optical transitions were identified and plotted.

■ RESULTS AND DISCUSSION

The cluster was crystallized in a trigonal unit cell with the
space group, R3̅. Structural refinement showed that the Rint
value is higher than that of usual small molecule structures.
This is due to weak diffraction of the crystals, and the
conclusions drawn are meaningful. The molecule is having an
inversion and a 3-fold rotational symmetry. SCXRD showed
tha t the molecu l a r fo rmula o f the c lu s t e r i s
[Ag14(BDT)6(PPh3)8]. The full structure of Ag14DT is
presented in Figure 1A. Figure 1B shows the structure after
removal of C and H. The structural anatomy suggests its
atomic structure to consist of an inner octahedral (Ag6) core,
in which H is surrounded by a distorted cubic (Ag8) shell. This
cubic shell and inner octahedral core are presented in Figure
1C,D, respectively. The Ag−Ag distance in the Ag6 core is 2.7
Å and the same for the Ag8 cube is 4.5 Å as they are linked
through S. This indicates that the interactions of silver atoms
in the inner core are stronger than in the shell. The six faces of
the cubic shell are protected by dithiol moieties (Figure 1E).
One such face is shown in Figure 1F. Dithiol ligands pull the
corner atoms of the cubic Ag8 shell closer. Due to this, the
edge length and the diagonal distances of the cube get
shortened compared to Ag14MT. The centroids of benzene
groups of dithiol can be seen as they are placed at the six
vertices of an octahedron, as shown in Figure S1A. The edges
of the octahedron are shown in green dotted lines. Along with
the primary protecting layer, the vertex of the cube is
connected by eight PPh3 ligands. The distortion in the cubic
shell is due to the strain on the sulfur atoms. The presence of
dithiol ligands shortened the S−Ag−S bond angle. In the case
of Ag14DT, the bonding of the Ag6 core and the sulfur atoms
showed an S−Ag−S bond angle of 91.03°, whereas in the case
of Ag14MT, it is 119.7° (Figure S1B). This change in bond
angle makes a distortion in the cubic shell. The inner-shell
silver atoms are coordinated to two thiolates, but in the outer-
shell, some of the silver atoms are coordinated with two and
the rest are coordinated with three thiolates. These different
environments of silver atoms are presented in Figure S2.
Hence, the inner-shell silver atoms are strongly interacting with
sulfur atoms with an average Ag−S bond length of 2.50 Å, and
it is shorter by 0.17 Å than the previous report.25 In contrast,
the 2-coordinated Ag−S distances are between 2.55 and 2.66
Å, and it is longer by 0.10 Å than the inner shell. Further, the
3-coordinated Ag atoms with sulfur have an average distance of
2.89 Å which shows weaker interactions. As a result of this, the
interaction of the PPh3 ligands is anisotropic on the vertices of
the Ag8 cube. The average Ag−P bond distance is 2.47 Å.
Phosphine ligands bound at 3-coordinated silver atoms is
shorter than those bound with 2-coordinated silver atoms. The
packing arrangement of Ag14DT shows that there are two
molecules in a unit cell. A comparison of unit cell parameters
of Ag14DT and Ag14MT is shown in Figure S3. In Ag14DT, the
clusters are connected by π···π interactions of the BDT ligands
(Figure S4). As Figure S4 showed, these interactions can also
be looked as zigzag structures. The distances between these
interactions are ranging from 2.9 to 3.2 Å. Due to the
interlocking of the ligands, the interparticle distance got
reduced to 1.7 nm, whereas the overall size of the cluster is 1.9
nm.41 The octahedron formed by the centroids of the benzene
dithiol groups clearly shows the direction of π···π interactions
(red dotted lines in Figure S5A). On the other hand, in
Ag14MT, the π···π interactions are observed in a cluster, and
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the clusters have C−H···π interactions in the unit cell. Hence,
the nature of ligands whether it is dithiol or monothiol is
crucial in dictating the nature of supramolecular interactions
which determine the packing of the crystal. Along the (001)
plane (view from the Z axis), Ag14DT is arranged in a
hexagonal lattice where a 3-fold rotational axis passes through
the center of the cluster. Along the (100) and (010) planes
(viewed from X and Y axes, respectively), NCs are arranged in
a rectangular lattice. Moreover, along the Z axis, NCs are
assembled along two parallel (00−1) and (001) planes. Every
NC on these planes possesses a center of symmetry.
To confirm the elements present in the cluster, SEM/EDS

was performed. It showed the presence of Ag, S, P, and C
which is consistent with the single crystal X-ray structure. In
order to check the homogeneity of the elements in the crystal,
EDS mapping was performed, as shown in Figure S6. CHS
elemental analysis was also performed to confirm the
composition (Table S3), and it showed good agreement with
calculation. Electrospray ionization was carried out in both the
ion modes to get the molecular ion peak, but unfortunately, no
peak was observed. This indicates the neutral charge of the
cluster which was further supported by SCXRD as no counter
ion was observed. The cluster solution in DCM showed
molecule-like transitions in the UV−vis spectrum. The most
intense peak was observed at 425 nm with a broad hump
around 600 nm. Along with these features, it had a strong
absorption in the near-infrared (NIR) region, centered on 860
nm (Figure 2). The Ag14DT cluster showed dual visible/NIR

PL. These emissions were around 680 and 997 nm, upon
excitation at 365 and 860 nm, respectively (inset (i) of Figure
2). Ag14MT was reported with yellow PL at 530 nm. It is
worthy to note that the PL of Ag14MT was stable for a few
hours, but Ag14DT was stable for a few days at room
temperature. The difference in the optical properties of
monothiol- and dithiol-protected Ag14 clusters is likely to be
due to the change in the ligand shell. The modification of the
primary ligand shell alters the electronic structure of the cluster
which resulted in new optical properties. Ag14DT and Ag14MT
had comparable thermal stability at 40 °C, and their absorption

spectra were recorded as a function of time. After 1 h of
heating, the UV−vis features of Ag14MT started to change, and
they disappeared almost completely after 2 h, whereas for
Ag14DT, there was a slight decrease in the absorbance but no
change in the peak shape (Figure S7). This observation
implied that Ag14DT is thermally more robust than Ag14MT.
This is due to the presence of dithiol which provides more
rigidity to the ligand shell.
The electronic and optical properties of Ag14DT were

computed by taking the atomic coordinates from the crystal
structure as the starting point. The optimized structure of
Ag14DT cluster in the reduced form is presented in Figure S8.
Bader charge analysis (Table S1) showed that silver atoms in
the inner shell accumulate lower positive charges (0.170e) than
in the outer shell (0.294e). This analysis proved that the inner
shell silver atoms are more confined than the outer shell. The
optical absorption spectrum of [Ag14(BDT)6(P(CH3)3)8]
cluster was calculated using LR-TDDFT. A reduced ligand
structure was used in the calculations. Theoretical and
experimental UV−vis spectra are compared in Figure 3A.
The theoretical spectrum shows two distinct peaks at 720 and
471 nm along with a shoulder at 545 nm. There are some shifts
between the calculated and measured optical spectra. These
shifts between theoretical and experimental spectra might be
due to lack of exact coordinates for calculating the spectra of
the cluster.42 The appearance or disappearance of some peaks
might be due to the presence of distortions and intracluster
interactions (between the organometallic complexes
(AgS3PPh3) on the surface of the cluster) in the structure
which may not have been properly accounted for in the
computations.12 Another reason for this discrepancy could be
due to polymorphism and structural isomers in the solutions.
The new peak at 720 nm is due to the interaction of BDT

ligands with the cluster which was not present in Ag14MT. The
MOs responsible for ground state electronic structures are
plotted which showed the respective MOs for each optical
transition. The TDOS and PDOS were also calculated to study
the influence of ligand AOs on the overall electronic structure
of the cluster. The calculated highest-occupied molecular
orbital (HOMO)−lowest-unoccupied molecular orbital
(LUMO) gap was 1.72 eV. The peak at 720 nm arises from
the transitions of HOMO − 1 and HOMO − 2 to LUMO.
PDOS spectra showed that HOMO − 1 is mainly contributed
by the 3p AOs of S, 4d AOs of Ag, and 2p AOs of (C), which
contribute to some extent. Similarly, the LUMO is also made
up of 3p (S), 4d (Ag), and 2p (C) (Figure 3B,C). Hence, the
frontier orbitals are mainly influenced by the thiolate ligands,
and therefore, the optical absorption is red-shifted than in
Ag14MT. The transition for the peak at 545 nm is taking place
from HOMO − 8 to LUMO, and this transition is well buried
into the valence band. HOMO − 8 is highly dominated by 3p
(S) and 2p (C). Finally, the transition at 471 nm takes place
from HOMO − 5 to LUMO + 2. HOMO − 5 is mainly
contributed by 3p (S), 5s (Ag), 4d (Ag), and 2p (C), while the
LUMO + 2 is dominated by 5s (Ag).
In order to understand the contribution of the inner core

and outer shell atoms to the optical properties, we have
calculated PDOSs of the inner core and outer shell of the Ag14
cluster. This helped us to identify the MOs responsible for
optical properties. It is evident from Figure S9 that the MOs
responsible for transitions are populated mainly from the outer
shell. Thus, the outer shell which is composed of the Ag8S12
framework is responsible for the optical transition. Introduc-

Figure 2. Optical absorption spectrum of Ag14DT dissolved in DCM.
Inset (i) shows the PL spectrum of Ag14DT. It exhibits dual visible/
NIR emission. The visible and NIR spectra were taken with two
detectors, with the same sample. Inset (ii) the photograph of the
crystals of Ag14DT under UV light.
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tion of benzendithiol enhances intraligand interactions.
Seemingly, there are possibilities of ligand−metal and
metal−ligand charge transfer during excitation which affects
the emission property.
According to the electron counting rule, the number of free

electrons in the cluster is given by 14 − 12 = 2, which is a
superatom configuration. The superatom character of Ag14
cluster is shown in Figure 4. The configuration is 1S2, and the
superatomic orbital is made up of HOMO − 11 which has S
character with the delocalized electron density. It is noted that

the 1P superatomic orbital is empty. Therefore, the optical
transition takes place between 1S and 1P superatomic orbitals.

■ CONCLUSIONS

In summary, we present a structural analogue of Ag14MT,
namely, Ag14DT, composed of a core of the same nuclearity,
protected with monothiols and dithiols, respectively. Structural
details of Ag14DT were obtained by SCXRD which revealed
the effect of ligands in the optical properties of NCs having

Figure 3. (A) Comparison of the experimental UV−vis spectrum (red trace) with the predicted one (black trace). Inset shows theoretical and
experimental PL spectra. (B) TDOSs and PDOSs. HOMO−LUMO gap was kept at zero energy. (C) Expanded view of the selected region of (B).

Figure 4. (A) Plot of density of states vs energy of Ag14DT. Dotted lines correspond to the total density of states. Blue and red solid lines indicate
the density of states of Ag5s and Ag4d, respectively. (B) Isosurface of the superatomic orbital (1S) and its energy.
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similar structures and compositions. Unlike the case of
Ag14MT which was reported previously, Ag14DT possesses
NIR absorption and emission which could be useful in various
applications. DFT and PDOS calculations helped us to
understand the electronic structures of Ag14DT in greater
detail. The large changes in optical properties are brought
about by the subtle changes in ligands. Such changes can be
very much useful for a whole range of cluster systems which are
known now. This study shows the possibility of synthesizing
clusters protected by new dithiols with exciting properties. We
believe that dithiol-protected clusters can create a new avenue
in cluster-assembled solids, and new explorations leading to
new properties are likely from future research.
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Table S1. Bader charges for Ag, S and P atoms in Ag14DT cluster

Ag6 Inner Shell Bader Charges (e)
Ag2 0.171
Ag5 0.179
Ag7 0.158
Ag9 0.170
Ag12 0.184
Ag14 0.157
Average 0.170
Ag8 Outer Shell
Ag1 0.303
Ag3 0.276
Ag4 0.304
Ag6 0.307
Ag8 0.303
Ag10 0.253
Ag11 0.303
Ag13 0.302
Average 0.294
Sulfur atoms
S15 -0.282
S16 -0.295
S17 -0.280
S18 -0.279
S19 -0.282
S20 -0.298
S21 -0.281
S22 -0.283
S23 -0.289
S24 -0.294
S25 -0.288
S26 -0.295
Average -0.287
Phosphorus
P27 1.550
P28 1.563
P29 1.532
P30 1.537
P31 1.523
P32 1.576
P33 1.505
P34 1.555
Average 1.543
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Table S2. Crystal data and structure refinement for Ag14-3.
Identification code AG14-3
Empirical formula C198 H159 Ag14 P9 S12
Formula weight 4711.87
Temperature 296(2) K
Wavelength 0.71073 Å
Crystal system Trigonal
Space group R-3
Unit cell dimensions a = 23.9695(12) Å γ= 90°.

b = 23.9695(12) Å β= 90°.
c = 28.297(2) Å γ = 120°.

Volume 14079.6(18) Å3

Z 3
Density (calculated) 1.667 Mg/m3

Absorption coefficient 1.685 mm-1

F(000) 6996
Crystal size 0.150 x 0.120 x 0.100 mm3

Theta range for data collection 3.485 to 18.033°.
Index ranges -20<=h<=20, -20<=k<=20, -24<=l<=24
Reflections collected 46201
Independent reflections 2151 [R(int) = 0.3070]
Completeness to theta = 18.033° 99.3 % 
Absorption correction multi-scan
Max. and min. transmission 0.74 and 0.64
Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 2151 / 493 / 379
Goodness-of-fit on F2 1.020
Final R indices [I>2sigma(I)] R1 = 0.0606, wR2 = 0.1184
R indices (all data) R1 = 0.1234, wR2 = 0.1455
Extinction coefficient n/a
Largest diff. peak and hole 0.595 and -0.426 e.Å-3
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Table S3. Results of elemental analysis of Ag14

Sample CExp.

(content %)

Ccal.

(content %)

HExp.

(content %) 

HCal. 

(content %)

SExp. 

(content %)

Scal

(content %)

Ag14 48.91 48.54 3.52 3.24 9.11 8.64
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A B

Figure S1 (A) The orientation of the primary ligands in a cluster. Centroids of the six benzenedithiol 
ligands form an octahedron. Green dotted lines are drawn to show the octahedron. (B) The 
comparison of the S-Ag-S bond angles in Ag14DT and Ag14MT.
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Figure S2 Different environments of silver in Ag14 are noted in different colors. Blue shows the 
inner shell atoms and in outer shell, there are two types of silver atoms as shown in violet and 
grey.



S7

a =  23.93 Å, b =  23.93 Å, 
c =28.30 Å
 = 90˚,  = 90˚,  = 120˚, 
V = 14041.2 Å3

Crystal system  Trigonal

a = 20.23 Å, b = 33.70Å, c = 
33.51 Å
= 90˚,  = 92.29˚,  = 90˚, 
V = 22837 Å3

Crystal system  Monoclinic

A

C

B

D

Figure S3 Comparison of crystal structures of Ag14 clusters. (A) and (C) Unit cell representations of 
both the clusters. The number of molecules in a unit cell is not same as evident from the packing. 
(B) and (D) Full structures of [Ag14(BDT)6(PPh3)8] and [Ag14(SPhF2)6(PPh3)8], respectively. The 
octahedral core is shown in space filling and carbon atoms in wireframe model. Hydrogen atoms are 
omitted for clarity.
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A

B

π-π stacking interactions  

Figure S4 (A) π...π interactions between the benzene rings. BDT are shown in blue. (B) π...π 

interactions result in the zigzag structure. 
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A

B

Interactions in Ag14DT 

Interactions in Ag14MT 
π…π C-H…π

π…π C-H…π

Figure S5 (A) Supramolecular interactions between the clusters. Interactions between the electrons 
of benzene rings are shown in blue. Intracluster interactions in Ag14DT where C-H…π interactions 
are shown by green dotted lines. (B) Intercluster interactions in Ag14MT. H…H vdw forces and C-
H...π interactions are shown by green dotted lines. In Ag14MT π…π interactions are observed in the 
cluster. The nature of surface structure dictates the supramolecular interactions.
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Figure S6 (A) SEM image of the single crystal. (B) SEM EDS shows the presence of Ag, S, and P 
as major elements. (C) Elemental mapping of the crystal which shows the uniformity of the 
elements in the crystal.

Silver Sulphur Phosphorus 

A B

C
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Figure S7 Comparison of thermal stability of Ag14DT and Ag14MT by time-dependent UV/Vis 
spectroscopy.
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Figure S8 Optimized structure of Ag14DT in reduced ligands. Phenyl rings of the PPh3 were 
reduced to P(CH3)3.
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Figure S9 Density of states of inner core and outer shell of Ag14 cluster.
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Atomically Precise Noble Metal Cluster-Assembled Superstructures
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ABSTRACT: We present an example of host−guest complexes of atomically
precise noble metal nanoparticles with cucurbit[7]uril (CB) in water,
specifically concentrating on Ag29(LA)12 (where LA is α-lipoic acid), a well-
known red luminescent silver cluster. Such host−guest interactions resulted
in enhanced luminescence of about 1.25 times for the modified system,
compared to the parent cluster. We extended our study to cyclodextrins
(CDs), where about 1.5 times enhanced luminescence was estimated
compared to the parent cluster. The formation of supramolecular complexes
was confirmed using high-resolution electrospray ionization mass spectrom-
etry (HRESI MS) and nuclear magnetic resonance spectroscopy. Molecular
docking and density functional theory calculations supported our
experimental results and showed that while CB formed inclusion complexes
by encapsulation of one of the LA ligands of the cluster, CD formed
supramolecular adducts by interaction with the cavity built by the ligands on the cluster surface. The complexation was favored by
geometrical compatibility. Consequently, these superstructures are labeled as Ag29LA12∩CBn and Ag29LA12@CDn (n = 1−3), where
∩ and @ indicate the inclusion complex and supramolecular adduct, respectively. Solution-phase Ag29LA12@CDn complexes were
employed to detect dopamine (10 nM). Luminescent Ag29LA12@CDn and Ag29LA12∩CBn complexes in water could be potential
candidates for organic pollutant sensing and biomedical applications.

■ INTRODUCTION

Noble metal nanoclusters (NMCs) have emerged as new
functional nanomaterials1−3 because of their wide range of
applications including biomedical imaging,4 sensing,5 catal-
ysis,6,7 energy conversion,8 and so forth. Various properties of
NMCs like catalysis, chirality, and photoluminescence (PL) are
controlled by not only the central metal core but also the
ligands.2,9,10 Diverse organic ligands including thiolates,11−13

phosphines,14−17 and alkynes18,19 have been used for the
synthesis of NMCs.
Supramolecular chemistry involves chemical methods to

build complex structures from simple molecular building
blocks via noncovalent interactions. Noncovalent interactions
include ion−ion, hydrogen bonding, π−π stacking, and van der
Waals (vdWs) interactions.20,21 Such interactions of nano-
particles resulted in self-assembled superstructures.22 As the
nanoclusters are protected by organic ligands, supramolecular
complexation is possible for NMCs also.20 Cyclodextrins
(CDs) and cucurbit[7]uril (CB) were used in supramolecular
chemistry because of their encapsulation activity.23 Recently,
Mathew et al. reported the host−guest complexation of
[Au25(SBB)18]

− with β-CD.24 Moussawi et al. synthesized
and crystallized a supramolecular hybrid complex of a
polyoxometalate [P2W18O62]

6−, γ-CD, and [Ta6Br12(H2O)6]
2+,

where CD acted as a linker between polyoxometalate and the
cluster.25 Recently, our group reported isomerism in
Ag29BDT12∩β-CDn (where BDT is 1,3-benzenedithiol; n =
2−4) complexes.26 The supramolecular complexes of
[Ag29(BDT)12]

3− with fullerenes (C60 and C70) were also
studied.27 The crystal structure of the supramolecular
complexes of crown ethers with Ag29BDT12 was resolved,
and the driving forces for such complexation were seen to be
noncovalent interactions.28 Such supramolecular interactions
could assemble them in crystalline superstructures because of
the strong noncovalent interactions. CB belongs to a family of
host molecules which could form assemblies with NMCs. The
supramolecular complexation of luminescent clusters with CDs
and CB in water could be highly useful for biomedical
applications.
A supramolecular adduct is one in which molecular

interactions bring two species together. An inclusion complex
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is a specific category of supramolecular adducts in which a
molecule having a cavity hosts a guest molecule. We can simply
term both of them as supramolecular complexes, as all
inclusion complexes are supramolecular adducts, although all
supramolecular adducts are not inclusion complexes.
Here, we report the supramolecular complexation of

Ag29LA12 (where LA is α-lipoic acid) with CB and CDs in
water. Such noncovalent interactions resulted in enhanced
luminescence of about 1.5 and 1.25 times for β-CD and CB,
respectively, compared to the parent cluster. We used mass
spectrometry (MS) along with critical inputs from nuclear
magnetic resonance (NMR) spectroscopy and computational
studies to characterize Ag29LA12@CDn and Ag29LA12∩CBn (n
= 1−3) complexes, which were stabilized mainly by vdWs and
hydrogen-bonding interactions. Density functional theory
(DFT) studies suggested that CB encapsulated one of the
LA ligands, whereas CD interacted with a cavity on the cluster
surface created by the ligands. Highly luminescent Ag29LA12@
β-CDn complexes were utilized to detect dopamine selectively
in solution at very low concentrations (10 nM). Dopamine is
one of the main neurotransmitters of both peripheral and
central nervous systems, and a change of its concentration
from the normal range has been connected with diseases such
as Alzheimer’s and Parkinson’s diseases. Hence, the develop-
ment of a simple method to detect dopamine is noteworthy.
There have been a few methods introduced earlier to sense
dopamine.29,30

■ EXPERIMENTAL SECTION

Chemicals and Materials. AgNO3, NaBH4, (±)-α-lipoic
acid, CDs (α, β, and γ), CB, D2O, phenylalanine, ascorbic acid,
glucose, dopamine, and methanol were obtained from Sigma-
Aldrich. Butanol and H2O2 were obtained from Rankem. Milli-
Q quality water was used throughout the experiment.

Synthesis of [Ag29(LA)12@CDn] Complexes. About 19
mg LA and 7 mg NaBH4 were mixed in 14 mL of water in a
glass bottle. This mixture was stirred (using a magnetic pellet)
until it became a clear solution. Next, about 700 μL of 25 mM
AgNO3 solution was added (the solution became turbid),
followed by 10 mg NaBH4 in 2 mL of water. The bottle was
covered with an aluminum foil to minimize the exposure of the
clusters to light. After 4−5 h, the clusters were formed. About
10 mg of CD was added to the cluster solution, and the
reaction was continued for about 2 h. The reaction was done at
room temperature under continuous magnetic stirring. The
samples were kept in a fridge after covering the bottle with an
aluminum foil. The clusters were purified with BuOH by
mixing 300 μL of clusters, 400 μL of BuOH, and 100 μL of
methanol in a 2 mL vial. The mixture was centrifuged to
accelerate phase separation, and the upper colorless organic
layer was removed. This was repeated until the clusters were
sedimented. Typically, three to five extractions with BuOH
were required. A gum-like material was obtained after
purification.

Synthesis of [Ag29(LA)12∩CBn] Complexes. About 2 mg
of CB was dissolved in 2 mL of Milli-Q water. Next, about 100
μL of this solution was added to the purified cluster solution at
the required concentration.

Instrumentation. Electrospray Ionization MS. All MS
measurements were performed using a Waters Synapt G2Si
high-definition mass spectrometer equipped with electrospray
ionization (ESI) and ion mobility separation. All measure-
ments were carried out in the negative ion mode. The
instrument was calibrated using NaI as the calibrant. The
typical experimental parameters were: desolvation gas temper-
ature, 150 °C; source temperature, 100 °C; desolvation gas
flow, 400 L/h; capillary voltage, 3 kV; sample cone, 0 V; source
offset, 0 V; trap collision energy, 2 V; and trap gas flow, 2 mL/
min. The sample was infused at a flow rate of 30 μL/min.

Figure 1. Full-range HRESI MS spectra of [Ag29(LA)12∩CBn] complexes, where n = 1−3 (A) and Ag29(LA)12 (B). Relative peak intensities of the
isotopologues of Ag29(LA)12

3− are presented in the inset of (A). Assignments of the peaks are provided in the inset of (A,B) with numbering, where
X = Ag29(LA)12. (C) Schematic representation of [Ag29(LA)12∩CBn] for n = 1. Color codes: silver, light yellowish gray; sulfur, yellow; carbon, gray;
oxygen, red. Encapsulated LA inside CB is in blue. CB is presented in light green color. (D) PL spectra of [Ag29(LA)12∩CBn] complexes (i) and
pure cluster (ii). Photographs of the solution of [Ag29(LA)12∩CBn] complexes (i) and [Ag29(LA)12] (ii) under UV light are shown in the inset of
(D).
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More details on instrumentation are presented in the
Supporting Information. Computational details are also
presented in the Supporting Information.

■ RESULTS AND DISCUSSION
In the discussion presented below, supramolecular complexes
are designated as Ag29(LA)12∩CBn and Ag29(LA)12@CDn,
although the exact nature of complexation will be confirmed
only by a combination of studies.

Characterization of [Ag29(LA)12∩CBn] Complexes. The
supramolecular complexes of Ag29(LA)12 with CB were
confirmed using high-resolution ESI MS (HRESI MS) (Figure
1A). ESI MS spectra of [Ag29(LA)12∩CBn and [Ag29(LA)12]
are shown in Figure 1A,B. The assignments of the peaks are
given in the inset of Figure 1A with appropriate numbering.
Peaks 2, 6, 8, and 11 correspond to (X)∩CB1

5−, (X)∩CB1
4−,

(X)∩CB3
4−, and (X)∩CB2

4−, respectively, where X =
Ag29(LA)12 (Figure 1B). Loss of ligands and CB was observed

Figure 2. HRESI MS of [Ag29(LA)12@β-CDn] complexes, where n = 1−3 (A) and Ag29(LA)12 (B). Assignments of the peaks are provided in the
inset of (A,B) with numbering, where X = Ag29(LA)12. Branching of peaks appeared because of the presence of Na adducts. [X∩CD3]

4− (peak 4) is
lighter than [X∩CD1]

4− (peak 7) in (A) because of Na attachments. (C) Schematic representation of [Ag29(LA)12@CDn] for n = 1. Color codes:
silver, light yellowish gray; sulfur, yellow; carbon, gray; oxygen, red. CD is presented in light blue color. (D) PL spectra of [Ag29(LA)12@β-CDn]
complexes (i) and pure cluster (ii). Photographs of the solution of [Ag29(LA)12@β-CDn] complexes (i) and [Ag29(LA)12] (ii) under UV light are
shown in the inset of (D).

Figure 3. 1H NMR spectra of [Ag29(LA)12∩CBn] (A) and Ag29(LA)12 (B). Assignments of the peaks are provided. (C) Zoomed-in view of the peak
“a” from (A,B), which shows a significant change after the supramolecular complexation with ∼0.2 ppm chemical shift. (D) DFT-optimized
structure of [Ag29(LA)12∩CB1]. The color codes remain the same as in Figure 1. Encapsulated LA and CB are shown in blue and light green,
respectively.
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in the case of [Ag29(LA)12∩CBn] (n = 1−3), which could be
due to the voltages applied during ESI MS measurements. The
loss of ligands was observed for the parent cluster also. Various
charge states of the complexes were detected because of the
presence of carboxylic acid groups on the cluster, which was
also previously seen in the case of Ag29LA12

31 and Ag11(SG)7.
32

[X∩CB3]
4− (peak 8) is lighter than [X∩CB2]

4− (peak 11) in
Figure 1A. This is due to the number of Na+ attachments.
Moreove r , t he sup r amo lecu l a r i n t e r a c t i on s o f
[Ag29(LA)12∩CBn] complexes resulted in 1.25 times enhance-
ment in luminescence, compared to the parent cluster (Figure
1D). However, the emission maximum of [Ag29(LA)12∩CBn]
complexes (∼680 nm) was almost the same as that of
Ag29(LA)12. The emission spectra of the cluster and its
supramolecular complexes with CB are provided in Figure 1D.
Photographs of the solution of [Ag29(LA)12∩CBn] complexes
and [Ag29(LA)12] under UV light are shown in the inset of
Figure 1D. The optical absorption features showed similar
nature to that of the cluster, with a slightly decreasing
absorption, as shown in Figure S2.
Characterization of [Ag29(LA)12@CDn] Complexes. The

as-synthesized [Ag29(LA)12@β-CDn] (n = 1−3) complexes
were characterized using HRESI MS. ESI MS spectra of
[Ag29(LA)12@β-CDn] (n = 1−3) complexes are provided in
Figure 2A. The assignments of the peaks are mentioned in the
inset of Figure 2A,B. Peaks 2, 4, 6, and 7 represent (X)@β-
CD1

5−, (X)@β-CD3
4−, (X)@β-CD2

5−, and (X)@β-CD1
4−,

respectively, where X = Ag29(LA)12. The ESI MS spectrum
of Ag29(LA)12 is provided in Figure 2B. The loss of ligands and
CDs was similar in nature with the [Ag29(LA)12∩CBn] (n = 1−
3) complexes. Moreover, various charge states of the
complexes were observed in this case also. In the case of α
and γ-CD, similar types of adduct formation were confirmed
using HRESI MS. The ESI MS spectra of [Ag29(LA)12@α-
CDn] and [Ag29(LA)12@γ-CDn] complexes are provided in
Figures S3 and S4, respectively. After forming such supra-
molecular adducts, [Ag29(LA)12@β-CDn] complexes became
more stable compared to only Ag29(LA)12. [Ag29(LA)12@β-
CDn] complexes were 1.5 times more luminescent compared
to the parent cluster. The emission spectra of Ag29(LA)12 and
its CD complexes are provided in Figure 2D. The UV−vis
features of [Ag29(LA)12@β-CDn] and Ag29(LA)12 were almost
similar, which indicated that the electronic structure of the
cluster was unaltered by CD complexation (Figure S5).
Photographs of the solution of [Ag29(LA)12@β-CDn] com-
plexes and [Ag29(LA)12] under UV light are provided in the
inset of Figure 2D.
NMR Study. Solution-phase NMR studies were performed

in order to understand the interactions between the cluster and
CB. The 1H NMR spectra for [Ag29(LA)12∩CBn] and
Ag29(LA)12 cluster are shown in Figure 3A,B. Zoomed in
views of peak “a” from Figure 3A,B are shown in Figure 3C,
where a triplet peak was converted to a singlet peak along with
∼0.2 ppm upfield chemical shift because of the change in the
environment of the proton of LA after supramolecular
complexation. This supported the existence of supramolecular
interactions in the solution phase. Similarly, 1H NMR for
[Ag29(LA)12@β-CDn] complexes was also performed. The 1H
NMR spectra for [Ag29(LA)12@β-CDn] and Ag29(LA)12 are
shown in Figure S6A,B. Because of the strong interactions,
almost all the peaks, H1−H6, showed an upfield shift. H4 of the
β-CD peak overlapped with the “e” peak of LA. As a result, the
overall intensity of the peak increased.

Computational Study to Understand the Structures
of [Ag29(LA)12∩CBn] and [Ag29(LA)12@β-CDn] Complexes.
Lopez et al. reported that the core structure of Ag29(LA)12 is
analogous to that of Ag29(BDT)12.

33 Using this reported DFT
method, we optimized the structure of Ag29(LA)12

3−. We
performed molecular docking, followed by DFT optimization,
to understand the structures of [Ag29(LA)12∩CBn] and
[Ag29(LA)12@β-CDn] complexes. Molecular docking was
carried out in order to get the lowest minimum geometry for
[Ag29(LA)12∩CB1] and [Ag29(LA)12@β-CD1]. We used
Ag29(LA)12 as the “ligand” and supramolecular agents (CB
and β-CD) as the “receptor” molecules. DFT was carried out
after obtaining the lowest energy structure from the docking
study. The DFT-optimized structure of [Ag29(LA)12∩CB1] is
shown in Figures 3D and S7, where one CB molecule (light
green) encapsulated one LA ligand (blue) of Ag29(LA)12. The
binding energy value was −12.58 kcal/mol. The optimized
structure of [Ag29(LA)12∩CB1] revealed that vdWs and
dipole−dipole interactions were responsible for such a type
of complexation. Similarly, we optimized the structure of
[Ag29(LA)12@β-CD1] using DFT. The optimized structure of
this system is shown in Figure S8. Here, LA ligands anchored
on the cluster surface formed a cavity, into which the CD
molecule (light blue) could fit. The wider rim of CD interacted
with the LA ligands of this cavity. The binding energy value
was −70.01 kcal/mol. vdW and hydrogen-bonding interactions
were the primary reasons for such supramolecular complex-
ation. We also obtained the structures of [Ag29(LA)12∩CB2]
and [Ag29(LA)12@β-CD2] complexes using molecular docking
and DFT optimization. The structures and binding energies of
[Ag29(LA)12∩CB2] and [Ag29(LA)12@β-CD2] complexes are
shown in Figures S9 amd S10, respectively. Various
possibilities of binding of CB and CD with the cluster were
examined. From these calculations, it was confirmed that CB
formed inclusion complexes with Ag29(LA)12, whereas CD
formed simple supramolecular adducts.

Dopamine Sensing. Dopamine has several important
functions in brain and body. Previously, various methods such
as electrochemical, calorimetric, fluorescence, and so forth
were used for sensing this molecule, and a summary of such
studies is provided in Table S1. As the cavity of the CD in the
complexes is free to encapsulate other molecules, we used
[Ag29(LA)12@β-CDn] to sense dopamine. The luminescence
of [Ag29(LA)12@β-CDn] was quenched upon the addition of
dopamine, at a concentration of 1 mM (Figure 4A).
[Ag29(LA)12@β-CDn] did not respond to other related species
like glucose, H2O2, phenylalanine, and ascorbic acid at a
concentration of 1 mM (Figure 4A). These species tested are
likely to exist in such situations. Photographs of the solutions
of [Ag29(LA)12@β-CDn] before and after the addition of
glucose, H2O2, phenylalanine, dopamine, and ascorbic acid are
shown in Figure 4B. The vacant cavity of CD could
encapsulate dopamine molecules, leading to such quenching.
PL intensity decreased upon increasing the dopamine
concentration in solution (Figure S11A). About 10 nM
dopamine solution was detected by this method (Figure
S11A). Comparison of our data with the literature is provided
in Table S1. Previously, CD-based gold nanoparticles were
used to sense dopamine.34 Fluorescent gold nanoclusters were
also used for the selective detection of dopamine.35 Here,
luminescent supramolecular complexes of atomically precise
silver cluster were utilized to detect dopamine in water. This is
the first example of dopamine sensing using supramolecular
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complexes of atomically precise clusters. Quenching data at
different concentrations of dopamine are provided in Figure
S11A. The plot between PL quenching efficiency and
dopamine concentration shows a linear relationship (Figure
S11B).
Regarding other implications of these structures, we suggest

that their isolation in the solid state can result in new classes of
cluster-assembled solids. Such cluster-assembled solids are
likely to be functional materials. The vacant cavity of β-CD in
[Ag29(LA)12@β-CDn] complexes could be utilized for sensing
organic pollutants in air, besides their use in drug delivery and
bioimaging, as the cluster is likely to be biocompatible.
Although these are only suggestions at the moment, we believe
that such supramolecular complexes presented here may bring
new aspects into the expanding science of NMCs.

■ CONCLUSIONS
In summary, we showed the formation of supramolecular
complexes of Ag29(LA)12 with CB and CDs. Noncovalent
interactions enhanced the luminescence of the cluster. The
formation of Ag29LA12@CDn and Ag29LA12∩CBn (n = 1−3)
complexes was characterized using HRESI MS and NMR.
Molecular docking and DFT calculations supported the
experimental results. Supramolecular complexes of
Ag29LA12@β-CDn were used to detect dopamine in solution
at a limit of 10 nM with high selectivity. Host−guest
complexation could be observed for other clusters also
depending on the symmetry, orientation, and geometry of
the ligands surrounding the cluster.
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Experimental Details

Instrumentation

The UV-vis spectra were measured using a PerkinElmer Lambda 25 UV-vis spectrophotometer. 

PL spectra were collected using a HORIBA JOBIN YVON Nano Log instrument. The bandpass 

was set at 3 nm during the measurements. NMR measurements were performed using a Bruker 

500 MHz NMR spectrometer. Transmission Electron Microscopy of the samples was performed 

using a JEOL 3010 instrument with a UHR polepiece.

Computational Details 

The interactions of β-CD and CB on the surface of a monolayer of LA protected Ag29(LA)12
3- 

nanocluster was computationally studied by density functional theory (DFT) using GPAW (grid-

based projector-augmented wave method) software package1-2. For this, Ag29(LA)12
3- nanocluster 

was initially constructed from the crystal structure of Ag29(BDT)12(TPP)4
3- nanocluster by 

replacing the BDT ligands by LA. The atomic PAW set-ups for each atoms are Ag (4d10 5s1), S 

(3s23p4), O (2s22p4), C (2s22p2) and H (1s1) which tells the valence electronic configuration and 

the inclusion of scalar-relativistic effects for Ag. First of all, the geometries of Ag29(LA)12
3- 

Figure S9 DFT optimised structure of [Ag29(LA)12∩CB2] S12

Figure S10 DFT optimised structure of [Ag29(LA)12@β-CD2] S13

Figure S11 PL spectra of [Ag29(LA)12@β-CDn] after addition of different 
concentration of dopamine

S14

Table S1 Different methods for dopamine detection available in the literature S15

Coordinates of the lowest energy geometry of Ag29LA12∩CB1 S16

Coordinates of the lowest energy geometry of Ag29LA12∩CD1 S31
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nanocluster, cyclodextrin, and cucurbituril were separately optimized using the DZP basis set in 

LCAO mode along with the PBE (Perdew-Burke-Ernzerhof) exchange-correlation functional3 

with a grid spacing of 0.2 Å in LCAO mode. The convergence condition is that the forces acting 

on atoms were set to be 0.05 eV/Å, without imposing any symmetry constraints. Then the 

structures of the supramolecular complexes were obtained using molecular docking. The docked 

structures were re-optimized in DFT with the same level of theory. 

Molecular docking studies have been carried out using AutoDock 4.2 and AutoDock Tools 

programs4. The DFT optimized structures of [Ag29(LA)12]5 and β-CD were used for this study. 

We used [Ag29(LA)12] as the ‘ligand’. The ‘receptor’ molecule was CD and this was the fixed 

and completely rigid central molecule. We assigned partial charges from DFT for all atoms of 

[Ag29(LA)12]3-. Receptor grids were generated using 126 × 126 × 126 grid points with a grid 

spacing of 0.375 Å and map types for all the ligand atoms were created using AutoGrid 4.6. The 

van der Waals radius σ (Å) and well depth ε (kcal/mol) for Ag of 2.63 Å and 4.560 kcal/mol, 

respectively, were taken from well-tested sources in literature6-7 and these were added to the 

AutoDock parameter file which does not contain them by default. The grid parameter file (.gpf) 

was saved using MGL Tools-1.4.6.50. For docking, the docking parameter files (.dpf) were 

generated using MGLTools-1.4.6.50 and docking was performed using AutoDock4.2. The 

results of AutoDock generated an output file (.dlg), and the generated conformers were scored 

and ranked as per the interaction energy. Ten lowest energy conformers were obtained. The 

structure showing the lowest binding energy between the interacting molecules was used as an 

initial structure for DFT optimization. The free energies of binding were calculated subtracting 

the unbound energies from the sum of the intermolecular and internal energy terms in the 

adducts, which is a calculation that is performed within the AutoDock program. We obtained the 

structures of [Ag29(LA)12∩CBn] complexes using similar process. 
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Figure S1. A) HRESI MS and B) UV-vis spectra of [Ag29(LA)12]. Different charge states of the 
cluster (3- and 4-) were observed in ESI MS. One loss of LA was noticed for both 3- and 4- 
charge states of the cluster.
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Figure S2. UV-vis spectra of Ag29(LA)12 and [Ag29(LA)12∩CBn]. With increasing the 
concentration of cucurbituril in the solution, absorbance of the peaks was decreasing and a 
crossover point was detected at ~550 nm.  
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Figure S3. HRESI MS of [Ag29(LA)12@α-CDn], where n = 1-3. Assignments of the peaks are 
provided in the inset of Figure S3 with numbering, where X = Ag29(LA)12. Branching of peaks 
was appearing because of Na adducts.
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Figure S4. HRESI MS of [Ag29(LA)12@γ-CDn], where n = 1-3. Assignments of the peaks are 
provided in the inset of Figure S4 with numbering, where X = Ag29(LA)12. Branching of peaks 
was appearing because of Na adducts.
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Figure S5. UV-vis spectrum of [Ag29(LA)12@β-CDn] complexes. UV-vis features are similar to 
that of the parent cluster.
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Figure S6. 1H NMR of [Ag29(LA)12@β-CDn] A) and Ag29(LA)12 B). Due to the strong 

interactions, almost all the peaks H1 to H6 got shifted in the upfield region. H4 of the CD peak is 

overlapped with the lipoic acid ‘e’ peak. As a result, the overall peak intensity increased.
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A) B)

Binding energy = - 12.58 kcal/mol

Figure S7. DFT optimised structure of [Ag29(LA)12∩CB1] with different orientations, A) and B). 

Encapsulated LA and CB are shown in blue and light green, respectively.
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A) B)

Binding energy = - 70.01 kcal/mol

Figure S8. DFT optimised structure of [Ag29(LA)12@β-CD1] with different orientations, A) and 

B). β-CD is shown in light blue.
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Binding energy = - 10.05 kcal/mol

Figure S9. DFT optimised structure of [Ag29(LA)12∩CB2]. Encapsulated LA and CB are shown 

in blue and light green, respectively.
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Binding energy = - 64.93 kcal/mol

Figure S10. DFT optimised structure of [Ag29(LA)12@β-CD2]. β-CDs are shown in light blue.
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Figure S11. A) Dopamine concentration dependent quenching of a solution of [Ag29(LA)12@β-
CDn] complexes. With increase in the concentration of dopamine, PL intensity was decreased. B) 
Plot between PL quenching efficiency and dopamine concentration shows a linear relationship.
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Table S1. Different methods for dopamine detection available in the literature.

Method used and references Property used for 
detection

Detection limit

Periodic cylindrical gold nanoelectrode 
arrays8

Electrochemical 5.83 µM

Colorimetric detection of dopamine using 
functionalized gold nanoparticles9

Plasmon absorption 0.5 nM

Colorimetric sensing of dopamine using 
hexagonal silver nanoparticles10

Plasmon absorption 0.031 µM

Rotating droplet system11 Electrochemical 100 nM

Turn-on fluorescent sensing based on in 
situ formation of visible light emitting 
polydopamine nanoparticles12

Florescence of PDA 
nanoparticles

40 nM

Colorimetric Detection using cyclodextrin-
modified Au nanoparticles13

Plasmon absorption 3 nM

Protein conjugated fluorescent gold 
nanoclusters14

Fluorescence of gold 
nanoclusters

10 nM

This work Fluorescence of 
supramolecular 
complexes of 

atomically precise 
cluster

10 nM
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Coordinates of the lowest energy geometry of Ag29LA12∩CB1

O      21.222000    8.150000    5.720000

O      18.093000   12.492000    8.653000

O      24.161000    8.820000    7.958000

O      20.776000   13.095000   10.821000

O      24.856000    7.226000   11.180000

O      21.512000   11.435000   14.072000

O      22.973000    4.478000   12.958000

O      19.654000    8.750000   15.863000

O      19.886000    2.760000   11.993000

O      16.523000    6.986000   14.978000

O      17.846000    3.359000    8.901000

O      14.536000    7.549000   11.938000

O      18.471000    5.734000    6.239000

O      15.274000    9.991000    9.217000

N      19.297000    9.401000    5.574000

N      21.164000   10.414000    6.184000

N      18.050000   11.112000    6.807000

N      19.923000   12.192000    7.286000

N      23.036000   10.820000    7.680000

N      24.253000   10.517000    9.525000

N      21.757000   12.608000    8.799000

N      22.909000   12.212000   10.663000

N      24.770000    9.479000   11.639000

N      24.313000    8.039000   13.249000

N      23.386000   11.155000   12.760000

N      23.010000    9.739000   14.429000

N      23.113000    6.271000   14.423000

N      21.504000    4.793000   14.741000

N      21.796000    7.966000   15.558000
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N      20.152000    6.489000   15.841000

N      19.450000    3.670000   14.050000

N      17.770000    3.294000   12.687000

N      18.133000    5.351000   15.221000

N      16.402000    4.939000   13.888000

N      16.411000    3.640000   10.694000

N      15.912000    4.627000    8.764000

N      15.075000    5.286000   11.895000

N      14.633000    6.323000    9.975000

N      16.355000    6.225000    6.982000

N      17.471000    7.794000    5.911000

N      15.098000    7.920000    8.203000

N      16.275000    9.490000    7.183000

C      20.638000    9.214000    5.839000

C      18.908000   10.798000    5.694000

C      20.231000   11.500000    6.061000

C      18.639000   11.973000    7.685000

C      22.592000   10.584000    6.342000

C      20.791000   13.176000    7.915000

C      23.853000    9.938000    8.367000

C      23.058000   12.157000    8.306000

C      23.844000   11.911000    9.603000

C      21.719000   12.670000   10.153000

C      25.272000    9.964000   10.364000

C      23.277000   12.400000   12.030000

C      24.657000    8.175000   11.927000

C      24.586000   10.333000   12.792000

C      24.302000    9.314000   13.917000

C      22.538000   10.828000   13.785000

C      24.399000    6.778000   13.957000

C      22.449000    9.247000   15.670000
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C      22.558000    5.110000   13.928000

C      22.476000    6.711000   15.657000

C      21.359000    5.671000   15.843000

C      20.416000    7.836000   15.773000

C      20.779000    3.528000   14.586000

C      18.885000    6.025000   16.267000

C      19.108000    3.220000   12.833000

C      18.305000    3.969000   14.872000

C      17.123000    3.679000   13.938000

C      16.969000    5.872000   14.717000

C      17.032000    2.706000   11.594000

C      15.070000    5.070000   13.341000

C      16.818000    3.830000    9.403000

C      15.125000    4.204000   10.927000

C      14.787000    4.934000    9.608000

C      14.724000    6.501000   11.358000

C      15.991000    4.869000    7.335000

C      14.125000    7.357000    9.133000

C      17.555000    6.526000    6.363000

C      15.419000    7.337000    6.920000

C      16.213000    8.430000    6.200000

C      15.532000    9.218000    8.300000

C      18.462000    8.358000    5.017000

C      16.621000   10.854000    6.816000

H      18.396000   11.075000    4.796000

H      20.644000   12.214000    5.379000

H      22.894000   11.417000    5.742000

H      23.035000    9.657000    6.043000

H      20.182000   13.856000    8.473000

H      21.333000   13.662000    7.130000

H      23.426000   12.867000    7.596000
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H      24.722000   12.501000    9.767000

H      26.003000   10.722000   10.554000

H      25.685000    9.123000    9.847000

H      22.535000   13.009000   12.503000

H      24.241000   12.865000   12.042000

H      25.428000   10.988000   12.878000

H      24.984000    9.249000   14.739000

H      25.036000    6.912000   14.806000

H      24.783000    6.059000   13.264000

H      21.732000    9.960000   16.020000

H      23.268000    9.116000   16.346000

H      23.214000    6.809000   16.425000

H      21.358000    5.066000   16.725000

H      20.705000    3.064000   15.547000

H      21.332000    2.941000   13.883000

H      18.314000    6.863000   16.608000

H      19.057000    5.309000   17.043000

H      18.398000    3.417000   15.784000

H      16.429000    2.912000   14.211000

H      16.264000    2.088000   12.010000

H      17.750000    2.168000   11.010000

H      14.587000    5.902000   13.810000

H      14.550000    4.154000   13.530000

H      14.495000    3.409000   11.267000

H      13.894000    4.659000    9.087000

H      15.035000    4.656000    6.905000

H      16.766000    4.235000    6.958000

H      13.764000    8.148000    9.757000

H      13.359000    6.910000    8.534000

H      14.508000    6.995000    6.474000

H      15.830000    8.837000    5.288000
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H      19.102000    7.564000    4.694000

H      17.908000    8.822000    4.227000

H      16.237000   11.048000    5.836000

H      16.192000   11.495000    7.557000

Ag     15.738000   16.112000   16.160000

Ag     13.280000   15.986000   14.712000

Ag     15.730000   17.600000   13.699000

Ag     14.208000   18.524000   16.286000

Ag     18.207000   16.008000   17.594000

Ag     11.460000   14.296000   12.816000

Ag     12.989000   18.739000   13.521000

Ag     17.396000   19.398000   11.783000

Ag     12.483000   20.500000   17.993000

Ag     19.090000   20.407000   14.297000

Ag     18.491000   18.797000   18.716000

Ag     14.295000   13.621000   16.081000

Ag     13.320000   16.183000   17.690000

Ag     15.882000   14.662000   18.604000

Ag     17.191000   18.587000   16.000000

Ag     12.402000   11.709000   14.515000

Ag     13.122000   13.398000   18.890000

Ag     11.505000   17.805000   19.524000

Ag     17.588000   12.888000   20.516000

Ag     14.120000   19.606000   20.490000

Ag     15.609000   14.660000   13.707000

Ag     17.248000   13.683000   16.228000

Ag     18.133000   16.271000   14.600000

Ag     15.679000   17.630000   18.568000

Ag     14.003000   12.682000   11.887000

Ag     18.395000   13.500000   13.467000

Ag     19.123000   11.799000   17.884000



S21

Ag     20.031000   17.817000   12.630000

Ag     20.198000   14.401000   19.411000

S      16.562000   13.376000   11.718000

S      14.746000   18.878000   11.703000

S      12.924000   20.510000   15.347000

S      20.246000   16.981000   18.788000

S      12.349000   13.929000   10.521000

S      19.055000   18.186000   10.388000

S      17.726000   21.705000   12.660000

S      21.373000   19.468000   13.894000

S      11.244000   16.912000   13.485000

S      11.346000   15.203000   18.992000

S      14.981000   13.358000   20.620000

S      18.516000   20.558000   16.902000

S      10.128000   12.681000   14.146000

S      10.201000   19.548000   18.319000

S      12.517000   18.249000   21.785000

S      13.770000   21.905000   19.553000

S      13.093000   11.615000   17.094000

S      18.548000   11.713000   15.259000

S      20.148000   15.286000   13.324000

S      16.707000   18.909000   20.509000

S      13.657000   10.390000   12.832000

S      17.933000   10.572000   19.656000

S      21.442000   12.686000   18.124000

S      19.328000   14.124000   21.754000

C       9.416000   13.473000   15.650000

H       8.813000   12.689000   16.131000

H       8.727000   14.260000   15.303000

C      10.449000   14.029000   16.620000

H      11.074000   14.764000   16.088000



S22

H      11.123000   13.206000   16.903000

C       9.923000   14.663000   17.911000

H       9.371000   15.590000   17.690000

C       9.016000   13.742000   18.756000

H       9.301000   12.693000   18.573000

H       9.214000   13.934000   19.822000

C       7.514000   13.933000   18.512000

C       6.664000   13.077000   19.457000

C       5.157000   13.279000   19.255000

C       4.228000   12.523000   20.194000

O       4.620000   11.259000   20.550000

O       3.173000   12.955000   20.603000

H       7.254000   13.699000   17.467000

H       7.259000   14.995000   18.667000

H       6.941000   12.018000   19.298000

H       6.935000   13.315000   20.498000

H       4.879000   12.978000   18.230000

H       4.891000   14.341000   19.344000

H       5.499000   11.082000   20.164000

C       9.920000   17.494000   14.633000

H       9.167000   16.695000   14.683000

H       9.466000   18.344000   14.103000

C      10.394000   17.923000   16.024000

H      11.431000   18.281000   15.949000

H      10.426000   17.059000   16.702000

C       9.569000   19.048000   16.651000

H       9.727000   19.945000   16.031000

C       8.043000   18.770000   16.701000

H       7.835000   17.743000   16.358000

H       7.689000   18.835000   17.740000

C       7.267000   19.767000   15.836000



S23

C       5.755000   19.536000   15.773000

C       5.070000   20.587000   14.884000

C       3.569000   20.457000   14.699000

O       3.105000   19.197000   14.422000

O       2.787000   21.380000   14.745000

H       7.667000   19.746000   14.808000

H       7.460000   20.784000   16.217000

H       5.574000   18.514000   15.388000

H       5.321000   19.563000   16.785000

H       5.521000   20.552000   13.876000

H       5.256000   21.596000   15.274000

H       3.848000   18.565000   14.479000

C      13.021000   15.491000    9.810000

H      12.186000   15.929000    9.243000

H      13.805000   15.211000    9.089000

C      13.549000   16.481000   10.842000

H      12.718000   16.739000   11.516000

H      14.303000   15.967000   11.462000

C      14.144000   17.787000   10.307000

H      15.054000   17.569000    9.728000

C      13.181000   18.614000    9.422000

H      12.146000   18.449000    9.764000

H      13.387000   19.684000    9.572000

C      13.298000   18.314000    7.921000

C      12.320000   19.123000    7.061000

C      12.517000   18.875000    5.556000

C      11.596000   19.645000    4.626000

O      10.258000   19.587000    4.925000

O      11.956000   20.265000    3.651000

H      13.140000   17.241000    7.728000

H      14.327000   18.540000    7.594000



S24

H      11.290000   18.866000    7.371000

H      12.443000   20.196000    7.274000

H      12.374000   17.803000    5.333000

H      13.543000   19.121000    5.256000

H      10.135000   19.073000    5.745000

C      17.015000   14.476000   10.299000

H      16.111000   14.556000    9.682000

H      17.762000   13.901000    9.732000

C      17.568000   15.841000   10.701000

H      16.750000   16.478000   11.073000

H      18.241000   15.687000   11.557000

C      18.377000   16.620000    9.653000

H      19.271000   16.029000    9.391000

C      17.648000   17.006000    8.355000

H      16.661000   17.421000    8.618000

H      18.201000   17.838000    7.892000

C      17.489000   15.896000    7.308000

C      16.672000   16.359000    6.101000

C      16.529000   15.264000    5.028000

C      15.619000   15.656000    3.882000

O      14.289000   15.788000    4.205000

O      15.973000   15.865000    2.744000

H      16.998000   15.012000    7.741000

H      18.484000   15.561000    6.971000

H      15.674000   16.675000    6.449000

H      17.131000   17.253000    5.649000

H      16.137000   14.344000    5.495000

H      17.509000   15.024000    4.596000

H      14.164000   15.572000    5.147000

C      15.297000   22.575000   18.768000

H      15.842000   23.089000   19.575000



S25

H      14.975000   23.339000   18.043000

C      16.179000   21.520000   18.115000

H      16.409000   20.760000   18.876000

H      15.600000   21.004000   17.333000

C      17.512000   22.001000   17.531000

H      17.342000   22.638000   16.648000

C      18.410000   22.754000   18.538000

H      18.176000   22.396000   19.554000

H      19.456000   22.469000   18.348000

C      18.334000   24.285000   18.483000

C      19.344000   24.924000   19.445000

C      19.464000   26.446000   19.308000

C      20.513000   27.141000   20.171000

O      21.009000   26.434000   21.232000

O      20.900000   28.272000   19.978000

H      17.319000   24.645000   18.718000

H      18.555000   24.622000   17.457000

H      19.048000   24.655000   20.477000

H      20.330000   24.462000   19.266000

H      18.503000   26.931000   19.548000

H      19.683000   26.729000   18.267000

H      20.614000   25.541000   21.233000

C      14.048000   21.851000   14.747000

H      14.088000   22.601000   15.550000

H      13.509000   22.298000   13.899000

C      15.441000   21.404000   14.307000

H      16.096000   21.265000   15.178000

H      15.358000   20.418000   13.830000

C      16.105000   22.343000   13.298000

H      15.465000   22.352000   12.400000

C      16.260000   23.803000   13.794000



S26

H      15.868000   23.898000   14.821000

H      17.328000   24.064000   13.845000

C      15.532000   24.794000   12.884000

C      15.671000   26.257000   13.308000

C      14.865000   27.196000   12.402000

C      15.015000   28.687000   12.645000

O      15.220000   29.074000   13.943000

O      14.941000   29.529000   11.779000

H      14.461000   24.530000   12.846000

H      15.913000   24.681000   11.855000

H      15.326000   26.342000   14.357000

H      16.734000   26.545000   13.299000

H      13.789000   26.968000   12.498000

H      15.116000   27.031000   11.345000

H      15.293000   28.276000   14.502000

C      13.285000   16.741000   22.521000

H      12.477000   16.259000   23.091000

H      14.045000   17.082000   23.242000

C      13.875000   15.771000   21.504000

H      14.657000   16.291000   20.929000

H      13.081000   15.526000   20.782000

C      14.437000   14.448000   22.035000

H      15.355000   14.627000   22.617000

C      13.447000   13.632000   22.896000

H      12.422000   13.843000   22.546000

H      13.620000   12.561000   22.714000

C      13.555000   13.875000   24.407000

C      12.459000   13.147000   25.193000

C      12.588000   13.336000   26.711000

C      11.531000   12.674000   27.580000

O      10.236000   12.782000   27.147000



S27

O      11.764000   12.106000   28.623000

H      13.507000   14.951000   24.637000

H      14.542000   13.528000   24.755000

H      11.482000   13.525000   24.834000

H      12.478000   12.073000   24.948000

H      12.554000   14.415000   26.946000

H      13.558000   12.966000   27.069000

H      10.230000   13.228000   26.279000

C      17.331000   17.853000   21.891000

H      16.526000   17.804000   22.639000

H      18.154000   18.444000   22.318000

C      17.815000   16.468000   21.473000

H      18.362000   16.569000   20.526000

H      16.952000   15.819000   21.253000

C      18.743000   15.741000   22.454000

H      19.667000   16.334000   22.560000

C      18.136000   15.531000   23.858000

H      17.045000   15.404000   23.757000

H      18.514000   14.590000   24.285000

C      18.440000   16.687000   24.823000

C      17.559000   16.711000   26.074000

C      17.849000   17.943000   26.949000

C      16.979000   18.086000   28.183000

O      15.627000   18.082000   27.966000

O      17.395000   18.211000   29.313000

H      18.320000   17.650000   24.304000

H      19.500000   16.638000   25.123000

H      16.502000   16.707000   25.751000

H      17.698000   15.792000   26.668000

H      17.718000   18.856000   26.342000

H      18.890000   17.933000   27.295000



S28

H      15.453000   17.945000   27.016000

C      15.267000    9.724000   13.443000

H      15.765000    9.336000   12.543000

H      15.040000    8.864000   14.093000

C      16.152000   10.740000   14.156000

H      15.636000   11.092000   15.061000

H      16.244000   11.619000   13.500000

C      17.573000   10.292000   14.524000

H      17.546000    9.530000   15.320000

C      18.412000    9.769000   13.336000

H      18.096000   10.308000   12.427000

H      19.461000   10.056000   13.505000

C      18.389000    8.256000   13.084000

C      19.295000    7.891000   11.898000

C      19.442000    6.385000   11.658000

C      20.305000    5.950000   10.480000

O      20.371000    6.810000    9.419000

O      20.888000    4.890000   10.425000

H      17.366000    7.895000   12.892000

H      18.743000    7.728000   13.986000

H      18.873000    8.386000   11.002000

H      20.290000    8.337000   12.059000

H      18.450000    5.931000   11.491000

H      19.859000    5.884000   12.543000

H      19.882000    7.627000    9.640000

C      14.250000   10.269000   17.604000

H      14.341000    9.591000   16.743000

H      13.708000    9.735000   18.398000

C      15.607000   10.754000   18.106000

H      15.444000   11.678000   18.678000

H      16.251000   11.039000   17.258000



S29

C      16.375000    9.797000   19.020000

H      15.767000    9.623000   19.924000

C      16.738000    8.434000   18.403000

H      17.023000    8.575000   17.346000

H      17.641000    8.060000   18.910000

C      15.648000    7.364000   18.522000

C      16.131000    5.985000   18.071000

C      15.061000    4.899000   18.259000

C      15.496000    3.493000   17.900000

O      16.070000    3.338000   16.664000

O      15.363000    2.523000   18.613000

H      14.750000    7.643000   17.948000

H      15.328000    7.297000   19.576000

H      16.446000    6.052000   17.012000

H      17.036000    5.711000   18.639000

H      14.172000    5.143000   17.650000

H      14.731000    4.866000   19.304000

H      16.148000    4.213000   16.239000

C      22.118000   18.733000   15.416000

H      22.665000   19.557000   15.898000

H      22.862000   17.992000   15.081000

C      21.111000   18.118000   16.381000

H      20.554000   17.327000   15.854000

H      20.371000   18.893000   16.630000

C      21.650000   17.560000   17.705000

H      22.261000   16.660000   17.527000

C      22.456000   18.568000   18.552000

H      22.041000   19.575000   18.378000

H      22.279000   18.344000   19.616000

C      23.972000   18.576000   18.328000

C      24.654000   19.654000   19.180000



S30

C      26.181000   19.651000   19.048000

C      26.947000   20.676000   19.868000

O      26.360000   21.903000   20.020000

O      28.041000   20.480000   20.348000

H      24.221000   18.739000   17.269000

H      24.382000   17.587000   18.597000

H      24.239000   20.634000   18.876000

H      24.372000   19.515000   20.237000

H      26.462000   19.823000   17.994000

H      26.593000   18.671000   19.323000

H      25.472000   21.881000   19.613000

C      21.527000   14.703000   14.411000

H      22.268000   15.515000   14.446000

H      21.967000   13.869000   13.845000

C      21.112000   14.240000   15.805000

H      20.138000   13.738000   15.726000

H      20.951000   15.104000   16.468000

C      22.073000   13.254000   16.477000

H      22.081000   12.335000   15.868000

C      23.531000   13.753000   16.615000

H      23.555000   14.853000   16.540000

H      23.903000   13.504000   17.621000

C      24.473000   13.134000   15.576000

C      25.923000   13.609000   15.693000

C      26.846000   12.864000   14.722000

C      28.324000   13.201000   14.777000

O      28.641000   14.512000   15.015000

O      29.212000   12.398000   14.599000

H      24.109000   13.338000   14.556000

H      24.452000   12.037000   15.694000

H      25.947000   14.699000   15.502000



S31

H      26.277000   13.465000   16.727000

H      26.523000   13.053000   13.684000

H      26.765000   11.778000   14.874000

H      27.817000   15.017000   15.159000

Coordinates of the lowest energy geometry of Ag29LA12∩CD1

H      10.830000   17.282000    7.240000

O      13.263000   15.494000    6.489000

C      11.912000   15.131000    6.247000

O      11.021000   16.661000    7.989000

C      11.798000   13.667000    5.769000

O      10.452000   13.331000    5.426000

C      10.979000   15.322000    7.460000

C       9.546000   14.885000    7.097000

H      13.664000   14.777000    7.065000

O      12.677000   10.604000    3.938000

O       8.725000   17.559000    9.481000

H      15.647000   13.522000    7.028000

C       9.524000   13.448000    6.550000

C       8.177000   13.004000    5.980000

H      13.505000   10.067000    3.966000

C       7.564000   15.783000    8.249000

H       8.978000   11.669000    4.826000

C       7.601000   16.692000    9.494000

H       9.505000   17.039000    9.127000

O      12.291000   12.841000    6.835000

O      14.928000   13.467000    7.707000

O       8.232000   11.662000    5.477000

O       8.750000   14.976000    8.297000



S32

O       6.383000   15.001000    8.177000

C      13.385000   11.958000    6.526000

C      12.001000   10.282000    5.163000

C      14.427000   12.112000    7.648000

C      12.880000   10.507000    6.396000

C      15.556000   11.075000    7.455000

O      14.007000    9.596000    6.238000

O       3.743000   14.262000    9.057000

C       7.493000   15.802000   10.751000

C       6.210000   14.114000    9.314000

H       6.810000   17.302000   11.827000

O       7.459000   16.568000   11.973000

C       4.877000   13.388000    9.085000

O      16.562000   11.117000    8.452000

H       3.553000   14.514000    9.998000

C       6.252000   14.903000   10.637000

C      14.930000    9.671000    7.327000

H      16.255000   10.561000    9.230000

O      14.294000    9.385000    8.577000

O       6.260000   14.002000   11.764000

H       6.659000   15.699000   13.425000

C       5.071000   13.935000   12.571000

O      13.812000    6.043000    7.210000

O       6.001000   15.554000   14.168000

C      14.583000    8.121000    9.213000

C      12.823000    6.810000    7.906000

O      16.327000    9.231000   10.551000

H      17.040000    8.676000   10.132000

O       4.417000   12.687000   12.446000

C       5.483000   14.242000   14.024000

C      13.309000    7.267000    9.280000



S33

H      14.072000    5.341000    7.856000

C      15.141000    8.412000   10.615000

C       5.243000   11.564000   12.870000

C       6.433000   13.119000   14.501000

O      13.587000    6.032000   10.018000

C       4.387000   10.303000   12.686000

C      15.375000    7.085000   11.366000

C       5.747000   11.763000   14.310000

O       6.870000   13.303000   15.864000

O       3.208000   10.264000   13.492000

C      14.068000    6.260000   11.347000

O      15.869000    7.240000   12.689000

O      13.098000    6.977000   12.124000

O       6.721000   10.730000   14.650000

H       6.066000   13.525000   16.394000

H      15.105000    7.532000   13.269000

H       3.517000   10.145000   14.440000

C      10.953000    4.805000   11.850000

H       7.450000   11.758000   16.700000

C      12.501000    6.287000   13.238000

C      11.043000    5.925000   12.888000

C       6.350000    9.768000   15.639000

C       7.414000    7.949000   14.467000

C      12.605000    7.200000   14.474000

O      13.979000    7.495000   14.805000

O       6.202000    8.452000   15.087000

O       7.508000   11.043000   17.402000

O       9.796000    7.559000   14.838000

C       8.755000    9.275000   16.191000

C       7.047000    6.557000   13.947000

O      11.553000    3.594000   12.328000



S34

C       7.410000    9.786000   16.756000

C       8.561000    7.918000   15.494000

H      14.361000    6.674000   15.207000

O      10.342000    5.400000   14.054000

O       9.772000    9.175000   17.215000

C      10.373000    6.294000   15.171000

H      11.191000    8.080000   16.750000

C      11.819000    6.567000   15.646000

H      11.132000    3.458000   13.213000

O       6.698000    5.654000   15.004000

O      11.843000    7.321000   16.845000

H       9.371000    8.654000   17.954000

H       5.988000    6.128000   15.505000

H      11.589000   15.804000    5.480000

H      12.373000   13.516000    4.879000

H      11.335000   14.693000    8.249000

H       9.154000   15.519000    6.330000

H       9.774000   12.841000    7.395000

H       7.904000   13.663000    5.182000

H       7.454000   13.036000    6.768000

H       7.544000   16.374000    7.358000

H       6.764000   17.358000    9.497000

H      13.834000   12.207000    5.587000

H      11.709000    9.253000    5.133000

H      11.154000   10.930000    5.246000

H      13.962000   11.919000    8.592000

H      12.315000   10.325000    7.286000

H      16.072000   11.328000    6.553000

H       8.374000   15.197000   10.799000

H       7.003000   13.400000    9.395000

H       4.930000   12.873000    8.149000
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H       4.738000   12.722000    9.911000

H       5.376000   15.518000   10.641000

H      15.686000    8.944000    7.112000

H       4.355000   14.657000   12.238000

H      15.308000    7.568000    8.653000

H      11.947000    6.209000    8.033000

H      12.615000    7.683000    7.324000

H       4.626000   14.242000   14.665000

H      12.569000    7.885000    9.744000

H      14.422000    8.979000   11.168000

H       6.133000   11.476000   12.283000

H       7.320000   13.156000   13.904000

H       4.988000    9.452000   12.932000

H       4.059000   10.304000   11.667000

H      16.153000    6.563000   10.849000

H       4.886000   11.710000   14.943000

H      14.252000    5.291000   11.762000

H       9.923000    4.618000   11.629000

H      11.481000    5.117000   10.974000

H      13.008000    5.370000   13.455000

H      10.613000    6.833000   12.520000

H       5.393000   10.031000   16.038000

H       7.764000    8.567000   13.667000

H      12.159000    8.147000   14.255000

H       9.094000    9.993000   15.474000

H       7.885000    6.157000   13.416000

H       6.193000    6.661000   13.311000

H       7.103000    9.118000   17.534000

H       8.298000    7.192000   16.235000

H       9.813000    5.815000   15.947000

H      12.309000    5.652000   15.907000
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Ag     15.738000   16.112000   16.160000

Ag     13.280000   15.986000   14.712000

Ag     15.730000   17.600000   13.699000

Ag     14.208000   18.524000   16.286000

Ag     18.207000   16.008000   17.594000

Ag     11.460000   14.296000   12.816000

Ag     12.989000   18.739000   13.521000

Ag     17.396000   19.398000   11.783000

Ag     12.483000   20.500000   17.993000

Ag     19.090000   20.407000   14.297000

Ag     18.491000   18.797000   18.716000

Ag     14.295000   13.621000   16.081000

Ag     13.320000   16.183000   17.690000

Ag     15.882000   14.662000   18.604000

Ag     17.191000   18.587000   16.000000

Ag     12.402000   11.709000   14.515000

Ag     13.122000   13.398000   18.890000

Ag     11.505000   17.805000   19.524000

Ag     17.588000   12.888000   20.516000

Ag     14.120000   19.606000   20.490000

Ag     15.609000   14.660000   13.707000

Ag     17.248000   13.683000   16.228000

Ag     18.133000   16.271000   14.600000

Ag     15.679000   17.630000   18.568000

Ag     14.003000   12.682000   11.887000

Ag     18.395000   13.500000   13.467000

Ag     19.123000   11.799000   17.884000

Ag     20.031000   17.817000   12.630000

Ag     20.198000   14.401000   19.411000

S      16.562000   13.376000   11.718000

S      14.746000   18.878000   11.703000
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S      12.924000   20.510000   15.347000

S      20.246000   16.981000   18.788000

S      12.349000   13.929000   10.521000

S      19.055000   18.186000   10.388000

S      17.726000   21.705000   12.660000

S      21.373000   19.468000   13.894000

S      11.244000   16.912000   13.485000

S      11.346000   15.203000   18.992000

S      14.981000   13.358000   20.620000

S      18.516000   20.558000   16.902000

S      10.128000   12.681000   14.146000

S      10.201000   19.548000   18.319000

S      12.517000   18.249000   21.785000

S      13.770000   21.905000   19.553000

S      13.093000   11.615000   17.094000

S      18.548000   11.713000   15.259000

S      20.148000   15.286000   13.324000

S      16.707000   18.909000   20.509000

S      13.657000   10.390000   12.832000

S      17.933000   10.572000   19.656000

S      21.442000   12.686000   18.124000

S      19.328000   14.124000   21.754000

C       9.416000   13.473000   15.650000

H       8.813000   12.689000   16.131000

H       8.727000   14.260000   15.303000

C      10.449000   14.029000   16.620000

H      11.074000   14.764000   16.088000

H      11.123000   13.206000   16.903000

C       9.923000   14.663000   17.911000

H       9.371000   15.590000   17.690000

C       9.016000   13.742000   18.756000
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H       9.301000   12.693000   18.573000

H       9.214000   13.934000   19.822000

C       7.514000   13.933000   18.512000

C       6.664000   13.077000   19.457000

C       5.157000   13.279000   19.255000

C       4.228000   12.523000   20.194000

O       4.620000   11.259000   20.550000

O       3.173000   12.955000   20.603000

H       7.254000   13.699000   17.467000

H       7.259000   14.995000   18.667000

H       6.941000   12.018000   19.298000

H       6.935000   13.315000   20.498000

H       4.879000   12.978000   18.230000

H       4.891000   14.341000   19.344000

H       5.499000   11.082000   20.164000

C       9.920000   17.494000   14.633000

H       9.167000   16.695000   14.683000

H       9.466000   18.344000   14.103000

C      10.394000   17.923000   16.024000

H      11.431000   18.281000   15.949000

H      10.426000   17.059000   16.702000

C       9.569000   19.048000   16.651000

H       9.727000   19.945000   16.031000

C       8.043000   18.770000   16.701000

H       7.835000   17.743000   16.358000

H       7.689000   18.835000   17.740000

C       7.267000   19.767000   15.836000

C       5.755000   19.536000   15.773000

C       5.070000   20.587000   14.884000

C       3.569000   20.457000   14.699000

O       3.105000   19.197000   14.422000
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O       2.787000   21.380000   14.745000

H       7.667000   19.746000   14.808000

H       7.460000   20.784000   16.217000

H       5.574000   18.514000   15.388000

H       5.321000   19.563000   16.785000

H       5.521000   20.552000   13.876000

H       5.256000   21.596000   15.274000

H       3.848000   18.565000   14.479000

C      13.021000   15.491000    9.810000

H      12.186000   15.929000    9.243000

H      13.805000   15.211000    9.089000

C      13.549000   16.481000   10.842000

H      12.718000   16.739000   11.516000

H      14.303000   15.967000   11.462000

C      14.144000   17.787000   10.307000

H      15.054000   17.569000    9.728000

C      13.181000   18.614000    9.422000

H      12.146000   18.449000    9.764000

H      13.387000   19.684000    9.572000

C      13.298000   18.314000    7.921000

C      12.320000   19.123000    7.061000

C      12.517000   18.875000    5.556000

C      11.596000   19.645000    4.626000

O      10.258000   19.587000    4.925000

O      11.956000   20.265000    3.651000

H      13.140000   17.241000    7.728000

H      14.327000   18.540000    7.594000

H      11.290000   18.866000    7.371000

H      12.443000   20.196000    7.274000

H      12.374000   17.803000    5.333000

H      13.543000   19.121000    5.256000
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H      10.135000   19.073000    5.745000

C      17.015000   14.476000   10.299000

H      16.111000   14.556000    9.682000

H      17.762000   13.901000    9.732000

C      17.568000   15.841000   10.701000

H      16.750000   16.478000   11.073000

H      18.241000   15.687000   11.557000

C      18.377000   16.620000    9.653000

H      19.271000   16.029000    9.391000

C      17.648000   17.006000    8.355000

H      16.661000   17.421000    8.618000

H      18.201000   17.838000    7.892000

C      17.489000   15.896000    7.308000

C      16.672000   16.359000    6.101000

C      16.529000   15.264000    5.028000

C      15.619000   15.656000    3.882000

O      14.289000   15.788000    4.205000

O      15.973000   15.865000    2.744000

H      16.998000   15.012000    7.741000

H      18.484000   15.561000    6.971000

H      15.674000   16.675000    6.449000

H      17.131000   17.253000    5.649000

H      16.137000   14.344000    5.495000

H      17.509000   15.024000    4.596000

H      14.164000   15.572000    5.147000

C      15.297000   22.575000   18.768000

H      15.842000   23.089000   19.575000

H      14.975000   23.339000   18.043000

C      16.179000   21.520000   18.115000

H      16.409000   20.760000   18.876000

H      15.600000   21.004000   17.333000
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C      17.512000   22.001000   17.531000

H      17.342000   22.638000   16.648000

C      18.410000   22.754000   18.538000

H      18.176000   22.396000   19.554000

H      19.456000   22.469000   18.348000

C      18.334000   24.285000   18.483000

C      19.344000   24.924000   19.445000

C      19.464000   26.446000   19.308000

C      20.513000   27.141000   20.171000

O      21.009000   26.434000   21.232000

O      20.900000   28.272000   19.978000

H      17.319000   24.645000   18.718000

H      18.555000   24.622000   17.457000

H      19.048000   24.655000   20.477000

H      20.330000   24.462000   19.266000

H      18.503000   26.931000   19.548000

H      19.683000   26.729000   18.267000

H      20.614000   25.541000   21.233000

C      14.048000   21.851000   14.747000

H      14.088000   22.601000   15.550000

H      13.509000   22.298000   13.899000

C      15.441000   21.404000   14.307000

H      16.096000   21.265000   15.178000

H      15.358000   20.418000   13.830000

C      16.105000   22.343000   13.298000

H      15.465000   22.352000   12.400000

C      16.260000   23.803000   13.794000

H      15.868000   23.898000   14.821000

H      17.328000   24.064000   13.845000

C      15.532000   24.794000   12.884000

C      15.671000   26.257000   13.308000
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C      14.865000   27.196000   12.402000

C      15.015000   28.687000   12.645000

O      15.220000   29.074000   13.943000

O      14.941000   29.529000   11.779000

H      14.461000   24.530000   12.846000

H      15.913000   24.681000   11.855000

H      15.326000   26.342000   14.357000

H      16.734000   26.545000   13.299000

H      13.789000   26.968000   12.498000

H      15.116000   27.031000   11.345000

H      15.293000   28.276000   14.502000

C      13.285000   16.741000   22.521000

H      12.477000   16.259000   23.091000

H      14.045000   17.082000   23.242000

C      13.875000   15.771000   21.504000

H      14.657000   16.291000   20.929000

H      13.081000   15.526000   20.782000

C      14.437000   14.448000   22.035000

H      15.355000   14.627000   22.617000

C      13.447000   13.632000   22.896000

H      12.422000   13.843000   22.546000

H      13.620000   12.561000   22.714000

C      13.555000   13.875000   24.407000

C      12.459000   13.147000   25.193000

C      12.588000   13.336000   26.711000

C      11.531000   12.674000   27.580000

O      10.236000   12.782000   27.147000

O      11.764000   12.106000   28.623000

H      13.507000   14.951000   24.637000

H      14.542000   13.528000   24.755000

H      11.482000   13.525000   24.834000
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H      12.478000   12.073000   24.948000

H      12.554000   14.415000   26.946000

H      13.558000   12.966000   27.069000

H      10.230000   13.228000   26.279000

C      17.331000   17.853000   21.891000

H      16.526000   17.804000   22.639000

H      18.154000   18.444000   22.318000

C      17.815000   16.468000   21.473000

H      18.362000   16.569000   20.526000

H      16.952000   15.819000   21.253000

C      18.743000   15.741000   22.454000

H      19.667000   16.334000   22.560000

C      18.136000   15.531000   23.858000

H      17.045000   15.404000   23.757000

H      18.514000   14.590000   24.285000

C      18.440000   16.687000   24.823000

C      17.559000   16.711000   26.074000

C      17.849000   17.943000   26.949000

C      16.979000   18.086000   28.183000

O      15.627000   18.082000   27.966000

O      17.395000   18.211000   29.313000

H      18.320000   17.650000   24.304000

H      19.500000   16.638000   25.123000

H      16.502000   16.707000   25.751000

H      17.698000   15.792000   26.668000

H      17.718000   18.856000   26.342000

H      18.890000   17.933000   27.295000

H      15.453000   17.945000   27.016000

C      15.267000    9.724000   13.443000

H      15.765000    9.336000   12.543000

H      15.040000    8.864000   14.093000
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C      16.152000   10.740000   14.156000

H      15.636000   11.092000   15.061000

H      16.244000   11.619000   13.500000

C      17.573000   10.292000   14.524000

H      17.546000    9.530000   15.320000

C      18.412000    9.769000   13.336000

H      18.096000   10.308000   12.427000

H      19.461000   10.056000   13.505000

C      18.389000    8.256000   13.084000

C      19.295000    7.891000   11.898000

C      19.442000    6.385000   11.658000

C      20.305000    5.950000   10.480000

O      20.371000    6.810000    9.419000

O      20.888000    4.890000   10.425000

H      17.366000    7.895000   12.892000

H      18.743000    7.728000   13.986000

H      18.873000    8.386000   11.002000

H      20.290000    8.337000   12.059000

H      18.450000    5.931000   11.491000

H      19.859000    5.884000   12.543000

H      19.882000    7.627000    9.640000

C      14.250000   10.269000   17.604000

H      14.341000    9.591000   16.743000

H      13.708000    9.735000   18.398000

C      15.607000   10.754000   18.106000

H      15.444000   11.678000   18.678000

H      16.251000   11.039000   17.258000

C      16.375000    9.797000   19.020000

H      15.767000    9.623000   19.924000

C      16.738000    8.434000   18.403000

H      17.023000    8.575000   17.346000
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H      17.641000    8.060000   18.910000

C      15.648000    7.364000   18.522000

C      16.131000    5.985000   18.071000

C      15.061000    4.899000   18.259000

C      15.496000    3.493000   17.900000

O      16.070000    3.338000   16.664000

O      15.363000    2.523000   18.613000

H      14.750000    7.643000   17.948000

H      15.328000    7.297000   19.576000

H      16.446000    6.052000   17.012000

H      17.036000    5.711000   18.639000

H      14.172000    5.143000   17.650000

H      14.731000    4.866000   19.304000

H      16.148000    4.213000   16.239000

C      22.118000   18.733000   15.416000

H      22.665000   19.557000   15.898000

H      22.862000   17.992000   15.081000

C      21.111000   18.118000   16.381000

H      20.554000   17.327000   15.854000

H      20.371000   18.893000   16.630000

C      21.650000   17.560000   17.705000

H      22.261000   16.660000   17.527000

C      22.456000   18.568000   18.552000

H      22.041000   19.575000   18.378000

H      22.279000   18.344000   19.616000

C      23.972000   18.576000   18.328000

C      24.654000   19.654000   19.180000

C      26.181000   19.651000   19.048000

C      26.947000   20.676000   19.868000

O      26.360000   21.903000   20.020000

O      28.041000   20.480000   20.348000
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H      24.221000   18.739000   17.269000

H      24.382000   17.587000   18.597000

H      24.239000   20.634000   18.876000

H      24.372000   19.515000   20.237000

H      26.462000   19.823000   17.994000

H      26.593000   18.671000   19.323000

H      25.472000   21.881000   19.613000

C      21.527000   14.703000   14.411000

H      22.268000   15.515000   14.446000

H      21.967000   13.869000   13.845000

C      21.112000   14.240000   15.805000

H      20.138000   13.738000   15.726000

H      20.951000   15.104000   16.468000

C      22.073000   13.254000   16.477000

H      22.081000   12.335000   15.868000

C      23.531000   13.753000   16.615000

H      23.555000   14.853000   16.540000

H      23.903000   13.504000   17.621000

C      24.473000   13.134000   15.576000

C      25.923000   13.609000   15.693000

C      26.846000   12.864000   14.722000

C      28.324000   13.201000   14.777000

O      28.641000   14.512000   15.015000

O      29.212000   12.398000   14.599000

H      24.109000   13.338000   14.556000

H      24.452000   12.037000   15.694000

H      25.947000   14.699000   15.502000

H      26.277000   13.465000   16.727000

H      26.523000   13.053000   13.684000

H      26.765000   11.778000   14.874000

H      27.817000   15.017000   15.159000
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ABSTRACT: Higher levels of fluoride (F−) in groundwater
constitute a severe problem that affects more than 200 million
people spread over 25 countries. It is essential not only to detect
but also to accurately quantify aqueous F− to ensure safety. The
need of the hour is to develop smart water quality testing systems
that would be effective in location-based real-time water quality
data collection, devoid of professional expertise for handling. We
report a cheap, handheld, portable mobile device for colorimetric
detection and rapid estimation of F− in water by the application of
the synthesized core−shell nanoparticles (near-cubic ceria@
zirconia nanocages) and a chemoresponsive dye (xylenol orange).
The nanomaterial has been characterized thoroughly, and the
mechanism of sensing has been studied in detail. The sensor
system is highly selective toward F− and shows unprecedented sensitivity in the range of 0.1−5 ppm of F−, in field water samples,
which is the transition regime, where remedial measures may be needed. It addresses multiple issues expressed by indicator-based
metal complexes used to determine F− previously. Consistency in the performance of the sensing material has been tested with
synthetic F− standards, water samples from F− affected regions, and dental care products like toothpastes and mouthwash using a
smartphone attachment and by the naked eye. The sensor performs better than what was reported by prior works on aqueous F−

sensing.

1. INTRODUCTION

Fluoride (F−), having the smallest anionic radius, highest
charge density, and a hard Lewis base character, is a naturally
occurring anion in groundwater worldwide.1 It is a double-
edged sword, as on the one hand, it is biologically and
medically important for its essential roles in proper growth and
maintenance of teeth, hair, nails, and bones and treatment of
osteoporosis. While on the other hand, overexposure to F− can
cause dental fluorosis, skeletal fluorosis, kidney, and acute
gastric problems.2 This is because of its unique property of
getting easily absorbed in the body, however excreted only
slowly. The World Health Organization (WHO) and Environ-
mental Protection Agency (USEPA) have set 1.0−1.5 mg/L
(ppm) and 2−4 mg/L, respectively, as its preferred
concentration in drinking water.3,4 The major sources of
exposure to fluoride are drinking water, food, dental products,
and pesticides. While in USA, artificially fluoridated water
(0.7−1.2 mg/L) is supplied to people keeping the necessary
dietary intake in mind, on the contrary, population belonging
to the contaminated geographical sites get exposed to 6−12
mg/L of F−.4 It is estimated that dental caries is the most
prevalent of all conditions because of F− poisoning, with 2.4

billion people globally suffering from caries of permanent teeth
and 486 million children from that of primary teeth.5−7 Hence,
it is essential to develop superior analytical methods for F−

sensing and quantification for efficient water quality monitor-
ing.
A number of F− detection techniques, such as potentiom-

etry, 8F NMR analysis,8 mass spectrometry,9 ion chromatog-
raphy,9 electrochemical methods,10 colorimetric methods,11

and fluorescence-based sensing systems,11 have been devel-
oped over the years.12 Many of these techniques cannot be
used for location-based real-time water quality data collection
as they involve cumbersome measurements and are highly
dependent on human intervention. Out of them, colorimetric
sensing has the advantages of low cost, small size, simplicity,
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nondestructive in nature, high selectivity, quick response time,
and wide applicability in field conditions.13 Efficient colori-
metric probes must have a receptor with a signaling unit which
produces a noticeable physical change upon interaction with
the analyte, which can be easily read out with the naked eye or
an ultraviolet−visible (UV−vis) spectrophotometer.14 The
sensor molecules and F− have been found to interact via
different forces like hydrogen bonding, electrostatic inter-
actions, Lewis acid coordination, chemical reaction, and so
forth. Molecular detection based on a specific chemical
reaction displays higher selectivity and stability than that
based on noncovalent interactions.14 Recently, many nanoma-
terials, including gold nanoparticles,15−18 CeO2 nanoparticles
(CeO2 NPs),19 semiconductor quantum dots (QDs), carbon
QDs,20 metal−organic frameworks,21 micellar nanoparticles,22

SiO2 nanoparticles (SiO2 NPs),
23 graphene oxide (GO),24 and

so on, have been used for aqueous F− removal and to design a
variety of nanosensors because of their large surface areas and
well-defined pores, improved solubility, ease of fabrication,
low-cost, high sensitivity, and good biocompatibility. The
success of a colorimetric method depends largely on the user’s
perception of colors which may lead to inconsistency in data
collection. A few such test kits using lanthanum−alizarin
complex, zirconyl-SPADNS reagent, and so on have been
commercialized but they largely suffer from high chances of
manual errors in interpreting feeble color variations and high
cost.25 Also, they involve serious interferences by anions like
sulfate, chloride, and so forth, which compel the use of other
chelating reagents, giving rise to expensive and complex
multicomponent sensing systems.26,27 In this direction, systems
which are simple, stable, highly sensitive, and selective toward
the analyte are of high preference. Moreover, the rapid
development of smartphones with various embedded sensors
or external sensors (e.g., circuit and probe) integrated with the
smartphones for more sophisticated and accurate detection
have enabled wide range of applications in environmental and
health-related monitoring.28−30

We report a smartphone-integrated fluoride sensor platform
based on colorimetric detection. The sensor is comprised of
core−shell nanocages (NCs) and a chemoresponsive organic

dye for accurate, trace level detection of F− in aqueous
medium. Briefly, ethylene glycol-coated ceria@zirconia NCs
(CeO2@ZrO2 NC) with large surface area and high affinity
toward F− were used as a catalytic platform.31 The NC system
facilitates F− interaction with xylenol orange (XO) for its
specific recognition at sub-ppm levels. A simple smartphone
attachment was developed for colorimetric readout using a
combination of a light-emitting diode (LED) and a photo-
diode, which facilitates precise measurement of F− in water
samples as shown in Scheme 1. Using this device, we have
demonstrated the quantification of F− in various real water
samples and dental care products within 1 min of reaction
time. The device can be operated with an android application
which provides instructions to the user as per requirements of
the whole process and also provides data storage options such
as short message service (SMS) and cloud storage. The
consumable cost for F− estimation using NC-based assay is ∼1
cent/assay.
XO is a well-known indicator, and it has been used as a

complexing agent with metals like zirconium/hafnium for
determining F−, but it gives inconsistent results in several
cases. The zirconium−XO complex (Zr−XO) shows pH-
dependent absorbance values below pH 1.5, and above pH 4, it
suffers from serious interference by ions like phosphate and
sulfate, and the colored complex has bleaching tendency.32

Such stability- and selectivity-related issues have been
addressed in the following sections. There is a previous report
of a mobile-based sensor using a commercial reagent having
the Zr−XO complex.29 In this, the color changes from pink to
yellow when F− ions break the metal ion−dye complex to form
colorless zirconium fluoride. The sensor used the camera flash
light of the smartphone as an optical source to capture and for
RGB analysis of the photograph, making it highly dependent
on the quality of the mobile device. There is another report on
porous CeO2−ZrO2 hollow nanosphere powder of ∼100 nm
diameter for F− adsorption.33 While ceria−zirconia mixed
oxide NPs are widely known for their catalytic properties for
various gas-phase reactions and oxygen storage capacity,34 the
present work is the first one on core−shell CeO2@ZrO2 NC
for colorimetric sensing. In our F− sensing method, the small

Scheme 1. Schematic Representation of the Smartphone-Based F− Sensor and Its Sensing Mechanism Using Near-Cubic
Ceria@Zirconia NCs and XO Dye
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smartphone extension plays the key role that can be attached
to any mobile device irrespective of its quality as the latter is
used only as a user interface for calibration and result display.
While color is because of XO, the chemistry leading to the
color change is mainly because of NC. Sensor optimization
experiments revealed that its sensitivity was highly dependent
upon the near-cubic shape of the NCs, and both the

components (CeO2 and ZrO2) were crucial for F− sensing
without directly taking part in the reaction with F− ions.

2. RESULTS AND DISCUSSION
2.1. Characterization of NCs. CeO2@ZrO2 core−shell

nanoparticles were prepared by hydrothermal synthesis which
resulted in the formation of near-cubic NC having an edge
length of 55 ± 5 nm, as shown in Figure 1B,D. Transmission

Figure 1. (A) TEM image showing the core−shell structure of CeO2@ZrO2 NC with an HRTEM image in the inset, with a scale bar of 5 nm. (B)
FESEM image showing a near cube-like structure. Edge length parameters are shown. (C) EDS showing the elemental composition of NCs. (D)
DLS data showing the size range. (E) UV−vis data showing the stability of NCs from day 1−30. (F) XRD patterns of CeOx and ZrO2 NPs
individually and that of CeO2@ZrO2 NC.

Figure 2. (A) Optical images of the colorimetric changes showing sensitivity of NC−XO system toward various F− concentrations and its
specificity toward F− as compared to other anions. (B,C) Absorption spectra of the NC−XO system in the presence of various F− concentrations
and in the presence of various interfering anions, respectively. (D) Absorbance vs time plot showing kinetics of the interaction between the NC−
XO system and various F− concentrations responsible for color change.
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electron microscopy (TEM) images clearly show the core−
shell nature of the NCs in Figure 1A. Large-area microscopic
images are shown in Figures S1 and S2. Figure 1C shows the
elemental composition of the NC showing that ceria, which is
in the core, constitutes more than the amount of zirconia, in
the shell. Figure 1E depicts the high stability of NCs over a
period of one month when stored in ambient atmosphere, as
there is no change in the absorption spectrum of the NCs. The
powder X-ray diffraction (pXRD) pattern of NC, as shown in
Figure 1F, has a cubic crystal system, which got a little
broadened upon the formation of core−shell nanostructures
with zirconia but mostly matches with that of the cubic phase
of ceria, as it is the major constituent. It shows no similarity
with the monoclinic system of zirconia which was synthesized
as per the same procedure. A slight shift in the diffraction peak
positions (2θ = 28.4−28.8°) could be noted for the NCs,
which indicates that along with the particle growth, some
compositional changes took place because of interphase
mixing. Large-area field-emission scanning electron microscopy
(FESEM) images of F-treated NC showed aggregation of
particles upon interaction with high concentration of F-ions
(Figure S3).
2.2. Testing of the NC−XO Sensor System. Figure 2A

shows colorimetric responses of the NC−XO sensor to
different concentrations of F− after mixing for 1 min at room
temperature. The solution-phase NC−XO system turns from
yellow to rose-red systematically in the presence of various
concentrations of aqueous F−, which is clearly observed with
naked eyes because of the stark color difference. The red color
intensifies as the concentration of F− in the sample goes higher,
but it gets saturated by 2 ppm F− for naked eye detection
because of the unavailability of active sites of the dye. Change
in the color of the NC−XO system is because of change in the
molecular structure of the dye. The absorbance peak of the
NC−XO system (XO in acidic medium) is at 435 nm, and a
broad peak at 560 nm is formed and eventually intensified after
the addition of F− to the system, in the 0.1−5 ppm
concentration range. The absorption peaks at 280 and 435
nm of XO are because of the Π−Π* and intramolecular charge
transfer (ICT) within the molecule, respectively.35 While the
origin of the new peak at 560 nm is because of nucleophilic
addition of F− to the cationic N-center of the dye leading to
adduct formation, reduction in intensity of the 435 nm peak is
because of the change in the ICT electronic transition.

Absorptivity coefficients were calculated at the absorbance
maxima of 1 mM XO before and after analyte interaction, with
1 cm path length. While 1.6 × 103 M−1 cm−1 is the molar
absorptivity for NC−XO at 435 nm before analyte interaction,
0.7 × 103 M−1 cm−1 (435 nm) and 2.1 × 103 M−1 cm−1 (560
nm) are the values for NC−XO after interaction with 2 ppm
F−. The sensor system has been tested with several common
interfering anions present in groundwater in high concen-
trations like Cl−, Br−, COO−, SO4

2−, PO4
3−, HCO3−, and

CO3
2− (100 ppm tested), compared with 1 ppm of F−, as

shown in Figure 2C. None of these anions showed absorbance
at 560 nm, which proves specificity of NC−XO toward F−.
Figure 2D shows the absorption kinetics of the sensor−analyte
reaction. The reaction was monitored till 10 min after F−

solution of various concentrations (0.05−2 ppm) were added
to the sensor starting from t = 100 s of initiation. As it is clear
from Figure 2D, the rate of change in absorbance is maximum
during the first 60−100 s after F− addition. After that, although
the slope keeps increasing, the rate of change decreases and
eventually proceeds toward saturation. In view of the observed
kinetics, the operating time for the device was set as 60 s.
Temperature-dependent kinetics for the same reaction was also
studied for 10, 20, 30, and 40 °C (Figure S4) which indicated
that higher temperature would accelerate the rate of reaction,
resulting in a spontaneous color change.
On the basis of the absorbance data (Figure 2B), a standard

curve of absorbance versus concentration (ppm) was plotted
which can be used for the quantification of F− content in water
as shown in Figure 3A. In the concentration regime of 0.1−1
ppm, we get two linear plots. Two real water samples were
obtained from different F− affected areas of India, namely,
Hanumangarh (Rajasthan, 29.58°N 74.32°E) and Jayanagar
(Bangalore, 12.9308° N 77.5838° E), which were tested with
the NC−XO system, as shown in Figure 3B. Using the
standard curve, the concentrations of those samples were
determined and compared with the absorbance spectra of F−

standard solutions of the same concentration, which matched
exactly. The colorimetric response NC−XO for real water
samples can also be well perceived by naked eyes (inset Figure
3B). We note that the entire calibration curve shows three
nearly linear regimes (i, ii, and iii). These regions are
interpreted because of the mechanism of the sensing process,
which will be discussed later.

Figure 3. (A) Standard curve of absorbance vs concentration (ppm) for the NC−XO sensor response toward F− solution (0−5 ppm). Two linear
standard regimes in the 0−1 ppm concentration regime are shown in the inset. (B) Absorbance spectra for the sensor for real water samples
compared with the response for F− standards of the same concentration and an optical image of the colorimetric detection of F− in real water
samples (inset).
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2.3. Spectroscopic Studies on the Mechanism of
Reaction. X-ray photoelectron spectroscopy (XPS) inves-
tigation was carried out to study electronic interactions
between the dye-bound NCs and F− ions. The XPS samples
were prepared by drop-casting (i) NC and (ii) NC−XO−F on
specimen stubs, followed by air-drying. Deconvoluted XPS
spectra in Figure 4A present a complicated Ce 3d profile of
mixed Ce4+−Ce3+ states for partially reduced CeO2 specimen.

This gives rise to the possible final states, Ce 3d9 4f2 O 2p4, Ce
3d9 4f1 O 2p5, and Ce 3d9 4f0 O 2p6 belonging to CeO2, mixed
with Ce 3d9 4f2 O 2p4 and Ce 3d9 4f1 O2p5 states belonging to
Ce2O3 because of overlapping of Ce 4f levels with O 2p in the
valence band, during photoemission.36,37 Two sets of spin−
orbit multiplets, corresponding to 3d5/2 and 3d3/2 contribu-
tions show characteristic peaks around 885 and 903 eV,
respectively. Set of peaks shaded with blue and pink colors

Figure 4. (A) Deconvoluted XPS spectra of (A) Ce 3d, (B) Zr 3d, (C) O 1s, and (D) survey spectra of NC−XO before and after interaction with
F−. The F 1s region is expanded in the inset of (D).

Figure 5. Plausible binding mechanism of F− with the dye (top). (A,B) shows the zoomed-in regions of overlapping 1H NMR spectra (500 MHz,
D2O) of (i) XO alone before F− (in blue) and (ii) NC−XO−F after with F− (in red) interaction. Specific regions of relevance are highlighted.
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correspond to Ce4+ and Ce3+ oxidation states, respectively. It
has been reported that F− can modulate the surface charge and
facilitate electron transfer of CeO2 NPs.

19,38 An increase in the
blue peak area and decrease in the pink peak area upon
interaction with electronegative F− ion indicate oxidation of
Ce3+ to Ce4+. The electron binding energies located at 182.6
and 184.8 eV in Figure 4B can be attributed to Zr 3d5/2 and
3d3/2, respectively, indicating that Zr is in the +4 valence state
in the composite, which gets slightly broadened in the presence
of F−. Their comparable intensities and insignificant shift in the
binding energy suggest that F− is not having direct covalent
bonding with any of these elements. However, O 1s spectra of
NCs in Figure 4C show changes in peak intensities around
528.7 and 530.9 eV upon interaction with F−. The decrease in
intensity of M−OH is because of the attachment of dye with
the −OH groups of the NCs and F− ions interact directly with

the dye and not with the core−shell species, which is further
proven by NMR analysis. However, addition of the dye to the
parent NC increases the overall amount of O in the sample
leading to the increase of M−O peak intensity. The XPS
survey spectrum (top) in Figure 4D shows the emergence of
the F 1s feature after the NCs got exposed to F− in solution.
To further understand the F− ion binding mechanism with

the dye, we have studied 1H NMR for XO alone (i) and the
NC−XO−F system (ii). Figure 5A,B shows the zoomed-in
regions of overlapping 1H NMR spectra of XO before and after
fluoride addition, for clarity. The decrease of signal intensity of
(ii) in the aromatic region of the F− attached XO is because of
its interaction with CeO2@ZrO2 NC having high electron
density, which suggests binding of the dye with NC. The
decrease of two COO−H proton integration peaks at the 7.9−
8.3 ppm region of (ii) suggests that the dye gets attached to

Figure 6. (A) Graphical representation of the extended sensor device cum sample holder. (B) Photograph of the sensor extension cum sample
holder. (C) Photograph of the F− sensor integrated with a smartphone. (D) Icon of the customized mobile application developed for the F− sensor.
(E,F) Screenshot images of the application of a precalibrated sensor for the detection process and for real-time data sharing and storage; and (G)
final screen containing the result and the details related to the sample.
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NC by a condensation reaction of −COOH (from dye) and
−OH (from NC), by eliminating a water molecule. The
alcoholic proton peaks at 6.75 ppm of the dye in (i) got shifted
to 6.62 ppm (ii), indicating the shielding of these protons after
subsequent binding to NC and F−. As XO is acidified during
the reagent preparation, addition of proton with each of its
nitrogen centers leads to the formation of cationic centers, and
this proton peak comes at 3.13 ppm as a singlet peak.
Deshielding of the peak at 2.15 ppm in (ii) because of four
CH2 protons is because of the close proximity of cationic
nitrogen center and F−. It was noted that F− addition to the
cationic nitrogen did not have any influence on the electron
density of the aromatic part. Figure 5 also shows the
mechanistic approach of F− addition to XO. Approach by
the small F− ion to the sterically crowded tetravalent cationic
N-center is the main reason of its selective sensing ability. The
sensor is stable and works well with water samples of wide pH
range, till pH 10.5 (Figure S7). However, beyond pH 11, the
dye undergoes chemical transformation to give violet color,
even in the absence of F− in the medium. To confirm this, 1H
NMR of the resultant violet sample was measured which did
not match with that of NC−XO−F, as shown in Figure S9.
The linear regimes in the standard curve, as shown in Figure
3A, are because of the change in reaction rates depending upon
the availability of the amount of cationic N-centers to interact
with F− ions. Figure S8 shows full-length overlapping 1H NMR
spectra of NC−XO before and after interaction with F−.
The IR spectrum of the NC−XO system (Figure S5) shows

slight shifts in the C−O and CO stretching frequencies at
1078 and 1653 cm−1 to higher wavenumbers upon interaction
with F−.
2.4. Development and Testing of a Smartphone-

Based Sensor Device. Color changes in the NC−XO system
is easy for readout with naked eyes. However, when it comes to
distinguish color differences at lower concentrations, a precise
and error free readout method is required. To enable this, a
smartphone-enabled fluoride sensing device has been designed.
Instead of laboratory measurements which are mainly
electrode-based or focused on the UV−vis spectral scan,
principle of the measurement using this device is based on
monitoring the initial kinetics of the change in absorbance of

the NC−XO system. Unlike a spectral scan or single-point
absorbance measurement, kinetics-based scan minimizes
manual errors because of variation in time taken for sample
preparation. This is possible because initial rate of change of
absorbance is constant and almost linear for ∼100 s after F−

addition, as shown in Figure 2D. Because of this, rate of change
measured within the initial ∼60 s time window remains
constant for a specific F− concentration.
The black-colored device was made by 3-D printing the

polylactic acid polymer with 1.75 mm feed extruder using
Dreamer Flashforge 3D printer. To lower the cost of the
device, additional optics and use of sophisticated optical filters
have been avoided. Instead of using a collimation lens, already
collimated 565 nm LED (TLHG5800) with a typical luminous
intensity of 700 mcd at 2.4 V has been used for illuminating
the sample. For signal collection, a photodiode
(TEMD5510FX01) with angle of half sensitivity ∼65° has
been used so that signal from larger area can be collected
without applying any focusing lens. The selected photodiode
has spectral sensitivity in the region of 430−610 nm which is
suitable for signal collection at 565 nm. LED and photodiode
were interfaced with the smartphone using the Arduino-nano
microcontroller and HC05 Bluetooth communication board
(Figure 6A,B). However, to avoid battery usage, the device was
powered through On-The-Go cable connected with the
nanoboard (Figure 6C). A plastic cuvette was used for ease
of handling and safety during field measurements. An android
application “Fluoride_sensor” was developed using the MIT
app inventor 2 program to operate the device.39 App is
designed to work in a few simple steps based on the
requirement of one time calibration before measurements. It
is self-instructive as it informs user the next steps to be
performed during the measurements. Typical workflow
involves the following steps: click on app icon, connect with
the device via bluetooth, enable calibration, select SMS options
for data sharing, sample loading as per the instructions
prompted by app, and finally, the recorded data (along with
other relevant information) appears as SMS on the screen
(Figure 6D−G, respectively). Screenshots of the workflow are
provided in Figure S10. During measurements, mixture of 500
μL of NC and 1 mM XO 1:1 (v/v) ratio was loaded into the

Figure 7. Response characteristics of the designed smartphone-based fluoride sensor device. (A) Device response curve for the lower level of spiked
F− concentrations in the range 0−1.2 ppm. (B) Device output for various real water samples and dental care product samples in the solution phase.
TP1, TP2, and MW samples were diluted 5000 times for analysis. (C) F− concentration in the as-received dental care products (all values are
reported in ppm). See the text for the description of samples.
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cuvette to which 2.5 mL of water sample need to be added. A
simple three-point calibration can be done using 0, 0.5, and 1
ppm fluoride samples in deionized water. If no calibration is
performed, the app uses fitting parameters from the previous
calibration data.
The sensor device were repeatedly tested with various lab-

prepared and field-collected fluoridated aqueous samples and
dental products. Absorbance was also recorded for the
response of NC−XO with the same samples, as shown in
Figure S6. Two real water samples RW1 and RW2 were
collected from the field in states located at two different parts
of India, while dental care products included two toothpastes
(TP1 and TP2) and a mouthwash, commercially available.
Fluoridated toothpastes are used globally to ensure adequate
fluoride bioavailability in the oral cavity during tooth brushing
and their fluoride content must be chemically free and not
bound with the abrasive used in the toothpaste formulation.
So, the free fluoride content should be regularly checked in
these products. For our analysis, the environmental water
samples were having TDS values of 600−800 ppm that showed
no interference with the F− measurement. However, water
samples having higher turbidity and TDS > 2000 ppm can be
pretreated by passing through a prefilter to get suitable sample
for F− estimation. The dental care products were dissolved in
water as per the reported procedure, and the resulting
solutions were tested by the sensor device.40,41 Before testing
the samples, the device was calibrated and tested for various F−

concentrations to check its accuracy which is shown in Figure
7A. Each of the samples were tested by keeping reaction time
as 1 min. The F− content in each of them was also measured
with the ion-selective electrode (ISE), which is applicable for
only one specific target ion, for performance comparison, as
shown in Figure 7B. The sensor parameters have also been
compared to those of the reported materials and commercial
sensors in Table 1. It clearly shows better performance in
terms of limit of detection (LOD), concentration range of
detection, and reaction time than most of the reported sensors.
To understand the importance of the choice of the sensing

material in terms of its composition and shape, control
experiments were performed with the zirconium−XO com-
plex,29 ZrO2 NP−XO, CeO2 NP−XO, and spherical CeO2@
ZrO2 core−shell−XO systems. Their colorimetric response
toward 0, 0.1, 1, and 10 ppm F− were observed by the naked
eye, as shown in Figure S11. While the zirconium−XO
complex showed slight color change from pink to its lighter
shade at 10 ppm, ZrO2 or CeO2 nanoparticles with XO
systems did not show any significant color change even till 10

ppm. Instant and profound colorimetric response was observed
in the case of the spherical CeO2@ZrO2 core−shell−XO
system, showing extremely high reactivity toward F− but
regulating its rate of reaction was found difficult. Comparing
these outcomes, it was concluded that not only the presence of
both ceria and zirconia in the nanoscale regime was essential to
detect lower F− concentrations, but the surface area of the
nanomaterial is also an important factor for the selection of a
suitable sensing material. Near-cubic CeO2@ZrO2 NCs
showed the optimum reaction kinetics and sensitivity; hence,
they were chosen for the F− sensor. We believe that other
nanoshell shapes such as spheres will also be effective in this
context.

2.5. Potential Nanoparticle Toxicity. Two major
considerations for NP toxicity are (1) size relative to their
bulk counterparts and (2) mechanisms associated with capping
agents leading to their uptake in biological systems. Generally,
because of smaller sizes (and thus greater reactivities) of NPs,
they are considered to lead to higher toxicity.50 It is reported
that handling dry powders (of nano cerium oxides), dry
aggregates, and consolidated powders or granules have greater
potential for dermal and inhalation exposure on workers than
dispersions.51 Also, the application of stabilizers prevents
agglomeration-induced toxicity by increasing the stability of
the suspension.52 In our case, NCs of less than 75 nm size have
been synthesized with the capping of ethylene glycol, resulting
in stable and uniform ethanolic dispersion of NPs. In addition,
they are used for sensing experiments in small quantities (125
μL of dispersion having about 80 μg of nanomaterials for each
test), making their impact on environment less significant.
However, the resultant mixture post individual tests can be
stored in a leak-free container till it becomes some quantity.
Then, the mixture containing CeO2@ZrO2 nanoparticles and
adsorbed XO dye can be treated with H2O2 for dye
degradation by chemical oxidation process, at room temper-
ature. The degradation efficiency of peroxide is expected to be
higher because of catalytic activity in the presence of the
CeO2@ZrO2 nanoparticles, as per literature.

53 On keeping the
treated mixture as it is for a week, the adsorbed peroxide over
the surface of the nanoparticles would diffuse into the aqueous
bulk solvent giving a clean nanoparticle surface. However, the
reusability of the nanoparticles for the purpose of sensing
needs to be tested in the laboratory condition. The volume
being handled, including other consumables used for sensing,
is small, and therefore, potential environmental risk is
minimized.

Table 1. Comparison of Performance Parameters between Various Studies for the F− Sensors

Sl
no. colorimetric probe medium

detection range
(ppm)

LOD
(ppm)

reaction time
(min) refs

1 gold nanoparticles DMF/phosphate buffer 2.3−28.4 2.3 15 42
2 gold nanoparticles aqueous/EDTA 0.5−7 0.4 240 43
3 sensors based on benzohydrazide DMSO na 0.5 na 44
4 PAA−gold NPs/Al3+ Aqueous 0.1−2.8 0.04 10 45
5 boronic acid molecular sensor Aqueous 0.1−1.5 0.1 na 46
6 ceria nanoparticles aqueous/ABTS + acetate

buffer
0−1.9 0.01 30 47

7 GO-SPS aqueous/Tris-HCl buffer 0.1−1.9 0.01 30 48
8 Akvo Caddisfly aqueous 0−2.0 0.1 1 29
9 Pocket Colorimeter II for fluoride (Hach)

[zirconium-SPADNS]
aqueous 0.1−2.0 0.1 na 49

10 CeO2@ZrO2 NC−XO aqueous 0.1−5.0 0.06 1 this work
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2.6. Practical Aspects. The cost of detection was
estimated to be 7 cents/10 assay, and the smartphone
attachment is estimated to cost US$ 5 (excluding the
phone), which taken together is orders of magnitude less
expensive than commercial fluoride sensors. Major advantage
of this nanoparticle-based sensor is that it minimizes the
amount of reagents and sample consumption needed for each
test, thereby reducing waste generation. Using the catalytic
platform imparted by the nanoparticles, a LOD of 0.06 ppm
was achieved. Metal-oxide nanoparticles are easy to handle, as
they are stable entities and exhibit higher shelf-life. Further, the
process does not involve the use of extra buffer media or
corrosive acids, toxic chemicals like sodium arsenite to remove
interference, and avoids mixed solvent systems to accelerate
sensor performance. All of these make it simple and user-
friendly compared to the commercially available F− test kits.
Moreover, this device does not involve purchase of any
expensive display interface dedicated only to F− measurement.
The smartphone app and sensor extension are built in a way
such that they can be modified easily for the detection of other
contaminants, just by changing the active reagents.

3. CONCLUSIONS

In conclusion, we developed a cost-effective, field-deployable,
and integrated sensing platform installed on a smartphone for
fluoride detection and quantification with a high degree of
sensitivity and specificity. The bicomponent sensing material
was prepared using a mixture of near-cubic ceria−zirconia NC
and XO dye, which rapidly changes color from yellow to red
upon interaction with fluoride down to sub-ppm levels. The
NCs have been thoroughly characterized for their properties
and shelf life, and the sensing mechanism has been studied in
detail by XPS and NMR spectroscopies. The sensing material
has been tested against high concentrations of other common
anions likely to be present in natural waters which gave
negative results and proved its selectivity toward F−. The
smartphone reader was integrated to an external sensing
attachment consisting of an LED and a photodiode-based
optical setup for the estimation of the F− content, having an
LOD of 0.06 ppm. We demonstrated consistent performance
of this portable sensor for simultaneous detection and
quantification in environmental field water samples and various
dental care products at a cost of less than 1 cent/assay. The
aspects such as shape-dependent sensitivity and environmental
impact of the nanomaterial used have been also explored.

4. EXPERIMENTAL SECTION

4.1. Materials. Zirconium oxychloride octahydrate
(ZrOCl2·8H2O), cerium nitrate hexahydrate (CeNO3·6H2O),
XO sodium salt (XO), and ethylene glycol were purchased
from Loba Chemie, SRL chemicals and Merck, respectively.
Ethanol was procured from Changshu Chemicals, while
hydrochloric acid and sodium fluoride were supplied by Hi-
media. All synthesis and control experiments were done using
distilled water.
4.2. Methods. 4.2.1. Preparation of NCs. The CeO2@

ZrO2 core−shell NCs were synthesized by suitable mod-
ification of a reported procedure which involves the growth of
ZrO2 on the colloidal seed of CeO2 nanoparticles.

31 1 mL of
0.5 M cerium nitrate was mixed in 30 mL ethylene glycol and 3
mL water inside a hydrothermal bomb. The reaction mixture
was heated at 180 °C for 12 h. After the temperature came

down to room temperature, 0.3 mL of 0.5 M zirconium
oxychloride is added and again heated at 180 °C for 8 h. The
resultant solution was centrifuged at 5000 rpm for 5 min,
washed, and redispersed in ethanol. NCs were characterized by
TEM, FESEM, energy-dispersive spectroscopy (EDS), XPS,
dynamic light scattering (DLS), and XRD techniques.

4.2.2. Preparation of XO Dye Solution. 2 mL of 1 mM XO
solution in water was taken to which 20 μL of concentrated
hydrochloric acid was added to obtain yellow color starting
from violet. The acidified solution was kept undisturbed for 4 h
and then diluted with water in 1:1 ratio.

4.2.3. Procedure for Colorimetric Sensing. Ethanolic
dispersion of NCs and an acidic solution of the dye were
mixed in 1:1 (v/v) ratio and added to 2.5 mL of F−-
contaminated water to observe the color change from yellow to
red. Same steps are followed for absorbance and device-based
experiments. The sensor responses were compared with ISE
results for field samples and dental care products.

4.3. Instrumentation. Absorbance spectra were measured
using a PerkinElmer Lambda 365 instrument in the range of
200−1100 nm. TEM and high-resolution TEM (HRTEM)
were performed at an accelerating voltage of 200 kV on a JEOL
3010, 300 kV instrument equipped with a UHR polepiece. The
accelerating voltage was kept low to ensure that beam-induced
damage on the material was low. The samples for HRTEM
were prepared as dispersions which were drop-casted on
carbon-coated copper grids and allowed to dry under ambient
conditions. FESEM (Tescan-Mira 3 LMH) imaging was done
in high vacuum and low vacuum (up to 500 Pa) conditions
with accelerating voltage from 50 V to 30 kV and 20 ns to 10
ms per pixel scanning speed. EDS was done by using FEI
Quanta 200, typically at 20 kV acceleration voltage. XPS
measurements were done using an ESCA Probe TPD
spectrometer of Omicron Nanotechnology. Polychromatic
Mg Kα was used as the X-ray source (hν = 1253.6 eV).
Samples were spotted as drop-cast films on a sample stub.
Constant analyzer energy of 20 eV was used for the
measurements. Binding energy was calibrated with respect to
C 1s at 284.8 eV. Residual fluoride concentration in water was
measured (using TISAB) by a fluoride-ion selective electrode
(ION 2700, Eutech Instruments). Device fabrication details
are presented in the main text.
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Figure S1. (A) and (B) show large area TEM images showing the structure of ceria@zirconia 
nanocages.  
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Figure S2. (A) and (B) show large area FESEM images for ceria@zirconia nanocages showing 
their near cubic shapes. 
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Figure S3. (A) and (B) show large area FESEM images of ceria@zirconia nanocages after their 
interaction with F- ions.  

 

The images show the aggregation of fluoride around the nanocages upon interacting with F- in 
water. 
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Figure S4. Temperature dependent kinetics of NC-XO before and after interaction with F- ions. 

 

The UV-vis spectra shows the NC-XO absorbance with and without F- at 10, 20, 30 and 40°C. It 
is clear that higher temperature facilitates the reaction responsible for color change, thus rate of 
reaction increases. The kinetics of fluoridated samples show much higher increase then control 
samples. 
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Figure S5. IR spectra showing NC-XO before and after interaction with F- ions.  

 

The wide band at 3000–3600 cm–1 is assigned to O–H vibrations. The sharp bands at ~2948 cm–1 
are assigned to the asymmetric and symmetric methylene stretching modes. The sharp bands at 
~1078 cm-1 are assigned to the C–O stretching vibration of alcohol. These characteristic bands can 
confirm the existence of glycol. The bands at ~1653 cm-1 is assigned to the C=O vibrations, which 
implies that there is partly oxidation of glycol in the reaction process. Slight shifts in the C-O and 
C=O stretching frequencies to higher wavenumbers is observed upon interaction with F-. 
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Figure S6. Absorbance spectra showing NC-XO interaction with standard F- solutions and 
various commercial dental products (left). Standard curve for F- content estimation in the dental 
products (right). 

 

UV-vis spectra show the sensor response with 0, 0.1, 0.3, 0.6 and 0.9 ppm F- standards to make a 
standard curve, that helped to quantify the F- content in TP1, TP2 and MW samples by their 
respective absorbance values. 
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Figure S7. Absorbance spectra of NC-XO before and after F- interaction, at various alkaline pH 
conditions. 

 

UV-vis spectra were taken to observe the pH dependent behavior of the sensor. Control studies 
showed that NC-XO gives consistent results till pH 10.5 in case of with and without F- samples.  
At pH 11.5 and beyond, NC-XO undergo color changes without any F- in the medium.  
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Figure S8. Overlapping full length 1H NMR spectra of XO and NC-XO-F. 

 

XO: 1H NMR {D2O, 500 MHZ, δ} = 

2.02, 2.03 (two S, 6H, CH3), 3.96, 4.41 (two S, 12H, CH2), 6.77 (S, 2H, OH), 7.11 (m, 4H, Ph-
SO3-), 7.61 (m, 4H, Ph) 7.98 (m, 4H, COOH) 7.3 (m, 6H, benzene)  

NC-XO-F: 1H NMR {D2O, 500 MHZ, δ} = 

2.03, 2.15 (m, 6H, CH3), 3.13 (S, 2H, NH+), 3.88, 4.35(m, 12H, CH2), 6.62 (d, 1H, OH), 7.22 
(m, 4H, Ph-SO3-), 7.59 (m, 4H, Ph), 7.95 (d, 2H, COOH).  
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Figure S9. Full length 1H NMR spectrum of XO at pH 11.5. 

 

The NMR peaks of XO at 11.5 and neutral pH (Figure S8) do not match, hence some chemical 
transformation in the dye structure at very high alkaline pH is evident.  

So, working pH for the sensor is from acidic to pH 10.5. 
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Figure S10. (A) to (L) show steps for using the fluoride sensor app over an android supporting 
phone for connection, calibration and measurements (output values not to be considered).  
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Figure S11. Optical images of control F- sensing experiments performed with zirconium-XO 
complex, ZrO2 NP-XO, CeO2 NP-XO and spherical CeO2@ZrO2 NC-XO systems for 0, 0.1, 1 
and 10 ppm of F-.  

 

0          0.1       1        10      100    (ppm)  - Zr-XO complex

0            0.1          1         10       (ppm)  - ZrO2 NP-XO 

0          0.1          1            10         (ppm)  - CeO2 NP-XO 

0          0.1             1             10     (ppm)  - spherical CeO2@ZrO2 NC-XO 
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Dual emitting Ag35 nanocluster protected
by 2-pyrene imine thiol†
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In this communication, we present the synthesis of 2-pyrene imine

thiol (2-PIT)-protected Ag35 nanoclusters using a ligand exchange-

induced structural transformation reaction. The formation of the

nanocluster and its composition were confirmed through several

spectroscopic and electron microscopic studies. The UV-vis

absorption spectrum showed a set of characteristic features of

the nanocluster. This nanocluster showed blue emission under UV

light due to pyrene to metal core charge-transfer, and NIR emission

due to charge-transfer within the metal core. This is the first report on

dual emitting pyrene protected atomically precise silver nanoclusters.

Ligand protected metal nanoclusters (NCs) are an emerging
class of quantum materials connecting the gap between atoms
and bulk metallic materials.1,2 Owing to their unique electrical,
optical and other spectroscopic properties such as lumi-
nescence,3–5 chirality,6 etc., they are important for applications
such as catalysis,7 CO2 reduction,8 bioimaging,9 etc. The surface
ligand environment not only stabilizes their fragile metal core but
also determines their electronic properties.10,11 The literature
suggests that small organic thiol and phosphene co-protected
silver nanoclusters such as Ag6,12 Ag14,13 Ag25,14 Ag29,15 Ag67,16

etc., are more promising compared to bulky DNA17,18 and
dendrimer19 protected NCs in making structure–property
correlations. Our group has reported silver NCs such as Ag16,
Ag17,20 Ag22,21 Ag40, Ag46,22 etc., and their crystal structures as a
step toward understanding their various functional properties.
Generally, the light sensitivity and chemical instability of
the Ag core limit their practical applications. In view of such

limitations, designing new multidentate ligands that can stablize
Ag NCs is important. In contrast to conventional organic thiols
and phosphines used for protecting silver NCs, in this work we
have used 2-pyrene imine thiol, a polycyclic aromatic hydrocarbon
(PAH)-based ligand for Ag NC synthesis. Atomically precise silver
NCs protected with electron dense pyrene ligands are a new class
of functional hybrid nanomaterials, which show electronic,
optical and other physical properties, due to a combination of
both the ligand and the cluster core.

Pyrene is a good candidate among other PAHs, due to its
multiple absorption and emission properties.23 Due to their
high emission quantum yield and excimer stability, pyrene
functionalised nanoparticles (NPs) and dendrimers are widely
used in optoelectronic,24,25 molecular labelling,26 and fluores-
cence sensing applications.27 There are some reports on func-
tionalised pyrene protected gold NPs, wherein the NPs show
erratic emission of pyrene.28 Due to the resonance energy
transfer from the chromophore to the metallic core, the emission
quenches significantly. The distance from the nanoparticle core to
pyrene has a significant role in this energy transfer process.29

Generally, increasing the distance from the metallic core to the
pyrene center decreases quenching. In the case of a cluster, which
has a molecular core, quenching is expected.

To obtain a highly stable silver NC, appended with PAHs, we
have used 2-PIT and triphenylphosphine (TPP) as ligands. The
synthesis of the 2-PIT ligand was through a high-temperature
condensation reaction between pyrene aldehyde and 2 amino
thio-phenol. Fig. 1a shows a schematic representation of the syn-
thesis of the 2-PIT ligand. In brief, pyrene aldehyde was mixed with
2 amino thio-phenol in an argon atmosphere in a methanol-ethanol
solvent mixture, under refluxed (60 1C) conditions. After 4 hour of
reaction, a yellow colored ligand was filtered using a Whatman
42 filter paper and washed several times with the methanol–ethanol
solvent mixture to remove excess starting materials. The as-prepared
2-PIT ligand was confirmed using 1H and 13C{1H} NMR (shown in
Fig. S1 and S2 respectively, ESI†) and mass spectral studies.

The formation of the 2-PIT ligand was confirmed through
single-crystal structure studies. Fig. 1b shows the crystal structure
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of the ligand, which crystallized in the monoclinic P21/c crystal
system. From the crystal structure, we observed that the C–H
proton of the imine group and the S–H proton combined them-
selves and formed a five-membered ring. The distance of S and
imine carbon is 1.77 Å compared to 1.72 Å distance of the C–S
bond with the benzene ring, which indicates weak bonding with
the imine carbon. Several C–H–P intermolecular interactions in
the intermolecular packing of the ligands are shown in Fig. S3
(ESI†); four molecules packed inside the unit cell in a lamellar
fashion are visible. The negative mode electrospray ionisation
mass spectrum (ESI-MS) in DCM showed a [M � H]� ion peak at
m/z 336.21, which indicated the existence of the molecule in the
thiol (SH) form in solution. The proton NMR spectrum shown in
Fig. S1 (ESI†) with a single peak at 3.45 ppm confirmed the thiol
form in solution. Furthermore, we confirmed the formation of
the imine thiol form through MS/MS fragmentation studies,
showing the loss of S, pyrene imine and pyrene moieties from
the molecular ion peak, by varying the collision energy.

The Ag35 NC was prepared using a ligand exchange-induced
structural transformation (LEIST) reaction from the Ag18

nanocluster. Fig. 2a shows a schematic representation of the
synthetic procedure employed in the LEIST reaction. Product
clusters were also formed by a controlled co-reduction reaction
of metal thiolates in the presence of TPP. Detailed charac-
terization of the Ag18 NCs through UV-vis absorption and MS
studies is shown in Fig. S4 (ESI†). The conversion of Ag18 NC to
Ag35 NC through several intermediates was reflected in the
changing color of the reaction mixture. The changes in the UV-vis
absorption features of these intermediates are shown in Fig. S5
(ESI†). A dark violet color appeared at the end of the reaction after
48 h. Fig. 2b shows the UV-vis absorption features of the purified
NC. The nanocluster has well-defined sharp absorption features at

557 and 497 nm. The absorption features of the Ag35 NC remain
unchanged after two months, indicating the good stability of the
NC. The uniform particle size distribution of the NC was also
confirmed using TEM imaging. The TEM images show small
cluster particles o2 nm in diameter (Fig. 2d).

The molecular composition of this NC was confirmed using
the high resolution ESI-MS (HR ESI-MS) technique. During ESI-MS
measurements, the ionization of the cluster was enhanced by
adding a few drops of methanol. The instrumentation details
are given in the ESI.† The full range mass spectrum shown in
Fig. 3a indicates a sharp peak at m/z 2659.7 in the 3+ charge state.
This corresponds to a mass of 7971.1 for the molecular ion
species. This peak was assigned as [Ag35(2-PIT)7(TPP)7@(H2O)]3+

by comparing its experimental isotopic distribution with the
isotopic distribution of the simulated spectrum. The assignment
was further verified using collision induced dissociation (CID)
mass spectrometry measurements at different collision-energies
(CEs), which are instrumental units of the Waters Synapt G2 Si
mass spectrometer. The MS/MS fragmentation patterns are shown
in Fig. 3b. From the MS/MS spectra, we observed that by varying
the CE from 0 to 50, there were four sequential mass losses of
262 units, which indicates four TPP unit detachments from the
cluster. Next, by increasing the CE from 50 to 150, further loss of
TPP was not observed, which suggested that only 4 TPP molecules
are weakly bonded to the outer shell of the cluster. At CE 150,
a new peak appeared at 2755.5 with the 2+ charge state. The mass
loss of 2468.18 indicated the loss of the [Ag13(H2O)(TPP)4] frag-
ment from the molecular ion peak. Next upon increasing the CE
from 150 to 175, we observed further loss of three TPPs, which
indicated that while four TPP molecules are loosely bound to
the cluster surface, there were three other strongly bound TPP
molecules. Upon further increasing the CE, five sequential mass
losses of 124 units due to the loss of the aminothiophenol moities

Fig. 1 (a) Schematic representation of the synthesis of the 2-pyrene imine
thiol ligand; (b) the crystal structure of the ligand (inset shows the optical
image of the single crystal); (c) the mass spectrum and the MS/MS
fragmentation data of the ligand (color codes of the atoms: violet =
carbon; blue = nitrogen; yellow = sulphur; and gray = hydrogen).

Fig. 2 (a) Schematic representation of the synthesis of Ag35 NC by a LEIST
reaction; (b) the optical microscopic image of the Ag35 NC crystals; (c) the
UV-Visible absorption spectrum of Ag35 NC showing its stability (inset
shows the photographic image of the NC solution in DCM); (d) the TEM
image of the NC showing uniform particle distribution (inset shows the
HRTEM image of the NCs, and some particles are encircled).
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from the NC, generated by the fragmentation of the 2-PIT ligand,
were seen.

To further understand the binding of TPP and 2-PIT ligands,
we studied the 13C and 31P NMR spectra of the NC. Fig. 3c
shows the 13C NMR spectrum of the NCs, which exhibited 23
low intensity signature peaks of carbon in the 120–128 ppm
window due to 2-PIT along with TPP signature peaks in the
128–135 ppm region. This clearly suggested the co-protection
of the 2-PIT and TPP ligands. Multiplet peak splitting of
the 13C spectrum for the TPP region is most probably due to
the variation in the chemical environment of the TPP outside the
NC surface. The broad 31P NMR signal at 9.32 ppm shown in
Fig. S6 (ESI†) indicated TPP binding with the cluster. Although
there are two sets of TPP molecules on the cluster surface,
we were not able to distinguish between them through the
31P NMR spectrum. The XPS spectra are shown in Fig. S7 and
S8 (Table S3) (ESI†) of the ligand and Ag35 NC, respectively.
Among the four peaks of Ag35 NC, two peaks at 284.8 and
286.6 eV are comparable with the two peaks at 284.8 and
286.3 eV of the C 1s region of the 2-PIT ligand, which suggests
the binding of the 2-PIT ligand. The two other peaks of the C 1s
region at 288.2 and 289.4 eV are due to the two types of TPP
ligands. The decrease in the binding energy of the N 1s and S 2p
regions in the Ag35 NC, compared to the 2-PIT ligand, is
probably due to the electron back donation from the metal
core to the N and S end of the ligand. The higher electronegativity
of N and S compared to Ag is also the reason behind it. The
binding energy of 368.4 and 374.5 eV for the Ag 3d region suggests
the metallic state of silver.

Although the as-grown cubical blackish-violet crystals of the
NC showed optical polarisation, due to the lack of intense
electron diffraction spots, we were not able to get the single-
crystal structure of the NCs. Fig. 2b and Fig. S9 (ESI†) show the
optical microscopic images of the single crystals grown after
crystallization. The EDS elemental images of the single crystals
are shown in Fig. 3d. The single crystal showed the existence of
Ag, S, P, N and C in an atomic ratio of 3.61 : 1.36 : 1.47 : 1.44 :
92.12 in the crystal, which indicated the co-existence of 2-PIT
and TPP ligands in the NC. The FTIR spectra of the 2-PIT ligand
and Ag35 NC are shown in Fig. S10 (ESI†). The sharp feature at
3049 cm�1 corresponded to the pyrene C–H stretching mode.
Similar vibrational features are also observed there for the 2-PIT
ligand. The broad O–H vibrational feature centered at 3435 cm�1

indicated that H2O is present in the NC.
Interestingly, the Ag35 nanocluster exhibits dual emission

features in blue (449 nm) and NIR (896 nm) regions upon
excitation at 417 and 530 nm, respectively (Fig. 4). Fig. 4a shows
the excitation spectrum of the Ag35 NCs at 449 nm emission,
demonstrating three major excitation peaks at 297, 365 and
417 nm. These low lying excitation maxima resembling the
absorption maxima of the 2-PIT ligand are due to the charge
transfer from pyrene to the metal core. The NIR emission peak
at 896 nm corresponding to the excitation maxima at 530 and
558 nm is due to the metal shell to metal core charge tranfer
(MMCT) in the NC. Comparing the absorption maximum at
557 nm with the excitation maxima, we can conclude that the
NIR emission is due to the charge transfer within the metal
core.30 A similar type of MMCT leading to NIR emission was

Fig. 3 (a) Positive mode ESI-MS spectrum of the Ag35 NC in DCM (inset shows the simulated and experimental isotopic distribution patterns of the
2659.7 peak); (b) MS/MS fragmentation pattern of the 2659.7 peak using different collision energies; (c) 13C{1H} NMR spectrum of the Ag35 NC in CDCl3;
(d) SEM EDS elemental mapping of NC crystals indicating their atomic composition.
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reported in the literature.31 The Ag35 nanocluster shows a dual
emissive character of the ligand as well as the metal core and is
the first example showing this behavior.

In conclusion, we have shown the synthesis of a 2-pyrene
imine thiol protected Ag35 nanocluster using a LEIST reaction.
The formation of the NC was confirmed using UV-vis absorption
spectroscopy, mass spectrometry, and multinuclear NMR, TEM,
SEM, EDS, FTIR and XPS measurements. The cluster showed
intense blue emission due to pyrene to metal core electron-
transfer in the solution phase. There was also a comparable NIR
emission observed due to metal-to-metal charge transfer. This
work is a step toward making silver nanoclusters with a family of
electron rich pyrene molecules having composite electronic
features. Dual emission in such types of materials may be tuned
for desired applications such as ion sensing and bio imaging.
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Fig. 4 (a) Photoluminescence excitation and emission spectra of the nanocluster (inset shows images of the cluster solution under day light and
UV light) and (b) NIR emission and the corresponding excitation spectra of the nanocluster.
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Experimental Section:

1) Chemicals used:

Pyrenecarboxaldehyde and 2-aminothiophenol were purchased from Sigma-Aldrich and Avra, 
India chemicals, respectively. Silver nitrate (AgNO3) was purchased from Rankem chemicals. 
Sodium borohydride (NaBH4, 98%) and triphenylphosphine (TPP) were purchased from Aldrich 
chemicals. All the chemicals were commercially available and used as such without any further 
purification. Solvent grade dichloromethane (DCM), chloroform (CHCl3), n-hexane, and methanol 
(99.5%) were purchased from Rankem chemicals and Finar, India respectively. Milli-Q water was 
used as the source of water for Ag18 nanocluster synthesis. Deuterated solvent (CDCl3) was 
purchased from Aldrich chemical.

2) Synthesis of [Ag18(PPh3)10H16]+2NCs:

Ag18 NCs were synthesized by following the previous literature.[S1] In Brief, at room temperature, 
20 mg silver nitrate (AgNO3) was dissolved in 5 mL methanol and 8 mL CHCl3 under ultrasonic 
condition. After that, 70 mg triphenylphosphene (TPP) was dissolved in 2 ml methanol and added 
to it under stirring condition. After 20 min of reaction, 6.5 mg NaBH4, dissolved in 0.75 mL milli-
Q water, was added to it quickly. After addition of NaBH4, reaction mixture became clean yellow 
solution which gradually converted to dark brownish solution and finally became dark green 
solution which indicated the formation of Ag18 NC. After 3.5 hour reaction, mixed solvent were 
removed at reduced pressure. Dark greenish nanocluster was dissolved in cold water to remove 
excess NaBH4 and AgNO3. Finally, dark greenish Ag18 nanocluster was extracted using methanol. 
Formation of the NC was confirmed using UV-Vis spectroscopy and mass spectrometry, as shown 
in Fig. S4. The yield of the reaction was 25 % in terms of silver.

3) Synthesis of 2 pyrene imine thiol ligand:

1000 mg (4.35 mM) of pyrene aldehyde was mixed with 762 mg (6.09 mM, 1.4 eq) of 2 amino 
thiophenol in an argon atmosphere. After 20 min of solid state mixing, 20 ml methanol and 10 
ml ethanol was mixed with them and put for 4 hour refluxion at 60 oC. After the reaction, yellow 
color ligand was filtered using Whatman 42 filter paper and washed several times with excess 
ethanol and methanol to remove the excess starting materials. (Yield of the product: 1.58 gm, 90 
%, yellow color). 2-PIT ligands were non emissive in both solid state as well as in solution.

1H NMR (CDCl3, 500 MHz) δ = 3.45 (S, 1H, S-H); 6.62 (m, 2H, Ar-H); 7.15 (m, 2H, Ar-H); 7.54 (dt, 1H, Pyr-
H); 8.1 (m, 4H, Pyr-H); 8.27 (m, 4H, Pyr-H); 8.47 (t, 1H NC-H).

13C {1H} NMR (CDCl3, 125 MHz) δ = 168.16, 136.62, 132.99, 131.29, 130.65, 129.17, 128.97, 128.55, 
127.19, 127.05, 126.79, 126.59, 126.42, 126.33, 126.03, 125.74, 125.28, 124.70, 123.47, 122.95, 121.43, 
118.14, 115.21 ppm.
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4) Synthesis of Ag35 nanocluster:

Ag35 nanocluster was prepared using modified ligand exchange reaction. About 15 mg purified 
Ag18 nanocluster in 20 ml methanol was mixed with 4.5-5 mg 2-PIT ligand dissolved in 2-3 ml DCM 
solvent in dark condition. After 1 hour reaction at room temperature, greenish color Ag18 
nanocluster converted to a dark reddish color solution. After 24 hour reaction solution became 
wine red. Based on the UV-Vis absorption spectrum of theses intermediates shown in Fig.S5b, 
which infers that these are mixed Ag-thiolate and Ag-phosphine complexes. The reaction was 
continued upto 48 hour which lead to the formation of dark violet colored Ag35 nanocluster. After 
that, the solvents were evaporated in rotary evaporator and the cluster was washed several times 
with ethanol and water to remove excess ligands and silver precursors. Purified Ag35 nanocluster, 
soluble in dichloromethane and chloroform, was used for further studies.

5) Crystallization of Ag35 nanocluster:

30 mg purified Ag35 nanocluster in 2.5 ml DCM solvent, layered with 0.75-1 ml hexane, led to the 
formation of cubical nanocluster crystals.

Instrumentation:

1) UV Visible spectroscopic measurements:

Perkin Elmer Lambda 365 UV Visible spectrophotometer was used to study the optical absorption 
spectra for the clusters in the wavelength region of 200 to 1100 nm.

2) ESI MS spectra:

Mass spectrum of 2-pyrene imine thiol (2-PIT) was recorded using an ion trap Thermo Scientific 
LTQ XL mass spectrometer. Mass spectrum of Ag18 and Ag35 NCs were collected using Waters 
Synapt G2Si HDMS instrument. Both Ag18 and Ag35 NCs were measured in the positive ion mode. 
All the fragmentation experiments were recorded by varying the collision energy in the trap and 
transfer chambers of the same instrument. An optimized condition of capillary voltage 3 kV, spray 
current 100 nA, cone voltage 1 kV were used to record the mass spectrum of the cluster.

3) Microscopic characterizations:

a) Optical imaging:

All the optical microscopic images of the crystal were collected in 10X magnification using LEICA 
optical microscope equipped with LAS V4.8 software.

b) TEM imaging:

Size distribution of the NCs were recorded using Transmission electron microscopy, which was 
recorded at -40oC by using a JEOL 3010 high resolution transmission electron microscope 
operated at 200 kV. A Gatan multistage CCD camera was used to record the image.
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c) SEM EDS study:

SEM EDS measurements were performed using Verios G4 UC, Thermo Scientific HRSEM 
instrument.

4) Photoluminescence spectra:

Photoluminescence spectra were measured using Jobin Yvon Nanolog spectrofluorometer 
equipped with Fluorescence V3 software.

5) XPS study:

X ray photoelectron spectroscopy were recorded using ESCA probe TPD equipped with 
polychromatic Mg Kα X ray source (hγ = 1253.6 eV). DCM soluble cluster solution were spotted 
onto the XPS grid for the measurements.

6) FTIR spectroscopic measurements:

IR spectra of the 2-PIT ligand and Ag35 NCs were recorded using Perkin Elmer FT-IR spectrometer.

7) Single crystal XRD measurements:

Single crystal X-ray diffraction data was collected using Bruker D8 VENTURE SC-XRD 
diffractometer, equipped with monochromatic Mo(Kα) ( λ= 0.71073 ) radiation at 296K. The 
structure was solved using SHELXL-2018 (Sheldrick, 2018) and refined using full matrix least 
squares techniques. The program APEX3-SAINT V8.37A (Bruker-2016) was used for integrating 
the frames. Hydrogen, carbon atoms were fixed at calculated positions and refined model. All the 
molecular structures, interaction and molecular packing were obtained using the Mercury 
software (Version 3.9).
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Table S1. Crystal data and structure refinement for 2-pyrene imine thiol.

Identification code AJ/2-PIT

Empirical formula C23 H13 N S

Formula weight 335.40

Temperature 296(2) K

Wavelength 0.71073 Å

Crystal system Monoclinic

Space group P21/c

Unit cell dimensions a = 21.4278(11) Å = 90°.

b = 4.9469(2) Å = 107.158(2)°.

c = 15.5164(8) Å  = 90°.

Volume 1571.56(13) Å3

Z 4

Density (calculated) 1.418 Mg/m3

Absorption coefficient 0.210 mm-1

F(000) 696

Crystal size 0.150 x 0.150 x 0.100 mm3

Theta range for data collection 3.409 to 24.993°.

Index ranges -25<=h<=25, -5<=k<=5, -18<=l<=18

Reflections collected 31947

Independent reflections 2751 [R(int) = 0.0901]

Completeness to theta = 24.993° 99.7 % 

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7445 and 0.6331

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 2751 / 0 / 226

Goodness-of-fit on F2 1.150

Final R indices [I>2sigma(I)] R1 = 0.0679, wR2 = 0.1488

R indices (all data) R1 = 0.0888, wR2 = 0.1600

Extinction coefficient n/a

Largest diff. peak and hole 0.407 and -0.319 e.Å-3
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Table S2. Atomic coordinates ( x 104) and equivalent  isotropic displacement parameters (Å2x 103)

for 1.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor.

________________________________________________________________________________ 

x y z U(eq)

________________________________________________________________________________  
C(1) 5785(2) 8045(7) 4465(2) 39(1)

C(2) 5228(2) 9511(7) 4019(2) 44(1)

C(3) 5266(2) 11345(7) 3382(2) 46(1)

C(4) 5852(2) 11734(7) 3165(2) 49(1)

C(5) 6398(2) 10249(7) 3592(2) 48(1)

C(6) 6370(2) 8388(6) 4239(2) 38(1)

C(7) 6721(2) 5275(6) 5304(2) 37(1)

C(8) 7134(2) 3299(7) 5916(2) 37(1)

C(9) 6941(2) 2449(7) 6661(2) 46(1)

C(10) 7285(2) 572(8) 7258(2) 49(1)

C(11) 7844(2) -614(7) 7152(2) 42(1)

C(12) 8210(2) -2596(8) 7763(2) 54(1)

C(13) 8734(2) -3793(8) 7625(2) 55(1)

C(14) 8952(2) -3137(7) 6867(2) 47(1)

C(15) 9491(2) -4386(8) 6709(3) 56(1)

C(16) 9691(2) -3689(8) 5976(3) 60(1)

C(17) 9361(2) -1767(8) 5376(3) 53(1)

C(18) 8819(2) -433(7) 5502(2) 41(1)

C(19) 8610(2) -1135(6) 6258(2) 38(1)

C(20) 8050(2) 154(6) 6395(2) 36(1)

C(21) 7702(2) 2142(6) 5779(2) 34(1)

C(22) 7941(2) 2818(7) 5032(2) 40(1)

C(23) 8469(2) 1587(7) 4909(2) 44(1)

N(1) 6883(1) 6787(6) 4721(2) 42(1)

S(1) 5902(1) 5684(2) 5314(1) 46(1)
________________________________________________________________________________
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Fig. S1: 1H NMR spectrum of 2-pyrene imine thiol ligand in CDCl3 solvent. (DCM, ethanol peaks 
are due to impurity).
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Fig. S2: 13C {1H} NMR spectrum of 2-pyrene imine thiol ligand in CDCl3 solvent.
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Fig. S3: a, b, c) Single crystal unit cell packing of 2-PIT molecule in three different orientations. 
Several C-H -Π intermolecular interactions leading to the crystallization are shown here.

CH-Π interaction

CH-Π interaction

CH-Π interaction

CH-Π interaction
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Fig. S4: a) UV-Visible absorption spectrum of Ag18 NC in methanol (inset digital image of the 
nanocluster); b) positive mode ESI-MS spectrum of the NC (inset shows experimental and 
theoretical spectrum).
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a)

b)

Fig. S5: a) Photographs of the reaction mixtures during the course of the reaction; b) UV-Vis 
absorption spectrum of the ligand, intermediates and Ag35 NC. (emergence of the characteristic 
peak at 557 nm indicated the formation of Ag35 NC).
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Fig. S6: 31P {1H} NMR spectrum of Ag35 nanocluster in CDCl3 solvent (broad NMR peak at 9.32 ppm 
indicating phosphorous of PPh3 binding with cluster).
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XPS analysis:

The XPS spectra are shown in Fig. S7 and S8 (Table S3) of the ligand and Ag35 NC, respectively. 
Among the four peaks of Ag35 NC, two peaks at 284.8 and 286.6 eV are comparable with the two 
peaks at 284.8 and 286.3 eV of the C 1s region of the 2-PIT ligand, which suggests the binding of 
the 2-PIT ligand. The two other peaks of the C 1s region at 288.2 and 289.4 eV are due to the two 
types of TPP ligands. The decrease in the binding energy of the N 1s and S 2p regions in the Ag35 
NC, compared to the 2-PIT ligand, is probably due to the electron back donation from the metal 
core to the N and S end of the ligand. The higher electronegativity of N and S compared to Ag is 
also the reason behind it. The binding energy of 368.4 and 374.5 eV for the Ag 3d region suggests 
the metallic state of silver.

c)

b)a)

d)

Fig. S7: XPS spectra of 2-PIT ligand a) survey spectrum indicating C, N and S characteristic peak; 
peak fitting of b) C 1s showing two fitted peaks; c) N 1s and, d) S 2p regions. 
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Fig. S8: XPS spectra of the Ag35 NCs; a) survey spectrum of the NCs indicating different regions; 
peak fitting of the b) C 1s indicating four fitted peaks; c) N 1s; d) P 2p; e) S 2p; f) Ag 3d regions.

Table S3: Comparative binding energy of Ag35 NC and 2-PIT ligand in different spectral region. 

Spectral 
regions

Binding energy (Ag35NC) Binding energy (2-PIT ligand)

C 1s 284.8 eV
286.6 eV
288.2 eV
289.4 eV

284.8 eV
286.3 eV

N 1s 399.4 eV 401 eV
S 2p 162.8 eV (S 2p3/2)

164 eV (S 2p1/2)
166 eV (S 2p3/2)

167.1 eV (S 2p1/2)
P 2p 131.8 eV

132.7 eV
Ag 3d 368.4 eV (Ag 3d5/2)

374.5 eV (Ag 3d3/2)
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a)

c)

b)

Fig. S9: a) Large area optical microscopic images of the nanocluster crystals; b) magnified image 
under bright field; c) photographs of weak single-crystal X-ray diffraction spots.
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Fig. S10: The IR spectra of 2-PIT ligand and Ag35 NC (pyrene C-H, C=C and H2O stretching peaks 
are marked here).
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1. Introduction

1.1. Monolayer Protected Clusters

Atomically precise nanoclusters (NCs) may be defined as 
nanomaterials composed of a specific number of constituent 
atoms, typically metals, held together by metal–metal bonds as 
in Au25, Au38, Au102, Au144, Ag25, Ag29, Ag44, and PdAu24 with 
fixed number of ligands and precise charges, so that the overall 
entity has a well-defined composition, structure, and associated 
properties.[1–7] Nuclearity of the cluster is the number of metal 
atoms in this core which has a diameter in the range of 1–3 nm. 
NCs behave like molecules and are not generally plasmonic in 
nature and exhibit optical properties distinctly different from 
those of traditional nanoparticles. Bonding between the atoms 
in NCs is different from those in bulk metals or in nanopar-
ticles. Their sizes (<3  nm) fall between atoms and nanoparti-
cles, and therefore, this regime of matter is considered as the 

Cocrystallization is a phenomenon involving the assembly of two or 
more different chemical entities in a lattice, occurring typically through 
supramolecular interactions. In this concept, recent advancements in the 
cocrystallization of atomically precise noble metal clusters and their potential 
future directions are presented. Different strategies to create coassemblies of 
thiolate-protected noble metal nanoclusters are presented first. An approach 
is the simultaneous synthesis, and cocrystallization of two clusters having 
similar structures. A unique pair of clusters found recently, namely Ag40 and 
Ag46 with same core but different shell are taken to illustrate this. In another 
category, the case of the same core is presented, namely Ag116 with different 
shells, as in a mixture of Ag210 and Ag211. Next, an intercluster reaction is 
presented to create cocrystals through selective crystallization of the reaction 
products. The coexistence of competing effects, magic sizes, and magic 
electron shells in a coassembly of alloy nanoclusters is discussed next. 
Finally, an assembly strategy for nanoclusters using electrostatic interactions 
is described. This concept is concluded with a future perspective on the 
emerging possibilities of such solids. Advancements in this field will certainly 
help the development of novel materials with exciting properties.

bridging link between atoms and bulk 
state of materials. NCs have precise mole-
cular formulae and possess many proper-
ties that are similar to those of molecules 
(e.g., quantized energy levels, optical 
absorption, and emission, nonlinear 
optical properties, electrochemical prop-
erties, chirality, and magnetism).[4,8,9] The 
properties of NCs depend heavily on their 
size, geometry, and composition, due to 
the quantum confinement effects.[10] They 
also vary drastically with the number 
of constituting atoms. This has greatly 
strengthened the importance of cluster 
chemistry.[11]

Among the NCs, the most important 
family of stable clusters belong to those 
of noble metals, typically protected with 
thiolates. Considering the affinity of thiols 
toward gold or silver, Brust et al.[12,13] have 
introduced thiols as ligands, and the era 
of monolayer protected clusters was born 
with thiol protection. Till date many clus-
ters have been synthesized following the 

modified Brust synthesis method.
Single crystal X-ray structures are considered as the holy grail 

of cluster science. More than 500 clusters (as on June 2020) have 
single crystal structures.[3,5,15,16] Exploring the total structures of 
metal NCs is of great significance for explaining their stability, 
metal sulfur interface, and different properties. Nanoclusters are 
generally represented as Mx(SR)y (where x and y represent the 
number of metal atoms and protecting ligands, respectively, and 
the latter are typically thiols, and they bind to the metal surface 
as thiolate, -SR). Nanoclusters can also be stabilized by thiol–
phosphine mixtures. Thiol is used to provide primary protection 
to the cluster, and phosphine acts as a secondary ligand. In pres-
ence of multiple ligands, stability and properties of NCs were 
enhanced than those composed of single ligands.[6] Particularly, 
secondary ligands help in crystallizing molecules as well as 
enhancing their optical properties.[17,18] After synthesis, the most 
important effort is to understand the cluster with molecular 
tools, such as mass spectrometry to assign the precise com-
position. Subsequently, the purified and often size separated 
cluster is assembled leading to a well-ordered crystal. A number 
of techniques can be used to understand the composition and 
structure. This approach is depicted in Scheme 1. Atomic-level 
doping of foreign metals in the parent cluster is known to create 
doped or alloy clusters, which exhibit enhanced stability and 
improved optical and catalytic properties.[19] Precise molecular 
structure, electronic energy levels, optical absorption and emis-
sion,[10] reactivity,[20,21] electroreduction,[22] water oxidation,[23] 
sensing,[24,25] bioimaging,[26] catalysis,[22,27] and an expanding 
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body of emerging properties, increasingly reaffirm the mole-
cular nature of such systems. For specific aspects of cluster syn-
thesis, characterization, and crystallization, please consult other 
articles in this special issue on clusters.

1.2. Cluster Crystals

Assembling such clusters with similar molecular entities has 
been explored from the very early period of cluster science, 
and the very first example of gold clusters protected with phos-
phine was cocrystallized with a Keggin anion, α-[PW12O40]3− in 
2006.[28] Coassemblies composed of fullerenes and clusters of 
cobalt and iron have been reported subsequently.[29,30] Recently, 
Roy group reported superconductivity in cluster assembled 
solids of Re6Se8Cl2.[31] The emergence of thiolated gold clusters 
with chemical and physical stability, exhibiting new properties, 
such as distinct optical absorption and visible to near-infrared 
emission present new possibilities for their assembled solids. 
Existence of well-defined cluster shapes derived from polyhedra 
belonging to different categories and the presence of covalently 
anchored ligands on metal cores, capable of making specific 
noncovalent interactions between protected clusters and pos-
sibilities of inclusion complexes with ligands, together expand 
the possibility of assembly of thiolated noble metal clusters.[32,33]

Cocrystallization is a well-known approach used for the design 
of diverse new multicomponent solids. Current attraction of 
cocrystals is mainly due to their applications in pharmaceuticals 
in terms of modifying the physicochemical properties of drugs.[35] 
A few examples of cocrystals of small molecules are presented 
in Table 1. They have multiple advantages as follows: a) Novelty: 
Cocrystallization leads to unique solids in terms of their structures 
and properties. b) Utility: Cocrystals show different physicochem-
ical properties which have been exploited for specific and wide-
ranging applications as in electronics, solar cells, energy storage, 
and luminescent materials. c) Multiplicity: A large number of 
products are possible as thousands of organic compounds can 
make cocrystals. d) Greenness: The accessibility of hundreds of 

precursors for cocrystallization and comparatively easy synthetic 
methods lead to the saving of energy, effort, and time.

In the recent past, we find that research on cocrystalliza-
tion is expanding from pharmaceuticals to materials. Cocrys-
tallization of different NCs could lead to potential new phys-
icochemical properties differing from those of their simple 
physical mixtures. In such a physical mixture, the periodicity 
of building blocks and associated ordered supramolecular 
interactions will be absent which can bring modification in 
mechanical properties, optical and electrical transport prop-
erties as physical properties, such as melting point. Cocrys-
tals of clusters reported are listed in Table  1. The concept of 
cocrystallization is very new in thiolate-protected atomically 
precise nanoclusters. Emerging examples for such systems are 
beginning to be available, and a rich diversity in this category 
of materials is definite to make a lasting impact in chemical 
science. In this Concept, we explore the new directions of this 
emerging science, manifested in noble metal cluster cocrys-
tals. These are as follows:

i) Simultaneous encapsulation of externally similar structures 
in a single crystal.

ii) Selective crystallization from a reaction mixture as a result of 
interparticle reaction.

iii) Coexistence of competing effects (magic sizes vs magic elec-
tron shells) in alloy nanoparticles to form cocrystals.

iv) Cocrystals composed of +ve and −ve clusters making an ionic 
cluster solid.

These aspects are summarized in Scheme 2. In the sections 
below, we discuss each of these specific categories.

2. Simultaneous Encapsulation of Similar 
Structures in a Single Crystal
A large number of atomically precise metal nanoclusters are 
crystallized in the recent past.[3,6,56–64] They can be understood 
by the divide and protect rule[65] in which metallic cores are sur-
rounded by a polymeric shell, usually made by staple motifs. 
In general, clusters are formed starting with well-known icosa-
hedral cores with appropriate capping and protecting linkages, 
often arranged as monomeric (-SR-M-SR-) or dimeric (-SR-M-
SR-M-SR-), etc., staples. The staple linkage around the core is 
called a shell. Among gold clusters, Au25(SR)18 is an intensely 
studied one because of its versatility toward ligands. It consists 
of an Au13 icosahedral core, protected by 6 Au2(SR)3 staples 
making a Au12SR18 shell (Figure  1A).[4] Similar core and shell 
structure was observed in Ag25(SR)18 by the Bakr group.[62] 
Ag29(S2R)12(PPh3)4, another intensely studied cluster system 
consists of the Ag13 icosahedral core and Ag16S24P4 shell. 
These core and shell structures are summarized in Figure  1. 
Other core structures, namely, face-centered cube, simple cube, 
biicosahedra, body centered cube, and multiple metallic layer 
core structures have also been observed.[58,61,66–69] Combined 
unit of the core and shell structures create 3D atomic structures 
of clusters. This molecular framework with structural rigidity is 
also associated with magic electronic structure, to ensure that 
such systems are stable.[70] Understanding of such structures 

Scheme 1. An atomically precise cluster characterized by molecular 
tools, such as mass spectrometry, is assembled to give a cluster crystal. 
For illustration, the cluster used here is Au25(SCH2CH2C6H5)18

−. The 
ligand employed here, C6H5CH2CH2SH or phenylethanethiol, binds to 
the cluster core as phenylethanethiolate, C6H5CH2CH2S-, referred to as 
PET). Mass spectrum. Reproduced with permission.[14] Copyright 2017, 
American Chemical Society.
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obviously shows the appearance of common outer shell having 
varied inner cores and vice versa.

2.1. Same Shell but Different Core

Mixed ligand protected molecular pieces of silver, namely, 
[Ag46(DMBT)24(TPP)8](NO3)2 and [Ag40(DMBT)24(TPP)8](NO3)2 
(shortened as Ag46 and Ag40, respectively) with the same shell 
but different inner cores were synthesized simultaneously.[52] 
A mixture of purified clusters was crystallized in a monoclinic 
crystal system with space group, C2/m.

Structural refinement unambiguously confirmed that there 
are two types of clusters in the crystal. These clusters exhib-
ited almost the same structures but differed by six metals in 
them and can exchange their positions. Total structures of 
both the clusters revealed that six atomic locations of the core 
of [Ag46(DMBT)24(TPP)8] are empty in [Ag40(DMBT)24(TPP)8]. 
Due to identical structures of the outer shell, clusters were 
not able to differentiate themselves and got cocrystallized. 
Therefore, the difference in the inner core does not affect the 

growth process of the crystals, and both the clusters got nucle-
ated in equal proportions in a single crystal. An examination 
of the clusters [Ag40(DMBT)24(TPP)8] and [Ag46(DMBT)24(TPP)8] 
revealed simple cubic (Ag8) and face-centered cubic (Ag14) 
structures, respectively, as the inner cores. These inner cores 
are protected by a common outer shell, [Ag32(DMBT)24(TPP)8] 
to form the molecular architecture. The structures of the inner 
core and outer shell are presented in Figure  2A–D. Both the 
clusters were assembled in exactly the same fashion to form 
the solid (Figure 2G,H). In a unit cell, there are two molecules 
which are connected through supramolecular interactions. In 
two dimensional lattices, both the clusters were assembled in 
the same way. Ag40 was packed into centered rectangular and 
rectangular 2D lattices along the z and x directions, respec-
tively. The same packing was seen for Ag46 also.

Encapsulation of those clusters in a single crystal was fur-
ther proved by high resolution mass spectrometry (HR ESI 
MS). ESI MS of a crystal dissolved in methanol showed mul-
tiple peaks which were assigned as Ag40

2+, Ag40
3+, and Ag46

2+ 
(with the ligand structure intact). Collision induced dissociation 
studies were performed to confirm the compositions.

Table 1. Some examples of cocrystals of small molecules, clusters, and their importance. In the category of small molecules, only illustrative exam-
ples are given.

Type Cocrystals Importance Ref.

Small molecules Cis-itraconazole and 1,4-dicarboxylic acids, Vitamins D2 (VD2) and D3 (VD3), 
hexamethylenebisacetamide and aliphatic even-numbered dicarboxylic acids, aspirin and 
4,4′-bipyridine, fluoxetine hydrochloride and benzoic acid, fluoxetine hydrochloride and 

fumaric acid, acetaminophen with theophylline, acetaminophen and its hydrochloride salt

Pharmaceutical 
applications

[34–40]

1,2-bis(2-methyl-5-(1-naphthyl)-3 thienyl)perfluorocyclopentene and perfluoronaphthalene Converts light into 
mechanical work

[41]

2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaiso-wurtzitane and 2,4,6-trinitrotoluene (TNT) Smart materials [42]

Anthracene and tetracene Novel fluorophores for 
solar concentrators

[43]

Gallic acid and isoniazid Structural insights into 
proton conduction

[44]

2,7-di-tert-butyl-10,14-di(thiophen-2yl)phenanthro[4,5-abc][1,2,5]thiadiazolo[3,4-i]phenazine 
and tetracyanoquinodimethane (TCNQ)

Switching of p-type 
semiconductor to 

n-type semiconductor

[45]

Caffeine, 4-chloro-3-nitrobenzoic acid and methanol, p-phenylenediamine and N-phenyl-p 
phenylenediamine

New organic functional 
materials

[46,47]

Cocrystals of clusters [Au9(PPh3)8]2[V10O28H3]2 Crystal structure [48]

[(In3GeS7)(Cu5In30S56)]18−[(H2TMDP)2+]9
(TMDP = 4,4′-trimethylenedipiperidine)

Crystal structure [49]

[Co6Te8(PEt3)6][Fe8O4pz12Cl4]
(pz = pyrazolate)

Crystal structure [50]

[Co6Te8(PnPr3)6][C60]3 and [Co6Se8(PEt3)6][C60]3 Electronic transport 
properties

[30]

Recent trends in cocrytsallization 
of thiolate- protected noble 
metal nanoclusters

(Ag210(iPrPhS)71(Ph3P)5Cl and Ag211(iPrPhS)71(Ph3P)6Cl Crystal structure [51]

[Ag46(SPhMe2)24(PPh3)8]2+ and [Ag40(SPhMe2)24(PPh3)8]2+ Crystal structure [52]

[(AuAg)267(SR)80] and [(AuAg)45(SR)27(PPh3)6] Crystal structure [53]

[Ag16(StBu)8(CF3COO)7(ACN)3Cl]+ [Ag17(StBu)8(CF3COO)7(ACN)3Cl]+ Reaction and 
cocrystallization

[54]

[Ag26Au(2-EBT)18(PPh3)6]+ and [Ag24Au(2-EBT)18]− Ionic cocrystal [55]
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2.2. Same Core, Different Shell

Another category of encapsulation of similar structures is 
one with the same metallic core with a different shell. In 
this concept, a ligand control methodology was developed to 
synthesize two silver nanoparticles, namely Ag210 and Ag211, 
which were crystallized in one crystal. They contain the same 
pseudofivefold symmetric Ag116 core, which is made of three 
shells like Ag19@Ag52@Ag45 (Figure  3A–C). Ag19 consists of 
three shared pentagonal bipyramidal structures (Figure  3A). 
Ag52 is made of six layers of silver atoms, top and bottom 
layers contain pentagonal pyramids, and in-between, it has 
four Ag10 layers (Figure  3C). Three chain-like layers of Ag15 
construct Ag45 (Figure  3C). Ag116 core is covered by shells of 
Ag89(SR)71Cl[Ag(Ph3P)]5 and Ag89(SR)71Cl[Ag(Ph3P)]6 to create 
Ag210 and Ag211, respectively (Figure  3). These shells are 
formed by combining different irregular geometrical struc-
tures which make them distorted.

Single crystal X-ray diffraction (SCXRD) analysis clearly 
showed that both the particles have exactly the same core 
of Ag116 but differ in shell structure by a unit of silver phos-
phine complex. This slight change in the secondary ligands 
resulted in the formation of two distinct particles. In Ag211, 
five [Ag(Ph3P)] units are bonded to the core at corners of the 

pentagon, also called as equatorial positions, perpendicular to 
the fivefold axis (Figure  3F). The sixth AgPPh3 is bonded at 
the middle of the pentagon and parallel to the fivefold axis, 
called a polar site (Figure  3F). The pentagon is shown with 
a green dotted line in Figure  3F. In Ag210, one corner of the 
pentagon is missing; other sites of shell are the same as that 
of Ag211 (Figure 3G). However, this one unit change of AgPPh3 
complex in the shell structure did not affect the growth 
process during crystallization of Ag210 and Ag211. Seemingly, 
a large core in both particles enables the cocrystal formation. 
Another example of this type is made of Pt1Ag28(S-Adm)20 and 
Pt1Ag28(S-Adm)18(HOS-Adm)2 (S-Adm is denoted as adaman-
tanethiolate). Hydroxyl group on the surface creates such type 
of structural diversity.[71]

3. Selective Crystallization from a Reaction 
Mixture Leading to Cocrystals by a New Type  
of Interparticle Reaction

Chemical reaction of clusters or interparticle reactions is a new 
class of reactions first observed by our group, which explains 
the interchange of metals and protecting ligands between 

Scheme 2. Schematic representation of the concepts of emerging science manifested in noble metal cluster cocrystals. The image of interparticle 
reaction is reproduced with permission.[91] Copyright 2019, American Chemical Society.
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different atomically precise clusters, resulting in the formation 
of new clusters.[20,72] Such types of reactions were carried out 
by reacting ligand protected clusters made of different metal 

atoms, for example, Ag and Au NCs. Reaction between Au25 
and Ag44 was the first to be reported, followed by the reaction 
of Ag25 and Au25.[72] In such reactions, a series of alloy clusters 

Figure 1. Crystal structures of three well-known clusters to understand core and shell structure. Colors and diameters of core and staple atoms of 
shown differently to understand the structural motifs clearly.
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were formed. In this context, it is important to mention another 
methodology to create alloy NCs is antigalvanic reaction. In 
this process, more noble metal ions are reduced by less noble 
metal.[73] In intercluster reaction, both galvanic and antigal-
vanic reactions occur simultaneously. Many interparticle reac-
tions using different clusters have been explored.[74–79] In view 
of this, our group was interested in creating new mixed-solids 
by extending our previous work. A homometallic interparticle 
reaction methodology was developed to synthesize new NCs.

Interparticle reaction was studied between nano-
clusters containing similar metal atoms such as 
[Ag12(StBu)8(CF3COO)5(ACN)]+ denoted as Ag12, (StBu  = 
tert-butylthiolate, CF3COO = trifluoroacetate) and 
[Ag18(TPP)10H16]2+ denoted as Ag18, (TPP = triphenylphos-
phine) resulting in the formation of two product nano-
clusters viz., [Ag16(StBu)8(CF3COO)7(ACN)3Cl]+ and 
[Ag17(StBu)8(CF3COO)7(ACN)3Cl]+ denoted as Ag16 and Ag17, 
respectively. Interestingly, in a single crystal, the populations 
of Ag16 and Ag17 were in the ratio of 2:1 and in the product 
mixture, however, equal population (1:1) was observed. These 
results have been confirmed by SCXRD and HR ESI MS. 
Therefore, this type of reaction suggests the formation of a 
cocrystal, involving selective crystallization. Seemingly, selec-
tive crystallization happened because of the enhanced stability 

of solids at a particular ratio. The ratio of nanoclusters in the 
solid is determined by their potential energy minimum. We 
tried to prove the existence of equal concentrations of Ag16 
and Ag17 NCs in the solution by nuclear magnetic resonance 
spectroscopy but due to their same shell structures, useful 
information could not be obtained. We attempted to separate 
the component clusters by high performance liquid chroma-
tography (HPLC) and thin layer chromatography (TLC) but it 
was also unsuccessful. In HPLC and TLC procedures, clus-
ters were degraded on the column and TLC plate, respectively. 
This inability did not surprise us as while HPLC and TLC are 
well known for gold clusters, very few reports exist for silver 
clusters.

ESI MS of the product solution in positive ion mode 
shows the formation of NCs in the solution with m/z at 3055, 
3277, and 3499, corresponding to [Ag17(StBu)8(CF3COO)7 
(ACN)3Cl]+, [Ag16(StBu)8(CF3COO)6(ACN)3Cl]+, and [Ag15(StBu)8 
(CF3COO)5(ACN)3Cl]+, respectively (Figure  4A). The peak 
separation is m/z 1.00, for each of the clusters indicating +1 
charge state of the NCs. The formation of NCs was verified by 
matching their isotopic distributions as shown at the inset of 
Figure  4A. The stability of peaks was further analyzed using 
collision-induced dissociation (CID) experiments on the peaks 
with m/z 3277 and 3499. Analysis of CID studies showed 

Figure 2. Structural anatomy of [Ag40(SPhMe2)24(PPh3)8] and [Ag46(SPhMe2)24(PPh3)8] clusters. A,D) Ag8 and Ag14 inner core structures (the metal 
structure that is not connected to ligands) of [Ag40(SPhMe2)24(PPh3)8] and [Ag46(SPhMe2)24(PPh3)8], respectively. Ag8 and Ag14 correspond to simple 
cubic and face-centered cubic structures, respectively. B,E) Common shell, Ag32S24P8, structures of the clusters without inner cores. C,F) The structures 
of [Ag40S24P8] and [Ag46S24P8], respectively. G,H) Organization of Ag40 and Ag46, respectively, in a unit cell.
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that Ag15 was the fragmented peak of Ag16 due to the loss of 
CF3COOAg. However, CID measurements of m/z 3499 (Ag17) 
showed the removal of ligands alone with increasing collision 
energy, indicating that Ag16 was a discrete entity. Therefore, 
CID studies showed that the solution had two types of NCs 
(Ag16 and Ag17). The populations of peaks corresponding to 
Ag16 and Ag17 in product solution and crystals dissolved in ace-
tonitrile are in 1:1 and 2:1, respectively. ESI MS of the superna-
tant after crystallization showed peaks at the same m/z, similar 
to those obtained from crystal and product solutions, although 
with unequal populations. These results suggested that a single 
crystal showed selective crystallization of 2:1 of Ag16 and Ag17 
NCs, respectively, even though the NCs were of equal concen-
trations in the product solution. An attempt to isolate these 
NCs was made using different synthetic protocols, but we 
were unable to succeed in this case. This reaction is the first  

reaction where interparticle reaction between silver NCs 
resulted in product cocrystals by selective crystallization. A bal-
anced chemical equation was written based on the findings 
from ESI MS and SCXRD data (considering the contribution of 
silver and sulfur atoms alone) (Scheme 3).

ESI MS intensities of the product solution and the super-
natant obtained after crystallization provide evidence for a bal-
anced chemical reaction. From ESI MS, equal populations of 
NCs in the product solution got changed into 2:1 in the crystal 
(Ag16:Ag17). ESI MS of the supernatant, after crystal formation, 
showed increased intensity of Ag17, even though the ratio was 
not 1:2, which was attributed to the preferential incorporation 
of the clusters in the crystals. The formation of cocrystal nano-
clusters arising from interparticle reactions was studied using 
time-dependent ESI MS and UV–vis spectroscopy. Studies 
were carried out at different time intervals, t = 2, 5, 15, 30, and 

Figure 3. Common core structures present in Ag210 and Ag211. A) Ag19, B) Ag52, C) Ag45 pentagonal cylinder, D) Outermost Ag89 shell, and E) Full shell 
structure Ag19@Ag52@Ag45@Ag89. F,G) Structures of Ag211 and Ag210, respectively. Reproduced with permission.[51] Copyright 2019, Wiley-VCH.
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60  min, and 7 days after the reaction. ESI MS measurements 
in the positive ion mode showed that individual peaks corre-
sponding to Ag12 and Ag18 did not appear. ESI MS recorded 
after 2  min of the reaction showed that a distinctive peak at 
m/z 4928 emerged whose molecular mass was equal to that of 
[Ag30(StBu)9(CF3COO)6(ACN)5]+, abbreviated as Ag30, indicating 
that an addition reaction had taken place between the reactant 
nanoclusters (Figure  4B). During the reaction, low molecular 
weight species having m/z < 1000 appeared, which could be due 
to the formation of thiolates and phosphines. After 5 min of the 
reaction, ESI MS showed the appearance of many new peaks 
in the region between m/z 1000–3000, corresponding to short 
lived intermediate species formed during the reaction, and the 
peak at m/z 4928 disappeared suggesting its conversion to lower 
molecular mass intermediates. This may be interpreted as a 
top-down approach in synthesis. From the time, t = 15–30 min, 
ESI MS shows a dynamic change during the reaction and a 
color change was visible. After 30 min of the reaction, three 
characteristic peaks emerged whose m/z values at 3499, 3277, 
and 3055 corresponded to [Ag17(StBu)8(CF3COO)7(ACN)3Cl]+, 
[Ag16(StBu)8(CF3COO)6(ACN)3Cl]+, and [Ag15(StBu)8(CF3COO)5 
(ACN)3Cl]+, respectively. The reaction appeared to be completed 
in 1 h, as evident from the disappearance of the reaction 
intermediate. Intensities of the peaks corresponding to Ag16 

and Ag17 increased significantly. ESI MS of a few crystals dis-
solved in acetonitrile were similar (m/z 3055, 3277, and 3499) 
to the MS obtained after 1 h of the reaction but with varying 
intensities. It therefore, suggested that the nanoclusters got 
formed after 1 h. During the course of the reaction, as many 
as 21 heteroleptic reaction intermediates denoted by a gen-
eral formula, [Aga(STBU)b(CF3COO)c(ACN)dCle]+ where 
a = 6–15 and 30, b = 2–9, c = 1–6, d = 0–5, and e = 0–1 were 
identified, which underwent various rearrangements via a 
growth mechanism forming the product nanoclusters, Ag16 
and Ag17. These intermediates size focus leading to stable 
product nanoclusters [Ag16(StBu)8(CF3COO)6(ACN)3Cl]+ and 
[Ag17(StBu)8(CF3COO)7 (ACN)3Cl]+.

4. Cocrystals Due to Magic Sizes and Magic 
Electron Shells
Ligand protected nanoclusters of noble metals are synthe-
sized by reducing the complexes formed by metal salts with 
protecting ligands. A reasonable control over their size and 
atomic structure is obtained via a complex process which is 
influenced by various parameters during syntheses, such as the 
ratio of metal to ligand, temperature, the kinetics of reduction, 

Figure 4. A) ESI MS of crystals of a mixture of Ag16 and Ag17 dissolved in acetonitrile. Major peaks are assigned as [Ag17(StBu)8(CF3COO)7(ACN)3(Cl)]+  
and [Ag16(StBu)8(CF3COO)6(ACN)3(Cl)]+. Isotopic distributions of the experimental spectra (violet trace) are compared with the simulated spectra (red 
trace) in the inset. B) ESI MS spectra as a function of time of the reaction mixture during the synthesis of Ag16

+ and Ag17
+. Peak marked as * corresponds 

to the loss of CF3COOAg. Reproduced with permission.[54] Copyright 2019, American Chemical Society.

Scheme 3. Chemical equations of the intercluster reaction.
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subsequent steps, in particular size focusing, and cleaning. A 
common view is that the creation of protected clusters can be 
arrested during their nucleation or etching when a magic size 
and composition is formed.[80] The factors which can control 
the production of magic cluster are the following

i) Suitable surface structures which can protect the metallic 
core;

ii) Appropriate atomic packing often observed as spherical 
structures of concentric shells of polyhedra and

iii) Closed-shell electronic structure stabilizing smaller nano-
clusters by a large highest occupied molecular orbital 
(HOMO)-lowest unoccupied molecular orbital (LUMO) gap.

The synthetic method chosen can offer some strategies for 
the creation of magic cores and consequent electronic struc-
tures. A mixture of (AuAg)267 and (AuAg)45 was synthesized by 
reducing a complex of metal precursors and ligands by sodium 
borohydride at 0 °C. Transmission electron microscopic (TEM) 

data revealed that the final product contained two monodis-
perse particles with significant variation in sizes. Larger par-
ticle was around 2.5  nm, and the other one was of 1.1  nm. It 
was difficult to conclude from the TEM data that it formed a 
cocrystal or a simple mixture of two different particles. Fortu-
nately, authors were able to get single crystals from the reaction 
mixture, and TEM data were validated by SCXRD. Single crystal 
X-ray analysis showed that there were two kinds of molecules, 
(AuAg)267(SR)80 and (AuAg)45(SR)27(PPh3)6 in the lattice, as 
shown in Figure 5A. Smaller cluster was anisotropic in shape 
but the larger one was spherical. In order to understand the 
core structure of (AuAg)267(SR)80, an analysis was performed by 
removing the protecting ligands. Geometrical anatomy can be 
presented by four layers, k0(1)@k1(12)@k2(42)@k3(92)@k4(120).

Here, it is appropriate to mention the previous work of 
Mackay, who reported in 1962 a sequence in the close packed 
assembly of spheres.[81] He proposed that an assembly of 
spheres can form concentric layers of icosahedra; packed on the 
first layer, composed of a 13 sphere icosahedron. In general, nth 

Figure 5. A) Crystal structures of component clusters, (AuAg)45 and (AuAg)267. a) Structures of trigonal prismatic (AuAg)45 and spherical (AuAg)267 
nanoparticles. B) Dissection of the metal framework of (AuAg)267 to understand the core structures. Four layers of metal atoms, a–d). a) First Mackay 
icosahedral core of 12 metal atoms, b) second Mackay layer of 42 metal atoms, c) third Mackay layer of 92 metal atoms, d) fourth anti-Mackay layer of 
120 metal atoms. Number of metal atoms is mentioned at the bottom of the structures. Reproduced with permission.[53] Copyright 2018, Springer Nature. 
C) Capping of metal framework by thiolates. a) Triangle and square-like metal structures are capped by sulfur atoms. b) 80 sulfur atoms form buckyball-
type structures. Reproduced with permission.[53] Copyright 2018, Springer Nature. D) Unit cell representation of (AuAg)267 and (AuAg)45. There are two 
units of each particle in the unit cell. Larger components are placed at the corners and edges, while smaller ones are at the inside of the hexagonal unit 
cell. Reproduced with permission.[53] Copyright 2018, Springer Nature. E) Self-assembled packing structure of (AuAg)45 and (AuAg)267, along z direction.
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icosahedral layer is made of 10n2 + 2 spheres (for the 13 sphere 
icosahedron, n = 1). At that time, no crystallographic packing of 
such types of assemblies was known, and later on M55 clusters 
were observed in multiple reports which were characterized 
by mass spectrometry and theoretical studies. It was predicted 
that M55 contained a M13 (central icosahedron) and a M42 
(10*22  + 2) icosahedral shell, which means it contained two 
layers of Mackay icosahedra. It was often called as magic cluster 
system as it had two complete Mackay icosahedra. Over the last 
decades, the two layer M55 Mackay icosahedron was revealed in 
various noble metal nanomaterials by SCXRD, namely, Pd145,[82] 
Pd164−xPtx,[83] Au133,[60,84] and Pd55.[85] However, 3rd layer Mackay 
icosahedron was not observed in these clusters, and it was 
called an anti-Mackay layer. The major difference between 
Mackay and anti-Mackay packing structure is in stacking of 
atoms in the atomic structure. In Mackay, atoms are stacked 
in face-centered cubic (ABCA…) fashion, and in anti-Mackay, 
the stacking is hexagonal cubic (ABAB…). It was observed 
that after successive stacking of Mackay icosahedra (ABCA…), 
there was stacking faults, i.e., ABA… kind of arrangements.[86] 
This stacking does not follow Mackay’s rule, and it is called as 
anti-Mackay icosahedra. In (AuAg)267, the next Mackay layer 
on M55 was observed giving three complete Mackay or magic 
layers of k0(1)@k1(12) (10*12  + 2)@k2(42) (10*22  + 2)@k3(92)  
(10*32 + 2) to form M147. The fourth layer, k4(120) is not com-
posed of 162 atoms (10*42  + 2) and therefore not following 
Mackay’s proposed formula and is called as anti-Mackay layer. 
The three layers are presented as M as it can be Au or Ag. 
SCXRD refinement revealed that there are positional disorders 
in their atomic positions. Average occupancies of three layers 
are not 100% with respect to silver or gold. However, the atoms 
of fourth layer have 100% average occupancies of Ag. The 
120 silver atoms of the fourth layer are bonded to each other to 
construct a semiregular polyhedron which is made of 20 trian-
gles, 60 squares, and 12 pentagons. The center of every triangle 
and square face of the fourth layer are connected by thiolates 
as shown in Figure 5C(a,b). This connectivity occurred in such 
a way that eighty sulfur atoms form a fullerene-like structure 
(Figure 5C(b). The other component of the cocrystal, (AuAg)45 
exhibits a shape of trigonal prism, while the larger counterpart 
is spherical. (AuAg)45 contains Au9 core inside a trigonal prism 
of 36 silver atoms to form Au9Ag36. There are no Mackay ico-
sahedral cores inside it. Surface silver atoms are protected by 
AgS3P and AgS3 units. This structure is similar to the previ-
ously reported structure of Au9Ag36(SPhCl2)27(PPh3)6.[87]

It is interesting to see the diversity in terms of the size 
and shape of the component clusters of the cocrystals. Stabi-
lizing factors are also different as (AuAg)267 is stabilized by 
magic Mackay icosahedral cores, while geometry of (AuAg)45 
does not provide stability. Stability of (AuAg)45 must originate 
from its electronic structure, which will be discussed later. 
These diverse (AuAg)267 and (AuAg)45 components serve as the 
building blocks and were assembled into a 3D structures. The 
cocrystal forms a hexagonal unit cell and (AuAg)267 molecules 
form the hexagonal layer (Figure  5D). All the octahedral sites 
in this structure are filled by (AuAg)45. SCXRD resolved that in 
the lattice, (AuAg)267 is neighbored by six (AuAg)45 nanoclusters 
and vice versa. The main driving force for adopting this kind 
of packing is strong supramolecular forces between the ligands 

of both the particles. Orientations of thiolates of (AuAg)267 and 
phosphines of (AuAg)45 are perfectly matched to form strong 
CH…π interactions (at a distance of ≈2.6 Å).

The electronic structures of both nanoclusters were analyzed 
by density functional theory which shows the expected HOMO–
LUMO gap (0.71 eV) for 18 electrons (AuAg)45 nanocluster.  As 
expected, the closing of the 1D10 shell at 18 electrons is indi-
cated by the projection to angular momentum components and 
after the closing of the 2S2 shell, the energy gap at 20 electrons 
becomes 0.65  eV.  Therefore, the closure of an electron shell 
at 18 electrons, i.e., at a magic electron number, clearly stabi-
lizes this cluster energetically. By contrast (AuAg)267 displays 
187 free electrons assuming the cluster is neutral. Because this 
particle is almost spherical, the electronic structure of the metal 
core is understood by the simplified jellium model. Projected 
local density of states of the (AuAg)267 cluster models do not 
display an energy gap of 187 electrons. The electronic structure 
does not have any primary mechanism to stabilize the atomic 
structure of (AuAg)267 due to the lack of measurable HOMO–
LUMO energy gap.  Therefore, the stability must derive from 
the special geometric arrangement of the metal atoms which 
lead to the magic Mackay/anti-Mackay icosahedral shells and 
the protective ligand shell structure, as discussed above. The 
lack of a certain HOMO–LUMO gap was also evidenced from 
differential pulse voltammetry (DPV). DPV of a solution of 
cocrystals exhibited 14 peaks which were evenly spaced, and 
no detectable HOMO–LUMO gap was seen from the reduction 
and oxidation peaks (Figure 6B(b)).

UV–vis optical absorption spectra of a mixture of (AuAg)267 
and (AuAg)45, as well as the two separate entities is shown in 
Figure  6B. Solutions of cocrystals showed a plasmon band at 
460  nm, while (AuAg)45 displayed molecule-like features. The 
contribution of larger nanoparticle is high in the optical spec-
trum due to its large extinction coefficient.

5. Cocrystals Consisted of +ve and −ve Clusters 
Making a Double Nuclear Ionic Compound
Nanoclusters can bear positive or negative charges; therefore, an 
obvious question is whether the charged nanoclusters can pack 
together in crystals by electrostatic forces.[7,88] The first attempt 
was made to answer this question by mixing anionic and cationic 
Au25 nanoclusters, which had not been successful till now.[55] This 
is likely due to the instability of the positively charged Au25.[89]

He et  al., reported the synchronous synthesis of cationic 
and anionic nanoclusters and the in situ formation of the 
expected compound via a one-pot reaction.[55] Initially, poly-
disperse particles were synthesized by reducing a complex of 
silver and ligands, then they were size focused in presence of 
gold precursor and excess phosphines. The supernatant solu-
tion was subjected to the diffusion of hexane to produce black 
crystals. SCXRD data suggested that the as-obtained product 
may be written as [Ag26Au(2-EBT)18(PPh3)6]+ [Ag24Au(2-EBT)18]−, 
a double nanocluster ionic compound (DNIC). Such a mate-
rial is very interesting as it can be regarded as an ionic com-
pound; however, it is different from normal ionic compounds 
as both the oppositely charged species are nanoclusters.[90] It is 
important to note that such a type of compound has not been 
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observed before in a noble metal nanocluster system. Both the 
clusters, Ag26Au and Ag24Au, do not assemble in an as ion-pair 
mode but in a layer-by-layer fashion (Figure  7A). Each layer 
consists of Ag26Au or Ag24Au nanoclusters with a honeycomb-
like structure, along the (001) plane (Figure 7B).

Multilayer stacking structure of the cocrystal, Ag50Au2 
nanoclusters revealed that besides electrostatic interactions, 
both the components, Ag26Au and Ag24Au nanoclusters are 
held together via different supramolecular interactions. These 
include CH···π, T-shaped π···π, and H···H interactions, 
with distances of 2.8–3.2, 4.8–5.8, and 2.3–2.8 Å, respectively. 
Ag24Au(SR)18 was crystallized separately and the arrangement 
of the atoms in the single-component nanocluster compound 
[PPh4]+[Ag24Au(SR)18]− is similar to that in the cocrystal of 

Ag24Au of Ag50Au2, although the supramolecular interactions 
and packing of Ag24Au(SR)18 in the crystals are not the same 
from the packing of Ag24Au in the crystals. The four benzene 
rings of each PPh4 are bonded with four [Ag24Au(SR)18] from 
the top, and bottom layers by CH···π interactions and the 
distances are in the range of 2.8–3.1 Å. Thus, it is clear that 
supramolecular interactions drive the formation of the cocrystal 
of DNIC, although ionic interactions hold the ion pairs together.

6. Conclusions and Perspective

In conclusion, the concept of cocrystallization of structurally 
similar atomically precise nanoclusters, leading to new solids 

Figure 6. A) Predicted electronic structures of (AuAg)267 and (AuAg)45. The molecules were optimized by density functional theory using coordinates 
of crystal structure. Energy of the highest occupied molecular orbital (HOMO) was kept at zero. Detectable energy gaps near the HOMO are shown. 
B,a) Optical absorption spectra of co-crystals and isolated (AuAg)45 in dichloromethane. b) Differential pulse voltammetry of a solution obtained from 
cocrystals. Reproduced with permission.[53] Copyright 2018, Springer Nature.
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by different approaches is presented. Five distinct categories of 
assemblies were presented. 1) Crystals composed of different 
cores with the same shell. A unique pair of Ag40 and Ag46 was 
cocrystallized with this strategy. 2) Clusters of the same number 
of metal atoms in the core. An example known is the large 
metallic shell-like Russian-doll, Ag19@Ag52@Ag45@Ag89 (in 
total, Ag205) containing clusters, covered by the same number 
of thiolates and chloride ligands but different number of silver-
phosphine complex units, crystallized together. 3) Another class 
is an interparticle reaction of two ligand protected atomically 
precise NCs, Ag12 and Ag18 forming products, Ag16 and Ag17, 
which crystallized together. Detailed analysis revealed that the 
population of Ag16 and Ag17 formed initially in the solution 
was almost equal, but selective encapsulation happened in the 
solid state. 4) Coassembly of large and small clusters, example 
being large (AuAg)267 and tiny (AuAg)45 clusters, assembled 
into a two-component hierarchical structure. It exemplified a 
unique particle growth from solution, driven by magic sizes 
and stable electronically closed-shells. Particularly, (AuAg)267 
acquired a magic size close packing, while (AuAg)45 had a 18 

electron superatom structure. 5) The idea of a double ionic 
cluster assembly was introduced by the system, [Ag26Au(2-
EBT)18(PPh3)6]+ [Ag24Au(2-EBT)18]− through an in situ cluster 
growth approach.

These examples suggest the possibility of the coexistence 
of diverse clusters and their cocrystallisation in varying ways. 
Such nanomaterials, like superlattices might be a step forward 
to understand cluster assembled materials with exciting proper-
ties. Interesting cluster solids may be made with combinations 
of luminescent and nonluminescent clusters, magnetic and 
nonmagnetic clusters as well as plasmonic and luminescent 
clusters. Cocrystals of anisotropic and isotropic clusters may 
also be possible. These new solids may help us understand the 
synergistic effects of individual clusters.

The diversity of atomically precise clusters is quite large, 
and it presents potential directions for the future to create new 
solids. Polymorphic crystals of nanoclusters were introduced 
by our group.[63] It is highly possible to create polymorphism 
in cocrystals of nanoclusters which may exhibit new electronic 
properties. So far most of the studies were of binary systems. 

Figure 7. A) Demonstration of the coassembly of [Ag26Au(2-EBT)18(TPP)6]+ and [Ag24Au(2-EBT)18]−. a) Double ionic cluster ionic compound; Layers of 
b) Ag24Au and c) Au26Ag; d) individual Ag24Au, and e) Ag26Au nanoclusters. B) Multilayer stacking structure of the DNIC Ag50Au2 nanoclusters (viewed 
from Z direction). Color code: blue and red, Ag; yellow, S; magenta, P; gray, C; white, H. Reproduced with permission.[39] Copyright 2019, Wiley-VCH.
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It will be interesting if we can realize multicomponent cluster 
cocrystals. Recently, three superatom alloy and pure clusters 
were crystallized together.[91] Multicomponent solids may have 
exciting physicochemical, electrical, and mechanical properties, 
which will help the growth of this very new field. Our group 
reported a supramolecular assembly of Ag29 clusters and crown 
ether[92] which suggests possibilities of cocrystallizing different 
clusters by suitable supramolecular building blocks. Another 
exciting possibility is to combine noble metal nanoclusters with 
clusters of transition metals. Let us take an interesting example 
of a cocrystal of magnetic Ni9 clusters[50] with luminescent Ag29 
clusters.[6] This kind of materials may give completely new 
properties and can amplify their existing properties. Several of 
these possibilities are summarized in Scheme 4.

In our opinion, the major challenge to create such solids is 
to create generalized approaches for diverse building blocks. 
A critically limiting factor in assembling clusters is the fast 
interparticle reactivity and diffusion of atoms, which are signifi-
cant at this length scale.[20,94] We believe that different research 
groups across the world will take initiatives to take this newly 
growing field to greater heights. The prime motive to create 
such assembles will be the potentially interesting properties 
of such materials, such as a combination of luminescence and 
magnetism, luminescence and chirality, etc. It is important to 
recall that molecular clusters, such as C60 completely new prop-
erties, such as superconductivity and magnetism by forming 
charge-transfer complexes.

The driving force for cocrystallization might be the sta-
bility of multicomponent systems. Mechanism of cocrystal 

 formation is not clear yet. Possibly, it largely depends on 
the geometric and electronic structures of the component 
clusters. Detailed mechanism of such cluster growth and 
their encapsulation in a single crystal would need additional 
studies. New directions of these materials will also depend on 
the power of experimental and computational methods that 
can be developed in the coming years to understand emergent 
phenomena.
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ABSTRACT: Here, we report the synthesis of two new hydride and phosphine
coprotected clusters [Ag15H13(DPPH)5]

2+ (DPPH = 1,6-bis(diphenylphosphino)-
hexane) and [Ag27H22(DPPB)7]

3+ (DPPB = 1,4-bis(diphenylphosphino)butane). The
cluster composition was confirmed by high-resolution electrospray ionization mass
spectrometric (HRESI MS) studies and also by other supporting data. To the best of
our knowledge, the newly synthesized [Ag15H13(DPPH)5]

2+ and [Ag27H22(DPPB)7]
3+

clusters are the smallest and the largest known hydride and phosphine coprotected
silver clusters, respectively, synthesized in the solution phase. Collision-induced
dissociation (CID) was used to probe their fragmentation pattern in the gas phase,
which also supported their compositions. During the CID experiment, naked clusters
Ag13

+ and Ag25
+ got formed starting from the ligated Ag15 and Ag27 clusters,

respectively, where the number of metal atoms remained nearly the same as in the
parent clusters. Collision energy-dependent fragmentation pathways of the formation of
naked clusters have been explored in detail. We suggest that silver clusters protected by hydride and phosphine ligands may become
useful precursors to make new naked clusters in the gas phase.

■ INTRODUCTION

New methods for the synthesis of atomically precise noble
metal nanoclusters have been explored extensively in the past
few decades due to the potential applications of these materials
in catalysis, energy storage, sensing, drug delivery, optics,
etc.1−7 Their photophysical properties have also gained much
attention.8,9 An atomically precise cluster is composed of a
core (or arrangement of metal atoms) and its shell (arrange-
ment of ligands and bonding between them and the metal
core). Staple units are formed by the interaction of sulfur of the
thiol commonly used as the ligand and the surface metal
atoms, but this is not a general case and examples include
phosphine-protected systems.10,11 The properties of nano-
clusters can be manipulated either by changing the core or the
ligand surface, which will in turn alter their total structure.12,13

Therefore, the introduction of new ligand results in a new
cluster system, which can be a promising synthetic approach
for a new class of materials. Liquid phase synthesis of noble
metal nanoclusters has been investigated widely with classic
ligands, namely thiols,14,15 phosphines,16,17 alkynyls18 and/or
their combinations.19 The use of these organic ligands results
in a wide range of nuclearities in nanoclusters which have been
characterized as Au102,

20 Au25,
21 Au18,

22 Ag44,
23 Ag25,

24 Ag29,
25

etc., by varying ligands and synthetic methods.
In the context of increasing the global energy demand, metal

hydrides,26 complex hydrides,27 and metal−organic frame-
works (MOFs)28 have been explored to discover new

hydrogen storage materials. For the last three decades, group
11 metal (copper, silver, gold) hydrides have become an
emerging category of research in terms of their new molecular
structures, interesting properties, and hydrogen related
applications.29 A series of copper hydride clusters have been
explored by different research groups in view of their various
applications, like energy storage and conversion.30,31 In
contrast, inorganic ligands (H− and OH−) have rarely been
used for the synthesis of Au and Ag nanoclusters. Their use
could have given us the opportunity to find different core sizes
and enhanced properties. So far, reports of Ag clusters by using
hydride as inorganic ligand are much fewer and should be
further explored. Mass spectrometry-based investigations have
identified low-nuclearity clusters with very few hydride
ligands.32 For hydride protected clusters, the presence of
coligands is necessary to give them adequate stability. In 2016,
Bakr group reported a new class of silver clusters where
hydrides are majority ligands in the presence of phosphines,
the latter acted as coligands. They have synthesized hydride
rich [Ag18H16(TPP)10]

2+, [Ag25H22(DPPE)8]
3+, and
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[Ag26H22(TFPP)13]
2+ clusters using TPP (triphenylphos-

phine), DPPE (1,2-bis(diphenylphosphino)ethane), and
TFPP (tris(4-fluorophenyl)phosphine) coligands, respec-
tively.33 High resolution ESI mass spectra with distinct
isotopic patterns helped them to identify the compositions of
these hydride-protected clusters. In 2017, a report from our
group showed that these clusters can be the starting materials
to create naked silver clusters in the gas phase by collision-
induced dissociation (CID).34 We have also demonstrated that
naked clusters can be formed outside the mass spectrometer by
thermal desorption of hydrogen and phosphine ligands.35 The
formation of naked clusters with specific nuclearity was
investigated further to understand their structures, fragmenta-
tion pathways, and reactivity in the gas phase.36

To explore the diversity of hydride and phosphine
coprotected silver clusters, we have synthesized two new silver
nanoclusters by varying the synthetic parameters like the
phosphine ligand used, reaction time and rate of mixing. We
find that by changing the phosphine from DPPH (1,6-
bis(diphenylphosphino)hexane) to DPPB (1,4-bis-
(diphenylphosphino)butane), we get two different clusters,
[Ag15H13(DPPH)5]

2+ and [Ag27H22(DPPB)7]
3+. These clusters

are thoroughly characterized by high-resolution electrospray
ionization mass spectrometry (HRESI MS), optical spectros-
copy, nuclear magnetic resonance (NMR) spectroscopy, X-ray
photoelectron spectroscopy (XPS), scanning electron micros-
copy energy-dispersive X-ray spectroscopy (SEM EDS) and
transmission electron microscopy (TEM). The in situ gas
phase fragmentation or CID of these newly synthesized
clusters have also been studied in detail. Fragmentation
study confirms the number of hydrogen and phosphine ligands
and also results in naked clusters, Ag13

+ and Ag25
+ starting from

Ag15 and Ag27 clusters, respectively. Further confirmation of
hydride protection comes from deuterium labeling experi-
ments.

■ EXPERIMENTAL SECTION
Reagents and Materials. Silver nitrate (AgNO3, 99.9%)

wa s pu r c h a s e d f r om Rank em Ind i a . 1 , 4 -B i s -
(diphenylphosphino)butane (DPPB) and 1,6-bis-
(diphenylphosphino)hexane (DPPH) were purchased from
Spectrochem. Sodium borohydride (NaBH4, 98%) and sodium
borodeuteride (NaBD4, 98 atom % D) were purchased from
Sigma-Aldrich. All solvents such as dichloromethane (DCM)
and methanol (MeOH) were purchased from Rankem and
were of analytical grade. CDCl3 (99.8 atom % D) was
purchased from Sigma-Aldrich for NMR measurements. All of
the chemicals were used without further purification.
Synthesis of [Ag15H13(DPPH)5]

2+ (I). To synthesize
cluster I, a reported method was used with some
modifications.33 In a typical synthesis method, 20 mg of
AgNO3 was dissolved in 5 mL of MeOH, followed by the
addition of 75 mg of DPPH dissolved in 9 mL of DCM under
constant stirring. After 20 min of stirring, 35 mg of NaBH4 in 1
mL of ice-cold water was added. The addition of NaBH4
immediately changed the color of the reaction mixture from
colorless to light yellow. The reaction was vigorously stirred
(∼1000 rpm) under dark at room temperature. After 20 min of
stirring, the color of the solution changed to green from light
yellow. Then at 2 h of reaction, the green color changed to
dark yellow, which indicated the formation of the cluster,
[Ag15H13(DPPH)5]

2+. The yellow solution was evaporated
under vacuum and washed with cold deionized (DI) water.

Then the solid yellow material was dissolved in methanol and
the solution was centrifuged for 5 min at 8000 rpm for 2 times
to remove the excess phosphine ligands. The yellow super-
natant containing cluster was vacuum evaporated and dissolved
in 2 mL of methanol for further characterization. For mass
spectrometric experiments, 100 μL of the cluster solution was
diluted to 1 mL by methanol. To synthesize the deuterated
Ag15 analogue, a similar method was followed by replacing
NaBH4 with NaBD4.

Synthesis of [Ag27H22(DPPB)7]
3+ (II). For synthesis of

cluster II, the above-mentioned procedure was followed only
by exchanging DPPH with DPPB and keeping all other
chemicals the same. After adding the NaBH4 solution, the
reaction mixture became light yellow immediately. Then the
reaction was kept for vigorous stirring (∼1000 rpm) at room
temperature under dark condition. Over 3 h of continuous
stirring, the color of the solution changed to blackish green
which indica ted the format ion of the c lus ter ,
[Ag27H22(DPPB)7]

3+. To synthesize the deuterated Ag27
analogue, a similar method was followed by replacing NaBH4
with NaBD4.

Instrumentation. UV−vis Absorption Spectroscopy.
UV−vis spectra of nanoclusters were recorded using a
PerkinElmer Lambda 25 UV−vis spectrometer. Absorption
spectra were typically measured in the range of 200−1100 nm
with a band-pass filter of 1 nm.

ESI MS. The electrospray ionization mass spectra (ESI MS)
were measured using a Waters Synapt G2Si High Definition
Mass Spectrometer. This mass spectrometer consists of an
electrospray source, quadrupole ion guide/trap, ion mobility
cell and TOF analyzer. Nitrogen gas was used as the nebulizer
gas, and all of the mass spectra were collected in positive ion
mode. Mass spectrometric measurements were made using the
following conditions:

For Detecting the Hydride and Phosphine Coprotected
Silver Nanoclusters (I and II). Flow rate, 30 μL/min; capillary
voltage, 3 kV; cone voltage, 20 V; source offset, 20 V; source
temperature, 100 °C; desolvation temp, 150 °C; desolvation
gas flow, 400 L/h; trap gas flow, 5 L/h.

For MS/MS Studies of I and II. For MS/MS or collision-
induced dissociation (CID) studies, the molecular ion peaks
were at first selected in the quadrupole and then were
fragmented inside the trap by changing the collision energy
(CE).
Flow rate, 30 μL/min; capillary voltage, 3 kV; cone voltage,

20 V; source offset, 20 V; trap collision energy, 2−110
(variable); source temperature, 100 °C; desolvation temper-
ature, 150 °C; desolvation gas flow, 400 L/h; trap gas flow, 5
L/h.

NMR Spectroscopy. Nuclear magnetic resonance (NMR)
spectroscopy measurements were done at room temperature
by using a Bruker 500 MHz NMR spectrometer. Pure ligands
(DPPH and DPPB) and the clusters I and II were dissolved in
CDCl3 to collect 1H and 31P NMR spectra.

XPS. X-ray photoelectron spectroscopy (XPS) of nano-
clusters was performed by using an ESCA Probe TPD
spectrometer of Omicron Nanotechnology. A monochromatic
Al Kα (1486.69 eV) X-ray source was used. Samples were drop
casted on a sample stub and measurements were carried out
with a constant analyzer energy of 50 eV for the survey scans
and 20 eV for the specific regions. Binding energies in the
spectra were calibrated with respect to the C 1s peak at 284.8
eV.
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SEM EDS. Scanning electron microscopy energy-dispersive
X-ray spectroscopy (SEM EDS) analysis were performed using
a FEI QUANTA-200 SEM. Samples were prepared by drop-
casting methanolic solutions of nanoclusters on an ITO plate,
which were dried under room temperature.
TEM. Transmission electron microscopy (TEM) was

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

■ RESULTS AND DISCUSSION

Both the clusters , [Ag15H13(DPPH)5]
2+ (I) and

[Ag27H22(DPPB)7]
3+ (II), were synthesized by reducing the

silver-phosphine complexes in the presence of NaBH4, which
act as a reducing agent as well as the source of hydride ligands
(a detailed synthetic procedure is given in the Experimental
Section). For the synthesis of cluster I, at first Ag-DPPH
complex was made in MeOH/DCM solvent and then it was
reduced by ice-cold NaBH4 solution under vigorous stirring at
∼1000 rpm. After 2 h of reaction, the solution became dark
yellow in color (inset of Figure 1A), which shows a small peak
at 370 nm in the optical absorption spectrum, as presented in
Figure 1A. To probe the molecular composition, high-
resolution electrospray ionization mass spectrometry (HRESI
MS) has been performed using the yellow methanolic solution.
The positive mode HRESI MS data (Figure 1B) show a sharp
peak at m/z 1951.8, which suggests the formation of a
monodispersed cluster, and there was no other cluster peak up
to m/z 10 000. The expanded spectrum shows the difference
between two successive peaks in the isotopic distribution of
cluster as m/z 0.5, which implies that the cluster is in +2
charge state. The peak was assigned as [Ag15H13(DPPH)5]

2+

where the isotopic pattern, which is made by the different
isotopic abundances of the constituent elements, was used to
assign the accurate composition. Figure 1C presents a
comparison between the experimental spectrum (blue trace)

and the calculated spectrum (black trace), which matched
perfectly. The presence and number of hydrogens in the cluster
were further confirmed by synthesizing cluster I with NaBD4
instead of NaBH4 and keeping all other conditions the same.
The deuterated analogue shows an ESI MS peak at m/z
1958.3, due to [Ag15D13(DPPH)5]

2+. An exact match of
experimental (pink trace) and calculated (black trace) isotopic
pattern is shown in Figure S1A, which validates the
composition of the cluster as [Ag15D13(DPPH)5]

2+. Hence,
13 hydrogen ligands were confirmed by the mass shift of Δm/z
= 6 . 5 i n b e tw e e n [Ag 1 5H 1 3 (DPPH) 5 ]

2 + a n d
[Ag15D13(DPPH)5]

2+ clusters (Δm = 13, z = 2), shown in
Figure S1B.
It is noteworthy that during the synthesis of cluster I, within

20 min of addition of NaBH4, the color of the solution
changed to green from light yellow. Then the green solution
became dark yellow upon 2 h of continuous stirring resulting
the final product [Ag15H13(DPPH)5]

2+ (I). Hence, to know
the actual composition of the intermediate green solution, we
studied the UV−vis and ESI MS. To collect the green solution,
the stirring was stopped after 1 h when the solution was green
in color. However, as soon as the stirring was stopped, the
green color changed to yellowish green within 5 min, and after
15 min, it became fully dark yellow. Figure S2 shows the time-
dependent UV−vis spectrum of these three differently colored
solutions with their corresponding photographs, which show a
visible change in their optical spectrum. We have also checked
the time-dependent ESI MS, which is shown in Figure S3. The
mass spectrum of the pure green solution exhibits the presence
of [Ag22H21(DPPH)6]

2+ cluster, whereas the yellowish green
solution shows higher abundance of [Ag15H13(DPPH)5]

2+

compared to [Ag22H21(DPPH)6]
2+. After 15 min of stopping

stirring, the green solution becomes dark yellow and the entire
composition becomes [Ag15H13(DPPH)5]

2+ (I), which is
shown in Figure 1. From these results, we can conclude that
the synthesis of [Ag15H13(DPPH)5]

2+ (yellow) involves the
formation of an intermediate cluster, [Ag22H21(DPPH)6]

2+

(green). This observation suggests the formation of a stable
cluster through an etching process, where the rate of this step

Figure 1. (A) UV−vis absorption spectrum of I. Inset: Photograph of the cluster in methanol. (B) HRESI MS of I in positive mode which shows an
intense peak at m/z 1951.8, corresponding to [Ag15H13(DPPH)5]

2+. Inset: schematic of the [Ag15H13(DPPH)5]
2+ cluster. (C) Comparison of the

experimental and calculated isotopic distributions of I.
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is also dependent on the stirring speed.37 Due to the instability
of the intermediate green cluster, it was not possible to
characterize it further.
Bo th the c l u s t e r s [Ag 1 5H1 3 (DPPH)5 ]

2 + and
[Ag27H22(DPPB)7]

3+ were stable for about 1 month if stored
at ∼4 °C. However, they tend to degrade or become unstable
after complete removal of excess phosphines from the solution
by centrifugation. Crystallization demands removal of excess
ligands and byproducts. As a result, obtaining crystals of
[Ag15H13(DPPH)5]

2+ and [Ag27H22(DPPB)7]
3+ has been

challenging due to their instability after cleaning. We have
tried to remove excess phosphines by precipitating them at
lower temperature during crystallization, but the effort was not
successful until now.
For the characterization of cluster I, 1H and 31P NMR

spectroscopy has been done and the data are compared with
those of the ligand DPPH (Figures S4 and S5). In Figure S6A,
the XPS survey spectrum confirms the presence of C, O, P, and
Ag. The specific regions of Ag and P are deconvoluted in
Figure S6B,C, respectively. The XPS peak corresponding to Ag
3d5/2 appears at 368.0 eV, which confirms Ag in zero oxidation
state. SEM EDS analysis also confirms the presence of Ag and
P in cluster I. The atomic ratio of Ag and P obtained from this
analysis is close to the atomic ratio of Ag and P in cluster I
(Figure S7). TEM image of cluster I reveals that the average
particle size is 1.46 ± 0.13 nm (Figure S8).
As these hydride and phosphine coprotected silver nano-

clusters can create naked silver clusters in the gas phase, the
process of dissociation was investigated in detail. The newly
synthesized cluster [Ag15H13(DPPH)5]

2+ (I) was selected by a
quadrupole mass filter in the G2Si mass spectrometer and was
subjected to collision induced dissociation (CID) with Ar gas

inside the trap. Figure 2 presents a detailed study of CID of
cluster I, which helps in understanding the fragmentation
pathway as well as naked cluster formation. At first, the parent
ion peak at m/z 1951.8 was mass selected, and then with
increase in collision energy (CE), fragmentation of the parent
ion started to appear. The major peak of the parent ion was
seen up to CE 5, whereas, at CE 10 onward, the extent of
fragmentation increased with continuous decrease in parent
ion intensity. Up to a CE of 30, the parent ion
[Ag15H13(DPPH)5]

2+ (m/z 1951.8) underwent a loss of two
DPPH and 13 hydrogens to produce [Ag15(DPPH)3]

2+ (m/z
1490.9). After that at CE 50, doubly charged [Ag15(DPPH)3]

2+

becomes singly charged [Ag14(DPPH)2]
+ (m/z 2418.8) by

losing one [AgDPPH]+. Then there were losses of one Ag and
one DPPH from [Ag14(DPPH)2]

+, creating [Ag13(DPPH)2]
+

(m/z 2310.2) and [Ag14(DPPH)]
+ (m/z 1963.9), respectively.

Next, by increasing the CE to 70, [Ag14(DPPH)2]
+,

[Ag13(DPPH)2]
+, and [Ag14(DPPH)]

+ got further dissociated
to [Ag13(DPPH)]

+ (m/z 1855.9) by consecutive steps. At CE
90, [Ag13(DPPH)]

+ started losing the remaining DPPH ligand
and formed the naked cluster, Ag13

+ (m/z 1401.7). All of the
ligands were completely desorbed from the parent cluster,
[Ag15H13(DPPH)5]

2+ at CE 110 and resulted in Ag13
+ with

other possible smaller naked clusters due to the application of
higher CE. There is a second possible fragmentation pathway
of parent ion for the formation of Ag13

+. In this second
pathway, at first, parent ion [Ag15H13(DPPH)5]

2+ (m/z
1951.8) lost one DPPH and generated [Ag15H13(DPPH)4]

2+

(m/z 1724.3) at CE 20. Then at CE 30, it underwent an
[AgH2(DPPH)2]

+ loss to produce singly charged
[Ag14H11(DPPH)2]

+ (m/z 2430.1). Next, [Ag14H11(DPPH)2]
+

Figure 2. MS/MS spectra of [Ag15H13(DPPH)5]
2+ (I) with increasing CE from 5 to 110 (in instrumental units). Ligand DPPH is represented by

“L”. Due to the increase in CE, detachment of hydrogens, DPPH and [AgDPPH]+ happened from the parent nanoclusters which resulted in
formation of the naked cluster, Ag13

+. The ions written in brown are involved in the formation of naked cluster Ag13
+. Schematic illustrations of the

protected parent cluster and the naked cluster are shown in the inset.
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was fragmented again to give [Ag13(DPPH)]
+ (m/z 1855.9)

and ultimately it produced naked cluster Ag13
+ (m/z 1401.7).

To confirm the complete removal of hydrogens from the
parent cluster [Ag15H13(DPPH)5]

2+, the fragmentation path-
way was compared with its deuterated analogue,
[Ag15D13(DPPH)5]

2+ (Figure 3). In Figure 3, we have
compared the first fragmentation pathway of the parent ion
which is described in Figure 2. The second fragmentation
method is compared in Figure S9. In Figure 3, the expanded
ESI MS of blue and pink traces correspond to the parent or
fragmented ions generated from [Ag15H13(DPPH)5]

2+ and
[Ag15D13(DPPH)5]

2+ clusters, respectively. The mass shift
(Δm/z) in between the blue and pink traces happened due to
the replacement of hydrogen atoms with the deuterium atoms
in the deuterated analogue. At CE 5, the mass shift is m/z = 6.5
in-between [Ag15H13(DPPH)5]

2+ (m/z 1951.8) and
[Ag15D13(DPPH)5]

2+ (m/z 1958.3) clusters, which refers to
the presence of 13 hydrogen atoms (Δm = 13, charge state z =
2) in the parent cluster. At CE 10, due to one DPPH loss, the
fragmented ions were generated at m/z 1724.3 (blue trace)
and m/z 1730.8 (pink trace). These generated ions show the
same mass shift of Δm/z = 6.5 (Δm = 13, z = 2), which
confirms that there was no hydrogen losses in this step. In the

next step at CE 30, the mass shift in between m/z 1718.8 (blue
trace) and m/z 1719.3 (pink trace) is Δm/z = 0.5 (Δm = 1, z
= 2), which tells about the existence of one hydrogen in the
daughter ion, after the desorption of 12 hydrogens and the
formation of [Ag15H(DPPH)4]

2+. At the same CE 30,
[Ag15H(DPPH)4]

2+ further underwent fragmentation and
generated a peak at m/z 1490.9 (blue trace), which shows a
mass shift of Δm/z = 0 (Δm = 0, z = 2) with its deuterated
counterpart (pink trace). This step confirms the complete
removal of hydrogens from the parent cluster and the
generation of [Ag15(DPPH)3]

2+. Next, [Ag15(DPPH)3]
2+ was

fragmented by [AgDPPH]+, Ag, and DPPH consecutively to
produce singly charged [Ag13(DPPH)]

+ (m/z 1855.9) with no
mass shift, and finally at CE 90, the naked cluster Ag13

+ was
generated after losing the last DPPH. Expanded peak shapes of
Ag13

+ (m/z 1401.7), generated from [Ag15H13(DPPH)5]
2+

(blue trace) and [Ag15D13(DPPH)5]
2+ (pink trace), merged

with each other (Δm/z = 0) and also their isotopic
distributions match with the calculated one (black trace).
These observations confirm the formation of the naked cluster,
Ag13

+. By the same way, complete hydrogen desorption from
cluster I has been confirmed for the second fragmentation
pathway, which is shown in Figure S9. Here at CE 5 and 10,

Figure 3. Expanded ESI MS of [Ag15H13(DPPH)5]
2+ (blue trace) and [Ag15D13(DPPH)5]

2+ (pink trace) at different CE during the formation of
naked cluster Ag13

+. The mass shift (Δm/z) in between the blue and pink trace confirms the presence of hydrogen in the fragmented ions. The
isotopic distribution of Ag13

+ confirms the absence of hydrogen atoms, which also matches with the calculated pattern (black trace).
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the same kind of fragmentation and mass shift happened,
which was observed in Figure 3. At CE 30, the fragmented
peaks were generated at m/z 2430.1 (blue trace) and m/z
2441.2 (pink trace) showing a mass shift of Δm/z = 11 (Δm =
11, z = 1), which confirms the presence of 11 hydrogens in the
[Ag14H11(DPPH)2]

+ ion . At the same CE 30 ,
[Ag14H11(DPPH)2]

+ further created a fragmented peak at m/
z 2322.2 (blue trace), which shows the same mass shift of Δm/
z = 11 (Δm = 11, z = 1) with its deuterated counterpart (pink
trace, m/z 2333.3). This step confirms that there was only one
Ag loss and no hydrogen loss. The newly generated
[Ag13H11(DPPH)2]

+ ion again lost 11 hydrogens and one
DPPH to create [Ag13(DPPH)]

+ (m/z 1855.9) and it did not
show any mass shift with its deuterated counterpart. Finally at
CE 90, naked cluster Ag13

+ (m/z 1401.7) was formed with no
mass shift (Δm/z = 0) in between the blue and pink traces and
confirms the removal of all hydrogens from the parent cluster I.
The CE dependent full range MS/MS spectra of
[Ag15D13(DPPH)5]

2+ cluster are given in Figure S10. The
fragmentation pathway of cluster I, confirmed by the MS/MS
e x p e r i m e n t s o f [ A g 1 5 H 1 3 ( D P P H ) 5 ]

2 + a n d
[Ag15D13(DPPH)5]

2+, has been represented as a flowchart in
Figure S11.
As the size of nanoclusters is very much dependent on

phosphine’s structure in the ligand shell, here we have used
another diphosphine with shorter chain length, DPPB. The
cluster synthesis is similar to the previous Ag15 method, where
only DPPH is replaced by DPPB ligand (details are in the
Experimental Section). In this synthesis, we get a blackish
green solution (inset of Figure 4A) after 3 h of continuous
stirring at ∼1000 rpm. It is important to mention that for the
synthesis of both the clusters (DPPH and DPPB protected)
stirring at higher rpm (∼1000) is very much necessary and
complexes are formed otherwise, instead of nanoclusters. The
reason can be that faster reduction kinetics is required to
facilitate the formation of higher mass clusters compared to
lower mass complexes.
The DPPB protected silver cluster II exhibits similar kinds of

optical features like Ag18 cluster, and the latter was reported

before.33 However, here both the optical peaks are red-shifted
compared to Ag18 and appeared at 550 and 620 nm, which can
be due to the formation of differently sized cluster core (Figure
4A). The positive mode HRESI MS data (Figure 4B) of the
methanolic blackish green solution (cluster II) shows a peak at
m/z 1973.2 with peak separation of m/z 0.33, which confirms
the charge state of +3. Along with this +3 charge state cluster,
there were some +1 charge state peaks, which are unidentified
and can be due to the byproduct of the reaction. The m/z
1973.2 peak was assigned as [Ag27H22(DPPB)7]

3+, where the
isotopic pattern of the experimental spectrum (olive trace)
matches exactly with the calculated one (black trace), shown in
Figure 4C. The number of hydrogens in cluster II was
confirmed by synthesizing the cluster with NaBD4 instead of
NaBH4.
The deuterated analogue shows an ESI MS peak at m/z

1980.6 due to [Ag27D22(DPPB)7]
3+. The exact match of

experimental (red trace) and calculated (black trace) isotopic
pattern is shown in Figure S12A, which validates the
composition of [Ag27D22(DPPB)7]

3+. The mass shift in
between the [Ag27H22(DPPB)7]

3+ and [Ag27D22(DPPB)7]
3+

clusters was Δm/z = 7.3 (Δm = 22, z = 3) which confirms the
presence of 22 hydrogens in cluster II, shown in Figure S12B.
[Ag27H22(DPPB)7]

3+ was further characterized with 1H and
31P NMR by comparing with ligand DPPB (Figures S13 and
S14). The XPS survey spectrum (Figure S15A) confirms the
presence of C, O, P, and Ag elements in the cluster and the
deconvoluted spectra of Ag 3d and P 2p regions are shown in
Figure S15B,C, respectively. The XPS peak due to Ag 3d5/2
appears at 368.2 eV, which confirms that Ag is in zero
oxidation state. The presence of Ag and P were also confirmed
by SEM EDS and their ratio (Ag:P) obtained from EDS
analysis was close to the atomic ratio of Ag and P in cluster II
(Figure S16). The average particle size of cluster II is 1.72 ±
0.14 nm, which is obtained from the TEM image of the cluster
(Figure S17).
Formation of naked cluster was also investigated from

[Ag27H22(DPPB)7]
3+ (II) by doing CID of the parent cluster,

inside the trap of the G2Si mass spectrometer. Figure 5

Figure 4. (A) UV−vis absorption spectrum of II. Inset: Photograph of the cluster in methanol. (B) HRESI MS of II in positive mode which shows
an intense peak at m/z 1973.2 corresponding to [Ag27H22(DPPB)7]

3+. Inset: Schematic of the [Ag27H22(DPPB)7]
3+ cluster. (C) Comparison of the

experimental and calculated isotopic distribution of II. The * peaks refer to unidentified species.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c05867
J. Phys. Chem. C 2020, 124, 20569−20577

20574

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c05867/suppl_file/jp0c05867_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c05867/suppl_file/jp0c05867_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c05867/suppl_file/jp0c05867_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c05867/suppl_file/jp0c05867_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c05867/suppl_file/jp0c05867_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c05867/suppl_file/jp0c05867_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c05867/suppl_file/jp0c05867_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c05867/suppl_file/jp0c05867_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c05867/suppl_file/jp0c05867_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c05867/suppl_file/jp0c05867_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c05867?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c05867?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c05867?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c05867?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c05867?ref=pdf


represents a detailed study of the CID of cluster II, which helps
us to understand the CE-dependent fragmentation pathway
and formation of naked cluster. For that, the parent ion
[Ag27H22(DPPB)7]

3+ (m/z 1973.2) was mass selected and
then CE was increased slowly to get the fragmented ions. At
CE 2, there was a major peak of the parent ion. Here also we
observed two fragmentation pathways for the formation of the
naked cluster. In the first way, at CE 10, the parent ion (m/z
1973.2) undergoes one DPPB ligand loss and forms
[ A g 2 7 H 2 2 ( D P P B ) 6 ]

3 + (m / z 1 8 3 0 . 8 ) . N e x t ,
[Ag27H22(DPPB)6]

3+ undergoes the loss of 20 hydrogens and
forms [Ag27H2(DPPB)6]

3+ (m/z 1824.1) at CE 30. The
expanded ESI MS of these 20 hydrogen losses is shown in
Figure 5 inset (left column, down). At the same CE, some of
the [Ag27H2(DPPB)6]

3+ got fragmented to [Ag27(DPPB)5]
3+

(m/z 1681.4) after one DPPB and two hydrogen losses. This
[Ag27(DPPB)5]

3+ ion also can be formed from
[Ag27H22(DPPB)6]

3+ by one DPPB and 22 hydrogen losses.
At CE 40, [Ag27H22(DPPB)6]

3+ and [Ag27H2(DPPB)6]
3+ were

fully converted to [Ag27(DPPB)5]
3+, and it further undergoes

one DPPB loss at CE 40 to form [Ag27(DPPB)4]
3+ (m/z

1539.4). At CE 50, by losing one [AgDPPB]+, triply charged
[Ag27(DPPB)4]

3+ got converted to doubly charged
[Ag26(DPPB)3]

2+ (m/z 2041.9). Next, at CE 60, there was
one DPPB and one [AgDPPB]+ loss and formation of singly
charged [Ag25DPPB]

+ ion (m/z 3122.7). Finally, at CE 70, the

naked cluster Ag25
+ (m/z 2696.6) was formed from

[Ag25DPPB]
+ with other smaller size naked clusters, Ag24

+

and Ag23
+ due to the application of higher CE. In the second

fragmenta t ion method , a t fi r s t the parent ion
[Ag27H22(DPPB)7]

3+ (m/z 1973.2) loses one [Ag(DPPB)2]
+

un i t a nd g e t s c on v e r t e d t o doub l y c h a r g ed
[Ag26H22(DPPB)5]

2+ (m/z 2479.2) at CE 10. Then at CE
30, it loses 18 hydrogens and forms [Ag26H4(DPPB)5]

2+ (m/z
2470.2), followed by the formation of [Ag26H4(DPPB)4]

2+

(m/z 2257.1) after one DPPB loss. Expanded view of the loss
of 18 hydrogens is shown in Figure 5 inset (left column, up).
Next, [Ag26H4(DPPB)4]

2+ again loses four hydrogens and
forms [Ag26(DPPB)4]

2+ (m/z 2255.0) at CE 40. Expanded
views of the mass shift due to the loss of four hydrogens is
shown in Figure 5 inset (right column, down). After all of the
hydrogens are lost, there was two consecutive losses of DPPB
from [Ag26(DPPB)4]

2+ making [Ag26(DPPB)2]
2+ (m/z

1828.9). Next, after one [AgDPPB]+ loss singly charged
[Ag25(DPPB)]

+ (m/z 3122.7) was formed, which was further
fragmented to the naked cluster Ag25

+ (m/z 2696.6) at CE 70.
To confirm the removal of all DPPB and hydrogen ligands, we
have compared the experimentally obtained isotopic patterns
(olive trace) of Ag25

+ with the calculated one (black trace),
which shows the exact match between them (Figure S18). Due
to the lower intensity of the ESI MS peak of
[Ag27D22(DPPB)7]

3+, we were not able to fragment that ion

Figure 5. MS/MS spectra of [Ag27H22(DPPB)7]
3+ (II) with increasing CE from 2 to 70 (in instrumental units). Ligand DPPB is represented by

“L”. Due to the increase in CE, detachments of hydrogens, DPPB, and [AgDPPB]+ happened from the parent nanoclusters forming the naked
cluster, Ag25

+. The ions labeled in brown are involved in the formation of naked cluster Ag25
+. Schematic illustrations of the protected parent cluster

and naked cluster are shown in the insets.
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to compare the hydrogen atom loss with the deuterium atoms.
We hope that the detailed study of all of the ligand losses in
Figure 5 will be sufficient to understand and prove the
formation of naked cluster Ag25

+. The full fragmentation
pathway of cluster II, confirmed by the MS/MS experiments, is
presented in a flowchart and shown in Figure S19.
A c c o r d i n g t o t h e e l e c t r o n c o u n t i n g r u l e ,

[Ag15H13(DPPH)5]
2+ possesses zero free electron (geometric

stability) and [Ag27H22(DPPB)7]
3+ possesses two free

electrons (electronic stability). The silver naked clusters
generated from the reported hydride and phosphine
coprotected silver clusters were Ag17

+, Ag21
+, and Ag19

+.
Here, we are reporting the formation of Ag13

+ and Ag25
+ from

[Ag15H13(DPPH)5]
2+ and [Ag27H22(DPPB)7]

3+, respectively.
As diphosphines are more strongly bonded to the metal core
compared to monophosphines, here CE-dependent fragmenta-
tion has been performed instead of cone voltage-dependent
fragmentation to make naked clusters. As of now, Ag13

+ is the
smallest and Ag25

+ is the largest known naked clusters of silver
which could be created from monolayer protected silver
nanoclusters.

■ CONCLUSIONS
In conclusion, we have reported two new hydride and
d i pho sph i n e c op r o t e c t e d s i l v e r n ano c l u s t e r s ,
[Ag15H13(DPPH)5]

2+ and [Ag27H22(DPPB)7]
3+. These weakly

ligated silver clusters can be used as the source of hydrogen
and as a reagent for chemical transformations. The naked
clusters Ag13

+ (12 valence electrons) and Ag25
+ (24 valence

electrons) were created from parent hydride and phosphine
coprotected clusters, Ag15 and Ag27, respectively, in their
cationic form by CID experiments. The favored formation and
stability of these odd numbered cationic silver naked clusters
can be correlated to the odd−even effect which refers the
higher stability of the closed electronic shells. A detailed study
of the fragmentation steps during the formation of naked
clusters can help to elucidate the cluster structures, though the
determination of crystal structure is very much needed to
understand the process in detail. Here we have demonstrated
that tuning the size of monolayer protected clusters gives us
the opportunity to explore the various sizes of silver naked
clusters in the gas phase. We hope that our results will provide
new insights into ion−molecule reactions, gas phase
unimolecular chemistry and soft landing of metal clusters.
We note that M25L18

− (M = Au, Ag; L = SR) clusters are the
most thoroughly investigated clusters in the family of
atomically precise noble metal clusters and Au25 naked cluster
has been seen only in the dissociation of protein protected
clusters.38
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Characterization of [Ag15D13(DPPH)5]2+ cluster: 

Figure S1. (A) Experimental mass spectrum (pink trace) of [Ag15D13(DPPH)5]2+ cluster match well with 
its calculated (black trace) isotopic pattern. (B) The ESI MS of [Ag15H13(DPPH)5]2+ and 
[Ag15D13(DPPH)5]2+ showing the mass shift due to the exchange of hydrogen atoms with deuterium atoms. 
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Time dependent UV-vis spectra of sample I during synthesis:  

Figure S2. Time dependent UV-vis spectra during the synthesis of sample I with their corresponding 
photographs in inset. The photographs show that during 1 h of synthesis with continous stirring, the color 
oft he solution remains green (1). Whereas, by stopping the stirring after 1 h, the color changed 
immidiately from green to yellowish green within 5 min (2). After 15 min of stopping stirring, the color 
became fully dark yellow (3). The bottle labled 3 also represent the same solution when the reaction was 
continously stirred for 2 h.  
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Time dependent ESI MS of sample I during synthesis: 

 
Figure S3. Time dependent ESI MS during the synthesis of sample I with their corresponding 
photographs (on the left). The ESI MS of green solution (1) shows the presence of [Ag22H21(DPPH)6]2+ 
cluster during 1 h stirring. Whereas, after 5 min of stopping the stirring the green color was converted to 
yellowish green (2) and the intensity of [Ag22H21(DPPH)6]2+ decreased significantly in the ESI MS along 
with increased intensity of [Ag15H13(DPPH)5]2+ (sample I).  
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 1H NMR spectra of DPPH and [Ag15H13(DPPH)5]2+ cluster: 

 

Figure S4. 1H NMR spectra of DPPH and [Ag15H13(DPPH)5]2+ clusters. Broad peaks of 
[Ag15H13(DPPH)5]2+ at 1.14, 3.99 and 4.62 ppm confirm the presence of hydride protected clusters. 
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31P NMR spectra of DPPH and [Ag15H13(DPPH)5]2+ cluster: 

 

Figure S5. 31P NMR spectra of DPPH and [Ag15H13(DPPH)5]2+ clusters. The 31P signal at -16.16 ppm for 
DPPH ligand disappears in the [Ag15H13(DPPH)5]2+ cluster due to the binding of liagnds with metal core, 
which is also confirmed by the appearence of new broad peaks at -4.58 and -3.07 ppm in the nanoclusters. 
Peaks at 23.79 and 33.27 ppm are due to phosphine oxides.  
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XPS spectra of [Ag15H13(DPPH)5]2+ cluster: 

 
Figure S6. (A) XPS survey spectrum of [Ag15H13(DPPH)5]2+ showing all the expected elements (Ag, P 
and C). (B) The Ag 3d region. Ag 3d5/2 at 368.04 eV indicates the presence of Ag(0) state. (C) P 2p region 
of the nanocluster. P 2p3/2 appears at 133.24 eV. 
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SEM EDS of [Ag15H13(DPPH)5]2+ cluster: 

Figure S7. SEM EDS of [Ag15H13(DPPH)5]2+ cluster with quantification of elements. Ag:P atomic ratio 
matches well with the Ag:P ratio obtained from the molecular formula of the cluster.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ag L

P K

O K

C K

Element   Wt %  At %

P K 18.25 43.73

Ag L 81.75 56.27



S10 
 

Supporting information 8 

 

TEM analysis of [Ag15H13(DPPH)5]2+ cluster: 

  

 
Figure S8. (A) TEM image of the [Ag15H13(DPPH)5]2+ cluster. Scale bar is 10 nm. (B) Particle 
distribution shows an average size of 1.46 ± 0.13 nm for this nanocluster. 
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Comparision of the fragmentation pathway of [Ag15H13(DPPH)5]2+ and 

[Ag15D13(DPPH)5]2+clusters: 

Figure S9. Expanded ESI MS of [Ag15H13(DPPH)5]2+ (blue trace) and [Ag15D13(DPPH)5]2+ (pink trace) 

at different collision energies during the formation of naked cluster, Ag13
+ by another possible pathway. 

The mass shift (∆m/z) in between the blue and pink traces confirms the presence of hydrogen in the 

particular fragmented ions. The isotopic distribution of Ag13
+ confirms the absence of hydrogen atoms, 

which also matches with the calculated pattern (black trace). 
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MS/MS of [Ag15D13(DPPH)5]2+ cluster: 

 

Figure S10. Collision energy dependent MS/MS spectra of the [Ag15D13(DPPH)5]2+ cluster. Increase in 
collision energy from 5 to 110 (in instrumental units) results in the detachment of deuterium, DPPH and 
[AgDPPH]+ from  [Ag15D13(DPPH)5]2+ resulting in Ag13

+. Fragments labeled in brown lead to the 
formation of naked cluster, Ag13

+. 
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Fragmentation pathway of [Ag15H13(DPPH)5]2+ cluster: 

 
Figure S11. Collision energy dependent fragmentation pathway of [Ag15H13(DPPH)5]2+ cluster towards 
the formation of naked cluster, Ag13

+. Hydrogen and DPPH loss do not involve any alternation of charge 
state of the resulting cluster.  Whereas, [AgDPPH]+ loss results in the reduction of charge state from +2 
to +1.  
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Characterization of [Ag27D22(DPPB)7]3+ cluster: 

 
Figure S12. (A) Experimental mass spectrum (red trace) of [Ag27D22(DPPB)7]3+ cluster and it matches 
well with its calculated (black trace) isotopic pattern. (B) The ESI MS of [Ag27H22(DPPB)7]3+ and 
[Ag27D22(DPPB)7]3+ showing a mass shift due to the exchange of hydrogen atoms with deuterium atoms. 
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1H NMR spectra of DPPB and [Ag27H22(DPPB)7]3+ cluster: 

 

Figure S13. 1H NMR spectra of DPPB and [Ag27H22(DPPB)7]3+ clusters. Broad peaks of 
[Ag27H22(DPPB)7]3+ at 1.77 and 2.18 ppm confirm the presence of hydride protected nanoclusters. 
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31P NMR spectra of DPPB and [Ag27H22(DPPB)7]3+ cluster: 

 

 

Figure S14. 31P NMR spectra of DPPB and [Ag27H22(DPPB)7]3+ clusters. The 31P signal at -16.15 ppm 
for DPPB ligand disappears in the [Ag27H22(DPPB)7]3+ cluster due to the binding of liagnds with the metal 
core, which is also confirmed by the appearence of new broad peaks at -5.02 ppm in the nanoclusters. 
Peak at 34.65 ppm is due to phosphine oxides.  
 

 

 

 

 

31P DPPB

31P [Ag27H22(DPPB)7]3+



S17 
 

Supporting information 15 

 

XPS spectra of [Ag27H22(DPPB)7]3+ cluster: 

 
Figure S15. (A) XPS survey spectrum of [Ag27H22(DPPB)7]3+ showing all the expected elements (Ag, P 
and C). (B) Ag 3d spectrum of the nanocluster. Ag 3d5/2 appears at 368.22 eV indicating  the presence of 
Ag(0) state. (C) P 2p spectrum of the nanocluster. P 2p3/2 appears at 133.03 eV. 
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SEM EDS of [Ag27H22(DPPB)7]3+ cluster: 

Figure S16. SEM EDS of [Ag27H22(DPPB)7]3+ cluster with quantification of elements. Ag:P atomic ratio 
matches well with the Ag:P ratio obtained from the molecular formula of the cluster. 
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TEM analysis of [Ag27H22(DPPB)7]3+ cluster: 

 
Figure S17. (A) TEM image of the [Ag27H22(DPPB)7]3+ cluster. Scale bar is 10 nm. (B) Particle 
distribution shows an average size of 1.72 ± 0.14 nm for this nanocluster. 
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Comparison between the experimental and the calculated spectra of Ag25
+: 

 

 

Figure S18. Experimental mass spectrum (green trace) of Ag25
+ matches well with the calculated (black 

trace) isotopic pattern. 
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Fragmentation pathway of [Ag27H22(DPPB)7]3+ cluster: 

 
Figure S19. Collision energy dependent fragmentation pathway of [Ag27H22(DPPB)7]3+ cluster towards 
the formation of naked cluster, Ag25

+. Hydrogen and DPPB loss do not involve any alternation of charge 
state of the resulting cluster. Whereas, [AgDPPB]+ loss results in the reduction of charge state from +3 to 
+2 and from +2 to +1. 
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ABSTRACT: Cluster-assembled solids (CASs) formed by the self-assembly
of monodispersed atomically precise monolayer-protected noble metal
clusters are attractive due to their collective properties. The physical stability
and mechanical response of these materials remain largely unexplored. We
have investigated the mechanical response of single crystals of atomically
precise dithiol-protected Ag29 polymorphs, monothiol-protected Ag46, and a
cocrystal of the latter with Ag40 (formulas of the clusters have been simplified
merely with the number of metal atoms). The Ag29 polymorphs crystallize in
cubic and trigonal lattices (Ag29 C and Ag29 T, respectively), and Ag46 and its
cocrystal with Ag40 crystallize in trigonal and monoclinic lattices (Ag46 T and
Ag40/46 M, respectively). The time and loading-rate-dependent mechanical
properties of the CASs are elucidated by measuring nanoindentation creep
and stress relaxation. The obtained Young’s modulus (Er) values of the CASs were similar to those of zeolitic imidazolate
frameworks (ZIFs) and show the trend Ag29 T > Ag29 C > Ag40/46 M > Ag46 T. We have also studied the viscoelastic properties of all
of the four CASs and found that the value of tan δ/damping factor of monothiol-protected Ag46 T was higher than that of other
CASs. The unusual mechanical response of CASs was attributed to the supramolecular interactions at the surface of nanoclusters.
This observation implies that the stiffness and damping characteristics of the materials can be modulated by ligand and surface
engineering. These studies suggest the possibility of distinguishing between the crystal structures using mechanical properties. This
work provides an understanding that is critical for designing nanocluster devices capable of withstanding mechanical deformations.

■ INTRODUCTION

Monolayer-protected atomically precise clusters1,2 of noble
metals are some of the most intensely studied materials of
recent times. Molecular properties of these systems, such as
distinct photoabsorption,3−5 molecular chirality,6,7 photo-
luminescence,8 and nonlinear optical properties,9 have been
of interest from diverse perspectives such as sensing,10

catalysis,11 and biolabeling.12 Such molecular clusters can act
as building blocks in creating self-assembled cluster materials,
which are atomically precise, varied in composition, and
diverse in structure. Their self-assembly can be tailored by
tuning the underlying molecular or nanoscale interactions such
as dipolar, van der Waals, electrostatic, and hydrogen-
bonding.13 The archives of molecular clusters are rich with
exciting properties, and therefore, the resulting cluster-
assembled solids (CASs) hold the promise of high tunability
in a range of material properties. The combination of atomic
precision and intercluster interactions in CASs can result in
novel collective properties, including tunable electrical trans-
port,14 mechanical properties,15,16 magnetism,17,18 and lumi-
nescence,19,20 which have been explored only to a limited
extent.

Metals, alloys, and ceramics are typically stiff and hard due
to their underlying strong metallic, covalent, and ionic bonds,
while the molecular crystals with weaker noncovalent
interactions are softer.16,21−23 Such soft molecular crystals
show ferroelectric24,25 and piezoelectric26 properties that find
applications in fields such as flexible electronics. The physical,
chemical, and mechanical properties of materials depend on
their crystal structures as well as the structural arrangements
and intermolecular interactions. The mechanical properties of
molecular crystals can be modulated through crystal engineer-
ing.21 It is known that depth-sensing techniques, such as
nanoindentation (NI), can be used to study the mechanical
properties of single crystals with high precision. The
mechanical properties of different types of molecular materials
such as active pharmaceutical ingredients (APIs),27−29 metal-
organic frameworks (MOFs),30−32 hybrid organic−inorganic
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perovskites (HOIPs),33−35 and bio-organic peptide-based
materials36 have been investigated in detail using nano-
indentation. These lend insights into the crystal structure−
mechanical property correlations in them. Recent investiga-
tions on the three single crystals of naphthalene diimide
derivatives having similar molecular structures showed differ-
ent mechanical responses,37 which were correlated to the weak
interactions in crystal packing. The studies of Dey et al., on
elastically bendable organic cocrystals of caffeine (CAF) and 4-
chloro-3-nitrobenzoic acid (CNB), suggested that the excep-
tional mechanical stiffness and high hardness are due to the
mechanically interlocked weak hydrogen-bonding networks
and supramolecular interactions.38 The exceptional elasticity of
2-hydroxy-5-methyl benzylidene amino phenyl-3-phenylacry-
lonitrile crystals in liquid nitrogen was attributed to the
supramolecular interactions in the crystal.39 In addition,
acicular crystals of bis(acetylacetonato)copper(II) ([Cu-
(acac)2]), a classic coordination compound, also displayed
significant elastic flexibility without losing crystallinity.40

Through synchrotron X-ray measurements, it was observed
that under strain, the molecules in the [Cu(acac)2] crystal
rotate reversibly and thus reorganize to allow the mechanical
compression and expansion required for elasticity and still
maintain the integrity of the crystal structure. Theoretical
studies of atomically precise Ag44 CASs suggest the existence of
similar ligand-flexure-induced softness.16 The mechanical
response of Ag29 CAS had been probed by nanoindentation,
and the softness of the material was attributed to the
protecting ligands.15 This implies that a correlation between
mechanical properties and structures could exist in CASs as
well. An investigation of these becomes possible today as
several cluster systems with varying structures are now
available. Miniaturization of various devices requires such
materials that can be controlled and self-assembled into the
form desirable. To successfully incorporate these materials into
flexible electronic devices, knowledge of their mechanical
deformation is necessary. The design principles to modulate
the response of CASs to mechanical stress need further inputs.
In this paper, we report distinct differences in the

mechanical properties of diverse mixed-ligand-protected
clusters, mainly the two polymorphic Ag29

41 clusters. The
already known cubic (Ag29 C)41 and the newly discovered
trigonal (Ag29 T)

42 systems have been studied. Variations in
the properties are directly related to the structural differences
and intermolecular interactions in their crystal packing. Similar
studies have been extended to Ag46

43 (Ag46 T) and its cocrystal
with Ag40 (Ag40/46 M) to reaffirm the importance of the
structure and supramolecular interactions in determining
mechanical properties. Hence, the study has broad implications
in crystal engineering of various flexible, ordered molecular
materials.

■ EXPERIMENTAL METHODS
Chemicals. All chemicals, including sodium borohydride (NaBH4,

99.99% metal basis), triphenylphosphine (TPP), benzene-1,3-dithiol
(BDT), 2,4-dimethylbenzenethiol (2,4-DMBT), and 2,5-dimethyl-
benzenethiol (2,5-DMBT) were purchased from Sigma-Aldrich. Silver
nitrate (AgNO3, 99%) was purchased from Rankem. Solvents
including methanol, dichloromethane (DCM), and dimethylforma-
mide (DMF) were of high-performance liquid chromatography
(HPLC) grade.
Synthesis of Ag29 Nanoclusters (NCs). Synthesis of Ag29

nanoclusters (NCs) was performed by following a previously reported
procedure.41 Briefly, Ag29(BDT)12 NCs were prepared by dissolving

25 mg of silver nitrate in 5 mL of methanol. To this, 10 mL of DCM
and 15 μL of BDT were added. The color of the solution changed to
turbid yellow after the addition of BDT. It became colorless by the
addition of 200 mg of TPP (in 1 mL of DCM). After 15 min, 10.5 mg
of NaBH4 in 500 μL of cold deionized (DI) water was added. The
reaction was stopped after 3 h continuous stirring. The resulting
orange solution was centrifuged, and the supernatant was discarded.
The residue was washed several times with methanol to remove excess
thiols and thiolates, and it was dispersed in DMF.

Synthesis of Ag46 Nanoclusters. The synthesis and purification
procedures were almost the same as those described for the mixture
(see below). Here, 2,5-dimethylbenzenethiol was used in place of 2,4-
dimethylbenzenethiol.

Synthesis of a Mixture of Ag40 and Ag46 Nanoclusters. It was
synthesized by a ligand exchange-induced structure transformation
(LEIST) process. [Ag18(TPP)10H16]

2+ was taken as the precursor in
this reported procedure.43 About 5 mg of the clean Ag18 cluster was
taken in MeOH. To this, 0.75 μL of 2,4-dimethylbenzenethiol
(DMBT) was added under stirring conditions. The reaction was
allowed to continue for 12 h. After 12 h, the initial greenish reaction
mixture changed to reddish-brown, which indicated the formation of
the product. Then, the reaction mixture was centrifuged at 5000 rpm
for 5 min to remove all of the insoluble precipitates, and the solvent
was removed under reduced pressure. Around 1 mL of MeOH was
added to precipitate the material, and it was centrifuged. The
precipitate was dried and washed several times with hexane to remove
excess TPP. This cleaned material was dried and dissolved in DCM,
which was used for characterization.

Crystallization of Ag29C Nanoclusters. The purified clusters
(15 mg) were dispersed in DMF and filtered using a syringe filter. The
concentrated cluster solution was drop-casted on a microscope slide
and kept undisturbed at room temperature. After 3−4 days,
luminescent red crystals were observed.

Crystallization of Ag29T Nanoclusters. The purified clusters
(20 mg) were dispersed in DMF and filtered using a syringe filter. The
concentrated cluster solution was kept for vapor diffusion with
methanol. After 10 days, luminescent red crystals were observed. The
vapor diffusion method resulted in trigonal Ag29 crystals alone. This
observation was further confirmed by monitoring the birefringence of
obtained trigonal crystals using a polarization microscope. We have
not observed any Ag29 C crystals by the vapor diffusion method.

Crystallization Ag46T Nanoclusters. Around 40 mg of the
purified cluster was dissolved in 1.5 mL of distilled DCM and 0.5 mL
of MeOH, filtered by a syringe filter of pore size 0.22 μm, layered by
distilled hexane at 1:1 (by volume) ratio, and kept at 4 °C. After
approximately 1 week, black hexagonal crystals were observed.

Crystallization of Ag40/46 M Nanoclusters. A 40 mg of the solid
cluster mixture was dissolved in 2 mL of distilled DCM, filtered by a
syringe filter of pore size 0.22 μm, layered by distilled hexane at 1:1
(by volume) ratio, and kept at 4 °C. After approximately 1 week,
black crystals were observed. Several batches of crystallization were
carried out to obtain crystals in quantity as well as quality.

Characterization. UV−Vis Spectroscopy. Optical absorption
spectra of samples were obtained using a PerkinElmer Lambda 25
spectrometer.

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

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-
ray (EDAX) Measurements. Scanning electron microscopy (SEM)
and energy-dispersive X-ray (EDAX) analyses were done using an FEI
Quanta-200 SEM.

Single-Crystal X-ray Diffraction (SCXRD). Face indexing was
measured using a Bruker Kappa APEX III CMOS diffractometer using
Cu Kα (λ = 1.54178 Å) radiation.

Nanoindentation Measurements. Nanoindentation (NI) experi-
ments were conducted using a Hysitron TI Premier nanomechanical
testing instrument. We have used a Berkovich indenter of 150 nm
radius in our experiments. The indentation loads of 200, 500, and
10 000 μN were used with a trapezoidal load function. In situ
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scanning probe microscopy (SPM) was used to examine the surface
topographies prior to and after indentation. The Er and H were
calculated by applying the Oliver and Pharr method,44 which used the
initial part of the unloading segment of the load−displacement curve.
Nanoindentation experiments were performed on 10 different crystals
of each silver CASs. On each single-cluster crystal, three repetitive
experiments were performed. The CASs of all of the four silver NCs
used had a length in the range of 20−60 μm with a thickness of 10−
20 μm. To reduce the possible solvent effects, the nanoindentation
studies were performed on evacuated/aged crystals.
Nano Dynamic Mechanical Analysis (Nano DMA) Measure-

ments. DMA was performed using load-controlled frequency sweep
mode. In this mode, the oscillating dynamic load of 10 μN was

superimposed on a static load of 200 μN over a frequency range of
10−200 Hz. By applying a sinusoidal force signal and capturing the
displacement response, the magnitudes of storage modulus, loss
modulus, and damping factors were calculated.

■ RESULTS AND DISCUSSION

Ag29 CASs and Their Crystal Structures. The CASs of
atomically precise mixed-ligand-protected Ag29 and Ag46
nanoclusters (NCs) with different crystal packings and
densities were used in this work (Table S1). As these cluster
systems are known already, we present only essential
information here. Both cluster systems are co-protected by

Figure 1. (A) View of the crystal structure of the Ag29 cluster. Images (B) and (D) are the SEM images of the three-dimensional (3D) crystals of
Ag29 C and Ag29 T. Insets of (B) and (D) show a schematic representation of the nanoindentation experiments. Images (C) and (E) are the 2 × 2
× 2 unit cells of Ag29 C and Ag29 T CASs viewed along their Z axes. Color codes: cerulean/magenta, Ag; yellow, S; orange, P; and green, C.

Figure 2. (A, B) Representative load- and displacement-controlled load−displacement plots of Ag29 C (cyan trace) and Ag29 T (red trace) with 200
μN load and a loading/unloading time of 20 s. (C, D) Loading-rate-dependent variation of Er and H values of Ag29 C and Ag29 T crystal systems.
(E, F) Creep and stress relaxation of Ag29 C and Ag29 T cluster crystals. Color codes: cerulean/magenta, Ag; yellow, S; orange, P; and green, C.
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primary thiol ligands and secondary phosphine ligands. The
well-established polymorphs of bidentate ligand-protected
[Ag29(BDT)12(TPP)4] NCs (1,3 benzenedithiol, BDT;
triphenylphosphine, TPP), labeled as Ag29 C and Ag29 T,
were obtained by varying the crystallization strategy (Figure
1A).41,42 In our study, the [Ag29(BDT)12(TPP)4] cluster was
synthesized following a reported protocol41 as described in the
experimental section and characterized using optical absorp-
tion and electrospray ionization mass spectrometry (ESI MS)
(Figures S1 and S2). We have followed the same reported
procedure41,42 to obtain crystals of acceptable quality and
dimensions (Figure 1B,D). The total structure of individual
clusters was determined by single-crystal X-ray crystallography.
The structural anatomy of the Ag29 cluster reveals the existence
of the Ag13 icosahedral core in it (Figure S3A), which is further
capped by Ag16S24P4 motifs (Figure S3B) to form the
Ag29(BDT)12TPP4 architecture (Figure S3E). The supra-
molecular arrangements in cubic and trigonal systems are
quite different (Figure S3F,G).
Mechanical Response of Ag29 C and Ag29 T. The

difference in the crystal packing (Figure 1C,E) and density
(Table S1) of Ag29 polymorphs can result in distinct changes in
mechanical properties. This prompted us to probe the
mechanical response of CASs using the nanoindentation
technique. The indented plane is (1̅01) in the case of Ag29
T (Figure S4), whereas the indentation tests were performed
on the major face, preferentially oriented in the direction
normal to the loading direction in the case of other systems.
The load-controlled and displacement-controlled modes were
used to study creep and stress relaxation. To study the creep
behavior, a fixed load was held for some time and the
displacement in the sample was recorded. Similarly, in the
stress relaxation study, a fixed displacement was maintained
and the reduction in the stress value was monitored. These
experiments revealed new insights into the time-dependent
mechanical behavior of cluster materials. The load−displace-
ment plots of load-controlled and displacement-controlled
nanoindentation tests on Ag29 C and Ag29 T are shown in
Figure 2A,B, respectively. The corresponding piezo images of
residual indentation imprints on both Ag29 CASs are shown in
Figure S5. The absence of pop-ins on the load−displacement
curves of both Ag29 CASs during loading is an indication of
smooth penetration of the indenter and no local plasticity or
phase change in response to the applied mechanical stress,
unlike in most anisotropic molecular crystals with low
symmetry.28,45 The load-controlled load−displacement plot
shows a significant residual displacement in crystals of Ag29 C
compared to Ag29 T, suggesting it to be less hard. The hardness
(H) values of Ag29 C and T crystals are 282.19 ± 53.33 and
498.15 ± 23.61 MPa, respectively, which corroborated well
with this observation. The observed reduced Young’s modulus
(Er) values of Ag29 C and T systems are 5.66 ± 0.44 and 7.53
± 0.41 GPa, respectively, indicating that density is not the
dominant factor in controlling the modulus of the crystals
(Table 1). The measurement of ν is complicated (due to the

sample size and other factors) for such cluster-assembled
solids. In view of this, the experimentally determined Young’s
Modulus (Er) is reported here rather than the bulk modulus.
Both the crystals show creep during holding time, which
implies a significant viscoelastic deformation in the crystals.
For viscous materials, the stress is proportional to the strain
rate, unlike purely elastic materials. To investigate the rate-
dependent deformation behavior, we have performed inden-
tation experiments at different loading rates (Figures S6 and
S7). The values of Er and H for both the crystals at different
loading rates are plotted in Figure 2C,D, respectively. It is
evident from the plot that the magnitudes of Er and H reduce
significantly with an increase in the loading rate until 10 μN/s.
Figure 2E shows the result of the creep study performed on
both C and T Ag29 crystals applying quasi-static nano-
indentation. The constant load was maintained at approx-
imately 200 μN. Instead of creep strain, the absolute value of
the displacement of the indenter is reported here. The creep
plots of both the Ag29 crystals indicate a two-stage creep
response: primary and secondary. Creep plots at higher loads
such as 500 and 10 000 μN (Figure S8) reveal that unlike some
metals and polymers, the tertiary creep region is not observed
in the case of Ag29 CASs, which usually originates due to the
rapid growth and coalescence of voids in the crystals. Here, we
have observed only the secondary stage of creep for both the
CASs. The upward slope (not totally flat) in the creep plots
suggests the possibility of reduced coalescence of voids at this
stage. In such CASs, the observed displacement/strain at the
primary stage of creep (Figure 2E) could typically originate
from the ligand-flexure- or stress-induced buckling of the
ligands. The relatively steady secondary stage indicates the
nucleation of voids under the sustained load. Strain hardening
is the increased resistance to plastic deformation, and such
effects dominate during the transient period of the initial creep
test.46 We have performed four consecutive creep experiments
on the same area of Ag29 C and T crystals to probe the strain
hardening effects (Figure S9). A comparison of first and fourth
creep plots shows a significant reduction of displacement. The
reduced displacement offers a shred of evidence for higher
resistance to plastic deformation, quantified by an increase in
hardness. This observation implies the existence of strain
hardening in the Ag29 polymorphs. This is a crucial
information when these crystals are used at a load range
beyond the elastic limit in real-life applications. They also
undergo stress relaxation, when held at certain displacement, as
indicated in Figure 2F. This further validates the time-
dependent behavior of these cluster crystals and complements
the observed creep response. Both the crystals show a
pronounced increase in creep and stress relaxation as a
function of loading rate (Figure S10). To depict the
viscoelastic properties of the tested materials, the stress
relaxation curves were fitted to an analytical expression
extracted from a rheological model composed of springs and
dashpots47,48 (Figures S11 and S12). The fit of our model
captures the behavior of both Ag29 crystals tested in stress
relaxation experiments, allowing us to extract relaxation
modulus (G°(t)) values in addition to relaxation times (τ)
(Table S2), which substantiate well with the observed Er
values.

Structural Basis for Exceptional Mechanical Re-
sponse of Ag29 Polymorphs. In our studies of Ag29
polymorphs, we have observed that apart from density, there
are other factors that control the mechanical response of CASs.

Table 1. Measured Young’s Modulus (Er) and Hardness (H)
Values of the Ag29 CASs, Compared with Their Density (ρ)

CASs ρ (g/cm3) Er (GPa) H (MPa)

Ag29 C 2.11 5.66 ± 0.44 282.19 ± 53.33
Ag29 T 2.04 7.53 ± 0.41 498.15 ± 23.61
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Here, we are considering only the intercluster ligand
interactions that are preserved well in the solid state.49

Interestingly, taking a closer look at the arrangement of NCs,
one can find that both the Ag29 polymorphs assemble linearly

to form 3D crystals (Figure S13). A schematic of such a linear
assembly of Ag29 polymorphs is shown in Figure 3A,D. The
neighboring NCs interact through specific intercluster
interactions induced by BDT and TPP ligands (Figure

Figure 3. Anatomy of intercluster interactions of Ag29 C and Ag29 T. (A, D) Schematic representations of packing in Ag29 C and T crystals. (B, E)
Illustrations of intercluster interactions in one-dimensional (1D) assembly of Ag29 C and T clusters. (B′, E′) Schematic representations of
intercluster interactions in 1D assembly of Ag29 C and T systems. (C, F) Illustration of intercluster interactions between two Ag29 C and Ag29 T
clusters. Color codes: cerulean/magenta, Ag; yellow, S; orange, P; green, C; and gray, H.

Figure 4. Supramolecular interactions in Ag29 C and T systems. (A, E) Interaction of the Ag29 cluster with neighboring clusters in cubic and
trigonal lattices. Specific intercluster interactions are shown in (B)−(G). (B) H···H interaction between BDT ligands in the Ag29 C lattice. (C, D)
CH···π interactions between TPP ligands in the Ag29 C lattice. (F, G) H···H and CH···π interactions between BDT ligands of Ag29 T. Color codes:
cerulean/magenta/red, Ag; yellow, S; orange, P; green/blue, C; and gray, H.
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3B,E), which control the crystal packing of the cluster
molecules (Figure 3B′,E′). The surface structures of both the
crystals in the solid state are mainly stabilized by
intermolecular CH···π interactions, in which the C−H bonds
interact with the π electrons of phenyl rings (Figure 3C,F).
Such surface structures of NCs are reminiscent of biomolecules
such as proteins.50,51 The strength of the CH···π interactions is
ca. 1.5−2.5 kca/mol.51 Apart from this, several other van der
Waals interactions such as H···H and π···π stacking were also
observed. In the case of Ag29 C, we have found that the TPP
ligands bundle in two ways: double bundles (L1, having a pair
of CH···π interactions) and triple bundles (L3, having three
pairs of CH···π interactions) (Figure S14). The high
connectivity in such molecular networks enables direct
interactions with six nearest neighboring clusters via H···H,
π···π, and CH···π interactions (Figure 4A). The relevant
intercluster interactions of both Ag29 polymorphs are assessed
and listed in Table 2. There are six H···H and parallel-

displaced π···π contacts between the BDT ligands of an Ag29
cluster and its six neighboring clusters in the cubic lattice. The
bond distances of the H···H and π···π contacts are 2.29 Å

(Figure 4B) and 5.87 Å (Figure S15A), respectively. Twelve
CH···π interactions were also observed between the four
secondary TPP ligands of the Ag29 cluster and its six
neighboring clusters. Among the four TPP ligands, three will
have a pair of edge-to-face or T-shaped CH···π interactions
(L1) with the TPP ligands of the adjacent three clusters
(Figure S15B). The remaining one TPP (highlighted in blue in
Figure S14) will act as a soft base π-system leading to the
formation of three pairs of T- shaped CH···π interactions (L3)
with three neighboring clusters (Figure S15C,D). The L1 and
L3 bundles together constitute a total of 12 CH···π contacts
between TPP ligands of adjacent clusters. The bond lengths
and bond angles of such CH···π contacts range from 3.67 to
3.71 Å (Figure 4C,D) and 118−140° (Figure S16A,B),
respectively. The observed CH···π bond lengths of Ag29
polymorphs were similar to those of meso-tetrakis[4-
(benzyloxy)phenyl] porphyrins.52

The interactions that direct the 3D crystal assembly are
quite different in Ag29 T in comparison to Ag29 C (Figure 4E).
These nanoscale building blocks were found to hold together
by two pairs of H···H (Figure 4F) and π···π (Figure S17A),
and a pair of parallelly displaced CH···π (Figure 4G)
interactions that act as structure-directing units promoting
crystallization. The intercluster interactions between the TPP
ligands are not observed in the case of the Ag29 T system. The
interactions between BDT ligands of adjacent clusters (Figure
S15B) were reminiscent of the chair conformer of cyclohexane.
The three pairs of BDT ligands of each cluster will interact
with BDT ligands of three adjacent clusters via 12 H···H
(Figure 4F), 6 π···π (Figure S15A), and 6 parallelly displaced
CH···π (Figure 4G) interactions (Table 2). The bond length
of intermolecular weak H···H interactions was 2.36 Å, which is
slightly higher than in Ag29 C crystals (2.29 Å). The average

Table 2. Intercluster Intermolecular Interactions of Ag29 C
and T Crystalsa

H···H
interactions

π···π
interactions CH···π interactions

crystal
system

between BDT
ligands

between BDT
ligands

between TPP
ligands

between BDT
ligands

Ag29 C 6 (6 × 1) 6 (6 × 1) 12 (6 × 2)
Ag29 T 12 (3 × 4) 6 (3 × 2) 6 (3 × 2)

aTotal no. of interactions = no. of clusters having direct interactions ×
no. of interactions by each cluster.

Figure 5. (A, B) SEM images of the 3D crystals of Ag46 T and Ag40/46 M. (C, D, D′) The 2 × 2 × 2 unit cells of Ag46 T, Ag40 M, and Ag46 M
clusters viewed along the Z axis. (D) and (D′) refer to the structures of Ag40 and Ag46, respectively, in the Ag40/46 M cocrystal. Color codes:
cerulean/magenta, Ag; yellow, S; orange, P; and green, C.
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bond length of the CH···π interaction is 3.71 ± 0.2 Å, with a
bond angle of 144° (Figure S17C). The strength of CH···π
interactions depends on the bond distances between the
hydrogen atom (in C−H) and the plane of the aromatic ring
[less than 2.9 Å] as well as CH···π access angles (varied from
140 to 180°).53 Here, both cubic and trigonal systems are
having slightly larger intercluster CH···π bond distances and
thus they are weaker in nature. The CH···π contacts of Ag29 C
crystals involve the secondary TPP ligands, whereas, these are
between primary BDT ligands in Ag29 T. Also, a study of the
molecular arrangement of benzene at 0.15 and 0.91 GPa
reveals a significant shift in the CH···π-bonded networks and
substantial collapse of the voids between the molecules.54 The
observed higher Er and H in the Ag29 T crystal compared to
Ag29 C might be due to the following factors: (i) The
intercluster interactions are between the primary BDT ligands
rather than the secondary TPP ligands. (ii) The presence of
two pairs of H···H interactions between BDT ligands that
extend as a zig-zag chain connecting adjacent molecules, as
well as a pair of CH···π interactions between the BDT ligands.
The disruption of internal molecular rotations can influence
the mechanical deformation of the crystals.55 Such restrictions
in the flexibility might not be there in the case of Ag29 C as the
CH···π interactions are mainly between the TPP ligands. The
absence of clear slip planes in the above crystal systems is due
to their interconnected network-like structures.56

Crystal Structures of Ag46 and Its Cocrystal with Ag40.
In the preceding sections, we understood that the structures
could be distinguished by their distinctive mechanical
properties. The surface and core structures of Ag46 systems
are completely different from those of Ag29 polymorphs. Also,

the structural differences in Ag46 and its cocrystal can reveal
new insights into the mechanical response of CASs. This
prompted us to perform nanoindentation studies on
monothiol-protected [Ag46(2,5-DMBT)24(TPP)8] NCs (2,5-
dimethylbenzenethiol, 2,5-DMBT; triphenylphosphine, TPP)
crystallized in a trigonal lattice (Ag46 T) and a cocrystal of Ag46
and Ag40 in a monoclinic lattice (Ag40/46 M). Ligands for both
the clusters in Ag40/46 are 2,4-dimethylbenzenethiol (2,4-
DMBT) along with TPP. The clusters were synthesized
following the protocol43 as described in the Experimental
Methods and characterized using optical absorption and ESI
MS studies (Figures S18 and S19). Figure 5A,B shows the
SEM images of Ag46 T and Ag40/46 M single crystals. Figure 5C,
D, D′ represents the packing of Ag46 clusters and Ag40/46
cocrystals in a trigonal lattice with the space group P-3 and
monoclinic lattice with the space group C2/m, respectively.
Successive jobs of least-squares refinement followed by the
Fourier difference map could finally yield the structure of Ag40
and Ag46 from the cocrystal. The occupancy of each cluster was
50% in the Ag40/46 M crystal system.43 The structure of Ag46 is
similar in Ag46 T (Figure S20) and Ag40/46 M (Figure S21).
The Ag46 cluster consists of a Ag14 inner core (Figures S20A
and S21A) protected by a Ag24 outer core (Figures S20B and
S21B). This Ag38 motif is further protected by eight AgS3P
units (Figures S20C,D and S21C,D), resulting in a Ag46S24P8
architecture. The Ag40 cluster in the cocrystal consists of a Ag8
inner core (Figure S21F) with the rest of the structure the
same as that of Ag46 (Figure S21G−I).

Mechanical Response of Ag46 and Its Cocrystal with
Ag40. The nanoindentation studies were performed by keeping
all conditions the same except that in the case of Ag46 T, the

Figure 6. (A) Representative load-controlled load−displacement plots of Ag46 T (blue trace) and Ag40/46 M (pink trace) with 200 μN load with a
loading/unloading time of 20 s. (B) Variation of Er values with the loading rate. (C) Creep response of Ag46 T (blue trace) and Ag40/46 M (pink
trace) crystal systems. Inset images are the unit cells of Ag46 T and Ag40/46 M crystals. (D) Representative displacement-controlled load−
displacement plots of Ag46 T (blue trace) and Ag40/46 M (pink trace) with 250 nm displacement. Color codes: cerulean/magenta, Ag; yellow, S;
orange, P; and green, C.
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holding time of 50 s was used for the dissipation of creep. The
load-controlled load−displacement plots are depicted in Figure
6A. The residual indentation imprint on the Ag46 T system is
represented in Figure S22. We could not observe such an
indentation imprint in the case of Ag40/46 M crystal with 200
μN load. The obtained Er values from the load-controlled
load−displacement plots reveal the compliant nature of the
Ag46 T system compared to Ag40/46 M (Table S3). The
loading-rate-dependent experiments were performed on Ag46 T
and Ag40/46 M systems (Figures S23 and S24). An increase in
the values of Er (Figure 6B) and H (Figure S25) was observed
as a function of the loading rate of both the crystal systems.
The Ag40/46 M system showed larger creep behavior (Figure
6C) compared to the Ag46 T system. Similar to Ag29 systems,
the creep behavior of Ag46 T and Ag40/46 M systems consists of
primary and secondary stages. The tertiary creep region was
not observed even at loads of 500 and 10 000 μN (Figure
S26A,B). The strain hardening behavior of Ag46 systems is
shown in Figure S27. We have also performed displacement-
controlled experiments (Figure 6D) and evaluated the stress
relaxation behavior of Ag46 systems (Figure S28). The Ag46
systems also show a pronounced increase in creep (Figure
S29A,B) and stress relaxation (Figure S29C,D) as a function of
loading rate, similar to the Ag29 polymorphs. The experimental
stress−relaxation curves were fitted to an analytical expression
extracted from a rheological model used previously (Figure
S30A,B), and the G°(t) and τ were extracted (Table S4). The
extracted relaxation modulus values corroborated well with the
Er values of the Ag46 systems.
Structural Basis for the Mechanical Response of Ag46

and Its Cocrystal with Ag40. The structural basis for the
differences in mechanical responses of Ag46 systems was
analyzed through the examination of crystal packing (Figure
S31A,B). The intercluster supramolecular interactions of Ag46
T and Ag40/46 M crystal systems are summarized in Table 3,

which reveal the complex interactions of the Ag46 CASs. Each
cluster in the molecular network of the Ag46 T system has
direct interactions with eight neighboring clusters via H···H
and CH···π interactions (Figure S32A,B). The TPP and 2,5-
DMBT ligands of six adjacent clusters will interact via a pair of
H···H interactions, leading to hexagonal close packing of Ag46
clusters (Figure S33A,B). The average bond length of such a
H···H interaction is 2.36 Å (Figure 7A). Apart from this, the
two pole site TPP ligands of the Ag46 clusters interact with the
pole site TPP ligands of other two neighboring clusters via six
CH···π interactions (Figure S34A,B). The bond length and

bond angle of the CH···π interactions are 3.21 Å (Figure 7B)
and 120°, respectively (Figure S34C). Such weak supra-
molecular interactions would allow the clusters to undergo
intercluster rotations, leading to complaint behavior. In the
Ag40/46 M cocrystal system, each cluster interacts with six
neighboring clusters via CH···π and H···H interactions (Figure
S35A,B). There are two types of CH···π interactions that direct
the packing of Ag40/46 clusters in the monoclinic lattice. Type I
interaction (CH···π (I)) is between TPP and 2,4-DMBT
(Figures 7C and S36A), whereas type II interaction (CH···π
(II)) is between the 2,4-DMBT ligands (Figure 7D). Among
the six neighboring clusters, four of them are connected by
type I, CH···π contacts having bond length and bond angle of
3.11 Å (Figure 7C) and 131° (Figure S36B), respectively. The
remaining two clusters are connected by a pair of type II,
CH···π contacts formed between the primary 2,4-DMBT
ligands, having a bond length and a bond angle of 3.74 Å
(Figure 7D) and 155° (Figure S36C), respectively. The types I
and II together constitute twelve CH···π interactions. Besides
that, three H···H interactions with a bond length of 2.06 ± 1 Å
were observed between the 2,4-DMBT ligands (Figure 7E).
Unlike the Ag46 T system, the Ag40/46 M system contains
supramolecular interactions between the primary 2,4-DMBT
ligands, similar to Ag29 T systems. Such interlocked and
corrugated molecular packing of clusters imparts rigidity to the
molecular crystal, which in turn manifests the Er and H values.

Dynamic Mechanical Analysis (DMA) of CASs. To have
a deeper understanding of the material properties, we have
performed dynamical mechanical analysis (DMA) to under-
stand the frequency sensitivity of different viscoelastic
properties. Generally, such measurements are not performed
in the case of molecular crystals; nevertheless, the creep
behavior of the CASs prompted us to investigate the
viscoelastic properties. The storage modulus depicts the energy
stored in a system. The storage modulus values of all of the
four crystal systems do not show significant frequency
sensitivity (Figure 8A). The observed loss modulus value was
higher for Ag46 T compared to the other three crystal systems
(Figure S37). The loss modulus of Ag29 polymorphs shows
significant frequency sensitivity compared to that of the Ag46
crystal systems. Interestingly, we have observed that the
damping or loss factor of Ag46 T is higher than that of other
cluster systems (Figure 8B) and is similar to that of natural
rubber57 irrespective of low storage modulus values. This
observation points out a new possibility of using CASs as
dampening materials. Studies of acoustic vibrations in
nanometer-scale particles can provide fundamental insights
into the mechanical properties of materials.58 The stimulus-
induced flexible metal-organic frameworks (MOFs) are highly
attractive to absorb/store energy with promising prospects as
nanodampers or nanosprings.59,60 The two factors that vary the
breathing modes of a structure are the deformation of the bond
angle and the distance between ligands.61 The energy of the
crystal increases when bonds are deformed and decreases when
the distance between the aromatic rings decreases. In the case
of atomically precise clusters, the intrinsic damping has
contributions due to the ligand-flexure-induced changes
occurring in the metal cores and the surface layer of ligands.
Recently, Maioli et al. studied the elastic properties of ligand-
protected clusters, experimentally and theoretically, and two
periods, corresponding to fundamental breathing and quad-
rupolar-like acoustic modes, were detected.62 They have
observed a stagnation in acoustic response and attributed it

Table 3. Intercluster Intermolecular Interactions of Ag46 T
and Ag40/46 M Crystalsa

H···H
interactions CH···π interactions

crystal
system

between TPP
and 2,5-DMBT

ligands
between

TPP ligands

between TPP
and 2,5-DMBT

ligands

between
2,5-DMBT
ligands

Ag46 T 12 (6 × 2) 12 (2 × 6)
H···H interactions CH···π interactions

crystal
system

between 2,4-
DMBT
ligands

between
TPP
ligands

between TPP and
2,4-DMBT
ligands

between 2,4-
DMBT
ligands

Ag40/46 M 6 (2 × 3) 8 (4 × 2) 4 (2 × 2)
aTotal no. of interactions = no. of clusters having direct interactions ×
no. of interactions by each cluster.

Chemistry of Materials pubs.acs.org/cm Article

https://dx.doi.org/10.1021/acs.chemmater.0c02905
Chem. Mater. 2020, 32, 7973−7984

7980

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02905/suppl_file/cm0c02905_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c02905?ref=pdf


to the mechanical mass loading effects of protecting ligands.
The observed damping behavior of Ag46 T crystals opens up
the prospects that by tailoring the nature of the metal cores
and protecting ligands, different materials such as dampers and
molecular springs can be obtained.
Investigation of the mechanical response of Ag29 polymorphs

and Ag46 systems having different surface and core structures
revealed a few fascinating insights. The compliant nature of the
interconnected molecular cluster frameworks is largely driven
by the protecting ligands. The cluster surface structures with
dithiol ligands show higher Er and H values than monothiol-
protected clusters due to the structural rigidity63 offered by

dithiol ligands. Also, the interrogation of crystal packing reveals
that the cluster crystals stabilized by CH···π contacts involving
the primary thiol ligands show higher Er and H values (Ag29 T
and Ag40/46 M) than those directed by secondary phosphine
ligands. In CASs, the cluster molecules are assembled in such a
way that sufficient reorientation (rotation) of the molecules is
possible without breaking the overall continuity of crystal
packing. The cluster crystals assembled with weak supra-
molecular interactions may allow some elastic flexibility.
Interlocked packing of the cluster molecules facilitates the
elastic deformation. However, the absence of mechanical
resistance to slip may eventually assist plastic deformation

Figure 7. Supramolecular interactions in Ag46 T and Ag40/46 M systems. (A) Intercluster H···H interactions between TPP and 2,5-DMBT ligands of
Ag46 clusters in a trigonal lattice. Specific intercluster interactions are shown in (B)−(E). (B) CH···π interactions between TPP ligands in the Ag46
trigonal lattice. (C) CH···π interactions between TPP and 2,4-DMBT ligands in the Ag40/46 monoclinic lattice. (D, E) CH···π and H···H
interactions between 2,4-DMBT ligands in the Ag40/46 monoclinic lattice. Color codes: cerulean/magenta/red, Ag; yellow, S; orange, P; green/blue,
C; and gray, H.

Figure 8. (A, B) Variation of storage modulus and tan δ as a function of frequency of Ag29 C (cyan trace), Ag29 T (red trace), Ag46 T (blue trace),
and Ag40/46 M (pink trace).

Chemistry of Materials pubs.acs.org/cm Article

https://dx.doi.org/10.1021/acs.chemmater.0c02905
Chem. Mater. 2020, 32, 7973−7984

7981

https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02905?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02905?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02905?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02905?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02905?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02905?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02905?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02905?fig=fig8&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c02905?ref=pdf


(irreversible);40 hence, only limited elasticity is expected. The
flexure of NCs in the crystals could allow this material to serve
as an energy-absorbing structure, which can convert stress to
mechanical motion and can be used as molecular-scale sensors
and switches. In view of our study, we postulate that it is
possible to control the mechanical properties of CASs by
tuning the strength and type of supramolecular interactions
present between clusters. The stiffness of the CASs is
enormously dependent on the rigidity and intermolecular
interactions of the primary thiol ligands. We believe that there
will be anisotropy in such cluster-assembled solids. Attempts to
probe different faces of the crystal were not successful.

■ CONCLUSIONS

In summary, we demonstrated the mechanical response of
CASs protected by monolayers. The atomically precise CASs
of silver show large creep deformation, stress relaxation, and a
pronounced rate-dependent mechanical behavior. This unusual
behavior is attributed to the weak supramolecular interactions
of the protecting ligands on the surface of the nanoclusters.
The CASs protected by dithiols show superior Er and H
compared to the monothiol-protected CASs. CASs having
supramolecular interactions between the primary ligands are
stiffer than their counterparts. We have also observed that the
tan δ value of the Ag46 T system is comparable to that of
natural rubber. By modeling the creep and relaxation behavior
using rheological components, we determined both the elastic
and viscous characteristics of the CASs. The present study has
implications in creating flexible materials from atomically
precise clusters. The results obtained will help in the effective
design of flexible nanocluster devices since the low hardness
and the viscoelastic properties demonstrated are not conducive
to flexible applications. It is also essential to look into other
CASs having supramolecular interactions or mechanically
interlocked structures, which can be used as solids in materials
engineering. With growing interest in engineering of materials
with desired functions responding to external stimuli, the
insights gained in this work will help future investigations.
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Table S1. Structural parameters of the cluster single crystals tested. 

 

 

Figure S1. Characterization of Ag29 C clusters. A) Full range ESI MS of Ag29(BDT)12(TPP)4 
clusters in negative mode. Inset shows the comparison of experimental (cyan trace) and 
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simulated (orange trace) isotopic distributions of the cluster. B) UV-vis absorption spectrum 
of the Ag29(BDT)12(TPP)4 cluster in dimethylformamide (DMF). Inset of the B shows the 
optical images of Ag29 C crystals collected in the transmission mode. 

 

Figure S2. Characterization of Ag29 T clusters. A) Full range ESI MS of Ag29(BDT)12(TPP)4 
clusters in negative mode. Inset shows the comparison of experimental (red trace) and 
simulated (orange trace) isotopic distributions of the cluster. B) UV-vis absorption spectrum 
of the Ag29(BDT)12(TPP)4 cluster in DMF. Inset of the B shows the optical images of Ag29 T 
crystals collected in transmission mode. 
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Figure S3. Structural anatomy of Ag29 C and T clusters. A) Ag13 centred icosahedral core; B) 

Ag16S24P4 shell; C) Ag29S24P4 motifs where the ligands are omitted for clarity. D) The 

packing of BDT and TPP ligands in an Ag29 cluster. E) Total structure of Ag29(BDT)12(TPP)4 

cluster. F) and G) are the unit cell packing of Ag29 C and Ag29 T. Color codes: 

cerulean/magenta, Ag; yellow, S; orange, P; green, C; grey, H. 

 

Figure S4. Face index analysis of Ag29 T based on single crystal X-ray crystallography. The 
crystal is mounted on MiTeGen loop. 
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Figure S5. Piezo images showing residual indentation imprint on A) Ag29 C and B) Ag29 T 
crystals.  
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Figure S6. Load-displacement curves of Ag29 C crystals with loading rates of A) 20, B) 10, 
C) 6.6, and D) 4 µN/s, respectively. 

 

Figure S7. Load-displacement curves of Ag29 T crystals with loading rates of A) 20, B) 10, 
C) 6.6, and D) 4 µN/s, respectively. 

 

Figure S8. Experimental creep curves corresponding to Ag29 C (cyan trace) and Ag29 T (red 
trace) crystal system at a load of A) 500 µN and B) 10,000 µN, respectively. 
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Figure S9. All single-crystal samples underwent the same experiment four times on the same 
indentation area. A) and C) are the load-displacement plots of Ag29 C and Ag29 T crystals 
(first cycle olive and fourth cycle green). B) and D) are the creep displacement plots of Ag29 
C and Ag29 T (first cycle olive and fourth green). Corresponding Er and H values are 
indicated. A significant reduction in creep displacement is observed for the fourth 
measurement indicating an increased resistance to plastic deformation. This observation is 
consistent with strain hardening. 
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Figure S10. Experimental creep curves with loading rates of 20, 10, 6.6, and 4 µN/s (top A 
and B) and stress relaxation curves with displacement rates of 25, 12.5, 8.33, and 5 nm/s. 
(bottom C and D) corresponding to Ag29 C and Ag29 T crystal systems. 

Modelling of stress-relaxation 

The relaxation of the maximum load during holding to a certain depth is related to the time 
dependent, i.e., viscoelastic behaviour of the material. The instantaneous, i.e., elastic 
behaviour can be captured by a spring and the viscous behaviour can be depicted by a 
dashpot. A spring connected with a dashpot is called as a Maxwell element. One or more 
Maxwell element in parallel are used to model the stress relaxation of a material. 

For a spherical indenter tip, the load–displacement relationship for a Hertzian elastic solid1 is 
showed in equation [1] 

𝑃 = 8𝐺
√𝑅ℎ3(𝑡)

3(1−𝜈)
     [1] 

where G is the shear modulus, R is the indenter radius, ν is the Poisson’s ratio, and h(t) is the 
displacement as a function of time. For the generalized Maxwell–Wiechert viscoelastic 
model,2, 3 this equation can be rewritten in terms of a time-dependent relaxation modulus 
function, Grel(t), for the stress-relaxation response to an instantaneous ramp displacement, h0. 
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𝑃 = 4𝐺𝑟𝑒𝑙(𝑡)
√𝑅ℎ0

3

3
    [2] 

The stress relaxation data of the four CAS systems are fitted with two parameter Maxwell-
Weichart model i.e., Figure S11. The total stress in the network will be the summation of the 
stress in individual arm. So, total stress σ 

𝜎 =  𝜎𝑒 + ∑ 𝜎𝑗𝑗     [3] 

So, the relaxation modulus Grel(t) is given by 

𝐺𝑟𝑒𝑙(𝑡) =
𝜎

𝜖0
=  𝐺𝑒 + ∑ 𝐺𝑗exp (

−𝑡

𝜏𝑗
)𝑗     [4] 

The experimental data of four crystals have been plotted and fitted in two parameter 
Maxwell-Weichart model which is described in Figure S11. Gα is the relaxation modulus at t 
tends to infinity which is equal to Ge. G0 is the value of instantaneous relaxation modulus, 
i.e., relaxation modulus at t=0 and which is Gα+ ∑ 𝐺𝑗𝑗 . The 1 and 2 are the primary and 
secondary relaxation times, i.e., the relaxation times of the first and second arm respectively. 
 

 

Figure. S11. Maxwell-Weichart model. 
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Figure S12. Experimental stress relaxation curves of A) Ag29 C and B) Ag29 T crystals fitted 
with the model (blue solid line) which captures the stress relaxation behaviour.  

Table S2. G0, Gα, τ1 and τ2 values of Ag29 C and T systems. 

 

Figure S13. The 2x2x2 packing of A) Ag29 C and B) Ag29 T crystals showing linear 

arrangements of clusters (dotted yellow line). Color codes: cerulean/magenta, Ag; yellow, S; 

orange, P; green, C; grey, H. 
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29

 T 11.50 9.58 12.16 2.22 0.99 



13 
 

 

Figure S14. Total structure of Ag29 C with TPP ligand bundles in two ways: double-bundles 

(L2) and triple bundles (L3- blue trace) of CH...π interactions. Color codes: cerulean/red, Ag; 

yellow, S; orange, P; green/blue, C; grey, H. 

 

L2 L3

L2 L2
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Figure S15. The intercluster interactions in Ag29 clusters in cubic lattice. A) The parallelly 

displaced π...π interactions between the BDT ligands of Ag29 clusters in cubic lattice. B) 

Intercluster CH...π interactions between the remaining three TPP ligands with other three 

clusters. C) and D) Intercluster CH...π interactions of one TPP ligand (highlighted in blue) 

with TPP ligands of three neighbouring clusters in cubic lattice. Color codes: 

cerulean/magenta/red, Ag; yellow, S; orange, P; green/blue, C; grey, H. 

 

A) B)

D)C)

A) B)
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Figure S16. A) and B) shows the bond angle of the CH...π interactions in Ag29 cubic lattice. 

Color codes: magenta/red, Ag; yellow, S; orange, P; green/blue, C; grey, H. 

 

Figure S17. Supramolecular interactions of Ag29 clusters in trigonal lattice. A) The parallelly 

displaced π...π interactions between the BDT ligands of Ag29 clusters in trigonal lattice. B) 

The CH...π and H...H interactions in Ag29 T crystals. C) The bond angle of CH...π 

interactions between BDT ligands. Color codes: cerulean/magenta/red, Ag; yellow, S; orange, 

P; green, C; grey, H. 

A) B)

C)
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Figure S18. A) Full range ESI MS of clusters in positive ion mode. The peak is due to 
[Ag46(2,5 DMBT)24(PPh3)8]2+. Inset of A show the comparison of experimental (blue trace) 
and simulated (orange trace) isotopic distributions of the cluster. B) UV-vis absorption 
spectrum of the cluster in dichloromethane. Inset is the optical image of Ag46 T crystals in 
transmission mode. 
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Figure S19. A) Full-range ESI MS of clusters in positive ion mode. The major peaks are due 
to Ag403+, Ag402+, and Ag462+. The a1, a2 and a3 are the comparison of experimental (pink 
trace) and simulated (orange trace) isotopic distributions of Ag462+, Ag402+, and Ag403+. B) 
UV-Vis absorption spectrum of the clusters in dichloromethane. Inset is the optical image of 
Ag40/46 M crystals in transmission mode. 

 

Figure S20. Structural anatomy of Ag46 T clusters. A) The Ag14 core; B) The Ag32S24P8 

motifs; C) and D) Ag46S24P8 cluster in ball and stick and polyhedral model where the carbon 

tail of the ligands is omitted for clarity. E) The total structure of Ag46(2,5 DMBT)24(TPP)8 

clusters. Color codes: cerulean/magenta/red, Ag; yellow, S; orange, P; green, C; grey, H. 
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Figure S21. Structural anatomy of Ag46 and Ag40 clusters. A) and F) are the Ag14 and Ag8 

inner core of Ag46 and Ag40 clusters; B) and G) are the Ag32S24P8 shell that protects the inner 

cores of both Ag46 and Ag40 clusters; C) and H) are the Ag46S24P8 and Ag40S24P8 clusters in 

ball and stick model where the carbon tail of the ligands are omitted for clarity. D) and I) are 

the Ag46S24P8 and Ag40S24P8 clusters in polyhedral model. E) and J) are the total structure of 

Ag46(2,4 DMBT)24(TPP)8 and Ag40(2,4 DMBT)24(TPP)8 clusters. Color codes: 

cerulean/magenta/red, Ag; yellow, S; orange, P; green, C; grey, H. 
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Figure S22. Piezo image showing residual indentation imprint on Ag46 T system.  

Table S3 Measured Er and H of Ag46 T and Ag40/46 M compared with their ρ.  

CASs ρ (g/cm
-3

) Er (GPa) H (MPa) 

Ag46 T 1.322 2.27±0.25  168.10±25.52 

Ag40/46 M 1.497 2.73±0.51  166.70±28.02  
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Figure S23. Load-displacement curves of Ag46 T crystals with loading rates of A) 20, B) 10, 
C) 6.6, and D) 4 µN/s, respectively. The creep time of 50 s was used in this case to dissipate 
creep. 
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Figure S24. Load-displacement curves of Ag40/46 M crystals with loading rates of A) 20, B) 
10, C) 6.6, and D) 4 µN/s, respectively. 
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Figure S25. Variation of H with the loading rate of Ag46 T (blue trace) and Ag40/46 M (pink 
trace) crystal systems  

 

Figure S26. Experimental creep curves corresponding to Ag46 T (blue trace) and Ag40/46 M 
(pink trace) crystal systems at a load of A) 500 µN and B) 10,000 µN, respectively. 

 

Figure S27. All single-crystal samples underwent the same experiment four times on the 
same indentation area. A) and C) are the load-displacement plots of Ag46 T and Ag40/46 M 
crystals (first cycle olive and fourth cycle green). B) and D) are the creep displacement plots 
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of Ag40/46 M and Ag46 T (first cycle olive and fourth green). Corresponding Er and H values 
are indicated.  

 

Figure S28. Stress relaxation plot of Ag46 T (blue trace) and Ag40/46 M (pink trace) cluster 
crystals. 
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Figure S29. Experimental creep curves with loading rates of 20, 10, 6.6, and 4 µN/s (top A 
and B) and stress relaxation curves with displacement rates of 25, 12.5, 8.33, and 5 nm/s 
(bottom C and D) corresponding to Ag46 T and Ag40/46 M crystal systems.  

 

Figure S30. Experimental stress relaxation curves of A) Ag46 T and B) Ag40/46 M crystals 

fitted with the model (black solid line) which captures the stress relaxation behaviour. 
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Table S4. G0, Gα, τ1, and τ2 values of Ag46 T and Ag40/46 M systems.  

 

 

Figure S31. A) and B) Intercluster interactions of Ag46 T and Ag40/46 M. Color codes: 

cerulean/magenta, Ag; yellow, S; orange, P; green, C; grey, H. 

 

A) B)

A) B)

CASs G0 (GPa) Gα (GPa) τ1 (s) τ2 (s) R
2
 

Ag46 T 4.49 3.02 1.33 16.25 0.99 

Ag40/46 M 4.79 3.72 14.48 1.14 0.99 
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Figure S32. The supramolecular interactions in Ag46 T crystal. A) and B) shows different 

view of the interactions of each Ag46 cluster with eight neighbouring clusters in trigonal 

lattice. Color codes: cerulean/magenta/red, Ag; yellow, S; orange, P; green/blue, C; grey, H. 

 

Figure S33. H...H interactions between TPP and 2,5 DMBT ligands in Ag46 T crystal. A) The 

view of H...H interactions between TPP and 2,5 DMBT ligands of Ag46 clusters with 

neighbouring six clusters. B) Shows the bond length of the H...H interactions. Color codes: 

cerulean/magenta/red, Ag; yellow, S; orange, P; green/blue, C; grey, H. 

A) B)

H…H interactions between TPP and 2,5 

DMBT ligands of Ag46 T  
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Figure S34. A) The six pair of CH...π interactions between the pole site TPP ligands in Ag46 

T crystal. B) and C) shows the bond length and bond angle of six pair of CH...π interactions. 

Color codes: cerulean/magenta/red, Ag; yellow, S; orange, P; green/blue, C; grey, H. 
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A) B)
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Figure S35. A) and B) shows the different view of the interaction of Ag40/46 cluster with its 

neighbouring clusters in a monoclinic lattice. Color codes: cerulean/magenta/red, Ag; yellow, 

S; orange, P; green, C; grey, H. 

 

Figure S36. A) CH...π interactions between TPP and 2,4 DMBT ligands. B) The bond angle 

of CH...π interactions between the TPP and 2,4 DMBT ligands in the monoclinic lattice. C) 

The bond angle of the CH...π interactions between two 2,4 DMBT ligands in the monoclinic 

lattice. Color codes: cerulean/magenta/red, Ag; yellow, S; orange, P; green, C; grey, H. 

A)

B)

C)
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Figure S37. Variation of loss modulus with frequency of Ag29 C (cyan trace), Ag29 T (red 
trace), Ag46 T (blue trace), and Ag40/46 M (pink trace).  
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ABSTRACT: Brass (which is an alloy of copper and zinc)-coated
steel cords (BCSCs) in the form of belts are embedded in a rubber
compound in radial tires (beneath the tread) to give stability and
strength to the tread region of the tires. The life of the tires also
depends on the strength and durability of the bond between the
BCSCs and rubber. During the vulcanization process with sulfur, a
series of sulfide and oxide nanostructures of copper and zinc are
formed at the brass−rubber interface. These nanostructures have a
dendritic morphology that can reinforce rubber primarily through
mechanical interlocking created through the flow of rubber chains
into the dendritic cavities followed by formation of cross-links
between rubber chains during vulcanization. The strength and
durability of the bonding depend on a number of parameters such
as rubber compound formulation, vulcanization temperature (VT) and time, nanostructure thickness (height), and chemical
composition of the nanostructures (the so-called adhesion interface). A few methods have been stated in the literature for assessing
the chemical composition and thickness of the adhesion interface. However, simple, reliable, and newer methodologies are needed
for a better understanding of the same. This paper details a new approach called the “brass mesh experiment” to assess the thickness
of the adhesion interface formed under particular vulcanization conditions using microscopy. Raman imaging and spectroscopy were
employed to determine the chemical composition of the interface with complementary data from X-ray photoelectron spectroscopy
and X-ray diffraction. Using the methodologies, VT optimization was done for a tire compound formulation, and this was verified by
the generally accepted pull-out force method. We believe that the methodologies outlined in this paper can trigger further research
for a better understanding of the adhesion interface in radial tires.

KEYWORDS: brass−rubber interface, nonstoichiometric copper sulfide, Raman imaging, adhesion, vulcanization,
interfacial nanostructures

■ INTRODUCTION

Radial design, a game changer in tire technology, revolu-
tionized the world of tires for its excellent combination of low
fuel consumption, softer ride, and long service life.1,2 On road,
the ply region of the radial tire (RT) experiences maximum
stress and is prone to deformation upon prolonged usage.3

This fundamental problem necessitates the requirement of
extensive use of brass-coated steel cords (BCSCs) as
reinforcing materials embedded in the ply region perpendicular
to the direction of its movement on the road, thereby
enhancing the durability of tires.2,4 The brass layer is deposited
on steel wires through electrolysis in a cyanide solution.
Treatment processes like current density, pH, copper (Cu) to
zinc (Zn) ratio, and temperature play an important role in
adjusting the composition of the brass. Finally, a heat
treatment (650 °F) is done to improve coating continuity

and surface composition. The surface composition of BCSC in
contact with rubber (before vulcanization) is depicted in
Figure 1.
Under normal conditions, the ply rubber compound (a

terminology used in the tire literature, referring to a mixture of
natural rubber, carbon black, and sulfur) and BCSC do not
adhere to each other. This is when the vulcanization method
comes into play. In general, various vulcanization methods are
followed to prepare a metal−rubber composite like compres-
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sion and injection molding.5,6 The most predominant happens
to be the compression molding technique that uses sliced
pieces of rubber compound matching the size of a metal mold
cavity.7 This assembly is layered with cut BCSC and another
rubber compound creating a sandwich-like structure. The mold
is preheated at different temperatures based on the require-
ment. Later, the vulcanization of the sandwiched BCSC
structure is performed in the mold with pressures higher than
3.5 MPa and is maintained constant throughout the molding
cycle. During vulcanization, both the systems adhere by the
formation of an interface with a dendritic morphology
composed of copper(II) sulfide (CuS), copper(I) sulfide
(Cu2S), nonstoichiometric copper sulfides (Cu2−xS), ZnO, and
zinc(II) sulfide (ZnS). At the early stages of vulcanization, the
degree of S−rubber cross-linking is small, and hence the
rubber will be in a viscous state. As vulcanization proceeds, the
rubber starts to flow into the dendrites having a mixture of
CuS, Cu2S, Cu2−xS, ZnO, and ZnS (wetting process) and
interlocks rigidly, leading to robust interfacial adhesion.8−10

The strength of the interface formed in the ply region is the
lifeline of RTs, and it is a skill to engineer the interface to
achieve maximum interfacial strength which is determined by
the optimum growth of the interfacial nanostructures.11−14

From several microscopic and spectroscopic studies such as
scanning electron microscopy (SEM), cross-sectional trans-
mission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS) depth profiling, Raman spectroscopy,
time-of-flight secondary ion mass spectrometry (TOF-SIMS),
and X-ray diffraction (XRD), it has been inferred that various
factors such as interface thickness, morphology, crystal phase,
and chemical composition at the interface play a significant
role in enhancing adhesion between brass and rubber.15−28

However, these techniques have their own limitations and
inadequacies.13,16,19,20,26,27,29,30 Some limitations include a
cumbersome preparation process (sectioning and ion polish-
ing) for TEM and damage of the sample due to the use of
argon ion (Ar+) sputtering (for XPS), and therefore a new
methodology for the measurement of interfacial characteristics
is necessary.12,13

Several issues apparent in the literature are presented below.
SEM suggested that copper sulfide nanostructures were formed
only in some regions of the vulcanized BCSCs, which made
information about interfacial bonding inconclusive.30 Until
1977, tire chemists have dealt with the identification of only
CuS and Cu2S crystalline phases in the adhesion interface.
Subsequent investigations using grazing incidence XRD
(GIXRD) have shown that Cu1.8S is also formed along with
CuS and Cu2S.

31 XPS studies, since 1980, helped in
understanding the interfacial chemical composition. Research-
ers have established the relative atomic percentages of
elements at the interface during vulcanization. However, a
fundamental knowledge gap still exists on the chemical states
of elements at different VTs.26 Raman spectroscopy and
imaging tools were relatively unexplored in finding the
composition of the interface, except for a report on a model
system involving ionic liquid and S.32 Previous work in
understanding the role of VT on the brass−rubber interface is
insufficient.15 There is still considerable uncertainty concern-
ing the morphology and interface thickness as a function of
VT.
Despite the vast amount of literature on the subject, a

reliable methodology to assess the interfacial thickness and its
chemical composition is still nonexistent. Here, we present a
novel method for measuring the interface thickness by a “brass
mesh experiment” using transmission electron microscopy.
The methodology helped us to understand the evolution of
morphology of the copper sulfide nanostructures at the
interface with an increase in VT and find the different
crystalline phases formed at the interface. The study also
presents, for the first time, the usefulness of Raman imaging to
see the spatial distribution of chemical species at the interface,
specifically the distribution of sulfides and oxides of copper and
zinc. This paper also features a comprehensive investigation
using complementary techniques such as FESEM, XRD, and
XPS. Because the vulcanization of the rubber compound along
with BCSC/mesh was performed at the pressure and time used
in actual RTs, the results reported here are closer to reality,
providing new insights for rubber technologists.

Figure 1. Schematic representation of the brass−rubber interface before vulcanization. The species and thickness mentioned are not to scale.
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■ MATERIALS AND METHODS
Rubber Compound Preparation. The preparation of the rubber

compound proceeds in two stages. Raw materials such as natural
rubber, fillers, plasticizers, activators, adhesion promoters, S (in the
form of S8), N-dicyclohexylbenzothiazole-2-sulfenamide (DCBS), and
methylene donor and acceptor were mixed in a Kobelco lab Banbury
(1.8 L capacity) in stage 1. Subsequently, S and DCBS were added
into the rubber mixer in stage 2. The prepared rubber compound was
then vulcanized along with BCSC by using the filter paper method.29

The raw materials were procured from bulk manufacturers.
Interfacial Thickness Measurement Using Brass Mesh

Experiment. A brass foil having 0.3 mm thickness with an equivalent
composition to that of industrial BCSC was purchased from Krishna
Copper Private Limited (Gujarat, India). The foil was then cut to a
3.05 mm diameter with a YAG laser (Nd:YAG Laser Tech., India),
operating at a power of 800 W. Figure S1 shows a schematic of the
prepared brass mesh which was then used in the filter paper method.
Sample Preparation. BCSCs having a brass composition of 70%

Cu and 30% Zn were used in the present investigation. The filter
paper method was used to understand the growth of nanostructures
on brass surfaces during the process of vulcanization. It creates a clean
modified metal surface without the rubber covering it and is therefore
useful for spectroscopic and microscopic investigations. Whatman
grade 42 filter paper of 12.5 cm diameter and pore size of 2.5 μm
manufactured by GE Healthcare Life Sciences was procured from
Modern Scientific, India. The rubber compound was kept on either
side of the two filter papers, as shown in Figure 2A,B, and the regions
between the filter papers were sandwiched with the brass mesh (for
TEM) and steel cord (for SEM, XPS, XRD, and Raman). Filter papers
prevent the polymer and carbon black from interacting directly with
the brass surfaces; however, they will allow S, accelerator, and metal
ions from the vulcanizing mix to pass through and react with the brass
surfaces.29 This sandwiched assembly was then vulcanized at different
temperatures. Post-vulcanization, the rubber was cut open to remove
the reacted BCSC and the brass mesh. The samples were hermetically
sealed in a N2 atmosphere before analyses.
Characterization. The nanostructures grown on the BCSC and

the brass mesh were analyzed by using different characterization
techniques. The morphology of the nanostructures was observed with
a NanoSEM 600 field-emission scanning electron microscope
(FESEM) at 10 kV. The crystallinity of the nanostructures was
studied by using XRD with a Bruker D8 discovery diffractometer

using Cu Kα radiation (wavelength = 1.54 Å) between 10° and 80°
(2θ) with a step size of 0.1°. XRD results were analyzed by using
X’Pert HighScore software. JEOL TEM was used at an electron
accelerating voltage of 200 kV to image the brass mesh. ImageJ
software was used to calculate the thickness of interface formed on the
brass mesh. Data from 20 such TEM measurements were taken for
the calculation of the average interface thickness. To understand the
chemical state of the species formed at the interface, XPS was
performed by using an ESCA probe TPD spectrometer of Omicron
Nanotechnology with a polychromatic Al Kα (hυ = 1486.6 eV) X-ray
source. The binding energy of all the elements was calibrated with
respect to C 1s at 284.8 eV. Finally, in an attempt to understand the
distribution of sulfides and oxides of Cu and Zn along vulcanized
BCSC, a CRM Alpha 300 S AFM-Raman spectrometer of WiTec
GmbH (Germany, 633 nm laser excitation) was used to perform
Raman spectroscopy and Raman imaging.

Preparation of Metal−Rubber Composite. The compression
molding technique was used to prepare a metal−rubber composite
having dimensions of 200 mm × 12.5 mm (Figure 2C).5,6 This
procedure starts with making a thin sheet of the rubber compound
and cutting it into pieces that fit into a metal mold cavity.7 BCSCs
were cut carefully and placed over the rubber compound in the mold
as shown in Figure 2C. To this rubber compound, one more layer of
the rubber block was assembled. The mold was then preheated to
different temperatures (130−170 °C) based on the requirement.
Later the top mold was placed over the bottom half and then clamped
by a steel bar to stop the BCSC from moving during molding.
Vulcanization of BCSCs assembled between the rubber compounds
was performed in the mold at different temperatures with a pressure
of more than 3.5 MPa on the mold surface. The pressure helped the
rubber to be in contact with the whole of the mold area. Temperature
and pressure were maintained constant throughout the molding cycle.
Post-vulcanization, the compression molding process produces rubber
flashes that were removed. After vulcanization, the blocks were
preserved at room temperature for 16 h before testing.

Pull-Out Force (POF) Experiment. The POF test method
measures the force necessary to pull out the vulcanized BCSCs out of
rubber.33 A POF experiment begins with preparation of the sample
specimen. The steel cords along with the rubber were vulcanized
according to ASTM D2229. The POF measurement was performed at
24 ± 2 °C by using the Instron 3300 series universal testing system.
Figure S2 shows a schematic of the POF measurement system. The
equipment consists of a lower fixture to place the vulcanized rubber

Figure 2. Schematic showing vulcanization procedure used for sample preparation. (A, B) Vulcanization of brass mesh and BCSC using the filter
paper method. (C) Vulcanization of rubber block with BCSC for performing the POF.
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block and a clamp to hold BCSCs (Figure S2A). The vulcanized
rubber block was pushed to the lower fixture of the equipment and
made sure that the sample could be moved inside the fixture without
damaging the specimen (Figure S2B). The steel wire was then
clamped to the bracket and pulled (Figure S2C,D). The steel cords
pulled out of the rubber block were preserved to examine the amount
of rubber coverage on the steel cords.

■ RESULTS AND DISCUSSION
Morphology of Nanostructures Formed on the BCSC

Using FESEM and EDS. Figure 3A−E presents the formation
of nanostructures as a function of VT (from 130 to 170 °C).
The nanostructures formed at the interface mechanically
interlocks with the rubber, and this results in adhesion. It is
quite apparent from the SEM images that there is a change in
the interfacial morphology and surface roughness as a function
of VT. The formation of flaky nanostructures on the surface
was noticeable at 130 °C. A further increase in temperature to
140 °C showed the growth of the flaky nanostructures. The
morphology of the nanostructures was changed from flaky to
nanopillar-like structures with increase in VT (from 130 to 140
°C). At VTs higher than 150 °C (i.e., at 160 and 170 °C,
respectively), further growth of the nanostructures was
observed. Overall, these observations indicated that the
morphology of the nanostructures in the brass−rubber
interface can be controlled with VT. During vulcanization,
continuous diffusion of active sulfurating species (from rubber)
to brass surface results in interfacial growth. At higher VTs, the
concentration of active sulfurating species at the interface is
high, and this leads to the growth of larger and thicker
nanostructures.15 Additionally, we have obtained optical
microscopic images (Figure S3) of the BCSC at different
VTs to verify the consistency of the vulcanization.
Energy-dispersive X-ray spectroscopy (EDS) was used to get

the concentration (wt %) of different elements at the interface.
Figure S4 shows the EDS spectra of the vulcanized steel cords
at temperatures between 130 and 170 °C. Raster scanning at
more than three places of the vulcanized steel cord revealed the
presence of significant amounts of Cu, Zn, Fe, S, and O. There
were significant differences in the concentrations of Cu and Zn
(could have originated from CuS, Cu2−xS, Cu2S, ZnS, and
ZnO) with increase in VT. However, a clear trend of increase
in concentrations of Fe and O was noticeable between 130 and
170 °C. At higher VTs, increase in intensities of S (Figure S4)

indicated the increased formation of the sulfides of Cu and Zn.
The most surprising aspect of the EDS result is the absence of
cobalt (Co) precursor that was added to the rubber compound
for enhancing interfacial adhesion, suggesting that the
concentration of Co could be below the detection limit of
EDS. As per Table S1, higher VT also promotes a higher
rubber−rubber cross-link (cross-link density) through S.34

Additionally, VT affects the physical properties such as
modulus, tensile strength, and elongation at break (EB) of
the rubber. The 10%, 100%, and 300% modulus signify the
tensile strength of the rubber at 10%, 100%, and 300%
elongation of rubber compound at different VTs.35 From
Figure S5, it is seen that 10%, 100%, and 300% modulus of
rubber decrease with increased VT, implying that the rubber
has become harder and breaks at high VT.15 The EB of the
rubber compound decreases with an increase in VT, implying
that the rubber vulcanized at higher VTs fractures easily.

Mechanism of Nanostructure Growth. Figure 3F
depicts the growth of metal sulfide nanostructures at the
interface that could be explained through a series of steps
highlighting the formation of a rubber accelerator intermediate
(2-mercaptobenzothiazole (MBT), 2,2′-dithiobenzothiazole
(MBTS), zinc−MBTS (ZMBTS), and active sulfurating
complex). The characterization of these chemical structures
has been done by using TOF-SIMS.8 The nanostructure
growth begins with the partial dissolution of ZnO on the
surface of BCSC by a vulcanization promoter, stearic acid,
present in the rubber compound (ZnO + 2C17H35COOH →
Zn(OOCC17H35)2 + H2O).

12 This reaction exposes pure brass,
thereby increasing its surface activity. At the same time, the
vulcanization accelerator, DCBS, present in the rubber
compound dissociates into MBT and MBTS.36 In the next
stage, Zn2+ forms a chelate with MBT and attaches it to the N
and S sites to form ZMBTS. Simultaneously, the S7S− (S
ion) is formed from S8, which then reacts with ZMBTS to form
dibenzothiazole polysulfide (DBTP or active sulfurating
complex). In addition, DBTP reacts with the surface of
brass, forming a metal−S−accelerator bond (Cu/Zn−S−Acc).
At elevated vulcanization temperatures, Cu/Zn−S−Acc bonds
dissociate to form Cu/Zn sulfides and a polysulfide accelerator
intermediate (Sx−1−Acc where x = 8). The sulfidation reaction
happening during vulcanization is a diffusion-driven process,
where constant diffusion of Cu to the surface of brass occurs,

Figure 3. Field-emission scanning electron micrographs of the nanostructures formed at various VTs: (A) 130, (B) 140, (C) 150, (D) 160, and (E)
170 °C. (F) Schematic showing the mechanism of growth of nanostructures at the interface. Sx and Sy in the mechanism represent S1 to S8.
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thus thickening the interface. Diffused Cu further reacts with
accelerator moieties to form Cu2−xS.

13 Consequently, the
growth of nanostructures continues to happen due to the
buildup of the active sulfurating complex near the brass surface.
Cu2−xS consists of cationic vacancies through which Cu+ ions
diffuse to the surface.12 At higher VTs, it is expected to have
more active sulfurating complex on the brass surface, leading to
the growth of thicker and larger nanostructures.15

Crystallinity of the Adhesion Interface Using XRD. A
crystalline interface does not provide enough adhesion with
rubber, and it fails quickly. It is also well known that higher
VTs contribute to the conversion of an amorphous interface to
a crystalline interface, leading to a brittle adhesion layer
between BCSC and rubber. Hence, we performed XRD studies
to identify different crystalline phases formed at the interface at
different VTs. Figure S6 portrays the XRD pattern of
unvulcanized BCSC. Before vulcanization, the most prominent
peaks correspond to those of brass. Figure 4 illustrates the
XRD patterns of the vulcanized steel cords as a function of
temperature. It has been reported in the literature that
recognition of Cu2−xS crystallographic phases is difficult as it
exists in diverse crystal structures and compositions.37−39

However, the coexistence of multiple phases of Cu2−xS (CuS,
anilite (Cu1.75S), digenite (Cu1.8S), and chalcocite (Cu2S)) has
been observed in our present work along with other chemical
species like ZnS and ZnO. The proportions in which these
chemical species (Cu2−xS, Cu2S, CuS, ZnS, and ZnO) get
formed during vulcanization is important in interfacial
adhesion.40,41 At 130 °C, the diffraction patterns of the steel
cords matched with those of Cu1.75S (ICSD no. 16011), CuS
(ICSD no. 26968), and ZnS (ICSD no. 107176). Formations
of CuS and Cu1.8S (ICSD no. 57213) along with ZnS were
noted at 140 °C. The composition remained almost the same
until 160 °C while CuS, Cu2S (ICSD no. 159435), and ZnO
(ICSD no. 163382) were present at 170 °C. Vulcanization at a
lower temperature leads to the formation of CuS, Cu1.75S,
Cu1.8S, and ZnS at the brass−rubber interface. However, this
was overtaken by the formation of CuS, Cu2S, and ZnO at 170
°C (Table 1). An interface comprising the right ratios of CuS,
Cu1.8S, and ZnS formed at a VT of 140 °C must be the
probable reason for increased POF. These findings help us to
understand that 140 °C serves as the optimum VT for the
formation of the right adhesion interface with the present
rubber formulation.
Measurement of Interfacial Thickness and Under-

standing the Formation of the Multiphase Junction by

TEM. In this section, we demonstrate a new methodology of
estimating the thickness of the brass−rubber interface through
the brass-mesh experiment. The SEM images showed that
temperature is a crucial parameter for the growth of the
nanostructures at the interface. A new approach was therefore
adopted in the present work which helps us to quantify the
interfacial thickness at various VTs. This involved the in situ
growth of the interface on the brass mesh as explained before.
Upon varying the VT, the average interfacial thickness was
tuned between 50 and 190 nm, as illustrated in Figures 5A−E
and 5F. The average interfacial thickness was around 100 nm
at 140 °C and increased to 120 nm at 150 °C. A further
increase in temperature to 160 and 170 °C resulted in the
formation of heightened hexagon-shaped structures with an
average thickness of 168 and 189 nm, respectively. It is
encouraging to compare the interfacial thickness to the values
of POF (a generally accepted means to test the interfacial
strength). Comparing Figure 5A−E with Figure 5F−H, we
intrepret that the adhesion is determined by the interface
thickness.
The interfacial structures grow in size from ∼92 to ∼189 nm

as the VT is increased from 130 to 170 °C. However, the POF
displayed a different trend, first increasing with an increase of
VT from 130 to 140 °C and subsequently reducing with a
further increase of VT from 150 to 170 °C. This is because the
growth of the interfacial nanostructures reaches an optimum in
terms of thickness and chemical composition (for bonding
with rubber) at 140 °C, and a further increase in VT results in
thicker and larger crystalline nanostructures, resulting in a
weak interfacial strength with rubber.12,13 It can therefore be
concluded that 140 °C serves as the optimum VT in the
present case as the interfacial thickness and its composition
were proper for better bonding with rubber.
Figures 5A1 to 5E1 represent high-resolution TEM images

of the hexagonal nanostructures formed at the interface. It is
quite evident from Figures 5A1 to 5E1 that a heterojunction
having different compositions (i.e., multiphase system) was

Figure 4. XRD patterns of the vulcanized BCSC at different VTs.

Table 1. Crystalline Composition of the Brass−Rubber
Interface at Different VTs

S.
no.

vulcanization temp
(°C)

crystalline composition at the brass−rubber
interface

1 130 CuS, Cu1.75S, and ZnS
2 140−160 CuS, Cu1.8S, and ZnS
3 170 CuS, Cu2S, and ZnO
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formed. After vulcanization, rubber is in immediate contact
with these phases, and the presence of each phase marks its
importance at the interface. The lattice spacings at 130 °C
corresponded to the presence of (103) planes of CuS, (018)
planes of ZnS, and (301) and (221) planes of Cu1.75S, which
are in line with the XRD patterns (Figure 4).42,43 The topmost
layer of nanostructures that are in contact with rubber was
composed of a triphase composition (having four lattice
fringes) of CuS, Cu1.75S, and ZnS. At 140 °C, the lattice
structure is comprised of the (013) plane of CuS, the (111)
plane of Cu1.8S, and the (014) and (015) planes of ZnS, which
was more or less the same until 160 °C.44 The lattice spacing
at 170 °C corresponded to the presence of the (013) plane of
CuS, the (111) plane of Cu2S, and the (011) plane of ZnO.45

Through the TEM experiments using the brass mesh, we
have presented a simple technique to measure the thickness of
the brass−rubber interface and its chemical composition and
have correlated the interface thickness with POF measure-
ments.
3.4. Understanding the Chemical State at the Brass−

Rubber Interface. XPS analysis was performed on the
vulcanized steel cords to find the chemical composition and
oxidation states of the elements formed at the interface.
Generally, in copper chalcogenides, the valence band is formed
from the p orbital while the conduction band is constructed
from 4s and 4p orbitals of Cu.46 In the case of stoichiometric
Cu2S, the valence band is filled up. On the contrary, the
structure of CuS is distinct from that of Cu2S. CuS has a
repeating layer of CuS3 that is sandwiched between CuS4
tetrahedra, and this triple layer is connected to other triple
layers through disulfide bonds. The valency of Cu in CuS is

found to be between 1 and 1.5, and recent calculations suggest
the valency of Cu to be 1.33.47,48 When nonstoichiometry
occurs during vulcanization, Cu vacancies are created in the
lattice which affects the valency of the cation. In addition to
CuS and Cu2S, other types of Cu2−xS are also formed in the
adhesion interface, but distinguishing them by using XPS is
challenging. To cite an example, the difference in binding
energy (BE) between Cu2S and Cu1.75S is just 0.2 eV.
The different chemical species formed at the interface are

reflected from the change in peak binding energy values of
XPS. Figure S7 indicates that the unvulcanized brass surface
had a higher peak intensity of Zn than of Cu, proving that ZnO
was present on the surface before vulcanization. The C 1s
peaks originated from either the tiny amount of filter paper
sticking on the surface or as a result of adventitious C, while O
1s was identified to be from the metal oxides. Figure 6 shows
the peak fitting analysis of S 2p, Cu 2p3/2 and 2p1/2, Zn 2p3/2
regions. Cu- and S-related peaks started to increase during
vulcanization as a result of the formation of copper sulfides.
Vulcanization of the BCSC from 130 to 160 °C gave rise to
CuS (BE = 932.2 eV) and ZnS (BE = 1021.8 eV) at the
interface. Even though Cu1.75S and Cu1.8S were formed
between 130 and 160 °C (as found by XRD and TEM), no
separate peaks for them were observed in XPS. We note that
the difference in binding energy between CuS and Cu2−xS is
very narrow. At 170 °C, the interface mostly consists of Cu2S
(BE = 932.8 eV) and ZnO (BE = 1022.5 eV).32 More
information about the chemical state of the interface was
obtained from the S 2p core-level XPS data. The 2p3/2/2p1/2
doublet of S was filled with a ΔJ of 1.18 eV. Vulcanization at
130−160 °C resulted in S 2p3/2 at 161.2 eV, confirming the

Figure 5. Bright-field TEM images of the hexagonal nanoplates grown over brass mesh vulcanized at (A) 130, (B) 140, (C) 150, (D) 160, and (E)
170 °C. Corresponding HRTEM images are in (A1)−(E1). Scale bar: 5 nm. Various lattice dimensions seen are marked. Graphical representation
of (F) the average interface thickness, (G) variation in POF, and (H) rubber coverage as a function of vulcanization temperature.
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presence of CuS. At 170 °C, the emergence of S 2p3/2 at 161.7
eV was seen due to Cu2S.

The amount of Cu, Zn, O, and S present at the interface
during vulcanization is a measure of interfacial adhesion. The
atomic percent (at. %) found by XPS showed that Cu and S

Figure 6. High-resolution XPS spectra of S 2p, Cu 2p3/2, Cu 2p1/2, and Zn 2p3/2 formed during vulcanization of BCSC from 130 to 170 °C. The
dark lines in the spectra depict peak fitting.

Figure 7. Raman spectra of BCSC at (A) 170, (B) 160, (C) 150, (D) 140, and (E) 130 °C. Images (A1) to (E1) represent Raman optical images
(scale: 60 μm), images (A2) to (E2) correspond to confocal Raman maps of CuS at 475 cm−1 (scale: 20 μm), and images (A3) to (E3) correspond
to confocal Raman maps of CuS at 267 cm−1 (scale: 20 μm). The color bars on the extreme right indicate the CCD counts.
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kept increasing from 130 to 170 °C in vulcanized BCSC
(Figure S8). This indicates an increase in copper sulfide
formation with increase in VT. Increase of Cu at. % correlated
directly to a reduction in POF at higher VTs. The at. % of Zn
and O increases up to 170 °C VT, indicating the formation of
ZnO. Higher Cu at. % indicated that the interface thickness
increased with VT, and a thicker interface is prone to break
easily under the application of stress.
Understanding CuS Concentration Distribution

throughout the Brass−Rubber Interface Using Confocal
Raman Spectroscopy and Microscopy. Raman spectros-
copy coupled with imaging is a powerful technique that
provides detailed chemical information about the interface.
Figures S9A and S9B represent the optical image and Raman
spectra of the unreacted BCSC. Raman spectra of unreacted
BCSC suggested the presence of CuO along with ZnO on the
surface of brass. Raman spectra of the BCSC after vulcan-
ization are shown in Figures 7A−E, representing a change in
the chemical nature of brass, post-vulcanization (130−170
°C). The interface was investigated pixel by pixel through the
Raman map to generate false-color images (Raman mapping)
based on the interfacial chemical composition. Figures 7A1 to
7E1 depict the optical images, and Figures 7A2 to 7E2 show
the confocal Raman maps at 475 cm−1; Figures 7A3 to 7E3 are
due to the feature at 267 cm−1.
Sharp peaks were observed at 475 and 267 cm−1 between

130 and 160 °C. The former peak corresponded to A1g LO of
CuS while the latter corresponded to A1g peak of CuS.32,42 It
can be noted that the peak intensities were stronger at 130,
140, and 150 °C and have comparatively reduced in intensity
at 160 °C. Distinguishing a mixture of Cu1.75S and Cu1.8S in
CuS from the Raman spectrum is challenging, as both Cu1.75S
and Cu1.8S show a prominent peak at 469 cm−1. However,
Raman peaks corresponding to ZnS get submerged as the
intensities of CuS (475 and 274 cm−1) were multifold more
than ZnS. Characteristic peaks at 574, 437, 407, and 380 cm−1

corresponded to the presence of ZnO at 170 °C. XRD and
XPS results support the formation of Cu1.95S and Cu2S along
with ZnO at 170 °C, but no peak for Cu2S is seen in Figures
7A−E, as it is a Raman-inactive molecule.
Raman mapping using the peaks at 475 and 267 cm−1

showed that CuS is more prominent in the adhesion interface.
Bright regions were observed in the generated heat maps
shown in Figures 7A2 to 7E3. The gradual increase in the black
regions from 130 to 170 °C indicates regions in the steel cord
that are having lesser concentration of CuS. From these data,
we believe that Raman mapping can be used as a tool to
understand the concentration distribution of CuS at the brass−
rubber interface as a function of VT.

■ CONCLUSION
We developed a methodology, the “brass-mesh experiment”,
for measuring the growth of nanostructures formed at the
interface between rubber and brass as a function of
vulcanization temperature (VT, 130−170 °C). The interfacial
nanostructures grow in size (thickness) from ∼90 to ∼190 nm
as the VT was increased from 130 to 170 °C. Scanning
electron microscopy (SEM) shows that the morphology of the
nanostructures varies from flaky type to nanopillar-like with
increase in VT. The brass-mesh TEM study shows that the
nanostructures grow in size, and the lattice-resolved TEM
images indicated the formation of CuS, Cu1.75S, Cu1.8S, ZnS,
and ZnO under the vulcanization conditions. This was

additionally confirmed by X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) investigations. Raman
spectroscopy and imaging are used for the first time in the
literature to map the spatial distribution of the sulfides and
oxides formed. Using the above methodology, we could
optimize the vulcanization temperature to 140 °C for the
mentioned rubber composition. We believe that the results
presented in this paper will be immensely useful to the tire and
allied rubber industries and will trigger further research in this
area as the interfacial adhesion is crucial to the durability of
radial tires and safety of passengers.
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Figure S1. Schematic image of laser cut mesh from brass foil that is used for interfacial 

thickness experiment.  

 

Figure S2. Schematic showing pull-out force measurement procedure. 
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Figure S3. Microscopic images of reacted brass-coated steel cords with change in 

vulcanization temperature. Scale: 50x.  
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Figure S4. SEM-EDS data of vulcanized cords. 
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Figure S5. Physical properties of rubber compound with increasing vulcanization temperature 

:(A) 10 % modulus, (B) 100 % modulus, (C) 300 % modulus, (D) Tensile strength and (F) EB.  
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Figure S6. XRD pattern of un-vulcanized brass-coated steel cord. 
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Figure S7. (A) XPS survey spectra of unreacted brass-coated steel cord under ambient 

conditions. (B), (C) and (D) High resolution XPS spectra of O 1s, Cu 2p3/2 and Zn 2p3/2. 
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Figure S8. Relative atomic % obtained from XPS.  
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Figure S9. (A) Raman spectra of unreacted brass-coated steel cord and (B) LED white light 

image of unreacted brass-coated steel cord.  
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 Table S1. Total crosslink density of rubber compound at different vulcanization temperature. 
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130 9.42 E-05 
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170 2.42 E-04 
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odroplet synthesis of
benzimidazoles by nucleophilic addition to
protonated carboxylic acids†

Pallab Basuri,a L. Edwin Gonzalez,b Nicolás M. Morato, b Thalappil Pradeep *a

and R. Graham Cooks *b

We report a metal-free novel route for the accelerated synthesis of benzimidazole and its derivatives in the

ambient atmosphere. The synthetic procedure involves 1,2-aromatic diamines and alkyl or aryl carboxylic

acids reacting in electrostatically charged microdroplets generated using a nano-electrospray (nESI) ion

source. The reactions are accelerated by orders of magnitude in comparison to the bulk. No other acid,

base or catalyst is used. Online analysis of the microdroplet accelerated reaction products is performed

by mass spectrometry. We provide evidence for an acid catalyzed reaction mechanism based on

identification of the intermediate arylamides. Their dehydration to give benzimidazoles occurs in

a subsequent thermally enhanced step. It is suggested that the extraordinary acidity at the droplet

surface allows the carboxylic acid to function as a C-centered electrophile. Comparisons of this

methodology with data from thin film and bulk synthesis lead to the proposal of three key steps in the

reaction: (i) formation of an unusual reagent (protonated carboxylic acid) because of the extraordinary

conditions at the droplet interface, (ii) accelerated bimolecular reaction because of limited solvation at

the interface and (iii) thermally assisted elimination of water. Eleven examples are shown as evidence of

the scope of this chemistry. The accelerated synthesis has been scaled-up to establish the substituent-

dependence and to isolate products for NMR characterization.
Introduction

Carbon–nitrogen (C–N) coupling chemistry1 is of comparable or
even greater importance than is carbon–carbon coupling2

especially in the context of pharmaceutically active small
molecules.3 These reactions involve in situ conversion of pre-
catalysts (oen ligated Pd) to the active catalyst and activation of
the amine by base – typically an organic base, so permitting
reaction in a homogeneous liquid phase.4 An enormous
number of catalysts has been explored and C–N bond formation
is currently possible under relatively mild conditions using Pd,
Cu and other organometallic catalysts. Conceptually, an alter-
native to nucleophilic substitution at an aryl or alkyl (pseudo)
halide is the acid catalyzed nucleophilic substitution at
a carbonyl carbon, effectively amine addition to an acylium ion.
Examples of accelerated droplet chemistry involving somewhat
related mechanisms are known, in particular the acid catalyzed
atic Unit of Excellence (TUE), Department

Madras, Chennai 600036, India

ty, West Lafayette, Indiana 47907, USA.

SI) available: MS, MS/MS, 1H NMR and
perimental diagrams. See DOI:

of Chemistry 2020
reaction of ketones with amines to form imines.5–13 It seems
likely that the extraordinarily high acidity at the surface of
aqueous droplets drives these rapid reactions, even in cases like
this study where the solvent is nominally non-aqueous. We
explore C–N coupling of amines using protonated carboxylic
acids as reagents (clearly counter-intuitive entities, given that
neutral carboxylic acids are normally proton donors not
acceptors). The addition/water elimination product, the
substituted amide, is not our primary focus here; rather we are
most interested in systems in which the presence of an ortho
amino group allows further reaction to give a cyclic
benzimidazole.

Benzimidazoles are an important class of heterocyclic
compounds due to their wide application as active pharma-
ceutical moieties. Albendazole, mebendazole, triclabendazole,
droperidol and pimozide are examples of drugs containing
a benzimidazole scaffold.14 These drugs are used to treat
cancers15 and ulcers,16 as well as fungal,17 viral18 and parasitic
infections.19 The parent compound also serves as a precursor for
the synthesis of vitamin B12.20 Derivatives of benzimidazoles
are used industrially as ultraviolet lters and pigments.21,22

Conventionally, benzimidazole synthesis requires heating 1,2-
phenylenediamine (PDA) with concentrated carboxylic acid for
hours at high temperature, followed by the addition of a strong
Lewis base to obtain the product.23,24 Recently, aldehydes and
Chem. Sci.
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Scheme 1 Synthesis of benzimidazole and its derivatives by conven-
tional methods22,23 (above) and microdroplet synthesis (below).

Fig. 1 Microdroplet synthesis of benzimidazole. (A) Mass spectrum of
PDA in methanol without addition of formic acid. Insets show the
isotopic distribution of the peak atm/z 109 and a schematic illustration
of the setup. (B) Mass spectrum of PDA with FA at 1 : 1 molar ratio in
methanol. Insets show the isotopic distributions of the peaks at (i) m/z
137 and (ii)m/z 119. IP and IR refer to the intensity of signals for product
and reactant, respectively.
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alcohols have been used as additives to facilitate the bulk
reaction.25,26 Moreover, the reaction can be performed at
a milder temperature by adding catalysts such as cobalt,27

palladium,28 copper29 and even boranes.30 Despite the use of
a metal catalyst, the reaction generally takes 6 to 12 hours to
accomplish. Reactions involving radical pathways under UV-
radiation are faster but require a radical generator such as
rose bengal.31 Other strategies have included the use of micro-
wave irradiation in presence of triphenyl phosphite.32 Never-
theless, in terms of sustainable synthesis, reactions that occur
rapidly under mild conditions remain highly desirable.

In this study, we demonstrate a metal-free synthetic strategy
in which the rate of the benzimidazole synthesis is accelerated
and occurs under ambient conditions inside charged micro-
droplets during their brief time of ight in the open air either
into a mass spectrometer or, in scaled-up experiments (see
below), onto a droplet collector. These electrosprayed micro-
droplets behave like micro/nano-reactors which undergo rapid
desolvation and coulombic ssion while nally releasing
unsolvated product ions into the vacuum of the mass
spectrometer.

Examples of reactions known to be accelerated in the
microdroplet environment include Suzuki coupling,33 Fisher
indole synthesis,10 Katritzky transamination,34 Claisen–Schmidt
condensation,35 Eschenmoser coupling,35 Dakin reaction,36

Baeyer–Villiger oxidation,36 N-alkylation of indoles,37 Combes
reaction,12 Pomeranz–Fritsch synthesis,12 and cycloaddition
reactions.38 These microdroplet accelerated reactions can be
performed under ambient conditions using nESI10 or, in larger
volumes, using electrosonic spray ionization (ESSI).12 Levitated
Leidenfrost droplets13 allowmilligram quantities of compounds
to be synthesized in times on the order of minutes. Here, we use
both nESI and ESSI, as well as mass spectral fragmentation
patterns (MS/MS experiments) to generate and identify reaction
intermediates and products, supplemented by isotope labeling
and pH dependence experiments.

In addition to being the focus for accelerated organic reac-
tions as discussed here, sprays have also seen use in materials
preparation, sometimes on a commercial scale as in the case of
electrospinning.39 Other examples include fabrication of silver
nanobrushes,40 metallic palladium nanosheets,41 high entropy
alloys,42 dandelion-like CuO–Ag hybrid hierarchical nano-
structures,43 hybrid perovskite quantum nanostructures,44 and
multi-metal 3D printed microstructures.45

Results and discussion
Droplet reactions and MS analysis

Scheme 1 displays the reaction conditions used in conven-
tional23,24 and microdroplet benzimidazole synthesis. The
droplet reaction was performed by electrospraying a 1 : 1 molar
ratio of o-aryl diamine and carboxylic acid at 2–2.5 kV applied
potential using nESI emitters of 5 mm tip diameter. The solvent was
methanol and the concentration of each reactant was 8 mM.
Collision-induced dissociation (CID) with He as collision gas was
used to record MS/MS spectra for the characterization of products
and intermediates. The scope of the microdroplet synthesis was
Chem. Sci.
assessed using seven diamines (1,2-phenylenediamine (PDA), 4-
methyl-1,2-phenylenediamine, 4,5-dimethyl-1,2-phenylenediamine,
4-nitro-1,2-phenylenediamine, 4-chloro-1,2-phenylenediamine, 4-
methoxy-1,2-phenylenediamine and 1,2-diaminonaphthalene) and
ve carboxylic acids (formic acid (FA), acetic acid (AA), triuoro-
acetic acid (TFAA), propanoic acid (PA) and benzoic acid (BA)).

Fig. 1 compares the mass spectrum of PDA recorded with
and without addition of formic acid. There is no benzimidazole
product without the acid, the only signal being that at m/z 109
corresponding to protonated PDA. The inset of Fig. 1A sche-
matically illustrates the procedure used for microdroplet
synthesis. The MS/MS spectrum of the ion at m/z 109 shows
a characteristic neutral loss of ammonia (ESI, Fig. S1A†) con-
rming that the peak corresponds to protonated PDA. The ion
at m/z 119 observed when the reaction mixture was electro-
sprayed, fragmented by loss of a HCN molecule during CID
(Fig. S1B†). This strongly suggests that the ion corresponds to
protonated benzimidazole formed as a result of the reaction
This journal is © The Royal Society of Chemistry 2020
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between PDA and FA. We veried this assignment by compar-
ison with the MS/MS spectrum of the authentic compound
(Fig. S2B†). In addition to the product, m/z 119, the mass
spectrum of the reactionmixture shows a peak atm/z 137, which
corresponds to a hydrated intermediate. This ion might be the
formamide (i.e. 2c in Scheme 2) in acyclic or cyclized form, each
including two tautomers. This mass-selected ion dissociates
under CID to give a major peak at m/z 109 and a minor peak at
m/z 119 (Fig. S1C†) consistent with both the acyclic formamide
(which fragments back to starting material) and with the cyclic
product (which undergoes dehydration to the benzimidazole).

A similar electrospray reaction was conducted between PDA
and AA. This reaction produces 2-methylbenzimidazole, seen as
the protonated form at m/z 133 in the full mass spectrum
(Fig. S3A†), and conrmed by comparison of its MS/MS spec-
trum (Fig. S3B†) with that of the authentic compound
(Fig. S4B†). The peak at m/z 151 in the full mass spectrum is
assigned to the formation of the intermediate amide. Frag-
mentation of this ion shows a major peak at m/z 109, which
corresponds to the starting reagent and, most signicantly, it
shows neutral loss of a water molecule to form the protonated
reaction product at m/z 133 (Fig. S3C†).

To conrm that these reactions do not occur upon imme-
diate mixing of the reagents in methanol, UV-vis and 1H NMR
spectra of the authentic products and the reaction mixtures of
the benzimidazole and 2-methylbenzimidazole synthesis were
obtained. 1H NMR experiments were performed in deuterated
chloroform for benzimidazole and the reaction mixture used to
generate it, while deuterated methanol was used for 2-methyl-
benzimidazole and its reaction mixture. The mixtures of
reagents were kept for 10 minutes at room temperature before
recording the spectra. The UV-vis spectrum of the PDA/FA
mixture (Fig. S5†) shows an expected small shi compared to
the PDA spectrum upon addition of formic acid, which
protonates the amine. However, the spectral signatures corre-
sponding to the product were not observed in the UV-vis spec-
trum of the reaction mixture or in the 1H NMR spectra of these
solutions (Fig. S6–S9†). Analogous results were obtained for the
reaction between PDA and AA (Fig. S10–S14†). These results
conrm that the reagents do not react in bulk.
Scheme 2 Proposed mechanism for the acid-catalysed benzimid-
azole synthesis in charged microdroplets. A similar mechanism can be
written starting from the more stable carbonyl protonated form of the
acid.

This journal is © The Royal Society of Chemistry 2020
Rough estimates of the yields of the microdroplet synthesis
reactions were obtained by measuring the conversion ratio (CR):
the ratio of the intensity between the product (P) and the sum of
the intensities of the starting material (SM), intermediate (I),
and product, viz., [P]/([SM] + [P] + [I]).11 Note that this estimate
does not correct for differences in ionization energy so more
accurate yields were obtained by collecting and purifying
product (see below). The conversion ratios for the benzimid-
azole and 2-methylbenzimidazole syntheses were 27% and 3%,
respectively (measured with MS inlet capillary temperature at
50 �C). This difference in the conversion ratio is surprisingly
large but consistent with the expected lower electrophilicity of
the methyl substituted carbon in AA vs. the unsubstituted
carbon of FA. We noticed a change in the conversion ratios as
a function of the mass spectrometer inlet capillary temperature
as is now discussed.

Temperature effects

Studies of the Pomeranz–Fritsch and the Combes reactions
showed that the temperature of the MS inlet can play an
important role, with increasing inlet temperatures having
opposite effects on the rate of these two reactions.46 In the
benzimidazole synthesis, a signicant increase in the product
yield was observed upon increasing the inlet temperature. Both
the FA and the AA reactions showed maximum conversion
ratios at higher, albeit different, temperatures (Fig. 2A and B). In
the case of PDA/FA a maximum was observed at 300 �C while for
PDA/AA the maximum was reached at 350 �C. It was also noted
in both cases, that the intensity of the intermediate peak
decreases and almost disappears as the temperature is raised
above 200 �C. Mass spectra of the reaction mixtures for the
Fig. 2 Effect of inlet temperature of the mass spectrometer on ion
intensity, showing conversion ratio (CR) vs. temperature plot for
synthesis of (A) benzimidazole and (B) 2-methylbenzimidazole. The
equation inset in (A) is used to calculate conversion ratio, where R, P,
and I refer to reagent, product and intermediate, respectively. Plots (C)
and (D) display temperature-dependent rates plotted against 1/T and
give activation energies for the reactions leading to benzimidazole and
2-methylbenzimidazole, respectively.

Chem. Sci.
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benzimidazole and 2-methylbenzimidazole syntheses at eight
different temperatures ranging from 50 to 400 �C are shown in
Fig. S15.† Based on the temperature dependence for PDA/FA
(Fig. S15A†) the relative abundance of the product peak at m/z
119 increases from 50 to 180 �C and it becomes the base peak at
200 �C, decreasing beyond this point. The intermediate peak at
m/z 137 also decreases sharply in this temperature range
(Fig. S16†). The PDA/AA reaction shows a similar trend but over
a higher temperature range (270 to 400 �C) and with a sharper
increase in product signal, m/z 133 (Fig. S15B†). These obser-
vations also show that ionization efficiency decreases with
increasing temperature so, in spite of the increase in product
ions through conversion to reagents to products, there is a net
decrease at high temperature.

The temperature data are ascribed to removal of water
shiing the dehydration/rehydration equilibrium to favor
product formation. Although the effect of temperature is ex-
pected to be different for the different reactions because of their
different energy requirements, the large difference between the
product peak maxima (180 �C for benzimidazole but 350 �C for
2-methyl benzimidazole) is noteworthy. A plot of the inverse
temperature dependence of these two reactions allows an esti-
mation of activation energies. This is done in Fig. 2C and D,
from which the values are 30 kJ mol�1 vs. 21 kJ mol�1.
Mechanism (Scheme 2)

Based on the above data, we speculate that the reaction must
go through an acid catalyzed pathway, but not one driven by
protonation of the amine. It is known that the proton
concentration at the surface of positively charged electro-
sprayed aqueous droplets is much higher than in the bulk.47–49

So we propose that a very high proton concentration at the
surface of a droplet containing water will protonate neutral
formic acid to create the electrophilic carbon (2a) which is
subject to nucleophilic attack by the lone electron pair of the
amine. (We observed protonated formic and triuoracetic acid
in the mass spectra (Fig. S17A and B†). This was conrmed by
an MS/MS experiment (Fig. S17C†) on protonated TFAA).
Subsequent loss of water results in the formation of a form-
amide intermediate (2c). Intramolecular nucleophilic attack
at the carbon in the enol form of the intermediate (2c0) by the
lone pair of the adjacent nitrogen forms the ve-membered
cyclic intermediate (2c00). Finally, dehydration of its tautomer
(2c000) leads to protonated benzimidazole (3a) as the nal
product. The intermediates 2c, 2c0, 2c00 and 2c000 are indistin-
guishable by mass/charge ratio, all occurring at m/z 137
(Fig. 1B). The MS/MS spectrum of m/z 137 (Fig. S1C†) shows
that this ion can either fragment back to protonated PDA (m/z
109) by loss of CO or lose water to form the benzimidazole
product (m/z 119). These two processes give us condence in
the fact that the ion m/z 137 encompasses several isomers, as
illustrated in Scheme 2. An analogous intermediate, m/z 151,
is noted for the PDA/AA reaction and its fragmentation pattern
(Fig. S3B†) conrms this.

The mechanism illustrated in Scheme 2 was also tested
using formic-d acid (DCOOH). We expected isotopically labeled
Chem. Sci.
intermediates and product according to the proposed reaction
pathway and observed the deuterated benzimidazole at m/z 120
and the deuterated intermediate at m/z 138 (Fig. S18A†). Frag-
mentation of them/z 138 peak gives the protonated reagent (m/z
109) as well as the deuterated product (m/z 120). Analogously,
isotopically labeled 2-methylbenzimidazole at m/z 136 and the
intermediate at m/z 154 were observed with CD3COOH
(Fig. S18B†). These results agree with expectations and support
the suggestion that reaction occurs through a protonated
carboxylic acid pathway.

The fact that acids catalyze the formation of benzimidazole
is well known.50 We suggest that the extraordinary acidity of
microdroplets catalyzes the reaction on the milli- or micro-
second time scale. Only in a formal sense (acid is not added
to the reaction mixture) could one say that the droplet reaction
is not acid catalyzed. More evidence for acid catalysis is shown
below in connection with changes in solvent to increase the
proportion of water.
Thin lm reactions

Our view of the reaction mechanism is that as the droplets
evaporate, the increasingly high acidity of the droplet surface
allows protonation of the carboxylic acid followed by nucleo-
philic attack by an amino group and dehydration, before cycli-
zation and then a second dehydration event. It seems likely that
the dehydration of the intermediate is the slow step in the
reaction, hence the effect of the inlet temperature. If these
arguments are correct, then it should be possible to observe the
accelerated reaction entirely at ambient temperature (keeping
the MS inlet at the lowest possible temperature of 50 �C). To test
this claim, a thin lm of reaction mixture in methanol was held
at ambient temperature in the open lab. The mixture contained
a trace (2.5 ppm) of a non-volatile acid, p-toluenesulfonic acid.
This was added as a result of earlier ambient temperature
accelerated thin lm reactions11 in which traces of nonvolatile
additives allowed continuous long-term reaction involving
elimination of water or other small molecules.51 The nonvolatile
acid helps to create and maintain a micro/nano-thin lm.
Kinetic data were recorded by MS (Fig. S19†) to follow benz-
imidazole and 2-methylbenzimidazole formation in this thin
lm experiment. In parallel with earlier studies on the base-
catalyzed Katritzky transamination, we see that the reaction
does not occur during an initial period of some minutes (while
most of the methanol is evaporating) but it then increases in
rate before plateauing aer 6 hours, with 120% and 16%
product-to-reagent peak intensity ratios for benzimidazole and
2-methylbenzimidazole, respectively. Clearly, the reactions are
accelerated in the thin lm compared to bulk, and increasingly
so as the lm becomes thinner with continued methanol
evaporation. However, the reaction rate is moderate in
comparison to the ambient droplet phase synthesis (using ESSI
as discussed below) and small in comparison to the elevated
temperature nESI microdroplet synthesis already discussed.
The large differences in rate associated with simple methyl
substitution are also replicated. These data support the
conclusions on the reaction mechanism already outlined.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc02467h


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/3
1/

20
20

 4
:5

8:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Solvent effects

The mechanistic arguments also need to include consideration of
the solvent system, especially because we invoke a highly acidic
environment at the droplet surface. Experiments done by varying
the percentage of water inmethanol over the range 1–50% showed
that a low percentage of water (1–10%) favors the reaction
(Fig. S20†). The relative product plus intermediate ion intensity
increases from 62 to 95% over this range. However, at higher water
concentrations the relative intensity of the product plus interme-
diate peaks decreases signicantly to 52–54% and when the reac-
tion is performed in dry ACN we observe no product at all
(Fig. S21†). These results are consistent with a balance between
reagent solubility, methanol evaporation and formation of
a superacid surface layer of water in the almost fully evaporated
microdroplets. This clearly aligns with literature data47–49 on the
high acidity of the surfaces of aqueous droplets while extending
the concept of superacid formation in microdroplets to organic/
aqueous mixed solvents. We imagine that water, being
a stronger base than methanol, takes the charge and occupies the
surface of a small methanol droplet thereby protonating neutral
formic acid and initiating the benzimidazole synthesis. The nal
(dehydration) step, however, is impeded in aqueous solutions.
pH dependence

We assessed the effect of decreasing the pH of the reaction
mixture by adding equimolar concentrations of a strong inor-
ganic acid, HCl. In the case of the microdroplet reaction of PDA/
FA, addition of HCl does not cause signicant changes in the
mass spectrum of the reaction mixture (Fig. S22†). This lack of
observable effect of pH reduction is consistent with the
suggestion that the superacid at the surface of positively-
charged water-containing droplets is responsible for proton-
ating the carboxylic acid. The addition of HCl will reduce the pH
in the core of the droplet, without changing the protonation of
the carboxylic acid at the surface.
Acceleration factors

The apparent acceleration factor (AAF) of a reaction can be
calculated by comparing the product to starting material
intensity ratio in the microdroplet reaction to the value in the
bulk reaction carried out for the same period of time, viz.
([P]/[SM])droplet/([P]/[SM])bulk.33 Alternatively, it can be measured
by recording the ratio of the time required to reach the same
conversion ratio for both the conditions. Tomeasure the AAF we
performed a bulk reaction using an equimolar ratio of PDA and
AA in methanol at ambient temperature. The AAF was calcu-
lated from the kinetic data as plotted in Fig. S23.† This simple
method of approximating the apparent acceleration factor (not
the true acceleration factor which is the ratio of rate constants)
shows that the microdroplet reaction is accelerated by a very
large factor (almost 109). This is not intended as a quantitative
measure because the role of the inlet temperature in driving the
reaction has not been considered.

We compared high temperature microdroplet data with bulk
reaction data obtained by reuxing the reaction mixture in
This journal is © The Royal Society of Chemistry 2020
methanol for 24 hours. Comparison was made between product
formation in this bulk reaction (analysed using inlet tempera-
ture of 50 �C to minimize droplet reactions during analysis),
with that in microdroplet reactions using 200 �C inlet temper-
ature (Fig. S24A†). The data show that the relative intensity of
the product peak at m/z 133 is signicantly lower (ca. �5) in the
bulk than in the microdroplet experiment in spite of the
difference of many orders of magnitude in reaction time. This
difference becomes even more signicant with higher inlet
temperatures, which provide exponentially larger reaction
acceleration factors (Fig. S24B†). The apparent acceleration
factor at 50 �C inlet temperature was 1.1 � 108 and it increased
to 6.6 � 108 at 350 �C. This is just one example of a very high
AAF, others are shown later in the article. Factors of similar
magnitude have been reported for the Biginelli reaction where
similar temperature effects are associated with the last step of
a reaction.52
Scope of ambient droplet reaction

The results of a systematic study of the scope of the micro-
droplet synthesis of benzimidazoles was undertaken, now using
ambient temperatures accessed by ESSI. This procedure not
only allows the entire reaction to occur at ambient temperature
but it also allows ready scale up to several hundred mg. MS and
NMR were used to characterize and quantify the reaction
products which were collected on a surface rather than being
directly transferred into the MS. The results are summarized in
Table 1, which gives the experimental conversion ratio (CR), the
apparent acceleration factor (AAF) and the experimentally
determined yield, as measured aer product isolation by ash
chromatography.

The mass spectra of the isolated products typically show
a single peak due to the protonated product with no trace of
reagents or intermediates, as typied by benzimidazole
(Fig. S25†). The 1H NMR of this isolated product shown in
Fig. S26† also demonstrates moderately high purity. We found
the actual yield of the product of benzimidazole synthesis to be
72% (entry 1, Table 1). However, the yield was reduced to 16% in
the case of 2-methylbenzimidazole (entry 2, Table 1) presum-
ably due to the inductive effect of the methyl group in the
carboxylic acid, which weakens the electrophilic center of the
acid. MS and NMR spectra are presented in Fig. S27 and S28.†
Product isolation using ash chromatography was not always
effective in separating all the products as reected in thesemass
and NMR spectra. Other 2-substituted benzimidazoles were
synthetized by varying the structures of the carboxylic acids. An
electron withdrawing group such as CF3 in the carboxylic acid
increases the yield to 22% (entry 3, Table 1). The ethyl
substituted benzimidazole (entry 4, Table 1) has a 10% yield,
similar to the methyl substituted case. Correspondingly, the
phenyl substituent on the carboxylic acid provides a lower yield
(5%) due to resonance electron donation.

The reaction scope was further extended by performing reac-
tions between formic acid and several substituted o-aryl diamines,
specically: 4-methyl-1,2-phenylenediamine, 4,5-dimethyl-1,2-
phenylenediamine, 4-nitro-1,2-phenylenediamine, 4-chloro-1,2-
Chem. Sci.
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Table 1 Scope of microdroplet synthesis of benzimidazoles from substituted o-aromatic diamines and aromatic/aliphatic carboxylic acidsa

Entry Diamine 1 Acid 2 Product 3 AAF � 109 C.R. Yield%

1 0.83 27 72

2 0.74 3 16

3 0.11 18 22

4 25 1 10

5 0.02 5 5

6 0.25 37 93

7 4.2 3 38

8 No reaction No reaction No reaction

9 0.59 14 60

10 0.04 36 67

11 200 6 29

a The reactions were performed using a home built ESSI source. Each diamine (200 mg) was used in a 1 : 1 molar ratio with the acid in methanol.
The ow rate and the gas pressure used for droplet deposition were 10 mL min�1 and 30 psi. The ESSI experiment was done under ambient
conditions (in contrast to the nESI data reported above, which used an inlet temperature of 50 �C unless otherwise indicated). In a few cases
the CR and the yield trends differ, likely due to poor product separation by ash chromatography.
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phenylenediamine, 4-methoxy-1,2-phenylenediamine and 1,2-dia-
minonaphthalene, to synthesize 4-methylbenzimidazole (5f), 4,5-
dimethylbenzimidazole (5g), 4-nitrobenzimidazole (5h), 4-chlor-
obenzimidazole (5i), 4-methoxybenzimidazole (5j), and naphth
[1,2]imidazole (5k), respectively (entries 6–11 in Table 1). It is
observed that for the rst two cases the inductive effect facilitates
product formation leading to 93 and 38% product yields,
respectively. We suspect that a steric effect reduces the
product yield in the case of the dimethyl substituted amine.
However, the conjugated strong electron withdrawing group
(nitro-) results in no product formation (entry 8, Table 1),
while the chloro- and the methoxy-substituted products
(entry 9 and 10, Table 1) have yields of 60% and 67%,
respectively. We also extended the method to the synthesis
Chem. Sci.
naphth[1,2]imidazole (entry 11, Table 1) and observed
product in 29% of yield, with a very high AAF of the order of
2 � 1011. 1H NMR and mass spectra of the isolated products
are available in the ESI.†

There is a rough correlation between the experimentally
observed isolated yields and the experimentally estimated
acceleration factors (as seen in Table 1). There is also rough
agreement with the electron donating/withdrawing character of
the diamine and the carboxylic acid (with some exceptions
potentially due to steric effects). The AAF for the benzimidazole
synthesis (0.83 � 109) is on the same order of other reactions
with substituted amines and carboxylic acids. However, the
increase of AAF in case of the reactions of PDA/PA (2.5 � 1010),
4,5-dimethyl PDA/FA (4.2 � 109) and naphthalene-1,2-diamine/
This journal is © The Royal Society of Chemistry 2020
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FA (2 � 1011) may be due to their low reactivity in bulk because
of steric effects. The high yield (and conversion ratio) for the
methoxyphenylenediamine (entry 10, Table 1) is consistent with
the expected high reactivity of the amine due the electron
donation by the oxygen of the methoxyl group. These relation-
ships provide strong evidence for the nucleophilic attack at the
carboxylic acid carbon which must be ascribed to the extraor-
dinary acidity at the droplet (and thin lm) interfaces.

Experimental
Online reaction monitoring

Online monitoring was carried out using a nESI source in which
the reagents were mixed prior to being sprayed. The nESI tip (5
mm diameter) was held 1 cm away from the inlet of the mass
spectrometer. The applied potential for spray generation was
kept at 2–2.5 kV. The capillary and tube lens voltages were set to
50 and 100 V, respectively. For the temperature dependence
study, the capillary temperature was initially set to 50 �C but
later increased to a nal temperature of 400 �C. Unless other-
wise noted, the mass spectrometric studies were performed at
50 �C inlet temperature. All mass spectra were recorded by
averaging 4 microscans of 100 ms scan times. A linear ion trap
was used for all MS studies, and CID with He as collision gas
was used for MS/MS analysis.

Thin lm synthesis

Thin lm reactions were performed by applying a thin lm of
the reactants onto the surface of paralm. The paralm was
wrapped around a glass slide to prevent catalysis by the glass.
The thin lm of reaction mixture was produced by drop-casting
5 mL of mixture containing 2.5 ppm of p-toluenesulfonic acid
onto the paralm surface. The lm was allowed to dry slowly in
ambient air. Sampling was done by transferring the crude
product into 10 mL of methanol and then quenching by diluting
the sample �10 in methanol before measuring by nESI.
Measurements at different times were done using different thin
lms. All thin lm reactions were performed in triplicate to
verify reproducibility.

Scaled-up reactions and product isolation

Scaling-up and product deposition used ambient ESSI. Scale-up
was achieved by increasing the ux of droplets using a high ow
rate of the solution in a fused silica capillary (150 mm of ID and
300 mm of OD). A ow rate of 10 mL min�1 was used with +3 kV
applied potential and 30 psi nebulization N2 gas pressure.
HPLC grade methanol was used for the preparation of all the
reaction mixtures. The amount of starting material used for the
deposition experiment was 200 mg in each case. The collected
crude product mixture was dissolved in methanol to perform
thin layer chromatography to allow optimization of the solvent
system for better separation of product from the crude. With
this information the crude reaction mixture was separated
using normal-phase silica ash column chromatography in
a Biotage automated ash chromatography column. A meth-
anol and DCM solvent gradient was selected for column
This journal is © The Royal Society of Chemistry 2020
chromatography based on the Rf value of the reagent and the
product. The fractionated solutions were characterized using
nESI MS and 1H NMR. The fractions which contained the
product were mixed and solvent was removed at reduced pres-
sure to obtain isolated solid product. Yields of the microdroplet
reactions were calculated using the mass of the recovered solid.
Bulk synthesis

The bulk synthesis of 2-methylbenzimidazole was performed by
mixing equimolar methanolic solutions of PDA and AA in
a 500 mL two-neck round bottom ask tted with a condenser.
The nal concentrations of each reagent in the mixture was
8 mM. The reaction mixture was then stirred and reuxed using
a sand bath for continuous heating for 24 hours. The time
dependent studies were carried out by removing 15 mL aliquots
of sample at xed time intervals. Bulk reactions were also
carried out under ambient conditions and characterized in
a similar way.

Monitoring of time dependent mass spectra of the bulk
reaction mixture was performed aer dilution. The dilution was
done to quench the reaction as well as to avoid microdroplet
synthesis. Inlet temperature was also set to 50 �C and the tip of
the nESI emitter was kept as close as possible to the inlet of the
mass spectrometer to prevent reaction during bulk product
analysis. The applied potential to generate the electrospray
plume was 1 kV. ([P]/[SM])bulk data of the 24 hour sample was
used to calculate the apparent acceleration factor.
Conclusions

It is commonplace knowledge that amines and carboxylic acids
react in Brønsted fashion to produce a salt, while amines react
with carboxylic acid halides by nucleophilic substitution to give
amides. The corresponding nucleophilic substitution with an
acid would require the carboxylic acid to be protonated to give
the conjugate base which could then eliminate water. This
situation would call for extraordinary conditions in which a very
strong acid is present so that not only is the ionization of the
acid to its conjugated base suppressed by the common ion
effect, but the neutral acid itself is protonated so it can react as
a carbon-centered Lewis acid. These conditions are satised in
the benzimidazole chemistry examined in this study.

Accelerated microdroplet synthesis of benzimidazole and its
derivatives have been demonstrated under ambient conditions.
The reaction involves aromatic-1,2-diamines and carboxylic
acids in a metal free environment with no requirement of
addition of base to complete the product formation. Online
mass spectrometric monitoring enables detection of reaction
intermediates and provides an understanding of the reaction
mechanism. Ten examples are shown to illustrate the scope of
the microdroplet synthesis.

The described mechanism of benzimidazole synthesis has
three elements: (i) the formation of a highly reactive reagent
because of the extraordinary conditions in at the interface
(protonated of the carboxylic acid), (ii) the accelerated bimo-
lecular reaction because of limited solvation at the interface and
Chem. Sci.
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(iii) the thermally assisted elimination of water. Point (i) is
supported by the effect of adding water to the methanol solvent.
Point (ii) is suggested by analogy to other organic solvent
droplet reactions where this mechanism is supported by
experimental and recent computations.53 Point (iii) is shown
directly by the experiments. Note that bimolecular reaction
acceleration is seen in formation of the intermediate amide and
that the thermal elimination of water is a subsequent and
secondary factor. We think that many other droplet-accelerated
reactions will contain some elements in common with this case.
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Figure S1. MS/MS spectra of (a) reagent peak at m/z 109, (b) product peak at m/z 119, and (c) 
intermediate peak at m/z 137 for nESI microdroplet synthesis in methanol.  
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Figure S2. Mass spectra of benzimidazole standard. (a) Mass spectrum of 1 mM solution of 
benzimidazole in methanol. Inset shows the isotopic distribution of the peak. (b) MS/MS spectrum 
of protonated benzimidazole at m/z 119. 
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Figure S3. Microdroplet synthesis of 2-methylbenzimidazole. (a) Mass spectrum of the reaction 
mixture containing phenylenediamine (PDA) and acetic acid in methanol. The final concentration 
of the individual reagents is 8 mM.  (b) MS/MS spectrum of the product at m/z 133 (c) MS/MS 
spectrum of intermediate at m/z 151.
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Figure S4. Mass spectra of 2-methylbenzimidazole standard. (a) Mass spectrum of 1 mM solution 
of 2-methylbenzimidazole in methanol. Inset shows the isotopic distribution.( b) MS/MS spectrum 
of protonated 2-methylbenzimidazole at m/z 133.
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Figure S5. UV-vis spectra of o-phenylenediamine (black), reaction mixture for the synthesis of 
benzimidazole (red) and standard product (blue), all in methanol. The shift in the UV-vis spectra, 
as indicated by dotted lines, is due to the addition of formic acid and corresponds to Brønsted acid 
formation in solution by addition of a proton.
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Figure S6. 1H NMR data (400 MHz, CDCl3) for o-phenylenediamine in CDCl3. (. δ 6.71 (s, 1H), 
3.49 – 3.23 (m, 1H). Solvent peak is observed at 7.26 ppm.



9

Figure S7. 1H NMR data (400 MHz, CDCl3) for formic acid. δ 10.90 (s, 1H), 8.04 (s, 1H). 
Solvent peak is observed at 7.26 ppm.
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Figure S8. 1H NMR data (400 MHz, CDCl3) for a mixture of o-phenylenediamine and formic 
acid.  δ 8.02 (s, 1H), 6.79 – 6.69 (m, 5H), 4.61 (s, 7H). Solvent peak is observed at 7.26 ppm.
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Figure S9. 1H NMR data (400 MHz, CDCl3) for benzimidazole standard.  δ 8.08 (s, 1H), 7.71 – 
7.64 (m, 2H), 7.31 (dt, J = 6.1, 3.6 Hz, 2H). Solvent peak is observed at 7.26 ppm.
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Figure S10. UV-vis spectra of o-phenylenediamine (black), its mixture with acetic acid (green) 
and standard 2-methylbenzimidazole (violet) in methanol.

220 240 260 280 300
0.0

0.5

1.0
 PDA
 PDA + AA
 2-Methylbenzimidazole

Wavelength (nm)

Ab
so

rb
an

ce



13

Figure S11. 1H NMR data (400 MHz, CDCl3) for o-phenylenediamine standard.   δ 6.69 (dd, J = 
5.7, 3.5 Hz, 1H), 6.58 (dd, J = 5.8, 3.4 Hz, 1H).
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Figure S12.  1H NMR data for acetic acid(400 MHz, MeOD) δ 1.98 (s, 1H). Peaks at 4.85 ppm 
and 3.30 ppm are solvent peaks.



15

Figure S13. 1H NMR data for mixture of o-phenylenediamine and acetic acid (400 MHz, MeOD) 
δ 6.69 (dq, J = 6.4, 3.6, 3.0 Hz, 1H), 6.59 (dt, J = 5.8, 2.8 Hz, 1H), 1.98 (s, 1H). Peaks at 4.85 ppm 
and 3.30 ppm are due to solvent.
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Figure S14. 1H NMR data (400 MHz, MeOD) for 2-methylbenzimidazole standard.  δ 7.51 – 7.37 
(m, 1H), 7.16 (dd, J = 6.0, 3.2 Hz, 1H), 2.55 (s, 2H). Peaks at 4.85 ppm and 3.30 ppm are due to 
solvent.
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Figure S15. Temperature dependent mass spectra for microdroplet synthesis in methanol of a) 
benzimidazole and b) 2-methylbenzimidazole. The reagent peak at m/z 109, as indicated by yellow 
shading, decreases with increasing temperature, whereas, the product peaks at m/z 119 and m/z 
133, as indicated by green shading, increase with increasing temperature.
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Figure S16. Conversion ratio versus temperature plot for the intermediate (m/z 137) in 
benzimidazole synthesis in methanol microdroplets. Inset shows the equation for conversion ratio. 
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Figure S17. Mass spectra of reaction mixtures containing (a) o-phenylenediamine and formic acid 
(b) trifluoroacetic acid and (c) MS/MS spectrum of protonated trifluoroacetic acid. Zoom-in view 
of selected mass ranges in (a) and (b) showing peaks corresponding to protonated formic acid and 
trifluoroacetic acid. The solutions were prepared in HPLC grade methanol at 8 mM concentration.
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Figure S18. Isotope labeling experiments. Mass spectra showing reaction mixture for microdroplet 
reaction of phenylenediamine with (a) deuterated formic acid (DCOOH) and (b) acetic acid 
(CD3COOH). The isotopically labeled product peaks are indicated with stars. The solvent used for 
the reaction is deuterated methanol. The temperature of the inlet was set to 50 oC for these 
experiments.
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Figure S19. Ratio of product ion to reagent ion intensity for ambient thin film synthesis in 
methanol containing traces of p-toluenesulfonic acid to increase the lifetime of the fluid state for 
(a) benzimidazole and (b) 2-methylbenzimidazole. c) Schematic illustration of the thin film 
experiments from Z. Wei, M. Wleklinski, C. Ferreira and R. G. Cooks, Angewandte Chemie 
International Edition, 2017, 56, 9386-9390. Note the induction period of some minutes while the 
methanol evaporates.
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Figure S20. Benzimidazole reaction in presence of macroscopic amounts of water in methanol 
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product and intermediate formation. Above this concentration the relative product and 
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Figure S21. Benzimidazole reaction in dry ACN. Note the low signal (noise) and the absence of 
both product and intermediate ion signals. Other than the reagent signal, the peaks seen in the mass 
spectrum are from background.
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Figure S22. Mass spectrum of o-phenylenediamine/formic acid mixture in methanol in the 
presence of HCl. Concentrations of reactants and of HCl were 8 mM. Similar CRs were observed 
with and without HCl.
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Figure S23. Product to reagent ion intensity ratio for the bulk reaction in methanol under ambient 
conditions for 2-methylbenzimidazole synthesis. Inset shows the molecular structure of the 
product. The starting concentration of each reagent in methanol was e 8 mM. The reaction was 
performed in a closed 500 mL round bottom flask and MS analysis was done using 50 oC inlet 
temperature to avoid reaction acceleration during bulk product analysis.
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Figure S25. Mass spectrum of the isolated product after benzimidazole synthesis in methanol by 
spray deposition with a diagram that depicts the spray deposition reaction setup. The crude mixture 
was separated using flash column chromatography. Yield was determined to be about 72%.
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Figure S26. 1H NMR (400 MHz, CDCl3) of the isolated product from the deposited sample in 
benzimidazole spray deposition synthesis.  δ 8.24 (s, 1H), 8.10 (s, 6H), 7.68 (dd, J = 6.1, 3.2 Hz, 
11H), 7.31 (dd, J = 6.1, 3.2 Hz, 11H), 7.26 (s, 18H), 1.25 (s, 5H). Peak at 7.26ppm is the solvent 
peak and 8.24ppm peak is an impurity.  
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Figure S27. Mass spectrum of the isolated product of the deposited sample for the 2-
benzimidazole spray synthesis. Low isolated yield resulted in noise in the mass spectrum. 
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Figure S28. 1H NMR (400 MHz, MeOD) for the isolated product of the deposited sample from 
the 2-methylbenzimidazole spray synthesis. δ 7.96 – 7.91 (m, 2H), 7.65 – 7.58 (m, 1H), 7.02 (s, 
2H), 2.55 (s, 1H). Peaks at 4.85 and 3.29-3.31ppm are solvent peaks while other minor peaks are 
from impurities.
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Figure S29. (a) Online mass spectrum of microdroplet reaction between o-phenylenediamine and 
trifluoroacetic acid in methanol at 50 oC inlet temperature. The MS/MS spectrum of the (b) product 
and (c) intermediate are shown. The reagent and the product are denoted as R and P.
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Figure S30. a) Online MS of microdroplet reaction between o-phenylenediamine and propanoic 
acid in methanol at 50 oC inlet temperature. The MS/MS spectrum of the (b) product and (c) 
intermediate are shown. The reagent and the product are denoted as R and P.



33

Figure S31. (a) Online MS of microdroplet reaction between o-phenylenediamine and benzoic 
acid in methanol at 50 oC inlet temperature. The MS/MS spectrum of (b) product and (c) 
intermediate are shown. The reagent and the product are denoted as R and P.
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Figure S32. (a) Online MS of microdroplet reaction between 4-methyl-1,2-phenylenediamine and 
formic acid in methanol at 50 oC inlet temperature. MS/MS spectrum of the (b) reagent, (c) 
product, and (d) intermediate. The reagent and the product are denoted as R and P.
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Figure S33. (a) Online MS of microdroplet reaction between 4,5-dimethy-o-phenylenediamine 
and formic acid in methanol at 50 oC inlet temperature. MS/MS spectra of the (b) reagent (c) 
product and (d) intermediate. The reagent and the product are denoted as R and P.
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Figure S34. Online MS of microdroplet reaction between 4-nitro-1,2-phenylenediamine and 
formic acid in methanol at 50 oC inlet temperature. No product formation observed. The reagent 
is denoted as R.

H OH

O
H
N

N

NH2

NH2

+
O2N O2N

100 150 200 250 300
0

50

100

m/z

R
el

at
iv

e 
in

te
ns

ity

No product

15
4 [R+H]+



37

Figure S35. (a) Online MS of microdroplet reaction between 4-chloro-1,2-phenylenediamine and 
formic acid in methanol at 50 oC inlet temperature. MS/MS spectrum of (b) product and (c) 
intermediate. The reagent and the product are denoted as R and P.
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Figure S36. (a) Online MS of microdroplet reaction between 4-methoxy-1,2-phenylenediamine 
and formic acid in methanol at 50 oC inlet temperature. The fragmentation pattern of (b) reagent 
(c) product and (d) intermediate. The reagent and the product are denoted as R and P.
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Figure S37. (a) Online MS of microdroplet reaction between 1,2-diaminonapthalene and formic 
acid in methanol at 50 oC inlet temperature. The MS/MS spectra of (b) reagent (c) product and (d) 
intermediate. The reagent and the product are denoted as R and P.
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Figure S38. Characterization of isolated product of spray deposition reaction between 
trifluoroacetic acid and o-phenylenediamine. (a) Mass spectrum and (b) 1H NMR (400 MHz, 
MeOD) of the product.  δ 7.69 (dd, J = 6.2, 3.2 Hz, 1H), 7.40 (dd, J = 6.3, 3.2 Hz, 1H). Peaks 
4.85ppm and 3.28-3.30ppm are solvent peaks.
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Figure S39. Characterization of isolated product of the spray deposition reaction between 
propanoic acid and o-phenylenediamine in methanol. Due to poor separation, an NMR of the 
isolated product was not obtained.
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Figure S40. Characterization of isolated product of spray deposition reaction between formic acid 
and 4-methy-1,2-phenylenediamine. (a) Mass spectrum and (b) 1H NMR (400 MHz, CDCl3) 
spectrum of the product. δ 8.08 (s, 1H), 7.55 (d, J = 8.3 Hz, 1H), 2.47 (s, 3H). Peak in 7.26ppm 
region is the solvent peak. Other peaks are due to artifacts or by-products. 
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Figure S41. Characterization of the isolated product of spray deposition reaction between formic 
acid and 4,5-dimethyl-1,2-phenylenediamine in methanol. a) Mass spectrum and b) 1H NMR (400 
MHz, CDCl3) δ 8.37 (s, 1H), 7.41 (s, 2H), 2.32 (s, 6H). Peak in 7.26 ppm region is the solvent 
peak. Unlabeled peaks represent minor reaction products.
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Figure S42. Characterization of isolated product of spray deposition reaction between formic acid 
and 4-chloro-1,2-phenylenediamine in methanol. (a) Mass spectrum and (b) 1H NMR (400 MHz, 
MeOD). δ 8.19 (s, 1H), 7.60 (s, 1H), 7.57 (d, J = 8.7 Hz, 1H), 7.25 (dd, J = 8.5, 2.0 Hz, 1H). Peaks 
4.85ppm and 3.29-3.31ppm are solvent peaks.
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Figure S43. Characterization of isolated product of spray deposition reaction between formic acid 
and 4-methoxy-1,2-phenylenediamine in methanol. a) Mass spectrum and b) 1H NMR (400 MHz, 
MeOD). δ 9.24 (s, 1H), 7.71 (d, J = 9.0 Hz, 1H), 7.31 – 7.17 (m, 2H), 3.91 (s, 3H). Peaks 4.85ppm 
and 3.29-3.31ppm are solvent peaks.
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Figure S44. Characterization of isolated product of spray deposition reaction between formic acid 
and 1,2-diaminonapthalene in methanol. (a) Mass spectrum and (b) 1H NMR (400 MHz, MeOD). 
δ 8.39 (d, J = 8.2 Hz, 1H), 8.25 (s, 1H), 8.18 (s, 1H), 7.96 (d, J = 8.2 Hz, 1H), 7.71 (d, J = 1.5 Hz, 
2H), 7.60 (t, J = 7.7 Hz, 1H), 7.49 (t, J = 7.6 Hz, 1H). Peaks 4.85ppm and 3.29-3.31ppm are solvent 
peaks.
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Figure S45. Kinetics data for thin film reactions. Reactions were done for 6 h in methanol under 
ambient conditions. Lines are drawn only as guides.

0 100 200 300 400
0

20

40

60

(I P
/I R

)X
10

0

Time (min)

0 100 200 300 400

0

40

80

120

160

(I P
/I R

)X
10

0

Time (min)

0 100 200 300 400

0

40

80

120
(I P

/I R
)X

10
0

Time (min)

0 100 200 300 400

0

20

40

(I P
/I R

)X
10

0

Time (min)

0 100 200 300 400
0

20

40

60

(I P
/I R

)X
10

0

Time (min)

0 100 200 300 400
0

4

8

12

(I P
/I R

)X
10

0

Time (min)

0 100 200 300 400
0

2

4

(I P
/I R

)X
10

0
Time (min)

0 100 200 300 400

0.0

0.4

0.8

1.2

(I P
/I R

)X
10

0

Time (min)

No reaction

0 100 200 300 400
0.0

0.2

0.4

0.6

(I P
/I R

)X
10

0

Time (min)

0 50 100 150 200

0

2

4

(I P
/I R

)X
10

0

Time (min)

N
H

N
CF3

N
H

N
CH2CH3

N
H

N
Ph

N
H

N
CH2Ph

N
H

N
H

H3C

N
H

N
H

H3C

H3C

N
H

N
H

O2N

N
H

N
H

Cl

N
H

N
H

H3CO

N
H

N
H



48

Figure S46. Kinetics data for bulk reactions. Reactions were done for 41 h in methanol under 
ambient conditions. Lines are drawn only as guides.
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ABSTRACT: Herein, subtle changes in the molecular orientations of different
thiols upon interaction with soft-landed silver nanoparticles (AgNPs) have been
probed using the technique called ambient electrospray deposition Raman
spectroscopy (AESD RS). The method collects real-time surface-enhanced
Raman scattering (SERS) spectra of analytes as Raman-active AgNPs were
electrodeposited on a substrate. We have used p-mercaptobenzoic acid (p-
MBA), benzenethiol (BT), and cyclohexanethiol (CHT) as proof-of-concept
ligands for understanding variations in molecular orientations as a function of
time, immediately after 30−40 s of electrospray of AgNPs. During time-
dependent SERS measurements, we observed that the carboxylate (COO−)
group of p-MBA preferred a flat orientation on the NP surface upon interaction
with the electrosprayed AgNPs, which later transformed into a tilted two-legged
standing-up orientation. We also observed a concomitant change in the
orientation of the phenyl ring, which transformed from tilted to a flat
orientation with respect to the NP surface. We have found that the time of tilting depends on the concentration of the analyte used
for analysis. Additional information on the orientation flipping of thiols was achieved by performing real-time SERS experiments on
other thiol derivatives such as CHT and BT. In the case of BT, SERS intensity variations were similar to p-MBA, which were
attributed to the changes in orientation. However, in the case of CHT, such SERS intensity variations were absent. Time-dependent
SERS spectra of p-MBA, BT, and CHT suggested that the interaction between the π-cloud of the phenyl ring and AgNPs could be
one of the triggering factors for such orientation flipping of thiols on NP surfaces.

■ INTRODUCTION
Thiolated molecules have been widely explored using surface-
enhanced Raman spectroscopy (SERS) due to their strong
binding affinity toward noble metal nanoparticles (NPs).1,2

They form stable M−S (M = Ag, Au, Cu) bonds by
chemisorption.3,4 Orientations of analytes on NP surfaces
provide crucial information about NP stabilization,5,6 metal−
adsorbate binding, and reactivity of the adsorbed species.7,8

Optical methods such as second harmonic generation (SHG),
infrared reflectance (IR), ellipsometry, fluorescence, and SERS
are the known techniques to understand and determine the
orientations of analytes precisely.9−14 Among all, SERS has
been used extensively over the last 2 decades for studies of
surface chemistry. High enhancement factor in terms of signal
intensity and unique information about molecular vibrations
have been derived with this technique.10,15−18 Weak Raman
signals of molecules can be enhanced to ∼106−1014 times in
SERS,19 which enables this technique to be used even for
single molecule detection.20−22 In SERS, understanding of
orientation of molecules is achieved with the comprehensive
analysis of the relative intensity variations of specific vibrational
modes of the analytes.23−25 Creighton first introduced a
procedure for qualitative analysis of the orientation of ligands
on spherical NPs,26,27 which was later expanded to both

smooth and roughened surfaces of AgNPs.28 While performing
SERS of benzenethiol (BT) in media of varying refractive
indices, Carron and Hurley introduced a precise method for
the determination of orientation of BT on the NP surface, with
the help of axial and azimuthal angles.7 The axial angle (θ) is
defined as the angle between the C2 axis of BT and the metal
surface, and the azimuthal angle (ϕ) is the angle of rotation of
the phenyl plane about the C2 axis. They found that the values
of θ were 85 and 76° for BT on silver (Ag) and gold (Au)
surfaces, respectively. The ϕ was found to vary from 32 to 0°
for Ag to Au.7 For aromatic carboxylic acid derivatives, three
distinct geometries of the carboxylate (COO−) group were
proposed on the Ag surface based on the intensity variations of
the COO− vibrational bands.29 When the intensity of
symmetric stretching vibration νs(COO

−) was stronger than
that of bending vibration δ(COO−), the COO− group interacts
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with the NP surface through its π-electrons and attains a flat
orientation. On the other hand, when COO− becomes two-
legged, having a standing-up geometry, the intensity of
δ(COO−) band increases with respect to νs(COO

−). The
increase in the relative intensity of δ(COO−) with respect to
νs(COO

−) dictates the tilting of the carboxylate group on the
surface. Schematic representations of these two orientations of
the COO− group are shown in Figure 1a,b.

In a similar way, Joo et al. had investigated the conforma-
tional changes of cyclohexanethiol (CHT) on AuNPs and Au
plates using SERS.30 The equatorial chair conformers appeared
to be dominant at higher concentrations, whereas both the
equatorial and axial chair conformers of CHT exist at lower
concentrations, corresponding to a near-monolayer coverage
limit.30 Para-mercaptobenzoic acid (p-MBA) is one such
aromatic thiol that has been used as a good Raman tag in
various applications such as imaging, sensing, etc.,31 owing to
its large scattering cross section. Different orientations of p-
MBA on NP surfaces have been revealed by theoretical and
experimental SERS studies.3,29,32 Like these, there are several
other reports that have discussed molecular orientations of

analytes on NP surfaces,7,13,14,23,25,29,30,33 but in all such
studies, the orientations were determined once analytes got
adsorbed and pinned at the NP surface. In such cases, we lack
information about the orientations of the analyte during the
time of adsorption and consequently their interactions with the
NP surface.
In this paper, we have used our recently developed

technique named ambient electrospray deposition Raman
spectroscopy (AESD RS)34 to probe orientations of different
thiols in real time, starting from the time of analyte adsorption
on the NP surface. The AESD method was integrated with a
miniaturized Raman spectrometer to monitor early events at
the time of molecule−NP interaction, which was completely
ignored in the cases of conventional drop-casted and spin-
coated SERS samples. We collected time-dependent SERS
spectra of analytes while electrospray of preformed AgNPs was
happening, which revealed several new insights on the
molecular behavior of analytes pinned on NP surfaces. We
report orientation changes of p-MBA upon its interaction with
soft-landed AgNPs at neutral pH and have probed the
fluttering nature of phenyl thiols on the NP surface. We
observed that the COO− functionality of p-MBA acquired a
two-legged standing-up orientation from a flat orientation,
gradually with time. The phenyl ring was also transformed
from a tilted position to a flat orientation with respect to the
NP surface. The tilting depends on several factors such as
analyte concentration, pH, morphologies of the NP surface,
local temperature at the analyte−NP junction, laser power,
etc.29,30,35−37 It is evident that the concentration and
functional groups of analytes play an important role in tuning
the molecular orientations upon interaction with AgNPs that
have been explored in detail here. Keeping functionality of
molecules as the triggering factor, other thiols such as BT and

Figure 1. Schematic representations of orientations of COO− on the
NP surface. (a) Flat orientation and (b) two-legged standing-up
orientation of COO− (−R represents an aromatic ring).

Figure 2. (a) Schematic of the AESD RS setup, (b) ball-and-stick molecular structures of the analytes possessing different functionalities used for
this study, (c) intensity variation of 160 SERS spectra of 1 μM p-MBA collected using AESD RS and (d) intensity variation for a mixture of p-MBA
(1 μM) and AgNPs (1:5 volume ratio) drop-casted on an ITO glass slide.
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CHT were also investigated to understand their molecular
behavior at the time of analyte−NP interaction. SERS analyses
in real time using AESD RS have unveiled that when a
molecule possesses a phenyl ring, it changes from tilted to the
flat orientation, whereas in the case of a cyclohexane ring, such
a change was absent. We believe that such real-time SERS
studies will help in understanding the molecular events that
can be useful for enhancing sensitivity in applications like
sensing and catalysis.

■ MATERIALS AND METHODS

Silver nitrate (99.9%) was purchased from Rankem. Trisodium
citrate (>99%) was received from Merck Life Science Private
Limited. Molecules such as p-MBA, CHT, and BT were
purchased from Sigma-Aldrich. Indium tin oxide (ITO)-coated
glass slides were purchased from Zhuhai Kaivo Electronic
Components Co. Ltd. Fused silica capillary was received from
Fisher Scientific. Other reagents including the solvents were of
analytical grade and were used without further purification.
Deionized water (DI) (∼18.2 MΩ·cm), obtained from Milli-Q,
was used throughout the experiments.
Synthesis of Silver Nanoparticles. Citrate-capped silver

sols were prepared using the modified Turkevich38 method
where 17 mg of AgNO3 was dissolved in 100 mL H2O and the
solution was heated to 100 °C. A solution of 1% sodium citrate
(4 mL) was added dropwise to the boiling solution with
constant stirring. The solution was kept boiling for 10−15 min
till it became pale yellow. The colored solution was allowed to
cool to room temperature and was finally stored in the dark at
4 °C. For electrospray deposition experiments, diluted AgNPs
in DI water (1:1) were used.
Preparation of SERS Substrates. Ethanolic solutions (40

μL) of p-MBA, BT, and CHT (concentrations 10 and 1 μM)
were drop-casted on the conducting surface of an ITO glass
slide and allowed to dry under ambient conditions in the dark.
Note that no Raman signals were obtained from these analytes
in the absence of electrospray of AgNPs.
SERS Measurements. SERS signals were collected after

electrospraying preformed AgNPs for 30−40 s. Signals were
collected from the opposite side of the ITO where the analyte
was drop-casted (see Figure 2a for details). For real-time
analysis, multiple spectra were collected at an interval of 1 s
with an accumulation time of 0.3 s. Experimental details on
SERS spectral collection are discussed in the Supporting
Information.
Instrumentation. UV−visible spectroscopic measure-

ments were performed using a PerkinElmer Lambda 25
spectrophotometer in the range of 200−1100 nm. Trans-
mission electron microscopy (TEM) measurements were
performed using a JEOL 3010, 300 kV instrument. As-
synthesized AgNPs were spotted on a carbon-coated copper
(Cu) grid followed by air-drying. For an electrosprayed
sample, the Cu grid was placed near to the tip of the silica
capillary and preformed AgNPs were sprayed for 30 s on the
grid followed by air-drying. A frequency-doubled Nd:YAG
laser (532 nm) with a maximum output power of 20 mW was
used for excitation of the sample. Dark-field imaging of NPs
was performed using the Cytoviva setup equipped with a high-
resolution dark-field condenser and a 100× (oil) objective.
Also, plasmonic scattering spectra were measured using the
Specim V10E spectrometer (400−1000 nm) at a spectral
resolution of ±1.3 nm.

AESD RS Setup. A custom-built AESD RS setup
(schematic in Figure 2a) incorporates a nanoESI emitter
with a high-voltage DC power supply of ∼2.5−3 kV and a
Raman spectrometer (Research India Co.) with a 532 nm
excitation laser, which puts 20 mW power on the sample. A
grating of 1800 grooves/mm and an accumulation time of 0.3 s
were used. The home-made electrospray source was made by
continuously infusing a dilute solution of preformed AgNPs
through a fused silica capillary using a 500 μL Hamilton
syringe and a syringe pump. The inner and outer diameters of
the fused capillary were 150 and 300 μm, respectively. The
flow rate was set to 0.5 μL/min that generated a gentle
electrospray plume. The positive polarity of a high-voltage DC
power supply was connected to the needle of the syringe to
apply the required potential. A fused silica capillary was
connected to the syringe through a finger-tight union
connector. The tip of the capillary was placed in such a way
that the nanoparticle soft-landing can be done over one side of
the ITO plate containing the analyte of interest. The ITO plate
was then connected to the ground to dissipate the charge of
the soft-landed AgNPs.

■ RESULTS AND DISCUSSION
Real-Time SERS Monitoring of Analytes Using AESD

RS. In our recent work, we had reported rapid and sensitive
detection of various analytes (p-MBA, 2,4-dinitro toluene, and
Escherichia coli) using the AESD RS method.34 In the current
work, we have used the same technique to collect real-time
SERS spectra of different thiols and to investigate the subtle
changes in the orientations of the molecules in the early stages
of their interaction with soft-landed AgNPs. The technique
uses a silica capillary for AESD coupled with a miniature
Raman spectrometer to monitor time-dependent SERS of
adsorbed thiol molecules. A schematic of the setup is presented
in Figure 2a. Here, preformed AgNPs were soft-landed using
AESD on various thiol-based analytes, drop-casted on ITO
glass slides. Characterization studies of the as-synthesized and
electrosprayed AgNPs were performed using UV−vis absorp-
tion spectroscopy, transmission electron microscopy (TEM),
dark-field microscopy (DFM), and plasmonic scattering
spectroscopy (Figure S1). TEM images suggest some
morphological changes of AgNPs after ES. Plasmonic
scattering spectra from isolated NPs (before and after ES)
also suggest some changes in plasmonic properties of these
AgNPs after ES due to aggregation and morphological changes
(see Figure S1). Three thiol molecules (p-MBA, BT, and
CHT), containing different functional groups and rings, were
chosen for this study (Figure 2b). p-MBA has an auxiliary
group (carboxylic acid) along with the BT backbone, whereas
CHT lacks the electron-rich phenyl ring. Using a flow rate of
0.5 μL/min, AgNPs were electrosprayed for 30−40 s
continuously until SERS signals started to appear. To
understand such real-time changes in molecules, time-depend-
ent SERS spectra were collected immediately after the
electrospray of AgNPs. For real-time SERS measurements,
every spectrum was collected with an accumulation time of 0.3
s, with a time-gap of 1 s. Spectral collection was started from
the time of electrospray, but during the initial period (30−40
s), no SERS signals were observed. More details on spectral
collection using AESD RS are provided in the Supporting
Information (in the section Experimental Details on SERS
Spectral Collection Using AESD RS). During data processing,
spectrum at zero time was designated as the first spectrum, at
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which time SERS signals from the analyte were observed
(Figure 2c).
Variations in the intensity of the time-dependent SERS

spectra of p-MBA (1 μM) are presented as a waterfall plot in
Figure 2c. SERS signals increase gradually with time followed
by a sudden decrease. A similar trend of intensity was also
observed for 10 μM p-MBA. Time-dependent spectra of 10
μM p-MBA are shown in Figure S2. Two dominating features
at 1080 and 1586 cm−1 were observed in all of the spectra of p-
MBA, which were assigned to the ν8a and ν12 aromatic ring
vibrations, respectively. The peak at 1378 cm−1 is due to the
symmetric stretching of the carboxylate group (νsym(COO

−)).
The bending mode of carboxylate δ(COO−) appears at 844
cm−1. In all of the measurements, 910 and 2580 cm−1 peaks
were absent, which correspond to δ(CSH) and ν(SH),
respectively, suggesting the formation of an Ag−S bond.
Complete vibrational band assignments of p-MBA are given in
Table S1. As a control measurement, 100 μL of p-MBA (1 μM
in EtOH) and 500 μL of diluted AgNPs were mixed well and
kept in the dark for 2 h for equilibrium adsorption. About 40
μL of the mixture was drop-casted on ITO to collect time-
dependent SERS spectra. In the drop-casted time-dependent
SERS, there was no delay of 30−40 s, which was present in
AESD. As soon as the drop-casted sample was irradiated with
laser, SERS signals were obtained and collected. Thus, the
spectrum at time zero is the first accumulated spectrum. A
waterfall plot of the spectra obtained in the above-mentioned
(conventional SERS) method is presented in Figure 2d.
However, in both the ES and conventional SERS, peak
positions of vibrational modes match very well with the
literature, but, interestingly, no sudden jump in intensity or
decrease after a gradual increase in SERS intensity was
observed in the case of conventional (drop-casted) SERS
(Figure 2d). Similar results were observed in the case of 10 μM
p-MBA (Figures S2 and S3). A gradual increase in the SERS
intensity with time was observed in both the cases which could
be because of the creation of new hotspots due to molecular
diffusion or the reshaping of NPs triggered by local heating in
the presence of laser.39,40 Also, the absence of a sudden
decrease of intensity in the conventional SERS method
provides an indication of some early events that are happening
at the time of analyte adsorption on NP surface. Such fall in
intensity after the gradual rise is attributed to changes in the
orientations of the analyte upon interaction with soft-landed
AgNPs (see below), which was absent in the drop-casted
sample. In the case of ambient electrospray deposition, charged

nanodroplets play an important role for SERS enhancement.
As in our previous work,34 distance-dependent (distance
between the capillary tip to the ITO collector surface)
experiments were performed to understand the role of soft-
landed charged AgNPs. We observed that with the increase in
distance between the tip and the collector, SERS intensity
decreases. These observations indicated the qualitative
contribution of charged droplets to SERS intensity. However,
these contributions are limited to SERS intensities and not to
molecular reorientations or discrete transitions during AESD
RS.

Varying Concentration of Analytes: A Key Factor for
Flipping and Orientation Changes. To understand the
reason for the sudden decrease of SERS intensity in the time-
dependent spectra, a plot of the intensity ratio of νsym(COO

−)
and δ(COO−) of p-MBA was plotted as a function of time.
The plots of relative intensity vs time for 1 and 10 μM are
shown in Figure 3a.
As reported previously,29 when the relative intensity of

νsym(COO−) is higher than that of δ(COO−), i.e.,
Iνsym(COO

−)/Iδ(COO−) is greater than 1, COO− adopts a
flat orientation with respect to the surface. On the other hand,
it takes a tilted two-legged standing-up orientation, when
Iνsym(COO−)/Iδ(COO−) decreases. Schematic representa-
tions of the vibrational modes of νsym(COO

−) and δ(COO−)
are shown in Figure 3b, and schematic representations of the
flat and two-legged standing-up orientations of the COO−

group are shown in Figure 3c. From the plots of relative
intensities (1 and 10 μM), it is evident that the intensity ratio
changes with time, which suggested the changes in the
molecular orientation occurring on the NP surface. A point of
transformation of the flat orientation to the tilted two-legged
standing-up orientation of COO− is shown with gray dotted
lines in Figure 3a. The inset in Figure 3a shows a similar type
of relative intensity drop at longer times for higher
concentration (10 μM), which indicates that the time required
for such orientation tilting and the extent of tilting depend on
the analyte concentration. For 1 μM, the time required for
flipping was ∼56 s, which increased to ∼96 s for 10 μM. The
requirement of more time for flipping at higher concentrations
of analytes is anticipated from the space-filling model of
molecules over the NP surfaces. This model suggests that the
monolayers get more tightly packed on the surface at higher
concentrations of the thiol, which make their reorientation
difficult, explaining the delay and lesser extent of flipping. The
oscillatory behavior observed in the plots (Figure 3a) is not

Figure 3. (a) Relative intensity plot of νsym(COO
−) and δ(COO−) as a function of time for 1 μM p-MBA (flipping time is 56 s); the inset shows a

similar plot for 10 μM p-MBA (flipping time is 96 s); (b) schematic representations of νsym(COO
−) and δ(COO−) modes; (c) two different

orientations of COO− of p-MBA: flat orientation (left) and two-legged standing-up orientation (right).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c04116
J. Phys. Chem. C 2020, 124, 16644−16651

16647

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04116/suppl_file/jp0c04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04116/suppl_file/jp0c04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04116/suppl_file/jp0c04116_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04116?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04116?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04116?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04116?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c04116?ref=pdf


fully understood yet; however, we believe that such a behavior
originates from the periodic molecular fluttering of self-
assembled thiols over the NP surface. Citrate also contributes
to SERS intensity of colloidal silver.41 To check the
contribution of citrate in our real-time SERS measurements,
we did a control experiment where we used citrate-capped
AgNPs alone for ES purpose and obtained the signal. The
SERS spectra of only such AgNPs are compared to the SERS
spectra of p-MBA interacted with soft-landed AgNPs, and the
corresponding data are shown in Figure S4. The SERS signals
of citrate are very weak in nature compared to p-MBA, and the
peak positions for COO− are entirely different for citrate and
p-MBA. Therefore, we rule out the contribution of citrate in
the observed change in molecular orientations. In solution
chemistry, solvents also play a very important role in molecular
adsorption and orientations over surfaces.42,43 However, the
observed effect is absent in the drop-casted and the spin-coated
samples. While performing real-time SERS measurements
using AESD RS, we took ethanolic solutions of analytes (p-
MBA, BT, and CHT), which were drop-casted on cleaned ITO
glass slides. The drop-casted analytes were dried before
performing the ES experiments. Hence, the solvent of analytes
will not play a role in change in molecular orientations. The
presence of water used as a solvent of AgNPs is another
possibility to cause changes in molecules when NPs were soft-
landed on drop-casted analytes. However, while ES, due to
Coulombic repulsion, the solvent gets evaporated and mostly
NPs interact with analytes. Even if micrometer droplets were
deposited, they would be evaporated quickly. We observed that
changes in the orientation were seen even when the Raman
experiment was performed 30−40 s after ES deposition, during
which time any droplet would have evaporated. Thus, overall,
solvents have minimal or no role in the molecular flipping
while performing real-time SERS experiments via AESD RS.
Additional Investigations on Flipping and Orienta-

tion Changes. In SERS, the peak position and peak width are
two significant parameters that also provide information about
the molecular orientation. Gao and Weaver have reported that
in the case of benzene adsorption on the Au surface, the
broadening of phenyl vibrations gave the orientation of the
benzene over the NP surface.8 Here, we analyzed the changes
in SERS peak positions and broadness with time for different
thiols to confirm the real-time changes occurring in the
molecular orientation. Gaussian peak fitting was performed on
the peak at 1586 cm−1 (ν8a ring vibration) (Figure S5a,b) at
two different times (54 and 62 s), which were the point of
transformation for the molecular orientation (Figure 3a) of the

phenyl ring in the case of 1 μM p-MBA. The SERS peaks were
fitted using multiple Gaussians to achieve the best fitting. The
final fitted peak after multiple Gaussians is called as a
cumulative fitted peak. Cumulative fitted peaks at two different
times are shown in Figure 4a, which showed a blue shift of 2
cm−1 for the phenyl vibration along with an increase in full
width at half-maximum (FWHM), which gave the unequivocal
information about the interactions of the phenyl ring with the
AgNPs. The increase in FWHM suggests that the phenyl ring
of p-MBA interacts more closely with the surface by attaining a
flat geometry. Similarly, we analyzed the peak at 1380 cm−1

corresponding to νsym(COO
−) (Figure 4b), which also showed

a 6 cm−1 blue shift with a negligible change in FWHM,
corroborating the proposed change in orientation of COO−

from the flat to the tilted two-legged standing-up orientation.
Figure 3c represents the two different orientations of COO−

and the phenyl ring of p-MBA on the AgNP surface. Initially,
COO− preferred flat geometry, while the phenyl ring stayed
tilted with respect to the surface, but after a certain time, the
COO− changed its orientation to the two-legged standing-up
geometry, while the phenyl ring became flat on the surface
interacting with its π-electrons.
To further explore the fundamental reason of flipping in

thiolated molecules, we extended the real-time SERS analysis
to other functionalized thiols having different rings and
auxiliary functional groups. We chose two other thiol-based
derivatives: BT, which contains the aromatic ring without any
auxiliary group, and the other CHT that possess neither
aromatic ring nor any auxiliary group but contains a cyclohexyl
ring (see Figure 2b). Similar time-dependent SERS measure-
ments were performed for 1 μM solutions of BT and CHT,
separately. The temporal SERS intensity maps for BT and
CHT are shown in Figure 5a,b, respectively. Vibrational band
assignments of BT and CHT are given in Tables S2 and S3,
respectively.7,30,35 As in the case of p-MBA, we found similar
SERS intensity variations in BT, suggesting the orientation
change of the phenyl ring on the AgNP surface. On the other
hand, we did not notice any such decrease in SERS intensity in
the case of CHT (Figure 5b), which suggested that flipping did
not happen in CHT upon interaction with soft-landed AgNPs.
While in the case of p-MBA, the FWHM analysis of SERS
peaks suggested the changes in orientations, in contrast, CHT,
lacking the phenyl ring and the additional functional groups,
did not show prominent changes in peak broadness and peak
position (991 cm−1) with time (see Figure S6), which
suggested no change in the orientation of CHT with time,
supporting the results of real-time SERS spectra. Moreover, the

Figure 4. Fitted peak (cumulative Gaussian fit) of ν8a (ring) stretching (a) and bending δ(COO
−) (b) mode for 1 μM p-MBA at two different time

points (54 s, before flipping and 62 s, after flipping).
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spectral assignments revealed that the axial conformation of
CHT was favored in our experiments. The above results
suggested favorable interaction of the aromatic π-cloud and
AgNP surface in p-MBA and BT as a triggering factor for
molecular flipping, which was absent in CHT. The above-
mentioned time-dependent SERS performed on p-MBA, BT,
and CHT also suggested that the distinct change in the
molecular orientations is due to collective transition in
adsorbates and not due to a discrete transition in the surface
states.

■ CONCLUSIONS

In conclusion, we have studied real-time SERS of thiolated
molecules (p-MBA, BT, and CHT) using the AESD RS
technique to understand the early events happening in such
molecules upon interaction with soft-landed AgNPs. Time-
dependent SERS analysis revealed that COO− of p-MBA
transformed its orientation from a flat to a two-legged
standing-up geometry with time along with a tilting in the
phenyl ring orientation. The time required for such flipping
and extent of orientation change depended on the concen-
tration of analytes. It was found that the time of flipping was
∼56 s for 1 μM and ∼96 s for 10 μM. To better understand
the principal reason behind this phenomenon, we extended our
analysis to BT and CHT, possessing different functionalities.
SERS intensity maps of these two thiols suggested that π-
electrons of the phenyl ring and their interactions with the NP
surface play crucial roles in the flipping of orientation, which
was further confirmed from the analysis of FWHM of SERS
peaks. This work shows a promising direction toward the
determination of orientation of analytes at their early stages of
adsorption over NP surfaces, which will be widely useful in
applications like catalysis and sensing.
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Experimental details on SERS spectral collection using AESD RS 

Description about AESD RS set up has been discussed in the experimental section of the 

main manuscript (AESD RS set-up). We electrospray AgNPs on the analyte drop-casted on 

ITO glass surface until SERS signal from analyte starts appearing. In all experiments, we 

observed that roughly 30-40 s of ES of AgNPs was required to get signals from analytes. We 

positioned the conducting surface of ITO in such a way that the tip of the silica capillary 

faced the surface and the laser was falling from the exactly opposite side. We started SERS 

signals collection even before switching on the ES. Then, we switched on the high voltage for 

ES. We did not observe any signals from analyte till 30-40 s of ES of AgNPs. As soon as we 

observed the signal from analyte, ES was switched off and spectral collection was continued 

for 5 minutes (300 s). For real-time SERS spectra collection, an accumulation time of 0.3 s 

was used throughout all the measurements. Every second spectrum was collected with a time 

gap of 1s. All the experiments were repeated for three times to check the reproducibility of 

the results. 
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Figure S1. Characterization of silver nanoparticles (AgNPs). (a) UV-Vis spectrum of as 
synthesized AgNPs; TEM images of AgNPs before ES (b) and after ES (c); DFM images of 
AgNPs before and after ES (d and f); plasmonic scattering spectra of three differently colored 
NPs (before ES and after ES) are shown in e. The spectra before ES are shown as dotted lines 
and those after ES are shown as full lines. 

 

 

Figure S2. Time-dependent SERS waterfall plot of 10 μM p-MBA in the case of 
electrosprayed AgNPs, showing variations in the intensities of SERS signals.  
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Figure S3. Real-time SERS spectra of 10 μM p-MBA mixed with AgNPs (1:5) kept for 2 h 
for equilibration.  

 

 

Figure S4. SERS spectra of citrate-capped AgNPs (blue) and p-MBA (red) interacted with 
citrate-capped AgNPs after ES.   
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Figure S5. Gaussian fitting of ν8a phenyl ring (a, b) and v(COO-) (c, d) peaks of 1 μM p-
MBA at two different time (a, c) 54 s and (b, d) 62s. (All peaks were fitted using multiple 
Gaussians, and the fitted peak is denoted as cumulative fit in all the cases) 

 

 

 

Figure S6. Gaussian fitting of 1 μM CHT peak at two different times, (a) 54 s and (b) 62 s. 
(All peaks were fitted using multiple Gaussians, and the fitted peak is denoted as cumulative 
fit in all the cases) 

 

Figure S4. Gaussian fitting of 01uM p-MBA peak at two different time (A,C) 54s and (B,D) 62s.
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Table S1. Vibrational band assignments of p-MBA 

 

 

 

Table S2. Vibrational band assignments of BT 

 

 

 

 

 

 

 

Peak Position (cm-1) Assignments(1-2)

717
ɣ(CCC)

(aromatic)

842 δ (COO-)

910 (Absent) δ (CSH)

1013 Ring deformation

1078-1086 v12 (ring)

1136 13 ß (CCC) + v (C-S) + v (C-COOH)

1186 δ (C-H)

1375-1380 vs (COO-)

1586 v8a (ring)

Peak Position (cm-1) Assignments(3)

986 12(a1), ßCCC

1035 18a(a1), ßCH

1072 1(a1), ßCCC + vCS

1223 9a(a1), ßCH

1280 3(b2), vCC

1361 14(b2), vCC

1579 8a(a1), vCC
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Table S3. Vibrational band assignments of CHT 
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Peak Position (cm-1) Assignments(4-5)

352 δ (C-S) 

510 Ring deformation

711 ν (C-S)

849 Ring stretch

988 δ (CH2) rocking

1024 ν (C-C) 

1077 δ (CH2) twisting

1186 δ (CH2) wagging

1258 δ (CH2) wagging
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ABSTRACT: In this article, a unique covalently linked aminoclay substrate,
grafted with β-cyclodextrin (AC-CD), was prepared to entrap luminescent silver
nanoclusters. Chemically synthesized aminoclay (AC) sheets grafted with β-
cyclodextrins (β-CDs) were used to develop a supramolecular entity. Here, we
grafted β-CD onto aminoclays using cyanuric chloride as a linker. The AC-CD
material was thoroughly characterized using Fourier transform infrared spectros-
copy (FTIR), powder X-ray diffraction (PXRD), and transmission electron
microscopy (TEM). The grafting ratio of β-CD onto AC-CD was determined
using the phenolphthalein inclusion protocol. The as-prepared functionalized clay
(AC-CD) is an effective and attractive material for entrapping a luminescent silver
chalcogenide cluster stabilized by 4-(t-butyl)benzyl mercaptan (Ag56Se13S15@
SBB28 shortened as Ag2Se@SBB). The cluster AC-CD (AC-CD∩Ag2Se@SBB)
supramolecular nanocomposite is based on specific host−guest interactions
involving β-CD of AC-CD and SBB of a silver cluster. Entrapment of the cluster into the β-CD cavity was verified using optical
absorption, luminescence spectroscopy, XRD, and TEM. The entrapment resulted in enhanced luminescence and stability of the
cluster. Such a dispersible nanocomposite system exhibiting intense luminescence will be useful in creating novel materials for
various applications such as sensors, optoelectronic devices, etc.

■ INTRODUCTION

Atomically precise metal nanoclusters (NCs) are an emerging
class of materials and have attracted tremendous attention due
to their unique physical and chemical properties.1−3 NCs
having a core size <3 nm possess exceptional geometric and
electronic structures and exhibit intriguing properties such as
strong photoluminescence, high catalytic activity, facile surface
tailorability, and good photostability, which are different from
bulk nanoparticles, with diameter >3 nm. Manipulating such
functional materials is an important aspect of nanocluster
chemistry.4−12 In view of their exciting properties and
applications, a large number of differently sized clusters of
noble metals (Ag and Au) have been synthesized although
those of silver are of poor stability. Therefore, synthetic
modifications are needed to increase the stability of NCs.
Mixed chalcogenide silver clusters or alloy NCs composed of
more than two metals have gained research interest in recent
years.4−6 Alloying could increase their stability and photo-
physical properties, which opens up a broader window for their
applications.7 Hybrid nanocomposites have received attention
in view of their simple preparation, lightweight, mechanical
strength, flexible behavior, layered structures, etc.13−15 Nano-
clusters can also be incorporated in scaffolds such as polymers,
2D materials, etc., and such materials exhibit different physical
properties due to additional influences of the matrix on their

electronic structure.16−18 The important features observed in
such clusters are greater stability, strong luminescence, etc.,
which occur when these clusters are anchored on suitable
supports.19−21 Consequently, such materials are used in
fluorescence bioimaging including that of cancer cells, along
with the detection of analytes such as ascorbic acid (AA),
dopamine (DA), and uric acid (UA).17,18 For a wide range of
applications, there is a need to use tailored or functional clays
as supports that would be highly dispersible in water.
One such scaffold is aminoclay (AC). It is a tailored

organoclay having smaller micron-sized pieces of single clay
sheets, which have a 2:1 trioctahedral phyllosilicate structure
(also known as T-O-T structure).22,23 In this structure, two
tetrahedral aminopropyl-functionalized silica sheets sandwich
octahedral brucite sheets on both sides by covalent bonding to
give an approximate unit cell composition formulated as
[H2N(CH2)3]8Si8Mg6O16(OH)4.

23 It is protected with amine
groups on both sides and is prominently water-soluble. AC has
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multifaceted applications and is utilized for the stabilization of
metal NPs,24 catalysis,25,26 light harvesting,27 drug delivery,28,29

energy devices,30 and many other applications. It forms
nanocomposite hydrogels and films with suitable polymers
and macromolecules by acting as a cross-linker.31 The terminal
amine groups in AC can be functionalized with various
chemically reactive species. One such functionalization can be
performed with cyclodextrins (CDs), resulting in CD-
functionalized AC, labeled as AC-CD. CDs are cyclic
oligosaccharides, consisting of glucopyranose subunits joined
together by α-1,4 glycosidic bonds. Typical cyclodextrins
contain several glucose monomers ranging from six to eight
units in a ring and are known as α-, β-, and γ-cyclodextrins,
respectively. CDs have a hydrophobic (lipophilic) central core
cavity with hydrophilic outer surfaces.32 They can form
molecular inclusion complexes with hydrophobic compounds
of suitable molecular sizes.33−35 CDs enhance stability,36

solubility,37,38 bioavailability,39 functionality,40−42 and con-
trolled release of the guest molecules43,44 and are being used in
food,45,46 essential oils,47−49 cosmetics,50 pharmaceuticals,51−53

and agrochemicals.54,55

Recently, we have reported supramolecular interactions
between atomically precise clusters and cyclodextrins using
specific host−guest interactions.21,56,57 Strong inclusion
interactions between the inner cavity of cyclodextrin and
ligand molecules have been probed experimentally using
various spectroscopic techniques and have been further
analyzed by density functional theory calculations and
molecular modeling.
In this work, we have prepared AC-CD∩Ag2Se@SBB

through functionalized CDs, where Ag2Se@SBB is an atomi-
cally precise silver chalcogenide cluster and ∩ symbolizes an
inclusion complex (Ag2Se@SBB included in AC-CD is
symbolized as AC-CD∩Ag2Se@SBB). A mixed chalcogenide
silver cluster has been used because of its good stability and
efficient luminescence compared to silver clusters. In our
approach, we have derivatized AC, first, with CD so that the
clay surfaces are effectively functionalized with CDs, rendering
them receptive to entities such as the 4-(t-butyl)benzyl group,
which protects the cluster core. Such incorporation enhances
the luminescent property of the cluster. These materials are
likely to be biocompatible as both aminoclays and CDs have
this property and may be useful for many applications.

■ EXPERIMENTAL SECTION
Materials. All chemicals were of analytical grade and were

used without further purification. Silver acetate (CH3COOAg),
4-tert-butylbenzyl mercaptan (BBSH), Se powder (100 mesh,
99.5%), octadecene (ODE, 90%), and 3-aminopropyltriethox-
ysilane (APTES) were purchased from Sigma-Aldrich. Sodium
hydroxide (NaOH), sodium bicarbonate (NaHCO3), tetrahy-
drofuran (THF), and cyanuric chloride (CC) were purchased
from Rankem. Magnesium chloride hexahydrate (MgCl2·
6H2O; 98%) and toluene were obtained from Merck (India).
Absolute ethanol (99.99%) was purchased from Changshu
Hongsheng Fine Chemicals (China). Glassware used was
cleaned thoroughly in aqua regia, rinsed with distilled water,
and dried in an oven prior to use. Millipore deionized water
(∼18.2 MΩ) was used, wherever required.
Methods. Synthesis of Aminoclay (AC). Aminoclay (AC)

was synthesized by previously reported methods.22,23 In a
typical procedure, magnesium chloride (2.52 g, 10.86 mmol)
was dissolved in ethanol (60 mL). To this ethanolic solution of

magnesium chloride, 3-aminopropyltriethoxysilane (3.9 mL,
17.55 mmol) was added dropwise, resulting in the formation of
a white slurry. This mixture was kept on stirring for 36 h, and
the solution was centrifuged at 5000 rpm. The white
precipitate obtained was washed several times using ethanol
(150 mL) to remove the unreacted moieties. The pure product
was dried at room temperature for 12 h and then ground to
obtain the product in a powder form.

Synthesis of Monochlorotriazinyl-β-cyclodextrin (MCT-β-
CD). MCT-β-CD was synthesized as per the conventional
method.40,58 In this case, 5.50 g of cyanuric chloride was
dispersed in 30 mL of cold water using sodium dodecyl sulfate
(SDS) as an emulsifier and the solution was kept on stirring at
0 °C. To this, 12 mL of sodium hydroxide (5 mol L−1) was
added dropwise to adjust the pH around 8. Then, 11.35 g of β-
CD solution was gradually added to the above solution and the
reaction mixture was kept on stirring for 24 h at 10 °C
overnight until a transparent solution was obtained. To this, 10
mL of acetone was added for precipitation, desalted by 2 mL of
DMF, and again precipitated by 10 mL of acetone. The
product was obtained in a powder form by drying at 40 °C.

Synthesis of Cyclodextrin-Functionalized Aminoclay (AC-
CD). Initially, 3 wt % AC solution was activated using 0.02 w/w
NaHCO3 and was kept on stirring for 1 h. To this solution, 1
wt % MCT-β-CD was gradually added and stirred for 24 h at
room temperature. The reaction mixture was centrifuged, and
the precipitated product obtained was washed several times
with ethanol. The final purified product in powder form was
obtained by freeze-drying. The weight percentage of AC,
sodium bicarbonate concentration, temperature, and reaction
time effectively influence the β-CD grafting ratio. The reaction
conditions optimum for the synthesis of higher inclusion ratio
of β-cyclodextrin-grafted aminoclay (AC-CD) were achieved.

Synthesis of Luminescent Ag56Se13S15@SBB28 (Ag2Se@
SBB) Nanocluster. The Ag2Se@SBB cluster was synthesized
by an already reported method by our group.59 CH3COOAg
(0.1 mmol) and BBSH (4 mmol) were added to 5 mL of ODE
in a 100 mL three-necked round-bottomed flask under argon
(Ar) flow at 60 °C. Ar purging was continued for 30 min at this
temperature. Then, the reaction mixture was heated to 90 °C,
the Se powder (0.05 mmol) was added to this mixture under
constant stirring, and the reaction was continued for 2 h. The
reaction mixture was then cooled to room temperature and
purified by washing with methanol and subsequent centrifu-
gation. The Ag2S nanocluster was stable for a week at room
temperature, and this stability was enhanced to more than a
month by keeping at low temperatures (4 °C).

Synthesis of Atomically Precise Clusters in Cyclodextrin-
Functionalized Aminoclay (AC-CD∩Ag2Se@SBB). Native
Ag2Se@SBB (2 mg) was dissolved in 3 mL of THF/H2O
(3:1) solution, and to this, AC-CD (5 wt %) solution was
added. Both the cluster and composite were dispersible in 3:1
THF/H2O. The mixture was sonicated for about 10 min. The
reaction was allowed to proceed with continuous stirring for 3
h at room temperature with intermittent sonication for 1 min
every 30 min intervals. The final product AC-CD∩Ag2Se@SBB
hybrid nanostructure was repeatedly washed, purified by
decantation, and then dried. Further, the reaction product
was washed with ethanol to remove any unbound AC-CD, AC,
and CD.

Characterization. Ultraviolet−visible (UV−vis) spectra
were measured using a PerkinElmer Lambda 25 instrument in
the range 200−1100 nm. Fourier transform infrared spectra

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://dx.doi.org/10.1021/acs.iecr.9b07018
Ind. Eng. Chem. Res. 2020, 59, 12737−12744

12738

pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.9b07018?ref=pdf


(IR) were recorded using a PerkinElmer Spectrum One
spectrometer. Powder X-ray diffraction (XRD) was recorded
using a Bruker D8 Advance X-ray diffractometer. Matrix-
assisted desorption ionization mass spectrometry (MALDI
MS) studies were conducted using a Voyager DE PRO
biospectrometry workstation (Applied Biosystems) matrix-
assisted laser desorption ionization (MALDI) time-of-flight
(TOF) mass spectrometer. The matrix used was trans-2-[3-(4-
t-butylphenyl)-2-methyl-2-propenylidene] malononitrile. The
electrospray ionization mass spectrometric (ESI MS) measure-
ments were done using a Thermo Scientific LTQ XL ESI MS,
within a mass range of m/z 100−4000. High-resolution
transmission electron microscopy (HR TEM) was conducted
to study the morphology using a JEOL 3010 ultrahigh-
resolution analytical electron microscope operated at 200 kV.
TEM samples were prepared as dispersions in ethanol, drop-
casted on carbon-coated copper grids, and then allowed to dry
at room temperature. Luminescence measurements were
carried out on a Horiba Jobin Yvon NanoLog spectrometer.
The slit width for excitation and emission was set at 2 nm.
Fluorescence decay profiles were measured using a time-
correlated, single-photon-counting spectrometer (Horiba Jobin
Yvon). A diode laser source (λex, 460 nm), having a pulse
repetition rate of 1 MHz, was used for excitation. The
instrument response function (IRF) for the 460 nm excitation
was 1.28 ns. The decay curves were collected at wavelengths
near to the emission maxima and analyzed with IBH DAS6
software with proper fitting. During fitting, the χ2 values were
adjusted within the valid range.

■ RESULTS AND DISCUSSION
Aminoclay is an exfoliated and sheetlike nanoclay, which
exhibits a low-angle reflection and is having a bilayer

arrangement of propylamino groups consistent with a d001
interlayer spacing of 1.6 nm.22 PXRD shows various reflections
at higher angles, viz., d020, 110 and d060. The d060 is a
characteristic reflection, which affirms the formation of 2:1

trioctahedral Mg-phyllosilicate (Figure S1). The planar layered
structure is supported by TEM images, which display
aminoclay sheets having lateral size in microns. Further,
aminoclay is grafted with β-CD, but native β-CD and
aminoclay do not show any kind of interaction with each
other. For the interaction to occur, β-CD is functionalized with
a monochlorotriazinyl (MCT) group. MCT is known for its
capability to form covalent bonds with nucleophilic groups.
Monochlorotriazinyl-β-cyclodextrin (MCT-β-CD) is synthe-
sized by reacting β-CD with cyanuric chloride, and their
interaction is analyzed by FTIR and ESI MS. The FTIR spectra
of β-CD, cyanuric chloride, and MCT-β-CD are compared in
Figure S2. In the case of MCT-β-CD, the stretching between
1500 and 860 cm−1 is characteristic for β-CD. The stretching
frequency of 1464 cm−1 is attributed to the CN bond, and
the stretching at 810 cm−1 corresponds to the C−Cl bond of
cyanuric chloride. The additional peak at 1580 cm−1 confirms
the ester bond formation, which binds the triazine ring of
cyanuric chloride with β-CD. ESI MS of MCT-β-CD is also
performed, exhibiting the peaks at m/z 1286.42 and 1308.42,
which correspond to the formation of a monosubstituted
product, and the peaks at m/z 1436.16 and 1459.32 are
assigned to the formation of a disubstituted product. This
indicates that β-CD has been functionalized by MCT.
Aminoclay is then grafted with MCT-β-CD by substituting

the chlorine atom with the −NH2 group of the aminoclay. The
grafting of MCT-β-CD onto the surface of aminoclay is
verified by FTIR, XRD, and TEM studies (Figure 1). FTIR
spectrum of aminoclay shows the characteristic peaks at 3425,
1630, 1145, and 1037 cm−1. The peaks at 1630 and 2017 cm−1

correspond to the primary amine group and its protonated
form. The −NH2 group of the aminoclay reacts by substituting
the chlorine atom of MCT-β-CD (Figure 2). The IR spectrum
of the aminoclay conjugated with MCT-β-CD (AC-CD)
shows the disappearance of the primary amine peak at 1630
and 2017 cm−1. The spectrum of the AC-CD possesses peaks
attributed to MCT-β-CD and also due to aminoclay. The
peaks at 560, 863, and 1750 cm−1 are the characteristic bands
for MCT-β-CD, and the peak at 1037 cm−1 corresponds to the
Si−O−Si stretching of the aminoclay.
Powder X-ray diffraction analyses of AC and AC-CD were

carried out to investigate the extent of exfoliation in AC, and
the results are presented in Figure 1B. The XRD pattern of
AC-CD exhibits a change in peak position in the low-angle
region. The diffraction peak corresponding to the d001 plane
shifts from 6° in AC to 5.25° in AC-CD. This decrease in the
XRD peak position of the β-CD-grafted aminoclay can be
related to the increase in the interlayer spacing. The
functionalization of AC with β-CD changed the XRD profile
significantly from amorphous to crystalline, which is evident
from the disappearance of the broad hump at a 2θ value of
22.30° and appearance of sharp diffraction peaks at 2θ ∼ 17.30,
26.50, and 29.25°. This could be due to the grafting of β-CD
onto AC, which leads to the exfoliation and intercalation of β-
CD onto the sheets of aminoclay, which results in the ordered
arrangement of the AC-CD hybrid material, thereby increasing
crystallinity.
TEM images of AC-CD in Figure 1C,D show morphological

features and reveal the precise and sharp sheetlike structures.
The close assembly of functionalized clay layers emerges due
to the chemical interaction of hydroxylated edges between
adjacent layers. The functionalization of aminoclay with β-CD
does not distort the layered sheet structure.

Figure 1. (A) FTIR spectra of (i) MCT-β-CD, (ii) aminoclay, and
(iii) AC-CD. (B) XRD pattern of (i) aminoclay and (ii) AC-CD with
the inset showing the expanded view in the low-angle region
corresponding to the d001 position. (C, D) TEM images of AC-CD.
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Grafting Ratio of β-CD. β-CD is known to form an
inclusion complex with phenolphthalein, and this complexation
fades the pink color (Figure 3). The grafting ratio of β-CD was
measured by the phenolphthalein (PHTH) inclusion meth-
od.60 The PHTH molecule undergoes deprotonation in
alkaline media (above a pH of 8.2). This causes an opening

of the lactone ring of the molecule and results in an increase in
the delocalization of π-electrons, which changes its color from
colorless to pink. PHTH forms a host−guest inclusion
complex with β-CD. Binding of PHTH results in the
transformation of a pink-colored trigonal sp2-conjugated
system to a colorless tetrahedral sp3-lactonoid form (Figure

Figure 2. Schematic representation of entrapment of atomically precise clusters in cyclodextrin-functionalized aminoclay (AC-CD).

Figure 3. (A) Photographs of phenolphthalein solutions with increasing concentrations of AC-CD, β-cyclodextrin, and aminoclay. Color change is
observed for AC-CD and β-cyclodextrin. However, no change in color is seen in aminoclay-added solutions. (B) UV absorbance of PHTH/AC-CD
solutions with increasing AC-CD concentration. (C) Curves of absorbance vs concentrations of (i) β-CD, (ii) AC-CD, and (iii) aminoclay.
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S3).61 In the experiment on the grating ratio measurement, we
have taken a fixed amount of PHTH and different amounts of
AC-CD.
A freshly prepared solution of 0.1 mM PHTH in 0.02 M

NaHCO3 buffer was used for all of the measurements.
Different concentrations of AC-CD suspensions were mixed
with this PHTH solution, and the resulting mixtures were kept
for stirring overnight. An alkaline solution of PHTH exhibits
an absorption maximum at 580 nm, responsible for the pink
color of phenolphthalein (Figure 3A,B).

In the experiment on the grafting ratio measurement, we
have taken different amounts of AC-CD. With increasing
concentration of AC-CD, the intensity of the pink color
decreases as shown in Figure 3A. This is due to its
complexation with phenolphthalein. Accordingly, the absorb-
ance intensity at 552 nm decreases (Figure 3B). The decrease
in absorbance intensity with an increase in β-CD concentration
follows an exponential behavior, which yields a linear
relationship between ln(Abs of PHTH) and ln(β-CD
concentration) (Figure 3C). PHTH does not interact
electrostatically with aminoclay as aminoclay is positively
charged due to amine groups on its surface (Figures S4 and
S5). Thus, the amount of phenolphthalein anchored in the
cavity of β-CD is used to determine the weight percentage of
β-CD in AC-CD and the average grafting ratio of β-CD in the
AC-CD is 4.15 wt %.

Supramolecular Functionalization of the AC-CD
Composite with the Ag2Se@SBB Cluster. The supra-
molecular interaction between the Au25 cluster protected by 4-
(t-butyl)benzyl mercaptan (Au25SBB18) and CD yielding
Au25SBB18∩CDn (n = 1, 2, 3, and 4; ∩ represents supra-
molecular inclusion) was reported earlier by our group.57 To
further explore this kind of interaction, we have treated AC-
CD, having molecular recognition properties of cyclodextrin,
with the Ag2Se@SBB cluster to build a luminescent supra-
molecular structure. Ag2Se@SBB is a red luminescent cluster
protected with a 4-(t-butyl)benzyl mercaptan (SBB) ligand

Figure 4. (A) UV−vis absorption and (B) emission spectra of the cluster and AC-CD∩Ag2Se@SBB. (C) XRD pattern of (i) AC-CD, (ii) cluster,
and (iii) AC-CD∩Ag2Se@SBB. (D, E) TEM images and (F) photograph of AC-CD∩Ag2Se@SBB.

Figure 5. Time-resolved fluorescence decay profile of Ag2Se@SBB
and AC-CD∩Ag2Se@SBB in a 3:1 THF/H2O solution.

Table 1. Lifetime Values of Ag2Se@SBB and AC-CD∩Ag2Se@SBB

sample τ1 (ns) τ2 (ns) τ3 (ns) B1 B2 B3 χ2 average lifetime (ns)

Ag2Se@SBB 5.21 0.93 13.13 43.29 5.96 50.75 1.18 5.10
AC-CD∩Ag2Se@SBB 1.85 6.63 15.23 10.43 54.76 34.81 1.13 6.49
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and has been thoroughly characterized. This cluster displays
UV−vis absorption features at 445 and 570 nm as shown in
Figure S6A. From the MALDI MS of the cluster in negative
ion mode, a peak with m/z 12.5 kDa is observed similar to the
earlier report.59 The Ag2Se@SBB shows red luminescence with
an emission maximum at 625 nm, and the TEM image shows
that the cluster is monodisperse with an average size of 2 nm as
shown in Figure S6C,D. The schematic preparation of the AC-
CD∩Ag2Se@SBB supramolecular nanocomposite from AC-
CD and Ag2Se@SBB is shown in Figure 2. It can be seen that
the functionalization of AC with MCT-β-CD yields AC-CD
and its supramolecular self-assembly with the Ag2Se@SBB
cluster results in a highly luminescent AC-CD∩Ag2Se@SBB
nanohybrid. AFM images of AC-CD are shown in Figure S7.
The AC-CD∩Ag2Se@SBB nanocomposite is characterized

by UV−vis, PXRD, and TEM. UV−vis spectral features of the
nanocomposite show absorption bands at 447 and 573 nm,
which are blue-shifted by 2 and 3 nm, respectively, as
compared to the cluster (Figure 4A). This could be due to the
interaction of the cluster with AC-CD. This indicates that the
cluster features are retained in the nanocomposite. Photo-
luminescence (PL) of the cluster and cluster-embedded AC-
CD are measured in the solution phase using the following
concentration: 5 mg of the sample in 2 mL of the THF and
water 3:1 mixture. PL measurements are carried upon exciting
the samples at a wavelength of 440 nm. The luminescence
profiles of the native cluster and cluster-embedded AC-CD are
shown in Figure 4B. The emission spectra marked in black and
red correspond to the native cluster and cluster-embedded AC-
CD, respectively. The shapes of the emission curves are almost
similar having emission maximum at 625 nm; however, cluster-
embedded AC-CD shows higher emission intensity and is
about 1.4 fold higher as compared to that of the pristine
cluster. The origin of luminescence in a nanocomposite is from
the cluster as the native AC-CD is nonluminescent. Enhanced
luminescence in the nanocomposite could be due to the
encapsulation of the cluster in the CD cavities of AC-CD,
which provides a rigid support to the cluster and therefore
prevents nonradiative energy loss. The powder XRD patterns
of AC-CD, Ag2Se@SBB, and AC-CD∩Ag2Se@SBB are shown
in Figure 4C. The XRD pattern of the Ag2Se@SBB cluster
exhibits a broad peak and is similar to the reported one.59 The
powder XRD patterns of AC-CD∩Ag2Se@SBB show the
diffraction peaks characteristic of AC-CD. However, the low-
angle peak observed for AC-CD∩Ag2Se@SBB splits and gets
shifted to a low-angle range from 5.25 to 5.15° as compared to
AC-CD (inset of Figure 4C). These results suggest the
existence of a layered structure in the AC-CD∩Ag2Se@SBB
nanocomposite, which is supported by the TEM micrograph
(Figure 4D). TEM micrographs (Figure 4D,E) also show that
the cluster is dispersed in AC-CD∩Ag2Se@SBB. The cluster
gets incorporated only into the CD of the functionalized
aminoclay (AC-CD) as the 4-(t-butyl)benzyl group of the SBB
ligand on Ag2Se@SBB acts as a recognition site for a stable
host−guest inclusion complex with CD.57 The photograph of
powdered AC-CD∩Ag2Se@SBB shows red luminescence
under UV light (Figure 4F). A luminescent AC-CD∩Ag2Se@
SBB nanocomposite is obtained in bulk amounts.
Lifetime Studies. To study the photoluminescence property

of the AC-CD∩Ag2Se@SBB composite, photoluminescence
lifetime measurements were recorded using a Horiba Jobin
Yvon Fluorocube spectrometer in a time-correlated single-
photon-counting (TCSPC) arrangement with a 460 nm LED

having a pulse repetition rate of 1 MHz as the light source.
Photoluminescence lifetime curves were investigated by
studying the emission wavelength (λem 625 nm) at an
excitation wavelength, λex of 460 nm. Decay curves were
investigated by nonlinear least-squares iteration using IBH
DAS6 decay analysis software employing the following
equation

τ= −I t A t( ) exp( / )i i

where τi is the luminescence lifetime and Ai is the amplitude of
the corresponding decay.
Decay curves were fitted triexponentially and are shown in

Figure 5. Average lifetimes for the cluster and entrapped
cluster-based system (AC-CD∩Ag2Se@SBB) were found to be
5.10 and 6.49 ns, respectively, as shown in Table 1. The
emission expected from the hybrid material arises from the
sensitization of Ag2Se cluster sites, and these clusters possibly
occupy the host sites close to the surface of aminoclay and
cyclodextrin. Cluster interaction with AC-CD can also be
evaluated by lifetime measurements. There are significant
changes in the lifetime components, viz., τ1, τ2, and τ3. This
change suggests a different environment around the Ag2Se
cluster. This is further understood from the decay function τ3,
which contributes highest to the total average lifetime. A
higher lifetime decay component of the embedded cluster
(AC-CD∩Ag2Se@SBB) compared to the free cluster indicates
that the cluster moieties are highly protected to avoid cross-
relaxation and vibrational coupling with the SBB ligand.

■ CONCLUSIONS

In summary, the grafting of β-cyclodextrin onto the surface of
aminoclay was achieved. The as-synthesized AC-CD was
shown to be an effective and attractive material for the
functionalization of the clay with Ag2Se@SBB. The inter-
actions between AC-CD and Ag2Se@SBB resulted in enhanced
luminescence of the clusters. These supramolecular inter-
actions were studied in detail by various spectroscopic
techniques. We presented a methodology to functionalize
AC-CD with luminescent clusters and observed the enhance-
ment in the luminescence for the resulting nanocomposite
system. Interlayer spacing between AC-CD layers was
determined by various analytical techniques, such as XRD
and TEM, and was found to be sufficient enough to
accommodate the cluster in it. This material was highly stable.
We believe that this stable luminescent material will be useful
for various applications such as sensors, optoelectronic devices,
etc.
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Figure S1. XRD pattern of the aminoclay; inset: schematic and corresponding TEM image 

showing the layered structure. 
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Figure S2. (A) FTIR spectra of (i) β-CD (ii) cyanuric chloride and (iii) MCT-β-CD. (B) ESI MS 

of (i) β-CD and (ii) MCT-β-CD; inset: corresponding expanded view of ESI MS of MCT-β-CD. 

(C) Schematic procedure for the synthesis of MCT-β-CD 

 

 

 

 

 

 

 

 

 



3 
 

 

 

 

 

 

 

Figure S3. Binding of phenolphthalein to cyclodextrin results in the transformation of pink colored 

dianion of a trigonal sp2-conjugated system of phenolphthalein to a colorless lactonoid dianion 

form having a tetrahedral sp3 central carbon atom. 
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 Figure S4. (A) UV-vis absorbance of PHTH/CD solutions with increasing CD concentrations. 

(B) Calibration curve of absorbance and CD concentration 

 

 

Figure S5. (A') UV-vis absorbance of PHTH/AC solutions with increasing AC concentrations. 

(B') Calibration curve of absorbance and AC concentration. 
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Figure S6. (A) UV-vis of Ag2Se@SBB cluster (B) MALDI MS measured at threshold laser power 

in negative mode. (C) Emission spectrum of Ag2Se@SBB cluster. (D) TEM image of 

Ag2Se@SBB cluster. 
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Figure S7. AFM images of AC-CD 
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ABSTRACT: We report fullerene (C60 and C70)-induced aggregation of
atomically precise clusters, taking M25(SR)18

− (M = Ag, Au and −SR is a
thiolate ligand) clusters as an example. We show that dimers, trimers, tetramers,
and even higher aggregates of the clusters can be created by supramolecular
interaction with fullerenes. Adducts such as [{M25(SR)18}n(C60)]

n− (n = 1−5),
[{M25(SR)18}n(C60)n−1]

n− (n = 2−5), and [{M25(SR)18}n(C60)n]
n− (n = 1, 2, 3,

..., etc.) were formed, which were studied by electrospray ionization mass
spectrometry. Similar adducts with C70 were also observed. Structural insights
were obtained from molecular docking and density functional theory
calculations. Computational studies predicted the possibility of isomerism in
some of these adducts. Fullerenes linked multiple clusters, causing aggregation.
Fullerenes and clusters formed host−guest complexes in such assemblies. The possibilities of coassembly between the clusters and
the fullerenes were also studied in the solid state. The nature of adducts observed in the case of M25(SR)18

− was completely different
compared to the previously reported fullerene adducts of [Ag29(BDT)12]

3− (where BDT is 1,3-benzene dithiol), in which multiple
fullerenes were attached on the surface of a single cluster. Supramolecular aggregates formed in the case of M25(SR)18

− were
independent of the nature of the metal atoms (Ag or Au). This implied that for an appropriate geometry of the cluster weak
interactions with the ligands and ion-induced dipole interactions were more important in controlling the complexation compared to
the metallophilic interactions. Exploring the interaction of atomically precise clusters with fullerenes is important, as the resulting
adducts can show new properties such as isomerism, chirality, charge transfer, or enhanced optical properties.

■ INTRODUCTION

Monolayer protected atomically precise nanoclusters show
unique properties and find applications in numerous fields
including catalysis, sensing, energy, etc.1−9 These clusters show
molecular behavior which is reflected in their optical
absorption features. X-ray crystallography is widely used to
determine their structures.1,10−12 Such clusters are also
characterized by using mass spectrometry (MS).13,14 Mono-
layers of ligands, capping the metal core of the cluster, can
interact with other molecules. This has enabled the possibilities
of exploring supramolecular chemistry of such clusters.15−20

There can be intracluster and intercluster interactions that can
form different types of self-assembled structures. These
interactions play an active role in their packing in
crystals.16,17,21,22 Nag et al. reported that intercluster
interactions were responsible for polymorphism in the crystal
packing of [Ag29(BDT)12(PPh3)4]

3− (BDT is 1,3-benzene
dithiol and PPh3 is triphenyl phosphine) clusters.23 Zheng et
al. showed how the protecting ligands of Au246(p-MBT)80 (p-
MBT is a para-mercapto benzene thiol) formed different
patterns on the cluster surface.21 Intercluster interactions can
also result in aggregation of clusters. Dimers and trimers of
[Au25(SR)18]

− (−SR is a thiolate ligand) were observed in the

gas phase, which were favored due to the aurophilic
interactions between the clusters.24 Au25(SBu)18 (SBu is n-
butanethiolate) clusters were also found to be connected by
Au−Au bonds and exist as linear polymers in their crystal
structure.25 Recently, Hossain et al. reported one-dimensional
structures of Au4Pt2(SR)8 clusters which were also connected
via Au−Au bonds.26 Wen et al. reported one-dimensional
polymers of [Au7Ag9(dppf)3(CF3CO2)7BF4]n (dppf is 1,10-
bis(diphenylphosphino)ferrocene), which were connected
linearly via Ag−O bonds.27 Chakraborty et al. reported that
dimerization of clusters can also be induced by alkali metal
ions, as observed in [Ag29(BDT)12(PPh3)4]

3−.28 Wei et al.
further demonstrated that interaction of Cs+ with
[Ag29(BDT)12(PPh3)4]

3− modified its geometric structure by
stripping off the PPh3 ligands and induced the formation of
intercluster assemblies by arranging the clusters into one-
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dimensional arrays in their crystal lattice.29 Chandra et al.
reported self-assembly of water-soluble Au clusters into
spherical colloidal superstructures with high photocatalytic
activity and applications in bioimaging by utilizing the
interaction of the clusters with Sn2+ ions.30 Other cations
like Zn2+ were also used to study phenomena such as
aggregation-induced emission in Au clusters.31,32 Anionic
templates like CO3

2− were used to link Ag17S8 clusters into a
two-dimensional (2D) honeycomb-like structure.33 Nonappa
et al. reported the formation of spherical capsids and 2D
monolayer thick sheets of clusters which were formed due to
weak hydrogen bonding interactions.34 Apart from these,
aggregates of clusters were also created by covalent link-
ages.35−38 Such covalent bonding between clusters was
extended to create cluster-based metal−organic frameworks
(MOFs).39−41 Moreover, encapsulation of clusters into
common MOFs like ZIF-8 and ZIF-67 occurred due to
electrostatic interactions, and such hybrid materials found
application in CO2 conversion.

42

Recent studies are also focusing on the interaction of clusters
with other molecules like cyclodextrins (CD),43−46 full-
erenes,47 and crown ethers.48 Mathew et al. reported host−
guest complexes of Au25(SBB)18

− (SBB is 4-(t-butyl)benzyl
thiolate) clusters with CDs,43 and Nag et al. reported
supramolecular complexes of [Ag29(BDT)12]

3− clusters with
CDs.44 Chakraborty et al. studied the interaction between
[Ag29(BDT)12]

3− and fullerenes.47 In all these cases, the
complexes were primarily stabilized by weak supramolecular
forces.15 Co-crystallization of [Ag29(BDT)12(PPh3)4]

3− clus-
ters and crown ethers was also achieved.48 Such supra-
molecular complexes are particularly interesting due to the
additional properties that can be incorporated into the cluster
system due to the complexation with the heteromolecules.15,16

In most cases, such complexation enhanced the stability of the
clusters. Isomerism was observed in the host−guest complexes,
[Ag29(BDT)12∩(CD)n]3− (n = 1−6).44 Recently, Muhammad
et al. reported pilla[5]arene-capped silver clusters.49 The
pilla[5]arene macrocycles on the surface of the cluster were
available for taking part in further host−guest complexation
which modified the optical properties of the nanoclusters.49

Self-assembly of clusters has thus emerged as an effective way
to vary their optical and luminescence properties.50 Due to
such possibilities, studies on supramolecular chemistry of
atomically precise clusters have attracted researchers in recent
times.
Fullerenes are known to form numerous host−guest

complexes and can also bring in properties like super-
conductivity, metallicity, charge transfer, etc., in their hybrid
composites.51−53 Superatomic crystals containing inorganic
clusters and fullerenes are particularly important for studying
electron transport properties.54 Several such fullerene-contain-
ing superatomic crystals, e.g., [Co6Se8(PEt3)6][C60]2,
[Ni9Te6(PEt3)8][C60], [Cr6Te8(PEt3)6][C60]2, etc., have been
reported in the literature.55 However, studies of interaction
between ligand-protected noble metal clusters and fullerenes
are still limited. One of the reports showed that intercluster
compounds, [Au7(PPh3)7]C60·THF and [Au8(PPh3)8](C60)2,
were stabilized primarily by π−π, C−H···π, and Coulomb
interactions between the Au clusters and the fullerides.56

Earlier, we had reported supramolecular complexes of
[Ag29(BDT)12]

3− with fullerenes.47 The adducts,
[Ag29(BDT)12(C60)n]

3− (n = 1−9), were formed due to
weak supramolecular interactions. C60 molecules were captured

into appropriate cavities on the surface of the cluster. Thus, the
structure of the cluster played a significant role in controlling
host−guest complexation. These unfolded the possibilities of
studying the interaction of fullerenes with a variety of clusters.
Depending on the inherent geometry of the nanocluster, the
nature of the metal atoms, and the monolayer of the ligands,
the nature of complexation is expected to vary which can
produce a wide range of such cluster−fullerene complexes.
In this work, we investigated the interaction of C60 and C70

with two archetypical atomically precise clusters,
[Ag25(DMBT)18]

− (DMBT is 2,4-dimethylbenzene thiol)57

and [Au25(PET)18]
− (PET is 2-phenyl ethanethiol),10,58 which

have the same core structure but protected by different ligands.
Fullerene-induced aggregation of the clusters was observed in
both cases, and the nature of the complexation was
independent of the nature of the metal atoms. Fullerene-
mediated dimers, trimers, tetramers, and even higher
aggregates of the clusters were formed due to supramolecular
interactions between the cluster and the fullerenes. The
complexation was studied using electrospray ionization mass
spectrometry (ESI MS), and greater insights into the nature of
binding were obtained from collision-induced dissociation
(CID). We used molecular docking and density functional
theory (DFT) to predict the structure of the adducts. The
nature of adducts observed in the case of [Ag25(DMBT)18]

−

and [Au25(PET)18]
− was distinct, compared to that of the

fullerene adducts of [Ag29(BDT)12]
3−, reported earlier.47 In

the case of [Ag29(BDT)12]
3−, the surface of an isolated cluster

was functionalized by numerous fullerenes.47 In contrast, in the
case of [M25(SR)18]

− (M = Ag, Au), multiple clusters self-
assembled to form larger aggregates by interaction with
fullerene molecules. This study clearly reveals how a variety
of cluster−fullerene adducts can be created by choosing the
appropriate system of clusters and also how cluster aggregates
can be created by supramolecular interaction with hetero-
molecules.

■ EXPERIMENTAL SECTION
Materials and Methods. All the reagents used for the

synthesis of the clusters were commercially available. Silver
nitrate (AgNO3) was procured from Rankem, India. The thiols
2,4 -DMBT and PET were purchased from Sigma-Aldrich.
Sodium borohydride (NaBH4), tetraphenyl phosphonium
bromide (PPh4Br), tetraoctyl ammonium bromide (TOABr),
PPh3, and fullerenes (C60 and C70) were obtained from Sigma-
Aldrich. Chloroauric acid (HAuCl4·3H2O) was synthesized in
the laboratory starting from pure metallic gold (24 carat). The
solvents used, namely, methanol (MeOH), dichloromethane
(DCM), toluene, and acetone, were of HPLC grade.

Instrumentation. A PerkinElmer Lambda 25 UV−vis
spectrophotometer was used to measure the optical absorption
spectra. The ESI MS measurements were done using a Waters
Synapt G2 Si mass spectrometer. All the spectra were collected
in the negative ion mode. ESI MS measurements were done
using the following instrumental parameters: capillary voltage,
3 kV; cone voltage, 0; source offset, 0; trap gas, 8 mL/min;
source and desolvation temperature, 150 °C. A JEOL 3010
instrument was used for performing the transmission electron
microscopy (TEM) studies.

Synthetic Protocol of [Ag25(DMBT)18]
− Clusters.

[Ag25(DMBT)18]
− clusters were synthesized according to the

method reported by Joshi et al.57 About 38 mg of AgNO3 and
90 μL of the thiol, 2,4-DMBT, were dissolved in about 18 mL
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of a solvent mixture of MeOH and DCM (MeOH:DCM =
1:8) to allow the formation of yellow-colored Ag thiolates. The
reaction was maintained at 0 °C and was stirred at 900 rpm.
About 15 min later, ∼6 mg of PPh4Br, dissolved in ∼0.5−1 mL
of MeOH, was added to the reaction mixture. Next, about 2−3
min later, 15 mg NaBH4, dissolved in ∼0.5 mL of ice-cold
water, was added dropwise. Upon addition of NaBH4, the color
of the solution changed to brown. The reaction mixture was
stirred at 0 °C for about 8 h and then was kept in the freezer at
4 °C for about 2 days. Then, the crude mixture containing the
clusters was purified. First, the mixture was centrifuged, and
the precipitate was separated. Next, DCM was evaporated from
the supernatant, and the resulting solid was cleaned by washing
with MeOH. The solid cluster was then dissolved in DCM and
centrifuged. The purified clusters were then obtained in
powder form by removing DCM by rotary evaporation.
Synthetic Protocol of [Au25(PET)18]

− Clusters.
[Au25(PET)18]

− clusters were made by slightly altering an
already reported protocol.59,60 About 40 mg of the Au
precursor, HAuCl4·3H2O, was dissolved in ∼8 mL of THF
and mixed with 65 mg of TOABr. The solution was then
stirred for 15−20 min. After about 1 h, ∼68 μL of PET was
introduced into the reaction mixture under stirring conditions,
which caused the formation of Au thiolates. Next, about 40 mg
of NaBH4 (in ice-cold water) was added. Then the reaction
was kept under stirring for another 5−6 h to allow size-
focusing of the clusters. The clusters were then dried by rotary
evaporation followed by washing the dried cluster with MeOH.
Then, the pure clusters were extracted using acetone and
centrifuged, and the precipitate was discarded. The supernatant
containing the pure clusters was then vacuum-dried and stored
for further use.
Computational Details. Molecular docking was done to

determine the structure of the cluster−fullerene adducts. The

Lamarckian genetic algorithm in the Autodock 4.2 program61

was used for this purpose. The lowest energy structures
obtained from docking were further optimized using DFT.
DFT calculations were done using the grid-based projector-
augmented wave (GPAW) method.62,63 The Perdew−Burke−
Ernzerhof (PBE) functional64 was used in our calculations.
Double zeta plus polarization (DZP) was used as the basis set
in the linear combination of atomic orbitals (LCAO) method.
The crystal structure of Ag25(DMBT)18

− was used as the initial
structure57 for carrying out the computational work. The
binding energies (B.E.s) of the adducts were calculated by
deducting the free energies of the isolated clusters and
fullerenes from the total energies of the adducts by using the
following formula: B.E.adduct = Eadduct − (xEcluster + yEfullerene),
where x and y are the number of clusters and fullerenes in the
adduct, respectively. Eadduct, Ecluster, and Efullerene are the lowest
energies of the DFT-optimized structures of the adduct,
isolated clusters, and isolated fullerenes (C60/C70), respec-
tively.

■ RESULTS AND DISCUSSION

Supramolecular Interaction of Ag25(DMBT)18
− with

C60. [Ag25(DMBT)18]
− was synthesized according to the

method discussed above in the experimental part and further
characterized using UV−vis (Figure S1) and ESI MS (Figure
1Aa).57 As such data have been published before,57 we are
presenting only essential data in the main text. Ag25(DMBT)18
is referred to as X in the subsequent discussion. Fullerene
adducts of the cluster were prepared by mixing solutions of C60
(in toluene) and X− (in DCM). The parent cluster ion, X−,
appeared as a peak at m/z 5167 (Figure 1Aa), and its
theoretical and experimental isotopic distributions are
presented in the inset (c) of Figure 1A. The structure of the
cluster is shown in inset (b) of Figure 1A. The structure was

Figure 1. (A) (a) ESI MS of X−, (b) structure of X− (computed using coordinates from the crystal structure), and (c) experimental and theoretical
isotopic patterns of X−. (B) (a) ESI MS showing the adducts of X− and C60, (b) schematic showing an aggregate of X− with C60, and (c)
experimental and theoretical isotopic patterns of one of the adducts, [X3(C60)]

3− [X = Ag25(DMBT)18]. Color codes: gray, Ag; yellowish-green, C;
yellow, S; white, H; blue, fullerenes.
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optimized using DFT, with initial inputs from the crystal
structure.57 Upon addition of C60, several new peaks were
observed in ESI MS in the m/z range of 5250−6000 (see
Figure 1Ba), which corresponded to the cluster−fullerene
complexes. Detailed analysis of the peaks revealed the
composition of the adducts as [X4(C60)]

4− (m/z 5347),
[X3(C60)]

3− (m/z 5407), [X2(C60)]
2− (m/z 5527),

[X5(C60)3]
5− (m/z 5599), [X3(C60)2]

3− (m/z 5647),
[X4(C60)3]

4− (m/z 5707), and [X5(C60)4]
5− (m/z 5743).

The composition of some of these adducts may be generalized,
such as [Xn(C60)]

n− (n = 1−4) and [Xn(C60)n−1]
n− (n = 2−5).

Adducts with further higher values of n were not observed in
this case. Probably, such higher adducts were not stable due to
Coulombic repulsions between the clusters. The compositions
were determined by analyzing the m/z values, charge states,
and isotopic patterns of the peaks. The isotopic distribution of
the peak for one of these adducts, [X3(C60)]

3−, is presented in
the inset (c) of Figure 1B. The difference between the peaks in
the isotopic distribution is m/z 0.33, which confirmed a charge
state of 3−. The experimental isotopic distribution was
comparable to the calculated isotopic distribution of
[X3(C60)]

3−, which further confirmed its composition.
However, an important aspect to note is the drastic loss of
resolution of the adducts, in comparison to the parent cluster,
which is partly attributed to the higher charge state of the
adducts. ESI MS suggested the attachment of neutral fullerenes
to the cluster, but the nature of these adducts was completely
different compared to the ful lerene adducts of
[Ag29(BDT)12]

3−, reported earlier.47 In the case of
[Ag29(BDT)12(C60)n]

3− (n = 1−9), the fullerenes covered
the surface of a single cluster. For X−, in contrast, fullerene-
induced aggregation of the clusters occurred. Multiple fullerene
attachment to a single cluster was not observed in the case of
X−. The adduct [X2(C60)]

2− was a fullerene-mediated dimer of
the cluster. Similarly, the adducts, [X3(C60)]

3− and
[X3(C60)2]

3− , were trimers, and [X4(C60)]
4− and

[X4(C60)3]
4− were tetramers of the cluster. The peak at m/z

5887 was assigned as [Xn(C60)n]
n− (n = 1, 2, 3, ..., etc.).

However, due to the poor isotopic resolution of the peak, the
limiting value of n could not be determined accurately. A
schematic of aggregate formation between the cluster and C60
is presented in the inset (b) of Figure 1B. Optical absorption
showed a slight increase in the absorbance of the cluster upon
addition of C60 (Figure S2A), reflecting the effect of such
supramolecular complexation in solution. Additional scattering
of light by the particulates in the solution may have also
resulted in such a phenomenon. However, addition of C60 did
not show any significant effect on the emission properties of
the cluster (Figure S2B). The cluster−fullerene aggregates
were stable when stored under cold conditions at 4 °C, as
observed from their optical absorption spectrum, which was
almost unaltered even after 7 days (Figure S3).

CID Studies of the Fullerene Adducts of X−. We
performed CID to get further insights into the structure of
these adducts. The peak of the adduct, [X3(C60)]

3−, was mass-
selected and subjected to collision with Ar gas, confined in the
trap chamber of the mass spectrometer. Upon increasing the
collision energy (C.E.), stepwise loss of the cluster, X−, from
the adduct [X3(C60)]

3− (see Figure 2) was observed. The
fragmentation pathway is presented in Figure 2A. In the first
step, loss of X− from [X3(C60)]

3− resulted in the formation of
[X2(C60)]

2−. Upon increasing the C.E., further loss of X−

resulted in the formation of [X(C60)]
−. Finally, at higher C.E.s,

X− and C60
− were formed. C60

− was probably formed by
charge transfer from X− to C60.

47 Along with C60
−, X was also

formed in this charge transfer process, which being a neutral
species was not detected in ESI MS. The CID mass spectra
with increasing C.E.s are presented in Figure 2B, and expanded
views of the fragment peaks in the m/z range of 5000−6000 of
the corresponding spectra are presented in Figure 2C. At C.E.
of 2 also, some extent of fragmentation of [X3(C60)]

3− to
[X2(C60)]

2− was observed, as supramolecular adducts are weak

Figure 2. (A) Fragmentation pathway of the adduct, [X3(C60)]
3− [X = Ag25(DMBT)18]. (B) CID mass spectra of [X3(C60)]

3− and (C) expanded
views showing the products of CID in the m/z range of 5000−6000 at varying C.E.s of 2 (c), 10 (b), and 25 (a). C.E. is in instrumental unit.
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and fragmentation occurs even without any applied C.E. The
peak observed for Ag5(SR)6

− was due to the usual
fragmentation of the parent cluster.65 CID studies also revealed
the distinct binding modes of complexation of C60 and X−,
compared to that of the previously reported C60 adducts of
[Ag29(BDT)12]

3−.47 In the case of [Ag29(BDT)12(C60)n]
3− (n =

1−4), where the nanocluster surface was covered by fullerenes,
sequential loss of C60 was observed.

47 In contrast, in the case of
the adduct [X3(C60)]

3−, sequential loss of the clusters, X−, was
observed, and C60 was lost only in the final stages. This implied
that in the structure of [X3(C60)]

3−, C60 was probably
encapsulated by three clusters. CID of the other adducts like

Figure 3. (A) Lowest energy structure of the adduct, [X(C60)]
− [X = Ag25(DMBT)18], obtained from DFT. (B) Enlarged view of the interaction

between C60 attached on the cluster surface and the neighboring DMBT ligands.

Figure 4. Lowest energy structures of (A) [X2(C60)]
2− and (B) [X3(C60)]

3−. Two isomeric structures of [X4(C60)3]
4− are in (C) and (D) [X =

Ag25(DMBT)18].
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[X4(C60)]
4−, presented in Figure S4, also showed similar

fragmentation sequence. Also, at low C.E., [X4(C60)]
4− showed

extensive fragmentation to [X3(C60)]
3−, [X2(C60)]

2−, and [X]−

indicating that the smaller adducts like [X3(C60)]
3− and

[X2(C60)]
2− were probably fragments of the larger adducts.

Computational Studies to Determine the Structure
of Adducts of X− with C60. We carried out molecular
docking followed by DFT calculations to investigate the
structure of the adducts of C60 and X−. To determine the
lowest energy geometry of the adduct [X(C60)]

−, X− was used
as the receptor, and C60 was used as the free ligand in docking.
As molecular docking primarily considers the supramolecular
interactions, the lowest energy geometry of [X(C60)]

−,
obtained from molecular docking, was further optimized
using DFT to consider the electronic factors too. The lowest
energy structure of [X(C60)]

− (Figure 3A) showed that C60
was captured in a cavity on the cluster surface which was
enclosed by six 2,4-DMBT ligands. An expanded view of the
interactions between the six DMBT ligands and C60, attached
on the cluster surface, is presented in Figure 3B. DFT
calculations revealed a binding energy (B.E.) of −10.25 kcal/
mol for this adduct. Here, the major forces stabilizing the
complex were vdW interactions and C−H···π contacts between
the −H of −CH3 groups of the ligands and the π-system of
C60. Moreover, it is well-known that metal clusters can also
bind to fullerene surfaces.66 From Figure 3, it is clear that there
were strong contacts between the Ag atoms of the cluster and
C60, which contributed ion-induced dipole interactions to the
overall stabilization of the complex. Similarly, the structures of
the larger adducts were also determined. To determine the
structure of [X2(C60)]

2−, the lowest energy structure of
[X(C60)]

− was chosen as the receptor, and another X− was
chosen as the free ligand in docking. The lowest energy
geometry of [X2(C60)]

2− (Figure 4A) showed that C60
interacted with DMBT ligands of two clusters. Similarly, the
structure of [X3(C60)]

3− was obtained by docking [X2(C60)]
2−

with X−. The lowest energy structure of [X3(C60)]
3− (Figure

4B) revealed that C60 was indeed encapsulated by three X−

clusters. The surface of C60 was covered by the clusters, and as
the clusters remained exposed, they were the first ones to be
lost upon increasing C.E. during the CID experiments. The
B.E.s for the adducts [X2(C60)]

2− and [X3(C60)]
3− were −9.80

kcal/mol and −3.86 kcal/mol, respectively. The lower B.E. in
the case of [X3(C60)]

− may be attributed to steric factors and
an increase in repulsion between the negatively charged
clusters, which may reduce the favorable C−H···π interactions.
The structures of the heavier adducts, [Xn(C60)n−1]

n− (n =
3−4), were obtained only from molecular docking, due to the
computational cost involved in DFT. These structures showed
two isomeric possibilities in each case. The two isomeric forms
of the adduct, [X4(C60)3]

4−, are presented in Figure 4C and
4D, respectively, where the structure shown in Figure 4D
exhibited a greater extent of branching. Similar possibilities of
isomerism in the structures of the other adducts like
[X3(C60)2]

3− are presented in Figure S5. In the structures of
[Xn(C60)]

n− (n = 1−3) and [Xn(C60)n−1]
n− (n = 2−4), some

C60’s were enclosed by the clusters. However, equivalent sites
on the cluster surface were free and accessible for the capture
of more fullerenes which could further bind more clusters.
Thus, these assemblies could extend further, leading to the
formation of larger aggregates of such cluster−fullerene
complexes.

We further examined the possibilities of such aggregation in
the solid state by using TEM. Solutions of cluster−fullerene
complexes were drop-casted on TEM grids and examined.
TEM studies revealed that the cluster−fullerene adducts were
assembled into wire-like structures in the solid state (Figure
S6A,B), which was in accordance with the nature of the
complexation observed in ESI MS and the structures predicted
from theoretical studies. Self-assembly of individual nano-
clusters into such a dendritic network of micrometer
dimension was recently observed by Musnier et al. by
incorporating anisotropic surface charges on atomically precise
gold clusters.67 Here, fullerenes might also act as anisotropic
targets, leading to similar assemblies. However, under identical
conditions, the parent clusters also assembled into a mixture of
wire-like and sheet-like structures (Figure S6C,D). This
implied that probably fullerenes enhanced the formation of
the linear assemblies of the clusters, resulting in the formation
of uniform wire-like structures in the solid state. Specifically,
the ion-induced dipole interactions between the Ag atoms of
the cluster and C60 might have enhanced the nanowire
formation. However, the positions of C60 and the clusters in
the assemblies were not resolved from TEM. So, this aspect of
assembly formation in the solid state was not probed in further
detail in the current study.

Supramolecular Interaction of X− with C70. We further
investigated the interaction of X− with ellipsoidal-shaped C70.
The similar nature of adducts of C70 with X− was observed in
ESI MS. The adducts, [X4(C70)]

4− (m/z 5376), [X3(C70)]
3−

(m/z 5446), [X2(C70)]
2− (m/z 5586), [X5(C70)3]

5− (m/z
5670), [X3(C70)2]

3− (m/z 5726), [X4(C70)3]
4− (m/z 5796),

[X5(C70)4]
5− (m/z 5838), and [Xn(C70)n]

n− (m/z 6006), were
formed, as presented in Figure 5(a). Comparison of the

experimental and calculated isotopic distributions of one of
these adducts, [X3(C70)]

3−, is presented in the inset (b) of
Figure 5. We also performed molecular docking followed by
DFT calculations to determine the structure of [X(C70)]

−. The
lowest energy structure, obtained from molecular docking,
showed that C70 interacted at a similar site on the cluster
surface with its major axis oriented toward the cluster (Figure
S7A). The complexation was also stabilized by vdW, C−H···π,
and ion-induced dipole interactions. DFT revealed a B.E. value

Figure 5. ESI MS showing the adducts of X− and C70 is shown in (a).
Inset (b) shows the experimental and theoretical isotopic patterns of
one of the adducts, [X3(C70)]

3− [X = Ag25(DMBT)18].
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of −7.29 kcal/mol for the adduct, [X(C70)]
−. However, we

also constructed another isomeric structure of [X(C70)]
− with

the minor axis of C70 projected toward the cluster and
optimized it in DFT (Figure S7B). The B.E. in the case of this
isomer was −6.15 kcal/mol, which was slightly lower
compared to the B.E. obtained for the lowest energy isomer.
The lower B.E.s in the case of C70 compared to that of C60
revealed that larger-sized fullerenes allowed lesser interaction
in the case of X−. C70 also induced the formation of dendritic
assemblies of the cluster in the solid state (Figure S8), but
these assemblies were less uniform in their wire-like
morphology compared to that of the assemblies of C60.
Supramolecular Interaction of Au25(PET)18

− Cluster
with Fullerenes. We also tried to form similar adducts of
fullerene with Au25(PET)18

−,10,58,68 which has a core structure
similar to that of X− but protected by a different ligand.
Au25(PET)18 is referred to as Y in the subsequent discussion.
The Y− cluster was synthesized following the method discussed
in the Experimental Section and characterized by UV−vis and
ESI MS (Figure S9). Y− showed the parent cluster ion peak at
m/z 7393, as presented in Figure S9B. Upon addition of C60,
several new peaks appeared in ESI MS in the m/z range 7500−
8300, as presented in Figure 6. The fullerene adducts,

[Yn(C60)]
n− (n = 1−5), [Yn(C60)n−1]

n− (n = 2−5), and
[Yn(C60)n]

n− (n = 1, 2, 3, ..., etc.), observed in the case of Y−,
were similar to those observed in the case of X−. In order to
study the nature of complexation and interactions of C60 with
Y−, we calculated the structure of [Y(C60)]

− using a similar
approach used in the case of [X(C60)]

−. The lowest energy
structure of [Y(C60)]

− is presented in the inset (b) of Figure 6.
[Y(C60)]

− showed a B.E. of −12.33 kcal/mol which was
marginally higher compared to the B.E. of [X(C60)]

− (−10.25
kcal/mol). As the nature of complexation in the case of
[X(C60)]

− and [Y(C60)]
− was similar and independent of the

ligands or the metal atoms, ion-induced dipole interaction was
expected to be the major driving force behind this complex-
ation. Similar complexation of Y− with C70 was also studied
(Figure S10). Our results showed that for an appropriate

geometry of the cluster the complexation was independent of
the nature of the metal atoms (Au or Ag), and host−guest
complexation was primarily favored by the interaction with the
protecting ligands of the cluster and ion-induced dipole
interactions.

■ CONCLUSIONS
In summary, we demonstrated the assembly of atomically
precise clusters with fullerenes, C60 and C70. Taking
M25(SR)18

− (M = Ag, Au) clusters as our model systems of
study, we showed that fullerene-mediated dimers and trimers
and higher aggregates of the clusters were formed, and the
nature of complexation was independent of the nature of metal
atoms (Ag or Au). The complexation was favored due to ion-
induced dipole interactions between the metal clusters and
fullerenes and interaction between the protecting ligands of the
cluster and the aromatic surface of the fullerenes. Computa-
tional studies also supported the formation of such cluster−
fullerene complexes and also predicted the possibility of
isomerism in some of these adducts. The present study
revealed how variation in the structure of the cluster can
induce the formation of a variety of cluster−fullerene adducts.
The nature of adducts observed in the case of M25(SR)18

− (M
= Ag, Au) was completely different compared to the previously
observed adducts of [Ag29(BDT)12]

3− clusters,47 where
multiple fullerenes were attached to an isolated cluster. Also,
our work opens up a methodology to create aggregates of
clusters by supramolecular interaction with other molecules.
Exploring the interaction of a variety of ligand-protected noble
metal clusters with fullerenes can bring in more variation in the
nature of supramolecular adducts, which will help to create a
large family of such cluster−fullerene hybrid systems. Though
we have used clusters protected by hydrophobic ligands in this
work, these studies may also be extended to water-soluble
metal nanoclusters by using suitable phase transfer agents or by
using clusters and fullerenes with appropriate functionalization.
Moreover, dimers, trimers, and other aggregates with the
fullerenes were formed as a mixture in solution, and selective
formation of a particular adduct, containing a desired number
of clusters, could not be controlled. Future work will involve
separating these aggregates to study their physical and
chemical properties. The dimers and trimers may show a
change in their mechanical or optical properties. Conductivity
may also be observed in the fullerene-mediated aggregates of
the clusters. Moreover, the chemical properties of these dimers
and trimers may also be altered. These aggregates may behave
differently in interparticle reactions,60 compared to the
monomers of the clusters. Such cluster−fullerene complexes
may find applications in diverse fields such as optoelectronics,
solar cells, catalysis, etc.
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Figure S1. UV-vis spectrum of [Ag25(DMBT)18]-.  

 

 

Figure S2. (A) UV-vis and (B) emission spectra of the cluster-fullerene mixture at different 

molar ratios of mixing.  
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Figure S3. UV-vis spectra of the cluster-fullerene aggregates showing their stability up to 7 
days.  

 

 

Figure S4. (A) CID mass spectra of [X4(C60)]4- and (B) expanded view showing the products 

of CID in the m/z range 5000-6000 at varying C.E.s of 2 (d), 10 (c), 25 (b) and 35 (a) (SR = 

2, 4 - DMBT). 
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Figure S5. Two isomeric structures of [X3(C60)2]3- where (A) shows linear structure and (B) 

shows branched structure of the adduct. [X = Ag25(DMBT)18] 
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Figure S6. TEM image of assemblies of (A, B) [Ag25(DMBT)18]- cluster and C60 at 1:1 molar 

ratio of mixing and (C, D) [Ag25(DMBT)18]- cluster alone. B and D are higher magnification 

images of A and C, showing the cluster-C60 wires and cluster sheets, respectively. The 

concentrations of the solutions were ˜1 mM and the assemblies were studied in DCM-toluene 

mixture in both the cases.  
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Figure S7. DFT optimized structures of [X(C70)]- (X=Ag25(DMBT)18) with A) major axis 

and B) minor axis of C70 oriented toward the cluster.  

 

 

 

Figure S8. A) TEM image of the assemblies of [Ag25(DMBT)18]- and C70 and B) is a higher 
magnification image of the assemblies.  
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Figure S9. (A) UV-vis spectrum of [Au25(PET)18]-. Inset shows the structure of the cluster 

(modelled using the co-ordinates from its crystal structure). (B) ESI MS of Au25(PET)18
- 

cluster showing molecular ion peak at m/z 7393.  Inset shows the comparison of the 

experimental and theoretical isotope patterns of [Au25(PET)18]-. Color codes: orange: Au, 

yellow: S, yellowish green: C and white: H.  

 

Figure S10. ESI MS showing the formation of adducts of C70 with Au25(PET)18
- cluster. 

Expanded view of the adducts in the m/z range 7500-8300 is shown in the inset.  
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ABSTRACT: Sustainable nanotechnology has made substantial contributions
in providing contaminant-free water to humanity. In this Review, we present
the compelling need for providing access to clean water through nano-
technology-enabled solutions and the large disparities in ensuring their
implementation. We also discuss the current nanotechnology frontiers in
diverse areas of the clean water space with an emphasis on applications in the
field and provide suggestions for future research. Extending the vision of
sustainable and affordable clean water to environment in general, we note that
cities can live and breathe well by adopting such technologies. By
understanding the global environmental challenges and exploring remedies
from emerging nanotechnologies, sustainability in clean water can be realized.
We suggest specific pointers and quantify the impact of such technologies.
KEYWORDS: clean water, nanotechnology, desalination, atmospheric water harvesting, nanosensors, toxicity, smart water purifiers,
Internet of Things

Crowded, expanding cities in many parts of the world
are experiencing an increased demand for fresh water,
and planners are unclear as to how the water needs of

tomorrow will be met. In cities such as Bangalore, where data
are currently the most valuable commodity, we believe that a
data ecosystem could be created for water. Focus on water
availability is likely to create businesses, drive the economy,
and make the world breathe better. Taking a specific case,
India has just 4% of the global freshwater resources but ∼18%
of the world’s population. The country, which was largely
rural years ago, has en masse become urban in the past two
decades. The urban population has risen from 28% in 2000 to
33% in 2016.1 With a growth rate over 6% in gross domestic
product (GDP), the most populous countries, such as India
and China, are increasing their chemical, pharmaceutical,
agrochemical, automotive, petrochemical, semiconductor, and
many other outputs, which will eventually “enrich” our
ecosystem materially. Simultaneously, their rapidly declining
water resources will be burdened by unprocessed industrial
waste. The World Bank has predicted that achieving a growth
rate of 8% or above for India will be possible only with a
robust water management system.2 These emerging issues,
similar to those existing throughout the world, present a
complicated suite of problems that will require technological
advances, limits on usage, and collective wisdom, and
compassion in order to create sustainable solutions. For
instance, the control over carbon emissions by developed

countries is probably not the reason for the globe’s survival,
but the lack of development in less-developed countries is,
according to the Intergovernmental Panel on Climate Change
(IPCC).3 Sustainable economic and technological develop-
ment for all is needed, although acquiring a quality of life
comparable to the United States for the rest of the world
would require significant advances in treating, purifying, and
assessing toxicity in water. Clean water challenges are highly
interdisciplinary, and solutions therefore must cut across
boundaries of disciplines. Water in diverse forms is related to
climate, food, health, and many other aspects of life, including
its origin. The need for urgent, concerted action is clear from
just one observation: ca. 83% of freshwater species have
declined in the last 50 years.4 Water is and will continue to be
one of the most important interdisciplinary subjects of
research.
Recent advances in the field of nanoscience provide many

solutions to alleviate needs with regard to reducing scarcity or
removing contamination. For example, there are filters that
remove pesticides from drinking water using nanochemis-
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try.5−8 This technology had already reached over 7.5 million
people by 2016, when implementation data were last
collected, reducing pesticide levels from over 20 times the
safety standard to concentrations substantially below it (0.5
parts per billion, ppb, for all pesticides taken together).9 In
another example, a nanostructured material is able to remove
arsenic from drinking water affordably and the technology is
delivering clean water (CW) to about 1 million people each
day, providing hope for another 80 million or so in India, who
are affected by this problem.10−12 The government of India
has approved the technology for national implementation.

Such a solution does not require electricity and is affordable,
even for those living in the poorest parts of the world. Several
alternate solutions to address arsenic as well as other organic
and inorganic contaminants are available and are being
explored in various parts of the world. Alternate methods of
microbial disinfection, desalination, water harvesting, recy-
cling, contaminant sensing, and monitoring are debuting in
the marketplace. Scalability and massive implementation of
technologies is slow but encouraging. For example, the
prospects of nanotechnology (NT) for CW have enthused
many researchers, and numerous articles have been published

Figure 1. Schematic illustrating translation of materials from lab-scale to market. Innermost circle 1 indicates materials as building blocks;
middle circle 2 indicates reported phenomena using such materials; and outermost circle 3 shows products built out of research and their
commercialization to create a societal impact. Images containing 2-line ferrihydrite in circles 1 and 2 adapted with permission from ref 10.
Copyright 2017 John Wiley and Sons. Images involving holey MoS2 in circles 1 and 2 adapted with permission from ref 31. Copyright 2018
John Wiley and Sons. Image in yellow section of circle 1 adapted with permission from ref 32 under Creative Commmons Attribution 4.0
International License. Schematic showing graphene-CNT-Fe nanohybrids in circle 1 adapted with permission from ref 34. Copyright 2013
American Chemical Society. Image of a community-scale CDI machine in circle 3 adapted with permission from ref 36. Copyright 2018
Innodi Water Technologies Pvt. Ltd. Image of an atmospheric water generator in circle 3 adapted with permission from ref 37. Copyright
2019 VayuJal Technologies Pvt. Ltd.
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around the theme of NT and nanomaterials for CW
production and wastewater treatment.13,14 Among several
issues of relevance for developing affordable NTs for CW,
there are four principal points to be considered: (1) More for
less: As constituent materials reduce in dimension and reach
the nanoscale regime, their effective capacity to remove
contaminants increases due to additional derivatization of the
material to increase charge, solubility, affinity, etc. Properties
of relevance, such as the presence of active surface sites for
adsorption, enhanced adsorption enthalpy for specific species,
reactivity as a result of activation of specific chemical bonds,
size-dependent optical absorption, and emission, are being
explored today. All of these properties individually and
collectively make it possible to acquire more effective
scavenging capacity per unit mass of the material at the
nanoscale than the bulk material, making a purifier composed
of nanoscale material smaller and more affordable. (2)
Decreasing limits of contaminants: The World Health
Organization (WHO) set the upper limit on arsenic in
drinking water at 50 ppb in 1963,15 and the U.S.
Environmental Protection Agency decreased the limit to 10
ppb in 2002.16 A primary reason for decreasing contaminant
limits has been an enhanced understanding of the effects of
contaminants on human health. However, the limited
availability and high cost of remedial technologies have kept
governments from implementing these standards. Moreover,
the actual safe limit is expected to be further below the
present WHO limit. This is because the arsenic intake per
capita per day through drinking water is much higher than
that assumed by the WHO in the arsenic-affected tropical
regions of India due to unaccounted sources of arsenic intake,
such as food crops.17 In addition to India, South Asian
countries including Vietnam and Bangladesh,18−21 and Latin
American countries including Argentina, Bolivia, Chile, and
others including regions of the United States are also prone to
alarming levels of arsenic.21−23 In order to accomplish the
already prescribed limits, nanomaterials are essential. (3)
What are achievable levels of contaminant removal using
advanced materials? Single nanoparticles (NPs) have even
shown sensitivity to a few species of contaminants.24 Thus,
even at this level of contaminant concentration, several
materials are selective in removing them. (4) Special
properties: The unique properties of nanostructures, such as
atomically precise pores and thicknesses of desired dimen-
sions,25 controlled functionalities,26 maneuverability,27 etc.,
offer exciting possibilities for making CW.
In this Review, we discuss nanomaterials and technologies

that can be used for water treatment and sensing, highlighting
major challenges that need to be addressed through NT in
providing sustainable access to CW.

NANOMATERIALS AND NANOTECHNOLOGIES
THROUGH THE AGES
Throughout history and into the present, water filtration and
purification components are primarily made of carbon. Using
carbon in the form of wood charcoal for water purification
was practiced by Egyptians and Sumerians in 3750 BC.28

Activated carbon, introduced in the 1940s,29 and its various
modifications, including nanostructures such as carbon
nanotubes (CNTs), carbon nanofibers (CNFs), and gra-
phene-based materials have been exploited for treatment
through mechanisms such as adsorption, catalytic wet air
oxidation, membrane-based separation, and disinfection, and

also for sensing and monitoring.30 Metal and metal oxide NPs
have also been reported for adsorption, photocatalysis,
oxidation, disinfection, and sensing. Despite being an active
research area for decades, nanomaterials-based treatment and
sensing technologies are yet to occupy a large share of the
market due to unreliability in terms of sensitivity and
selectivity, higher cost, and field-level issues during operation.
Figure 1 illustrates applications of nanomaterials, such as,
MoS2 nanosheets for disinfection,31 CNF films for biocidal
activity,32 silver nanobrushes for atmospheric water harvest-
ing,33 graphene-CNT-iron oxide nanostructures,34 and
ferrihydrite for heavy-metal removal.10 These have reached
people in the form of affordable and easy-to-operate devices
such as filtration-incorporated hand pumps,35 desalination
units,36 and atmospheric water generators.37 We discuss the
future of nanomaterials that can be integrated into these
technologies to overcome the existing challenges.

DESALINATION

Nearly 40% of the global population resides within 100 km of
an ocean or a sea, rendering desalination a crucial solution to
water scarcity. Presently, there are 19,744 desalination plants
operating across 150 countries supplying 100 million m3 of
water per day to 300 million people globally.38 However,
desalination is still energy-intensive and hazardous to the
environment. It consumes 0.4% of the global electricity, that
is, 75 TWh per year and also produces 76 million tons of CO2
annually.39 Therefore, three major challenges for desalination
technologies are (1) high specific energy consumption (SEC),
(2) CO2 emissions from burning of fossil fuels, and (3)
negative impacts on marine ecosystems due to the discharge
of concentrated brine back into the sea. These challenges
propelled the development and commercialization of nano-
materials for respective desalination technologies. Desalination
technologies are either pressure-driven, temperature-driven, or
chemical-driven processes.

Thermal Desalination. Thermal distillation is a conven-
tional approach mainly used for treating water with a high
level of total dissolved solids (TDS; >45,000 mg/L).40

Thermal desalination processes such as multistage flash
distillation and multiple-effect desalination are energy
intensive (overall equivalent electrical energy consumption
of ∼15−30 kWhelec/m

3 for a power plant running at 30%
efficiency), costly (cost of produced water ∼0.52−1.75 US
$/m3), and hazardous to the environment (CO2 emissions
∼15−30 kg/m3 for standalone operation and 8−16 kg/m3 for
cogeneration operation).41 An emerging alternative process is
membrane distillation, integrated with carbon nanomateri-
als.42,43 As an example, a CNF-ceramic nanoporous composite
membrane, which has a 10 μm hydrophobic carbon fiber layer
with a minimum pore size of ∼30 nm on a ceramic substrate,
has shown greater than 99% salt rejection and 3−20 times
higher water flux than traditional polymeric membranes.44

Hydrophobicity of the CNF layer ensures smooth permeation
of water vapor across nanopores, and thermal conductivity
enables more than 80% recovery of the latent heat.
Thermal desalination plants running on solar and geo-

thermal energy sources are being explored. Also, the efficiency
of solar-powered thermal desalination is being enhanced by
improving the performance of solar concentrators by using
nanomaterials that have high photothermal conversion
efficiencies and energy storage.45 Nanofluids with extraordi-
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nary thermal conductivity and absorption-emission properties
have improved the performance of thermal collectors.46

Membrane-Based Desalination. Membrane-based sepa-
ration is adequate for treating water with TDS typically below
45,000 mg/L.40 Such technologies (RO, reverse osmosis;
forward osmosis, FO; electrodialysis, ED; nanofiltration, NF)
have gained immense commercial success due to their much
lower specific energy requirement (3−8 kWhelec/m

3), cost
effectiveness (0.26−0.54 US $/m3), and low CO2 release
(1.7−2.8 kg/m3 for seawater RO) into the atmosphere.39,41

RO has now surpassed thermal technologies in the
desalination market, replacing them as convention. The
membrane module is the most energy-intensive part of the
desalination process and constitutes nearly 71% (2.5−4 kWh/
m3 for seawater RO) of the SEC.47 While a majority of RO
systems have achieved an SEC of 2.3 kWh/m3, thermody-
namic limit stands at 0.76 kWh/m3, for a feed having a TDS
of 35,000, indicating scope for improvement. However, taking
into account an energy recovery of 50%, the practically
achievable SEC limit rises to 1.06 kWh/m3.48 Reduction in
recovery percentage can improve SEC, but will enhance
operational and capital costs. The next-generation membranes
should therefore focus to overcome the trade-off between
permeability and rejection and improve selectivity.
Among membrane materials, nanocomposite polymeric

membranes are commercially successful due to their low
cost and feasibility for large-scale manufacturing. Polyamide
membranes are widely used due to their high selectivity and
permeability compared to conventional cellulose acetate-based
membranes. Polyamide membranes are composed of an
extensively cross-linked nonporous polyamide layer supported
by a porous polysulphone layer at the bottom.49 Progress in
the development of membrane materials has been gradual, as
permeability and selectivity have to be counterbalanced and
fouling probability needs to be decreased. Nanomaterials
designed at the molecular level are essential for addressing
these challenges. In one such attempt, researchers created a
three-dimensional (3D)-printed polyamide membrane pre-
pared by layer-by-layer electrospinning in order to achieve
reduced thickness (minimum thickness ∼4 nm) to maximize
permeance and increased smoothness (roughness ∼2 nm) to
decrease the probability of fouling, while maintaining the
membrane’s strength.50

Membranes composed of aligned CNTs are suitable for
ultrafiltration. To improve their selective nature, CNT tips are
functionalized with zwitterionic species or aliphatic groups
such as carboxylic acids.51 Integration of CNTs with existing
membranes has rendered them superhydrophilic, improved
their permeation and solute rejection, increased their lifespan,
and led to better electrical and mechanical properties.52

Another promising class of materials includes graphene and
two-dimensional (2D)-derived frameworks that physically
separate undissolved solids at the nanometer scale.53 Lab-
scale results indicate up to 1000 times better permeability for
graphene compared to conventional thin-film composite
polymers as RO membranes.54 However, scaling remains a
challenge. Defect-free aquaporin-based membranes, prepared
by embedding bacterial aquaporin Z (AqpZ) into a chemically
and mechanically stable matrix of a block copolymer or a
unilamellar lipid, match the single-channel water permeability
coefficient of conventional polyamide membranes (5−36
molecules s−1 Pa−1).55 Aquaporin-based membranes can
potentially achieve a permeability of 601 L·m−2·h−1·bar−1,

exceeding the performance of commercial RO membranes by
2 orders of magnitude.56

Further, Kevlar aramid nanofiber (KANF)-based mem-
branes are an emerging category, constituted of nanoscale
form of poly(paraphenylene terephthalamide).57 Nanomateri-
als under this class are mechanically robust, flexible, tunable in
pore size, electrically conducting, and physically stable.
Membranes based on KANFs and their composites have
demonstrated over 96% rejection of Rhodamine B dye and Au
NPs (∼6 nm).58 They have also shown a desalination
efficiency of 99.7% for Na2SO4 by performing electrodialysis-
based ion separation at a constant voltage of 15.0 V.59

RO can also be made operationally efficient by improving
the quality of feedwater with FO pretreatment. Using FO in
concert with RO reduces the fouling probability of
membranes, decreases the consumption of chemicals used
for cleaning, and enhances recovery. However, RO-FO
hybrids are practical only above a threshold flux of 30 L/
m2/h.60 Therefore, FO membranes for achieving threshold
flux are being developed by incorporating nanomaterials to
improve hydrophilicity (TiO2, halloysite nanotubes, graphene
oxide, etc.), resulting in a faster transport of water molecules.
Loading metal−organic frameworks (MOFs) into existing
membranes has shown up to 72% improvement in the
permeability of pure water for FO desalination.61 Another
aspect of improvement lies in the fabrication process of
commercial polyamide membranes. Structural characteristics
of the film, such as, morphology, uniformity in chemical
composition, and roughness directly affect the membrane’s
performance.62−64 Polyamide thin-film composite membranes,
created by conventional interfacial polymerization technique,
offer a limited scope for optimization of permselectivity.
During polymerization, the ultrafast reaction between m-
phenylenediamine and trimesoyl chloride monomers causes
the system to quickly reach the gel point, thereby limiting any
further diffusion of the monomers. This creates selective layers
with high heterogeneity in depth and restricted control over
film thickness. It can be overcome by performing molecular
layer-by-layer deposition (mLbL) which results in relatively
smooth films, tunable at molecular level.65−67 Controllably
reducing film thickness helps to minimize pressure require-
ments, ultimately making RO energy efficient. Amidst these
advantages, there still remains the challenge of scalability and
limited throughput associated with mLbL techniques.68

Chemical Desalination. Of the chemical-driven desalina-
tion technologies (i.e., ion-exchange, liquid−liquid extraction,
and precipitation), the ion-exchange process is the most
commonly used. Ion-exchange uses only 7.2 MJ/m3 of specific
energy while producing CO2 below 0.7 kg/m3, compared to
RO, which uses 29.5 MJ/m3 of specific energy and emits 3.8
kg/m3 of CO2.

41 Ion-exchange processes are composed of ED
and capacitive deionization (CDI).
ED is among the most extensively researched and

commercially successful electromembrane desalination meth-
od at present. Oxide NPs (SiO2, TiO2), carbon nanomaterials
(e.g., CNTs, graphene-based nanomaterials), and Ag NPs,
zeolites, etc., are examples of nanomaterials that are
incorporated into ion-exchange membranes for ED to tune
properties such as surface area, ionic conductivity, tensile
strength, energy efficiency, thermal stability, etc.69 Fouling,
separation efficiency for different types of ions (monovalent,
divalent, etc.), lifetime, and eco-friendly routes of synthesis are
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current performance gaps of ion-exchange membranes that
need to be improved.
Discovered more than 50 years ago,70 capacitive deion-

ization is promising due to its relatively low input capital,
high-energy efficiency, scalability, and minimal maintenance
requirements, despite being limited by feedwater’s TDS and
by capacity. Therefore, variable capacity CDI units with
nanomaterials incorporated for effective treatment are
expected to be an emerging direction for desalination.
Currently, commercial CDI units are available for desalination
of brackish water (up to 3000 TDS).71 Further modification
of electrode materials has involved integration with ion-
exchange membranes (membrane CDI; MCDI), resulting in
up to 80% energy recovery during the regeneration step.72

Researchers have improved the porosity of CDI electrodes by
incorporating oxide NPs (TiO2, SiO2, etc.) and carbon-based
nanomaterials (CNTs, CNFs, graphene, etc.), leading to a
higher degree of hydrophobicity and enhanced surface area.73

The MCDI technology utilizing ion-exchange membranes
faces challenges of intermittent sequential operation, limited
adsorption capacity due to plate electrodes, and expensive
CDI cells, which are barriers in scaling up of the technology.
Substituting stationary electrodes with flow electrodes
consisting of suspended carbon powder in conventional
MCDI has enabled researchers to overcome the operational
limitation by eliminating the discharging cycle, enabling self-
regeneration, and improving the ion adsorption capacity,
providing practically unlimited surface area for ion adsorp-
tion.74,75

ATMOSPHERIC WATER HARVESTING
The earth’s troposphere contains approximately 1.42 × 1019

liters of water in the form of water vapor, and the world
population today is about 7.6 billion. Therefore, there is
nearly 1.8 billion liters of water available per person in the
atmosphere. Atmospheric water harvesting, thus, has vast
potential, even if only a miniscule fraction of this resource is
used. Note that the oceans of the planet were once dry and
were filled by rain.76 Thermodynamics suggests that for an
open water surface to attain maximum entropy and
equilibrium, water vapor above the surface has to attain
saturation, thereby causing replenishment through greater
evaporation. We note that excessive extraction of vapor locally
might affect the hydrological cycle negatively.
An early example of fog harvesting practice includes one in

1969 in Mpumalanga, South Africa, where two large (∼28.0 m
× 3.6 m) nets made from plastic mesh were used to harvest
fog water for South African Air Force personnel. These nets
harvested an average of 11 L/m2/day during the 15-month
interval from October 1969 to December 1970.77 In another
instance, implementation of fog collection took place in a
village named Chungungo in North Chile in 1987; 75 nets,
each of which were 12 m × 4 m in size, delivered an average
of 33 L of CW per capita per day to 330 villagers. Both of
these harvesters were passive as they did not require energy
input.
Alongside passive water harvesters, systems of active water

harvesting that require external energy to produce CW now
exist. Active harvesting mechanisms have been translated to
commercial atmospheric water generators (AWGs). These
AWGs extract moisture primarily by condensation or
adsorption mechanisms, or a combination of both. The
energy efficiency of AWGs (amount of energy consumed per

liter of water generated) renders them fit for regions with
relative humidity (RH) > 40%. Hence, AWGs have proven to
be a viable alternative in coastal regions where a lack of
sufficient resources has deterred the installation of desalina-
tion plants. However, they are inefficient when RH drops
below 40%.78 Efficient water-capturing mechanisms are being
developed and demonstrated by studying natural phenomena
and mimicking them at the micro- and nanoscale.
Identifying natural harvesting routes used by several plant

and animal species, understanding their harvesting mecha-
nisms, and mimicking them have helped scientists to create a
next generation of nanoengineered materials and structures
that harvest moisture and efficiently transport the condensed
water. Examples of a few successful mimics include those
inspired from the elytra of a Namib Desert’s beetle,79

Stenocara, spider’s silk,80 and banana leaf.81 Successful
mimicking of the surface structures of these species followed
by systematic water-harvesting experiments have led to a
better understanding of the science of dew condensation,
involving the nucleation of droplets and their coalescence and
subsequent transportation from the surface.82−86 Most
modern-day condensation-based AWG devices are partially
or completely based on the vapor compression refrigeration
cycle. Implementing nature-mimicking structures in existing
and future AWG devices will boost these devices’ ability to
operate efficiently, even in harsh, hot, and dry climatic
conditions. Micro−nano hierarchical structures have been
reported to be the most efficient in terms of offering a large
number of nucleation sites as well as fast coalescence and
transportation of the nucleated droplets from the surface.87,88

Sarkar et al. recently reported further advancement in this
direction with a harvesting efficiency of 56.6 L/m2/day at 87%
RH.33 We expect that the future of surface science and
engineering for atmospheric water harvesting will focus on
combining nanoengineered structures with unique wetting
gradients. Biomimicked structures can particularly help the
AWG market flourish in arid North African and Middle East
countries, specific regions of which are severely suffering from
water scarcity today. Stand-alone AWG systems working on
renewable energy sources should prove extremely valuable to
societies residing near coastal regions, where the atmosphere
is relatively rich in moisture and electricity costs are too high
to afford any other water-delivery solution.
Condensation being infeasible below 40% RH has

accelerated the development of materials for adsorption-
based harvesting. Conventional desiccants have low absorp-
tion capacities (silica gel and zeolites) and slow kinetics
(hygroscopic salts) or need energy-intensive regeneration
(polymers). An emerging class of MOFs offer high surface
area and tunable pore size and hydrophilicity. Their promising
performance (2.8 L/day at 20% RH corresponding to a kg of
Zr6O4(OH)4(fumarate)6) and unique sorption behavior have
shown potential for harvesting in deserts.89 However,
substantial work is required on optimizing thermodynamic
properties of MOFs and their variants, along with device
engineering, before field implementation. For a detailed
discussion on all aspects of atmospheric water harvesting,
readers are requested to visit ref 78.

AFFORDABLE NANOSENSORS AND CATALYSTS FOR
CLEAN WATER
Although conventional analytical methods such as high-
performance liquid chromatography (HPLC) and inductively
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coupled plasma mass spectrometry (ICP-MS) exist for lab-
scale testing, high cost, elaborate sample preparation, and
unavailability at point-of-use have been limiting factors for
their utilization. Nanomaterials are unique in their properties
such as optical absorption and emission, which are extremely
sensitive to surface functionalization and local environment.
These properties have been extensively used in sensing in the
context of CW.
An absorbed photon causes several consequences in a

semiconducting NP, most important is the creation of a free
electron and a hole, both of which can diffuse to the surface of
the particle and react with adsorbed water molecules.90,91 The
hole, therefore, can create an oxidizing species such as HO•

and the electron can form OH−, particularly for a hydrated
particle in water. Other similar species that can arise are O2

•−,
HO2

•, and O•, which also appear on hydroxylated particles. A
TiO2 NP generates reactive species upon photoirradiation,
creating an active reaction center that is regenerative in
nature, and it becomes the basis for efficient photocatalysis.
Consider the following example of photocatalytic sensing of a
dye, rhodamine B (RB), using NPs. RB is a contaminant
found in wastewater produced from the textile, dyeing, and
plastic industries, with proven effects of carcinogenicity, and
reproductive and neurotoxicity, thus posing a serious threat to
humans and animals upon reaching the groundwater and
other water bodies. Photodegradation of an aqueous solution
of 10−5 M tetraethylated RB in the presence of 100 mg of
TiO2 NPs in a 50 mL solution can be observed visibly upon
solar irradiation, with 560 nm light.92 The self-photosensitized
dye reaches an excited state upon visible light absorption,
enabling electron injection from the excited state of the dye to
the conduction band of TiO2. Adsorbed O2 on the TiO2
surface takes up the injected electron to form O2

•−.
Protonation of O2

•− forms HOO•, followed by further

reaction with a trapped electron to form HO•, which
ultimately leads to degraded products.
Researchers are actively investigating emerging materials

and their properties, such as luminescence and catalysis of
noble metal clusters, in the context of sensing. Atomically
precise clusters of noble metals are composed of a few tens of
atoms, with precise composition.93 One such example is
Ag29(BDT)12(PPh3)4

3− (where BDT and PPh3 are 1,3-
benzenedithiol and triphenylphosphine, respectively), which
is intensely luminescent in the red region of the electro-
magnetic spectrum.94 Luminescence, as in the case of
molecular systems, is extremely sensitive to the medium.
Such clusters may also be sensitive to the metal core because
they are reactive as well. The core, being accessible to ions
and molecules in the medium, makes this chemistry
fundamental to developing cluster-based molecular sensors.
The catalytic processes and their high reactivity can be used
for the destruction of refractory organics.
The luminescence of clusters can be enhanced by anchoring

them on plasmonic particles through a process called metal-
enhanced luminescence.95 This enhancement is also possible
by embedding clusters onto electrospun fibers.96 In both
cases, it is possible to detect and to quantify contaminants
such as mercuric ions down to a few ions, at the single-particle
or single-fiber level. Such sensor mats could make test strips
affordable for ultrasensitive detection. Figure 2 represents
illustrations of detection limits achieved using nanomaterials
such as tetraphenylethene-decorated cyclodextrins,97 NH2-
UiO-66/reduced graphene oxide composite,98 Nd2O3 nano-
rod-Ag thin-film assemblage,99 CdSe NP-modified TiO2
nanotubes arrays,100 and Au@(SiO2-FITC)@Ag15 meso-
flowers,24 and their corresponding properties.
Achieving higher sensitivity and creating a compact and

cost-effective sensor accessory will enable the integration of

Figure 2. Schematic of the limits of detection (LOD) achieved using nanomaterials. The rightmost part represents detection up to the
single-particle/ion level. Reprinted with permissions from ref 24. Copyright 2012 John Wiley & Sons; ref 97. Copyright 2016 American
Chemical Society; ref 98. Copyright 2019 American Chemical Society; ref 99. Copyright 2019 American Chemical Society; and ref 100.
Copyright 2014 American Chemical Society.
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such devices with smartphones and will facilitate point-of-use
applications. A geographical map of contaminants in water
could be possible, and it could potentially even be dynamic,
like weather maps. An affordable sensor put on all CW
sources and service lines will enable continuous monitoring
and rectification wherever needed, also verifying the
sustainability of the solutions. Upon linking sensors to
smartphones, a much-needed in-depth knowledge of global
and local water quality will be available as and when needed,
which will help to create a rapid action force solving water
quality issues. The data generated may provide direction to
water quality professionals and help to allocate resources for
every region, ensuring the availability of CW for all.

TOXICITY
The properties that make NPs useful and relevant in CW
applications can also make them objects of suspicion.101 Being
in the same size regime as biomolecules, NPs can mimic
biomolecules and enter biological systems, such as humans,
animals, and plant cells, or organelles. Coupled with the
possibility of appropriate functionalization, this probability
gets further enhanced. When polystyrene NPs (∼40 nm in
diameter) are adsorbed on medaka fish eggs (Oryzias latipes),
the NPs reach the yolk and gall bladder during embryogenesis.
Exposing an adult medaka to a 10 mg/L NP solution caused
NP accumulation in the gills and intestine, with NPs also
propagating to the liver, testes, and eventually to the brain
through the blood−brain barrier.102 In light of such findings,
NP release in the CW stream has to be controlled, particularly
when loose NPs are used in the process. Even in the case of
supported NPs, depending on the strength of anchoring, the
particles may get dislodged, especially in forced flow. It is also
possible for NPs to enter the medium when the surface
binding group or ligand is affected by external stimuli such as
light. For example, a hydroxyl radical can react by breaking the
bond between the particle and the anchoring ligand. One
approach to safety is to ensure that the NPs used are similar
to natural materials and that their bulk counterparts are
available in nature. The only point of concern will be whether
the NPs are released in the processed water stream.103

Evaluating the presence of free particles in water at low
concentrations may pose a challenge for measurement.
However, this challenge can be solved by understanding the
dynamics of release, which depend on factors such as water
chemistry, size of NPs, surface area, surface functionalization,
etc.104 Particle release may be evaluated using single-particle
ICP-MS to track decreasing particle diameters or increasing
constituent elements’ concentrations as a function of time.
One such study highlights the release of silver ions from silver
NPs in river and lake water, suggesting more than 80%
dissolution for smaller particles (<10 nm), while only 50%
dissolution for larger particles (50 nm), over a period of four
months.105

COMMERCIALIZATION, BUSINESSES, AND
INCUBATION
Globally, the water sector is too broad to estimate its net
worth. Over the years, nanotechnology-based businesses have
emerged in the CW sector to address global and local needs
(Table 1). As an example, a lack of freshwater in rural areas
has led to the development of rolling water purifying drums,
which purify the water collected from a distant place, as one
rolls it home.106 This local solution would prove extremely
valuable to people who walk long distances carrying cans of
water over their heads and shoulders. Such drums could
contain nanomaterials to enable purification during transport.
Later, an oil−water emulsion can be prepared by simple
agitation, and nanomaterials can be extracted by trapping
them at the oil−water interface.107 Such simple methods of
extraction suggest the possibility of using rolling water
purification for contaminant-specific treatment in a particular
area, by mixing with a specific nanomaterial.108,109

Several limitations still exist in the commercialization of
NTs for CW, including low governmental investment in and
lack of adequate focus on water-related research activities,
especially in developing countries. These limitations have
resulted in slow progress in the translation of developed
technologies. In many ways, this lack of progress is
understandable because water availability and associated issues
have been major challenges, and therefore investments for

Table 1. Nanotechnology for Clean Water: Status of Implementationa

technology umbrella/ref material problem addressed organization status

cost
(cents/
gallon)

adsorption/110 FeOOH arsenic IIT Madras commercial 0.14
adsorption/111 nanoalumina fibers submicron and colloidal particles, bacteria, viruses,

dissolved salts, endotoxin, pharmaceuticals
Argonide commercial 0.03

sorption/112 nanocellulose metal ions UPM-Kymmene Oy commercial −
adsorption and physical
separation/113

zeolite heavy metals and ammonia KMI Zeolite commercial −

FO/114 CNT-based
membranes

brines and several industrial salts Porifera commercial −

RO/115 CNT-based
membranes

dissolved salts NanOasis commercial −

FO and RO/116 Aquaporin water
channels

micropollutants, xenobiotics, organics Aquaporin pilot −

CDI/36 high surface area
carbon electrodes

dissolved salts and metals InnoDI and IIT
Madras

commercial 0.5

NF/117 hollow fiber
membrane

salts, heavy metals, toxic chemicals De Mem Ltd. and
NTU Singapore

pilot −

abiotic chemical reduction or
anerobic biodegradation/118

iron nanoparticles heavy metals, nitrates, phosphates NANOIRON commercial −

aOnly select technologies and solutions are listed, based on publicly available information. CNT = carbon nanotube; FO = forward osmosis; RO =
reverse osmosis.
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them took priority over research on CW. For example, $0.26
billion were allocated by the Indian government in 2017,
under the National Rural Drinking Water Program to provide
arsenic- and fluoride-free drinking water to 28,000 habitations
in India, which was about 0.007% of the GDP of the
country.119 While allocation to the drinking water segment
declined from 87% to 31% in 10 years, the share of rural
sanitation increased from 13% to 69%.120,121 Therefore, 0.1%
of the country’s GDP, utilized by the ministry in 2018−
2019,122 was majorly expended for combating fundamental
challenges of open defecation, improvement in cleanliness,
and uniform sanitation coverage, which of course are essential.

However, looking at the long-term challenges, a continuous
focus of ministry on research on arsenic and fluoride, and
related issues would have would have partially solved the
problem of these persistent contaminants. Currently, research
on CW and implementing solutions for CW are subjects of
separate ministries and, therefore, are separately budgeted and
administered. Similar situations exist in other countries too.
Table 2 provides illustrations of emerging nanomaterials in

the diverse areas of CW that are either serving the community
or have the potential to do so.

Table 2. Examples of Emerging Nanomaterials That Could Translate or Have Already Translated into Nanotechnologies for
Clean Water

material application organization ref

metal−organic framework atmospheric water harvesting Massachusetts Institute of Technology,
United States

123

organic-templated nanometal oxyhydroxide
impregnated with silver nanoparticles

water purification Indian Institute of Technology Madras,
India

124

cationic and anionic membranes capacitive deionization Idropan Dell’orto Depuratori Srl, Italy 125
metal oxide nanocomposite heterostructure powder sensing of hydrogen sulfide Honeywell Romania SRL, Romania 126
layer-by-layer assembly of graphene oxide membranes water purification University of Maryland, United States 127
aromatic diimide chromophores sensing of volatile organic compounds Jawaharlal Nehru Centre for Advanced

Scientific Research, India
128

doped carbonaceous material photocatalytic removal of chemical/biological
pollutants and micropollutants

University of Arkansas, United States 129

graphene oxide dehydration using vapor phase separation or
perevaporation

The University of Manchester, United
Kingdom

130

Figure 3. Schematic representation of future data on water being collected from water purifiers, field samples, and city infrastructure
through nanosensors embedded in smartphones and IoT-enabled domestic water purifying systems and water distribution networks across
the world, proving health advisories in the long run. Top-right panel image adapted and modified with permission from NASA Earth
Observatory. Copyright 2020 NASA Earth Observatory. Bottom-left panel image reprinted with permission from ref 132. Copyright 2017
American Chemical Society.
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WATER PURIFIERS OF TOMORROW
Increasing awareness of the need for essential minerals in
water and the dangers of harmful ones will necessitate
ensuring that optimal mineral content is delivered through
drinking water. Next-generation technologies that can retain
certain minerals or reject others completely would make it
possible for water purifiers to select purification technologies
according to need. All of these in conjunction with Internet of
Things (IoT)-enabled devices and the proliferation of Internet
availability across the world would enable acquisition and
transfer of water quality data across time through personal
electronic devices.131−133 Big data analytics would thus help
create personal health advisories. The availability of such data
across a population would be of use to communities and
governments to understand and to plan for the health of their
people. Water purifiers may become intelligent devices in the
foreseeable future, as shown in Figure 3.
Future CW solutions will need to be implementable both

locally and nationally. The decentralization of CW tech-
nologies is essential for any country, but especially for
emerging economies. Many nations have adequate resources
to empower local governments with region-specific solutions.
The decentralization and implementation of technologies will
also trigger the generation and employment of local
manpower, which would help strengthen the economy, if
carried out nationwide. It is vital for forthcoming technologies
to be environmentally friendly with no net carbon emissions
in order to restore the purity of the planet and sustain its
natural resources.

OPPORTUNITIES IN SUSTAINABLE AND
AFFORDABLE CLEAN WATER
The global water crisis is being countered today by effective
removal of contaminants, creation of robust water networks,
real-time monitoring of water quality, and linking these efforts
with social, political, and economic action. In this section, we
highlight both untapped water resources and major problems
in the CW sector where NTs could be useful. We offer a few
proposals in the context of Bangalore, India, although any city
may be chosen in its place.

(1) Ideally, the world must run with net-zero carbon
emissions, converting CO2 and H2O to fuels and back
again to the same amount of CO2 and H2O. This cycle
is upset when more CO2 is produced over time, as we
do not know how to fix the imbalance using only
sunlight as an energy source. We also do not know how
to burn fuels efficiently to produce contaminant-free
CW that can be used directly. Perhaps engines of the
future can be designed to produce usable liquid water.
Note that the unsustainable release of CO2 into the
environment has led to the emergence of CO2-
conversion techniques such as photo/electrochemical
reduction, sequestration, etc.,134 powered by renewable
energy sources such as solar energy, although they do
not perform as efficiently as plants. The burning of
octane, represented by the reaction, 2C8H18 + 25O2 →
16CO2 + 18H2O suggests the formation of 162 g of
water per 114 g of fuel or 1.42 g of water per gram of
fuel. It might be possible to trap this water, similar to
trapping CO2. India consumed approximately 24 billion
kg of petrol in the year 2016−2017,135 which
corresponds to burning nearly 21 billion kg of octane

(considering the octane rating as 87), making 186
billion kg of water in a year. Urban water collected this
way could grow vegetables on windowsills, as one of the
end uses.

(2) Bangalore is meeting nearly 52% of its water require-
ments by exploitation of its groundwater, through
borewells that currently reach depths close to 2000 feet
in several parts of the city.136,137 The rest of the water is
supplied by the Arkavathy and Cauvery rivers. Depend-
ence on deep borewells will continue to increase with
the city’s burgeoning population. Hence, restoring
groundwater is a serious challenge. Out of the 33
billion cubic feet of rainwater available annually to
Greater Bangalore, 5−10 billion cubic feet can be
collected and used to replenish depleted groundwater
levels.138 Lakes and ponds can be rejuvenated using
rainwater and can be directed for domestic nonpotable
usage. Sewage treatment and use of recycled water will
also prove to be vital. In a typical residential building in
Bangalore having 500 people, 70% of the total domestic
water requirement can be reduced through recycling of
greywater, saving ∼ US $14,500 annually and also
substantially reducing dependence on groundwater.139

Decentralization of greywater treatment could be a vital
measure to reduce the overall water demand. In
comparison to conventional centralized treatment
systems, which require a large initial investment on
infrastructure and technical manpower for maintenance,
affordable decentralized treatment systems can be built
using nanomaterials-based strategies. As an example,
catalytic oxidation processes involving nanomaterials
(ZnO, TiO2, CNTs, etc.) mineralize and partially
oxidize organic pollutants into harmless products
while also destroying pathogenic micro-organisms to
an extent;140 such processes are scalable toward
designing compact decentralized systems. Harvesting
atmospheric humidity in highly water-stressed regions
of the city will assist as well. Innovative methods of
water conservation and recycling which reduce con-
sumption have to be rewarded. Water recycling at the
household-level (rapid micro- or “nanorecycling”) calls
for developing technologies not only in remediation
methods but also in enhancing eco-friendliness of
materials, in general.

(3) Every personal activity has an impact on water. Water
audits on materials of consumption, such as detergents,
clothes, food, packaging, paint, furniture, etc., need to
happen, and each of them has to be reinvented to make
cities livable. It is worth recalling that cotton became
water-intensive due to the dyeing industry, which used
synthetic dyes during the process of industrialization.
Variants of cotton that did not need dyeing, such as
yellow and red, were replaced with white by the 1900s,
as it could be dyed better.141,142 Reintroducing these
native varieties would reduce dependence on synthetic
dyes and detergents.143 Nanotechnological solutions in
the dyeing and leather industries can reduce water
consumption and pollution as well.144

(4) The maintenance of water infrastructure has caused a
rise in the price of CW. According to a 2017 water
affordability assessment, the percentage of U.S. house-
holds that find water services unaffordable is expected
to rise from 11.9% in 2017 to 35.6% in 2022.145
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Atmospheric water harvesting and capacitive deion-
ization integrated with next-generation nanomaterials
offer affordable solutions, and such technologies, free
from municipal water networks, may be a way forward
in select areas. Municipal water systems have to be
upgraded too, with reduced resistance to flow using
NT-enabled coatings.146

(5) Bottled mineral water sales continue to rise. A report
found the presence of microplastics in mineral water
samples in glass and poly(ethylene terephthalate)
packaged bottles.147 However, the effect on human
health of such microplastics, additives, and pigment
particles of sizes below 5 μm remains unexamined.
Integration of nanosensors with smart water bottles and
linking of water quality and quantity to an individual’s
physiological information in real-time has the potential
to revolutionize personal health. Patients suffering from
kidney diseases and congestive heart failure, with
recommended protocols on water intake and its quality,
could enormously benefit from such sensors. In addition
to such nanosensors, biodegradable materials are
needed as a replacement for nondisposable plastics,
which could bring about another materials revolution.
Among other synthetic matter is an ever-expanding

class of per- and polyfluoroalkyl substances, which
comprise nearly 4730 commercially available synthetic
chemicals and polymers.148 A majority of them have
high water solubility and mobility and are bioaccumu-
lative in nature. Their sources include manufacturing
facilities, industrial and domestic wastewater treatment
plants, landfills, etc. Given their ability to persist
indefinitely in the environment due to the presence of
strong carbon−fluorine bonds, they pose a serious
threat for future generations, if they reach groundwater
through one of the sources. Several nanoenabled
remediation strategies have been found promising for
these contaminants.149 Techniques such as electro-
chemical oxidation and hydrolysis using CNTs, photo-
catalytic decomposition using nanostructured oxides,
reductive degradation using nanoscale zerovalent iron,
etc., have proven as effective remediation strategies in
near-ambient conditions. However, it is imperative that
no toxic metal ions should release into the treated
water. Immobilization of effective nanosorbents into a
matrix could result in a deployable remediation device.

(6) Providing CW for all citizens drains resources initially,
but builds resources in the long run. In countries such
as India, old practices and emerging aspirations coexist.
Villages live on traditional agricultural practices such as
burning harvested fields prior to sowing and flooding
them during farming. These practices contribute to
smog and reduce water availability in neighboring cities,
which in turn respond by conveying water from further
away, leaving the farmlands dry and inhabitants hungry.
Technologies will need to address imbalances of many
kinds.

(7) Challenges of CW are linked to clean air, clean energy,
sustainable agriculture, and a clean environment. As an
example, it is possible to harvest energy from natural
and wastewater by utilizing salinity gradients. A power
of 0.8 kW/m3 can be generated by utilizing the osmotic
pressure difference between river water (0.01 M NaCl)
and seawater (0.1 M NaCl).150 Globally, an untapped

amount of nearly 1000 GW and 18 GW of energy is
available, from rivers and wastewaters going into the
sea, respectively.151 Currently, pressure-retarded osmo-
sis and reverse electrodialysis have emerged as
membrane-based techniques for osmotic energy harvest-
ing. Existing challenges of having to use expensive
materials and the requirement of high power density
could be overcome by channelizing energy from
complementary sources such as waste heat and brines.

The foregoing suggests that only integrated water manage-
ment with outside-the-box thinking can make cities breathe
better. In the context of overall water balance, we list 10
challenges or opportunities that can be addressed through NT
(combined with other technologies) for sustainable cities:

(1) Global CO2 emissions due to desalination were nearly
76 million tons (MT) in 2015,39 and global methanol
requirements that year were approximately 75 MT.152

Nanotechnology-assisted production of methanol from
CO2, supported by renewable energy sources, is a
promising direction to address both concerns simulta-
neously. One potential pathway is to develop an
efficient catalytic system for CO2-to-methanol con-
version that demonstrates high selectivity, conversion
efficiency, and low global-warming impact through the
use of renewable energy.153

(2) Efficient water-harvesting mechanisms that do not
require additional energy input are needed, such as
solar-heat-enabled atmospheric water capture by a
porous MOF (801, Zr6O4(OH)4(fumarate)6) at a
relative humidity as low as 20%.89

(3) Nanomaterials can be used to conserve CW by
improving the physicochemical and biological character-
istics of soil. For example, the application of
biodegradable nanohydrogels enhances the moisture
content of soil and its water retention capacity, thereby
relieving water stress.154 Groundwater demand by the
irrigation sector in India is expected to increase from
605 billion cubic meters (BCM) in 2000 to 675 BCM
in 2025, but may be reduced to 637 BCM by 2050.155

The projected decline in groundwater consumption
beyond 2025 is attributed to NTs that can enhance the
efficiency of groundwater-driven irrigation.

(4) Water audits in developing consumables from food to
toiletries are needed. For example, cradle-to-grave life
cycle assessments of the process of washing 5 kg of
laundry (requiring medium hardness water at 40 °C and
consuming 120 g of liquid detergent, 49 L of water, and
0.53 kWh of electricity per washing cycle) reveals a
primary energy footprint of 6.57 MJ equivalent, a
carbon footprint of 0.54 kg CO2 equivalent, and an
environmental footprint of 3.34 × 10−2 EI99 points (see
ref 156 for a detailed description of the units).156,157

This understanding may change the consumer’s choice
of detergents, packaging materials, chemicals, building
materials, etc. (see point 7 below). The “water positive”
aspect of nanomaterials in this context, indicating net
CW production during a synthesis, was shown when an
antimicrobial silver-based composition was synthesized
for controlled release of silver ions. The synthesized
material consumed only 1 L of water for its production,
while it helped to make 500 L of CW.158
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(5) Point-of-use water recycling products for personal and
local reuse, such as portable, chemical-free, ozone-based
disinfection solutions, using hydrodynamic cavitation,
acoustic cavitation, and electrochemical oxidation, may
lead to energy-efficient water treatment and recycling
across oil and gas industries, municipalities, mining
industries, etc., at capacities as large as 12,492 L/min.159

Note that more than 80% of wastewater is discharged
into surface water bodies in developing countries today.
India alone generates approximately 6.2 million m3 of
untreated industrial water every day.160 Such solutions
will contribute to better wastewater management and
preservation of freshwater resources.

(6) Placing compact nanosensors on water bottles and
other water-based beverage containers to monitor water
quality (pH, hardness, turbidity, etc.) and to create an
interconnected network (Internet of Nano Things) will
generate opportunities.133

(7) Self-cleaning fabrics lead to reductions in consumption
of water, detergent, electricity, or an equivalent amount
of CO2. Nanomaterials such as SiO2 NPs, CNTs, TiO2
NPs, etc., are known to demonstrate photocatalytic self-
cleaning through the creation of hierarchical structures,
whereas adsorption of organic molecules such as
alkanethiols and fluorosilanes imparts water repellency
to surfaces by lowering their surface energy. A U.S.
study found that a treated, self-cleaning fabric could
reduce electricity and water consumption by as much as
84%, compared to an untreated fabric, while undergoing
50 laundry cycles in its lifetime.161

(8) Waterless vacuum toilets with incorporated fecal and
urinal waste-repellant nanocoatings are possible at the
domestic level.162 Also, the possibility of nanoenabled
nutrient recovery from human feces and urine could be
explored for reuse at homes.163 Overcoming the social
stigma is crucial to implement such solutions,
particularly in developing countries.

(9) Next-generation membranes for desalination are
needed. At present, production of 1 m3 of CW through
RO desalination consumes approximately 3−5 kWh of
electricity, although enhanced efficiency has been
demonstrated.164 Highly selective membranes can filter
chlorine and boron from seawater in a single pass,
unlike the multiple passes required in RO that currently
makes desalination a costly, and energy- and time-
intensive process. One possible direction is the
development of aquaporin membranes that offer the
required selectivity. However, efficient salt rejection and
cost-effective upscaling of the process are required.
Synthetic water channels, mimicking aquaporins, such
as CNTs and several aligned peptides to form pores, is
another possibility. Tunability in terms of pore size is
required here. Other promising materials include
graphene oxide,164 MoS2,

165 etc. The development of
next-generation membranes could contribute to achiev-
ing the set target of reducing desalination costs from US
$2.00 to US $0.50 per m3 (as per the U.S. Department
of Energy).166

(10) Nanomaterials can enhance oil recovery in oil and gas
industries. For instance, oil viscosity can be reduced by
use of a suspension of Al2O3 NPs in distilled water or
brine, and rock wettability can be modified by the
application of silane-treated silicon dioxide NPs. Both of

these modifications improve oil recovery.167 An
oleogelator-impregnated cellulose pulp effectively recov-
ers oil from oil−water mixtures by congealing it within a
matrix, thereby offering an eco-friendly, cost-effective,
and practical solution to restore the marine ecosystem
from oil spills.168

CONCLUSIONS AND PROSPECTS
CW production presents questions of clean manufacturing,
responsible use of materials, equitable distribution, and,
ultimately, concern for humanity. Genuine concern for water
availability puts limits on reckless growth and consumption.
Water, therefore, presents an appropriate subject on which
green chemistry and green manufacturing converge for social
good. In this Review, we presented directions for materials
science and sustainable growth around water, through the eye
of NT, which is interlinked with other disciplines. Similar
approaches need to be pursued for other areas such as
agriculture, energy, housing, and healthcare for a sustainable
planet. Nanotechnology can acquire a significant role in all of
them as it expands the limits of materials and functions.
For a more comprehensive treatment of the topic with

available NTs currently being explored, it is necessary to go
through other perspectives and reviews169−177 as well.
Limitations of space and the nature of this review have kept
our discussion focused on affordable and sustainable NT. We
have taken a significant number of Indian examples in the
article with the notion that it is an aspiring country in dire
need of generating data on a large number of water-related
issues, thereby offering endless opportunities of discussion and
work, and the outcomes are applicable across the world.
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VOCABULARY
hydrophobicity, a physical property in which molecules show
absence of affinity toward water and prefer nonpolar
interactions with molecules of similar nature, leading to
positive change in their free energy, thereby causing
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segregation of water molecules; photocatalysis, a phenomen-
on in which a reaction is accelerated due to the presence of a
catalyst which generates electron−hole pairs upon irradiation
to create active species such as free radicals, enabling
secondary pathways and reducing activation energy barrier
for the reaction; desalination, a process of removal of
dissolved minerals and salts from high-salinity water to obtain
product freshwater and concentrated brine for disposal;
nanosensors, a class of devices that utilize unique properties
of nanomaterials to detect and quantify events occurring at
nanoscale; specific energy consumption, a variable defined as
amount of energy consumed per unit of production
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ABSTRACT: We introduce molecularly charged electrospun nanofibers obtained by soft chemical treatment for the capture of
particulate matter (PM). These PMs, along with certain volatile organic compounds (VOCs), pose a severe threat not only to
human health but also to the environment. As the concentrations of these PMs have been steadily increasing in the Southeast Asian
countries, a dire need for protection against these particles is warranted. Filtering out the polluted air using various filtration media,
such as face masks and nasal filters, has been the standard method for minimizing exposure to PM. Here, we demonstrate the
removal of PM and VOCs by utilizing electrospun nanofibers of polystyrene (PS) and polyacrylonitrile (PAN) with molecular
charges imparted on them via chemical treatment. The chemically treated fibers were successful in capturing even particles
measuring 300 nm, which are considered to be the most penetrable particles. We report a filtration efficiency of ∼93% for removing
such particles, which is ∼3 ± 1.5% enhancement when compared to the untreated fibers. The fibers have been subjected to extreme
haze conditions (∼1413 μg m−3) of PM2.5 for a duration of 1 h, and the filtration efficiency was measured to be ∼99.01%. These
fibers also possess the capability to capture model VOCs such as aniline, toluene, tetrahydrofuran, and chloroform. When PAN, PS,
and their chemically treated counterparts were tested for their antibacterial activity, these filter mats had bactericidal effect on
Escherichia coli, Bacillus subtilis, and Enterococcus faecalis. A nasal plug hosting these filter mats has been designed, which can offer
personal protection from PM. Enhanced removal of residual particles is extremely important, and this difficult task is made possible
with our approach. The efficiency of our approach is due to the charged nature of PM, especially of the smaller size regime.

KEYWORDS: electrospun fibers, particulate matter, volatile organic compounds, nasal filters

■ INTRODUCTION

An exponential rise in air pollution and its consequences for
human health and environment have raised serious concerns,
warranting appropriate solutions for remediation. Natural
phenomena such as dust storms, volcanic eruptions, forest
fires, sea droplet impact on surfaces,1−3 and man-made sources
such as combustion of fossil fuels, agricultural waste, and
vehicular emissions are some of the causes for the rise of
particulate matter (PM) in air. Polluted air primarily comprises
solid particles suspended in air, called PM, and volatile organic
compounds (VOCs). These PMs are composed of both
organic and inorganic (SOx, NOx, F

−)4,5 species, minerals
(such as calcite, dolomite, anorthite, and feldspar),6,7 and soil

dust. Solid particles with diameters, d < 2.5 μm (PM2.5) and
<10 μm (PM10), are of prime importance as they can enter
lungs,8 and their prolonged exposure can even cause
cancer.9−11 Adverse health effects pertaining to VOCs are
well known: headaches and nausea, damage to the central
nervous system, kidney, lung, and liver.12 Extended exposure to
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high levels of pollution can severely affect the very young and
elderly. There is a rise in polluted air in the recent past in
different parts of India and other developing nations of
Southeast Asia. Rise in PM causes prolonged hazy days, and
visibility is highly compromised. Extended deposition of dust
can also severely affect the performance of solar panels, among
other things.
Utilizing a centralized ventilation system to achieve a

controlled indoor environment is the only means of protection
against polluted air. Ventilation systems offer high efficiency in
removing PM but consume high energy in generating clean
air.13 Use of commercial-grade filter masks as a primary means
of protection against PM has been the standard practice.
However, many commercial masks provide negligible efficiency
for filtering PM10 and PM2.5; in addition, they offer resistance
to airflow.14 PMs are generally captured by impact, interaction,
or diffusion of particles on the fiber surface because of their
varied chemical, physical, and mechanical properties. Ideally, a
good filter needs to remove the maximum amount of PM2.5
while offering minimum resistance to airflow and also
providing high mechanical stability. Electrospinning is one of
the versatile routes by which such filter mats can be fabricated.
Recently, Cui et al. have made electrospun fibers out of
polyacrylonitrile (PAN), polystyrene (PS), polyvinyl pyroli-
done, and polyvinyl alcohol (PVA), which show high efficiency
(above 98%) in filtering PM2.5.

15 By modifying the surface
morphology and increasing the hydrophilicity of PAN, Jing et
al. showed a better filtration of soot.16 Li et al. recently
fabricated polytetrafluoroethylene/(PVA) electrospun fibers,
and after removing PVA, the resulting fibers had a filtration
efficiency of 98.05% for filtering PM2.5.

17 Substrates made of
textiles have gained significant attention for capturing PM,
which is due to their flexibility, minimum resistance to airflow,
and low manufacturing cost.18 Forming hierarchical structures
on these electrospun fibers has found multiple applications in
air and water purification.19−21 Huang et al. fabricated
hierarchical structures on polycaprolactone/polyethylene
oxide nanofibers by exposing the electrospun mat to acetone
vapors, which caused physical wrinkles on these fibers creating
hierarchical structures, and these modified fibers had a clear
∼20% rise in their particulate removal efficiency.22 These,
coupled with the possibility of functionalization by metal−
organic frameworks (MOFs), show potential as a washable and
reusable medium for capturing soot.23 However, because of the
brittle nature of MOFs, the interactions between MOF and the
textile substrate need further attention as they could have poor
adhesion and may not be suitable as a personal filter mask. A
disposable gelatin electrospun fiber-based multifunctional air
filter was fabricated by Souzandeh et al., where the paper towel
was used as a substrate to collect these gelatin nanofibers.24

Other eco-friendly materials such as cellulose nanocrystals,25

wood pulp,26 and lignin27-based air filters were fabricated and
used for obtaining clean air devoid of PM. Apart from PM10
and PM2.5, particles with size <300 nm (PM0.3) are generally
not captured by common masks, and these are considered to
be highly penetrating airborne particles having dire con-
sequences on health.28 In an urban environment, traffic
emissions are considered to be a major source for ultrafine
particles.29 During the combustion of fuels, ion concentrations
are generated, wherein the nucleation of ultrafine particles
occurs.30 Because of the ion−particle collision, these particles
attain charges, either positive or negative. Charges on these
particles greatly affect the coagulation and transport.

Coagulation leads to increase in the particle size, which causes
changes to the aggregate geometry and further modifies the
diffusion coefficients.31 For the capture of these extremely
small particles, Wang et al. investigated an electret-type
nanofiber based on triboelectric nanogenerators obtained
from electrospun polyimide and polyvinylidene fluoride
(PVDF).32 PM0.3 is considered to be the most penetrable
particle, and commercial-grade masks cannot capture them.33

Recently, Li et al. fabricated an anionic surfactant Steiner
geometry-based electrospun PVDF fiber for capturing these
300 nm PMs.34 Parameters such as lower pressure drop,
flexibility, high filtration efficiency, and affordability need to be
addressed in defining an ideal filter medium.
VOCs constitute a major component of both indoor and

outdoor pollutants, the former being a major concern for
children.35 Some of the common health effects are asthma,
allergies, and chronic obstructive pulmonary disease, which is
primarily caused by increased indoor air pollutants.36,37

Prolonged exposure to VOCs such as benzene, toluene, xylene,
and so forth can lead to cancer. In view of these concerns,
developing appropriate materials capable of adsorbing these
VOCs is necessary. Usually, activated carbon has been used for
the removal of VOCs because of its large surface area and pore
volume. However, major limitations are due to high-pressure
drop across the bed, minimal mechanical flexibility, and faster
saturation. Recent reports suggest that electrospun fibers are
capable of adsorbing VOCs and also offer additional features
such as flexibility and minimum pressure drop.38 Scholten et al.
demonstrated the capability of electrospun polyurethane fibers
for adsorbing VOCs.39 These fibers show an affinity for
adsorbing toluene and chloroform and limited affinity toward
hexane.
In this work, we have fabricated a chemically charged filter

mat that can be used in diverse situations to filter both PM and
VOCs. This mat consists of electrospun PAN and PS fibers
that have been chemically treated to increase the surface
charge, both negative and positive, which, in turn, improved
the filtration efficiency of PM0.3 by ∼3 ± 1.5%. In addition, this
filter mat was capable of removing model VOCs such as
toluene, tetrahydrofuran (THF), aniline, and chloroform. The
mat offers a reduced resistance of <60 Pa to airflow. These
filters were also effective in filtering under extreme haze
conditions (∼1416 μg m−3) of constant exposure to PM2.5
when continuously used for 24 h. The fiber mats were also
tested for their antibacterial property using Gram-negative
bacteria Escherichia coli and Gram-positive bacteria Bacillus
subtilis. In addition, they were also tested on Enterococcus
faecalis, a pathogenic bacterium commonly found in root canal
and saliva. Investigation on E. faecalis found in saliva revealed
that they possess the highest abundance of virulence genes
when compared to the isolates from other parts of the
body.40−42 They are also known to cause nosocomial
infections.43 A nasal plug designed to host this filter mat can
serve as a personal protective gear with minimal inconvenience
for daily use.

■ EXPERIMENTAL METHODS
Materials. Commercial-grade PAN and general-purpose PS were

purchased from Sandhya Polymer Industries, India, and Vardhaman
Acrylics Ltd., India, respectively. Dimethylformamide (DMF), sulfuric
acid (H2SO4), acetonitrile (ACN, HPLC grade), and hydrochloride
acid (HCl) were purchased from Sigma-Aldrich. Choline chloride
(referred to as ChCl throughout the article), aniline, toluene, ethanol,
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chloroform, and THF were purchased from RANKEM, India. Fumed
silica particles were purchased from Astra Chemicals, India. Millipore-
processed deionized water (∼18.2 MΩ) was used throughout the
experiments, and all chemicals were used without further purification.
Nutrient agar, E. coli MTCC 739, and B. subtilis ATCC 21331 were
procured from MTCC and ATCC, respectively. B. subtilis (ATCC
21331) was provided by Prof. S. Gummadi (Department of
Biotechnology, IITM). E. faecalis was obtained as a gift from Dr. A.
R. Pradeep Kumar, Thai Moogambigai Dental College and Hospital,
Chennai, India.
Methods. Preparation of Electrospun Fibers. About 2 g (20 wt

%) of PS and 1.4 g (14 wt %) of PAN were dissolved separately in 10
mL of DMF. These two were stirred for 6 h in ambient conditions to
obtain uniform solutions. Later, they were loaded into disposable
syringes with a flattened 21G needle. The PAN and PS nanofibers
were prepared separately using the ESPIN-NANO electrospinning
machine. The spinning parameters for PAN were as follows: a flow
rate of 0.5 mL h−1, a working distance of 14 cm, and a voltage of 15
kV, applied for a period of 30 min. For PS, a flow rate of 1 mL h−1, a
working distance of 14 cm, and a voltage of 22 kV voltage applied for
a period of 30 min were used. These fibers were collected on a
nonwoven (NW) polypropylene (PP) mat placed on a rotating drum
collector.
Imparting Surface Charges on the Fibers. To impart positive

charge on the fibers, about 0.6 g of PAN fibers was immersed in 0.1 M
HCl solution containing an optimized concentration of 216 mM
ChCl. This solution, along with fibers, was left undisturbed for 30
min. Later, these fibers were rinsed with deionized (DI) water
repeatedly and finally dried overnight in an oven at 60 °C. This
treatment anchors positive charges on PAN fibers. Similarly, PS fibers
were immersed in 3 M H2SO4 solution at room temperature for 24
h.44 Finally, these sulfonated PS (SPS) fibers were rinsed repeatedly
to remove the unbound acid moieties and dried overnight in an oven
at 60 °C.
Assembly of the Filtration Mat. A NW PP mat was cut into

dimensions of 13 × 16 cm and placed on a drum collector and used as
a substrate for collecting PAN and PS fibers. Subsequently, PAN and
PS fibers were placed on top of each other, and the combined fibers
were later placed between two NW PP mats, forming the entire filter
mat. A similar protocol was followed for the chemically treated
counterparts. These PP mats provide structural stability but have
negligible efficiency for filtering PM10, PM2.5, and VOCs.
Filtration Efficiency of the Fiber Mat. To determine the filtration

efficiency of the fiber mat, we fabricated an aerosol filtration efficiency
tester (AFET) based on the ASTM F2299 protocol.45 Briefly, clean
compressed air was obtained from a compressor coupled with a high-
efficiency particulate air filter. This compressed-air was split into two
streams, with one being used to aerosolize the aqueous NaCl solution
and the other being directed to the dilution chamber. These two
streams were then combined in the dilution chamber to reduce the
concentration of NaCl aerosols, which pass through an 80 cm long
cylindrical tube with a face velocity of 5 cm s−1 and a flow rate of 16 L
min−1. The pressure drop across the filter was measured using a
differential pressure gauge. The input and output aerosol concen-
trations were measured using a laser particle counter (Lasair III,
Particle Measuring System), and the filtration efficiency was
calculated. Commercial-grade fumed silica powder was used as
model solid aerosols, and their capture was also studied. The filter mat
considered for this test had an area of 10 cm2. A schematic of the
AFET setup is shown in Figure S1. Extreme haze conditions were
simulated by using soot obtained from the burning of incense sticks,
and an optical image of the experimental setup is shown in Figure S2.
The filters were placed between two glass bottles, and soot was
introduced into the left chamber. The concentrations of aerosols in
the left chamber and the right chamber were counted using a particle
counter (Perfect Prime AQ9600). For measuring the efficiency of
these filter mats at prolonged exposure to PM, fresh soot was
introduced at the end of every hour, and the particulate
concentrations were measured for the same sample. The size of the
filter sample was 4 cm2 for testing the soot removal efficiency. A

digital manometer (HTC instrument PM-6105) was used to measure
the pressure drop across the mat before and after filtration. The
pressure drop was calculated under two flow rates, 5 and 8 L min−1

using the IPM-191 dust collector. The filtration efficiency was
calculated based on the equation of filtration efficiency (η) = (C0 −
C)/C0 × 100, where C0 and C are the PM concentrations without and
with a filter mat, respectively. The performance of the filter mats was
quantified using a quality factor (QF), where QF is the ratio of
penetration of particles (1 − η) to the pressure drop (ΔP) across the
filter, (QF) = −ln(1 − η)/ΔP.

Dust Sampling and Processing. Dust settled on leaves was
collected from four residential locations within the campus of Indian
Institute of Technology Madras. These particles were collected by
scooping them using a nylon-bristled soft brush and storing within a
polyethylene bag. The particles were ground using a mortar and pestle
and sieved to <100 μm. About 500 mg of these particles was dispersed
in ethanol, sonicated, and centrifuged thrice for 10 min at 5000 rpm.46

These particles, after multiple washing, were dried overnight at 70 °C
and stored in vials for charge and X-ray diffraction (XRD) analysis.
Furthermore, indoor dust was collected onto a 25 mm cellulose filter
paper with a pore size of 0.22 μm using a dust collector (IMP-191,
INSTRUMEX) for 8 h, with a flow rate of 9 L min−1. The dust was
collected consecutively for 20 days, and the filter paper was back-
washed using DI water and stored.

Uptake of VOCs by the Fiber Mat. Using chloroform, aniline,
THF, and toluene as model VOCs, their uptake by electrospun fibers
was studied. Briefly, electrospun mats of 2, 10, and 20 mg were placed
at the bottom of a glass desiccator containing a beaker with 40 μL of
the intended VOC. The desiccator utilized was 30 cm in diameter and
height. After exposing the fibers for 1 h, the sample was removed and
placed inside a hood for 30 min to remove any excess/unadsorbed
VOC. This sample was then immersed in a beaker containing 4 mL of
ACN for 2 h. Finally, 0.5 mL of this solution was loaded into high-
performance liquid chromatography (HPLC) vials, and chromatog-
raphy was performed.

Antibacterial Activity Tests. The fibers were tested for their
antibacterial activity through the zone inhibition method against
Gram-negative bacteria E. coli and Gram-positive bacteria B. subtilis
and E. faecalis. Fibers of PAN, PP, PS, ChClPAN, and SPS were cut to
dimensions of ∼10 × 10 mm and placed gently on the nutrient agar
plates inoculated with E. coli, B. subtilis, and E. faecalis using the
uniform streaking method. The plates were incubated overnight at 37
°C for 24 h, and the bacteria growth inhibition zone around the fiber
mats was observed.

Characterization. For determining the fiber diameter and
morphology, the mats were analyzed using an FEI QUANTA 200
scanning electron microscope coupled with an energy-dispersive
spectroscope. The samples were sputtered with gold using a
CRESSINGTON sputter-coater. For the confirmation of surface
functionalization, the fiber mat was made into a pellet using KBr as
the matrix and analyzed using PerkinElmer Spectrum One FTIR.
XRD studies for the samples were performed using a Bruker D8
ADVANCE powder X-ray diffractomer. Contact angle measurements
were performed using a sessile water droplet of volume 3 μL using a
Holmarc contact angle meter. Finally, a Shimadzu Prominence
Analytical high-performance liquid chromatograph equipped with a
photodiode array detector was used to measure the VOC uptake
capacity. An injection volume of 5 μL on the C18 column with a flow
rate of 0.5 mL min−1 with ACN (100%) as the mobile phase was
chosen.

■ RESULTS AND DISCUSSION
Active and Passive Monitoring of Dust. To determine

the physical and chemical nature of dust, ambient dust was
captured actively and passively. Indoor dust was collected onto
a cellulose-based filter paper using a dust collector, IPM-191.
The filter paper, upon washing with DI water, released the
trapped particles into the solution, which was then stored in
centrifuge vials. This suspension was analyzed to determine the
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size and zeta potential of the suspended particles. Dust was
collected for 20 days, and the average size and zeta potential
from these measurements are shown in Figure S3. The particle
size varied from 2 to 18 μm, and they were randomly
distributed, as shown in Figure S3a. The zeta potentials of the
collected particles on different days are shown in Figure S3b.
To determine the size of the passively monitored dust,

particles deposited on leaves were analyzed using a scanning
electron microscope. Typically, the leaves were at a height of
∼6 m from the ground. Micrographs of the dust are shown in
Figure S4c,d. The particles were highly irregular and
nonuniform. A Faraday cup coupled to a Keithley 6514
electrometer was used to determine their charge in the native
environment. The system was stabilized for 300 s, after which
about 500 mg of the collected particles was added to it. Upon
addition, a steep increase in charge was observed, and the
cumulative charge of the particles was 1.4 × 10−10 μC, which
was stabilized to 1.0 × 10−10 μC, as shown in Figure S4a. A
similar experiment was performed using particles from another
location, and the cumulative charge was found to be −2.0 ×
10−8 μC, as shown in Figure S4b. To determine the chemical
nature of the dust, XRD analysis of the passively collected
samples was performed. Diffraction patterns of the dust
samples from four different locations are shown in Figure S5.
They were compared with the Inorganic Crystal Structure
Database (ICSD) using the X’pert High Score Plus to
characterize the composition. The samples were seen to
predominantly contain mixtures of quartz and albite, both α
and β forms, in agreement with previous reports.47−49 The
chemical compositions of the minerals that matched with the
dust collected from four different locations are shown in Table
S1.
Electrospun Fiber Mats for the Capture of PM. To

efficiently capture PM and VOCs, electrospun fibers of PAN
and PS were chosen. These fibers were chemically treated to
impart molecular charges on them so as to enhance the
filtration efficiency. Owing to its versatility, electrospinning
technique was chosen for the fabrication of these polymeric
nanofibers. Briefly, it is a technique wherein a high voltage of
15 kV is applied to a syringe containing a polymeric solution.
This electrical force overcomes the surface tension of the
solution and draws the solution as fibers.50,51 These fibers can
be collected either on a metal plate or on a NW fiber mat or
glass. We chose a NW mat, as shown in Figure 1. A molecular
model of ChCl-treated PAN is also shown in Figure 1. The
calculated dipole moments of untreated PAN and PS were 3.9
D and 0.29 D, respectively, and after chemically treating these
fibers, the dipole moment increased to 11 D for choline-treated
PAN and 13.86 D for SPS. For this, the structure was initially
drawn in Avogadro, and for density functional theory (DFT),
we used the B3LYP method with a 6-31G(d) basis set. After
initial structure optimization, the coordinates were exported to
Gaussian 09 for complete optimization of the structure to
obtain the dipole moment,52 The dipole moment was
calculated using the expression μtotal = (μx

2 + μy
2 + μz

2)1/2,
and the corresponding coordinate file is attached in the
Supporting Information. In the present study, PM was
generated by three methods: (1) aerosolizing aqueous NaCl
droplets (size range of 300 nm to 3 μm), (2) burning an
incense stick (sizes of 2.5 and 10 μm), and (3) fluidizing
fumed silica (size range of 1−30 μm). We chose aniline, THF,
toluene, and chloroform as representative model VOCs present
in air, and their uptake by the fibers was studied.

Positively Charged Electrospun Fibers. PAN has been
reported for efficient filtration of PM without offering much
resistance to the air flow.15 In our study, for cost-effectiveness,
commercial-grade PAN was chosen to prepare the electrospun
fiber mat. The morphology and physical dimensions of the
electrospun fibers before and after treatment by ChCl are
shown in Figure 2, respectively. The untreated fibers were

uniform without any beads, as shown in Figure 2a,b. The fiber
diameter of the untreated fiber was ∼300 nm, while after
treatment with ChCl, it increased to ∼450 nm, as shown in
Figure S6a. This increase in fiber diameter might be due to the
anchoring of choline moieties on the fiber. Upon treatment,
webbing between the fibers was also observed, as shown in
Figure 2b. The webbing could be due to interconnections
formed between two neighboring fibers, caused by the

Figure 1. (Top left) Schematic representation of the electrospinning
technique; fibers were collected on a NW fiber mat placed on a drum
collector. These fibers captured PM to provide clean air. (Top right)
Enlarged image illustrating the capture of particles because of the
positive charge on the fibers. (Centre) Further enlargement to
illustrate the molecular model of ChCl-treated PAN. While positive
and negative charges are shown, fibers were designed to have only one
preferred charge. In the ball and stick model for ChCl, the color code
is gray for carbon, blue for nitrogen, and red for oxygen.

Figure 2. Scanning electron micrographs of electrospun PAN [(a)
bare and (b) treated fibers] and PS [(c) bare and (d) treated fibers].
Scale bar corresponds to 5 μm. Molecular models of chemically
functionalized fibers: (e) ChCl-treated PAN and (f) SPS. In the ball
and stick model, the color codes for carbon, oxygen, nitrogen, and
sulfur are gray, red, blue, and yellow, respectively.
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anchoring of the choline moiety and subsequent drying-related
artifacts. Fourier transform infrared spectroscopy (FTIR) was
performed on the untreated and ChCl-treated PAN to confirm
the anchoring of choline groups on the fibers. The spectrum of
PAN fibers shows several peaks, which are related to the
existence of C−H, CN, CO, and C−O bonds and
associated groups, as shown in Figure S6b. The peak at 3430
cm−1 corresponds to the N−H stretching frequency.45 The
peaks at 2938, 1453, 1357, and 1249 cm−1 represent the
aliphatic stretching C−H vibrations in CH, CH2, and CH3,
while the peaks at 1700−1780 cm−1 indicate the presence of
C−O and CO, possibly because of the presence of
monomers of methacrylate found in commercial-grade
PAN.53 The peak at 1070 cm−1 represents the C−N stretching
present only in ChCl-treated PAN. The characteristic peak at
2250 cm−1 represents the CN bond, and the presence of this
bond with a lower intensity in ChCl-PAN, compared to that in
bare PAN, suggests the anchoring of the choline moiety on the
fiber. Increased intensity of the CO peak in ChCl-treated
PAN and the presence of C−N stretching frequency also
confirm the addition of the choline moiety onto PAN.54

Because of the overall positive charge of the choline moiety,
upon anchoring with PAN, ChCl-PAN would attain this
positive charge on the PAN fiber passively. Charge of PAN
nanofibers before and after chemical treatment was measured
by placing 20 mg of the fiber mat inside the Faraday cup, and
the data are shown in Figure S7a. The untreated PAN fiber
mat was added into the Faraday cup at the end of 10 s, and the
charge of this mat was stabilized to ∼−8 × 10−10 C. The ChCl-
treated PAN fiber mat was added to the Faraday cup at the end
of 20 s, and the charge of this fiber was stabilized to ∼1 × 10−9

C. This confirms a positive charge on the ChCl-PAN fiber mat,
relative to the untreated mat.
Negatively Charged Electrospun Fibers. Commercial-

grade general-purpose PS was utilized for the preparation of
negatively charged electrospun fibers. The morphology of the
fiber before and after treatment with H2SO4 is shown in Figure
2c,d. The untreated PS fibers displayed a narrow size
distribution of around ∼450 nm, but upon chemical treatment
with H2SO4, the fiber diameter increased without any physical
damage, as shown in Figure S4c, and the corresponding
scanning electron microscopy (SEM) image is shown in Figure
2d. The fiber diameter after treatment increased to ∼1000 nm,
which could be due to the chemical treatment in the solution
phase, causing a polymer chain relaxation. To confirm the
presence of sulfonate groups anchored on the fibers, FTIR
analysis was performed, as shown in Figure S6d. The presence
of peaks at 3060, 2906, and 1460 cm−1 corresponds to C−H
aromatic, C−H alkyl, and CC aromatic stretching modes,
respectively.55 The presence of a peak in the region of 1195−
1168 cm−1 is due to SO stretching.44 This peak, absent in
untreated PS fibers, confirms the anchoring of sulfonate
moieties onto PS. The overall charge of the sulfonate moiety is
negative, and upon anchoring of this on PS fibers, they impart
negative charge. Charge of PS nanofibers before and after
chemical treatment was measured by placing 20 mg of the filter
mat inside the Faraday cup, and the data are shown in Figure
S7b. The untreated PS filter mat was placed inside the Faraday
cup at the end of 10 s, and the charge of this mat was stabilized
to ∼2 × 10−9 C. The SPS nanofiber mat was added to the
Faraday cup at the end of 18 s, and the charge of this fiber mat
was stabilized to ∼−4 × 10−9 C. This confirms that the charge
of the chemically treated PS fibers became negative.

Contact Angle Measurements. To measure the contact
angle of the fibers, PAN and PS were electrospun on glass
slides for 30 min and subsequently treated with ChCl and
sulfuric acid for imparting surface charges. The optical images
obtained during the contact angle measurements are shown in
Figure S8. The contact angles for untreated PAN and PS fibers
were 102 and 98°, respectively, and upon chemical treatment,
the contact angles subsequently reduced to 41 and 78°. This
decrease in the contact angle could be due to the introduction
of surface polarizability caused by chemical functionalization.

Assembly of the Filtration Mat. Ideally, the filtration mat
should offer zero or negligible resistance to airflow. To obtain a
near-ideal filter without compromising filtration efficiency, the
electrospinning time for obtaining the fibers, as well as the
number of NW mats utilized to make the filtration mat, was
varied. Pressure drop across these filters was measured using
AFET, and the values are shown in Figure S9a. A pressure
gauge was used to measure the resistance offered to airflow.
Fibers with 15, 30, 45, and 60 min of electrospinning duration
combined with two or four NW mats were considered. The
chemically treated fibers offered higher resistance to airflow
compared to the untreated ones. The resistance to airflow
increased with increase in electrospinning duration and with
increasing number of NW mats. The pressure drop across the
mats reached a maximum value of ∼56 Pa chemically treated
4NW60 (four NW mats with the electrospun mat obtained
after 60 min of electrospinning) mat. By varying the duration
of electrospinning, the amount of fibers deposited on the NW
mat was varied, which could affect the air resistance. The NW
mat of 13 × 16 cm weighed about 0.8 g, and the weight of the
filter mat per fixed area for different electrospinning durations
is shown in Figure S9c. We chose to use four NW mats and a
spinning time of 30 min, as this combination offered minimal
resistance without compromising on the filtration efficiency.

Filtration of Fumed Silica Particles. To understand how
solid particles are captured, fumed silica was fluidized with a
face velocity of 5 cm s−1 using compressed air. These particles
were loaded in a chamber, as shown in Figure S1. The particles
were seen to be captured by the electrospun mat. SEM images
of the bare PAN, PS, and chemically treated PAN and PS after
exposure to the silica particles are shown in Figure 3. Figure 3a
shows the SEM images of bare PAN fibers after exposure to

Figure 3. Scanning electron micrographs of fibers after exposure to
fumed silica: (a) bare PAN, (b) ChCl-PAN, (c) bare PS, and (d) SPS.
Scale bar corresponds to 50 μm.
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silica particles. As the electrospun fiber mats are densely
packed, they restrict the movement of the particles flowing
through, thus effectively trapping the particles within. A similar
phenomenon of trapping was observed for ChCl-PAN, PS, and
SPS. Hang et al. reported during the filtration of soil dust that
the particles come in contact with the fibers and subsequently
get attached and grow as dendrites on the fibers.56 This
adhesion on the single fiber could be due to the presence of
enhanced surface charges present because of chemical
treatment. In the case of chemically modified PAN, webbing
between fibers was observed, and this could enhance the
filtration, as shown in Figure 3b, by offering more resistance for
easy particle movement. In the case of SPS, upon chemical
treatment, the fibers have a larger fiber diameter compared to
untreated fibers, and this further restricts the movement of
particles (as shown in Figure 3d). Because of this diameter
change, webbing between fibers, and surface charges, we
believe that the chemically treated fibers offer better filtration
efficiency compared to the untreated ones.
Filtration of Aqueous NaCl Aerosols. During the

generation of aerosols from aqueous NaCl, excess Na+ and
Cl− species are expected to be present. The input and output
concentrations of these aerosols are measured by AFET, as
shown in Figure S1. A comparison of the filtration efficiency of
chemically treated and bare fibers is presented in the inset of
Figure S10. For removing PM0.3, the filtration efficiency rose to
∼93 ± 1.5% with an increment of ∼3%. Similarly, for removing
PM0.5, the efficiency rose to ∼99.8 ± 0.6%, and it reached
∼99.92 ± 0.2% for PM0.7, PM1, PM2, and PM3. The
enhancement in capturing PM0.3 by the chemically treated
fibers is attributed to the presence of molecular charges on
these fibers, as shown in Figure S10. This enhancement can
also be due to the entanglement and webbing between
individual fibers observed after chemical treatment. To

visualize the particles trapped by the fibers, NaCl concen-
tration was increased to 60 wt % by weight, and it was
aerosolized. The fibers were placed in AFET under continuous
exposure of 10 min. Later, the fibers were dried and analyzed
using SEM, as shown in Figure S10a. NaCl crystals trapped by
chemically treated PS fibers are shown in the marked region of
Figure S8a. The chemical composition of the crystal was
determined by spot energy-dispersive spectroscopy (EDS). A
semiquantitative view of the elemental composition in both
atomic % and weight % is shown in the inset. Note that a slight
Na excess is seen, and this is expected for sulfonated fibers as
the negatively charged fibers attract positively charged (Na+

excess) droplets. Typical bacteria range from 0.3 to 2 μm in
size;57 because of this ∼3% enhancement in removing PM0.3,
we believe using our filters we can offer protection from
bacterial aerosols. For filtering PM0.3, the QF was noted to be
0.11 for untreated fibers and 0.12 Pa−1 for the chemically
treated fibers, suggesting that the chemically treated fibers were
slightly better compared to the untreated counterparts.

Filtration of Soot by Fibers. In the present work, in order
to replicate a harsh and hazy environment, soot released from
the burning of an incense stick was studied. The setup used for
the filtration process of soot is depicted in Figure 4a, and the
process is shown in Video S1. The mats which need to be
tested were placed between the two bottles, and the smoke
from the incense sticks was passed through them. The filtration
efficiency was estimated by using a Perfect Prime AQ9600
particle counter. The input concentration of PM was ∼1413 μg
m−3 of PM2.5. PS fibers (>95%) showed higher efficiency than
PAN (>94%) in removing PM2.5, a result that contradicts other
reports.15,58,59 Because of 30 min of electrospinning duration,
the fiber packing density increased, which could lead to these
high filtration efficiencies. The highest filtration efficiency was
observed in a system combining the chemically treated PAN

Figure 4. Comparison of filtration efficiencies of treated and untreated fibers. (a) Photograph of the filtration setup used for trapping of soot
particles (left) using fiber mats; hazy condition is created by the introduction of ∼1413 μg m−3 of PM2.5. (Inset) Photograph of the PS mat; the
circular region is due to the contact by soot for 60 min. (b) Comparison of the filtration efficiency in removing PM<2.5 and PM10 of untreated PAN,
PS, and combined (PAN + PS) fiber mats with the treated fibers. (c,d) Comparison of the time-dependent filtration efficiency of PM2.5 and PM10,
respectively, of the fibers.
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and PS fibers embedded between the PP membrane, and the
efficiency was ∼98.4% for PM2.5 and ∼99.9% for PM10. By
combining the untreated PAN and PS fibers, the filtration
efficiency was noted to be ∼98% for PM2.5 and ∼99.3% for
PM10. The filtration efficiency of PP was negligible at 13 and
18% in removing PM2.5 and PM10, respectively, as shown in
Figure 4b. We observed hazy condition in the second bottle as
well while using the PP mats alone.
To systematically study the dependence of charge on the

filtration efficiency, we have varied the input concentrations of
ChCl and H2SO4. The concentration of ChCl was optimized
to 216 mM. Upon doubling the concentration, there was a loss
in the structural integrity, making the fiber mat brittle. The
scanning electron micrograph of the 432 mM ChCl-treated
PAN fiber is shown in Figure S11b. The porosity was greatly
reduced because of the increased webbing between the
neighboring PAN fibers. The pores are highlighted with yellow
arrows and are represented in white circles. The charges of the
PAN fibers with three different concentrations of ChCl are
shown in Figure S11a. With increasing concentration of ChCl,
we observed higher positive charge, which increased the
filtration efficiency of ChCl-PAN, as shown in Figure S11c.
However, this reduction in porosity increases the pressure
drop, making it difficult to breathe, and because the mat was
brittle, this could lead to easy cracking, eventually decreasing
the overall filtration efficiency. To impart negative charges on
electrospun PS fibers, these fibers were treated with H2SO4.
The concentration of H2SO4 was optimized to 3 M, and
charges of these fibers at different concentrations are shown in
Figure S12a. By doubling the concentration of H2SO4, the
amplitude of charge increased marginally. The filtration
efficiency shown in Figure S12b showed an increase with
doubling concentration of H2SO4. However, the increase was
only ∼1%.
To understand the performance of the mat under harsh

conditions for longer durations, a time-dependent filtration test
was performed by leaving the filters in the harsh condition for
1 and 24 h. The output concentration of soot particles was
studied periodically every 15 min to investigate the saturation
point. The filtration efficiencies exhibited by untreated and
treated fibers in removing PM2.5 and PM10 are shown in Figure
4c,d. We observed a decrease in the filtration efficiency by the
untreated fibers as the time progressed. This decrease was from
95.3 to 92.9% for PAN and from 98.5 to 91.2% by PS in
removing PM2.5. For chemically treated PAN and PS fibers,
this decrease was minimal. However, by sandwiching the
treated PAN and PS fibers between two PP NW mats, the
consistent filtration efficiency of ∼99.9% in removing PM2.5 for
the entire duration of 1 h was observed. Similar trends were
observed during the removal of PM10. The filtration efficiency
saw a decline as the time progressed in the case of untreated
fibers. On the other hand, the combined filter mat maintained
the efficiency at ∼99.9%.
The SEM images of soot trapped by the bare and chemically

treated PAN and PS after exposure to soot for 60 and 86,400 s
are shown in Figure 5. The SEM images of bare PAN after
exposure to soot for 60 and 86,400 s are shown in Figure
5a(i,ii), respectively. The soot particles were seen to be trapped
by the fibers everywhere on the mat. During longer exposure to
soot, webbing was observed between adjacent fibers and
attributed to soot aggregation, as shown in Figure 5a(ii).
Similar phenomena were observed for the ChCl-PAN, bare PS,
and SPS mats. The excessive morphological change observed

in ChCl-PAN and SPS during extended soot deposition is
possibly a major reason for the enhancement in filtration
efficiency.

Filtration Efficiency of the Mat. After studying the
performance of individual fibers, we studied the performance
of mats prepared using these fibers. A typical mat consists of
either treated or untreated PAN and PS fibers sandwiched
between four NW PP mats. The average filtration efficiency of
six samples of untreated and treated mats under long exposure
to soot is shown in Figure 6a,b. In the case of the untreated
fiber mat, the filtration efficiencies at the end of 1 h were ∼98.0
± 0.5 and 99.3 ± 0.35% for removing PM2.5 and PM10,
respectively, as shown in Figure 6a. This efficiency further
increased to ∼99.6 ± 0.25% (PM2.5) and ∼99.8 ± 0.2%
(PM10), respectively, after 10 h of exposure. Finally, at the end
of 24 h, this efficiency reached a maximum of ∼99.92 ± 0.07%
(PM2.5) and ∼99.92 ± 0.07% (PM10), respectively. This
enhancement in filtration could be due to the morphological
change of fibers caused by extended exposure to soot. The
filtration efficiencies for the treated fiber mat are shown in
Figure 6b, which at the end of 1 h of exposure were ∼99.07 ±
0.07% (PM2.5) and ∼99.9 ± 0.07% (PM10), respectively. It
reached ∼99.92 ± 0.07% for both PM2.5 and PM10 at the end
of 10 h. The capture efficiencies at the end of 24 h were

Figure 5. Scanning electron micrographs of fibers after soot
deposition: (a) bare PAN fibers, (b) ChCl-PAN, (c) bare PS, and
(d) SPS fibers. Scale bar corresponds to 50 μm. Images (i,ii) in each
correspond to 60 and 86,400 s of exposure.
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∼99.92 ± 0.07 and ∼99.92 ± 0.07% for PM2.5 and PM10,
respectively. The enhanced capture efficiency is due to
morphological changes inherent to the treated fibers. However,
the fibers were completely enveloped by soot at the end of 24
h in the case of treated fibers. Under extreme harsh and hazy
conditions, we believe that the chemically treated fiber mat is
preferable over the untreated mat.
While testing the long-term filtration efficiency, soot

particles did settle down, forming a yellow colored precipitate.
To circumvent the issue of the settling of PM, the chamber was
saturated with soot, the particles were fluidized with a face
velocity of 0.3 mL min−1, and the filtration efficiency was
noted. The schematic of this modified setup is shown in Figure
6c. The filtration efficiency under the forced movement of soot
is shown in Figure 6d.
The pressure drop across the filter mat before and after

filtration is shown in Figure S9b. To measure this pressure

drop, a digital manometer was placed across the filter mat in
the soot filtration setup. Here, air flow was created by using the
IPM-191 dust collector, which has variable flow rates of 5 and
8 L min−1. The fresh untreated filter mat had pressure drops of
82 and 608 Pa at the flow rates of 5 and 8 L min−1,
respectively. This pressure drop increased when the untreated
filter mat was exposed to soot for 24 and rose to 100 and 690
Pa, respectively. A similar trend was observed in the case of the
treated filter mat, where the initial pressure drops were 91 and
651 Pa, which then increased to 131 and 700 Pa, respectively.
This increase in pressure drop is predominantly due to the
blockage of the pores caused by aggregated soot particles after
filtration. The pressure drop across both the untreated and
treated filters before exposure to soot is comparable to the
pressure drop of the commercial-grade N95 filter mask.60 The
QF, also known as the figure of merit, was used to evaluate the
performance of the filter mat. For the flow rates of 0.3, 5 and 8

Figure 6. (a,b) Long-term filtration efficiencies of PM2.5 and PM10 by the untreated fiber mat and chemically treated fiber mat of different masses,
respectively. (c) Schematic of the filtration setup, and filters were placed between two glass bottles wherein the soot particles were introduced in the
left bottle. (d) Comparison of the PM removal efficiency between untreated and treated filter mats. VOC uptake by the fiber mat after 1 h of
exposure to (e) THF, (f) aniline, (g) toluene, and (h) chloroform.
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L min−1, the untreated fibers had QFs of 0.07, 0.04, and 0.006
Pa−1, respectively. In the case of the treated filter mat, the QFs
are 0.08, 0.05, and 0.007 Pa−1 for the flow rates of 0.3, 5, and 8
L min−1, respectively. The QF values indicated that the treated
fiber mats performed better under different flow rates
compared to the untreated fibers. A comparison of filtration
efficiency and pressure drop of the untreated and chemically
treated filter mat is shown in Table 1.

VOC Uptake by Electrospun Fibers. Recent studies have
concluded that electrospun polymer fibers and their
composites are capable of capturing VOCs. Similar studies
were performed to determine the maximum VOC uptake by
the fibers. Electrospun fiber mats of different masses2, 10,
and 20 mg were taken, and their uptake capacities for model
VOCs such as THF, toluene, chloroform, and aniline were
studied for a duration of 1 h. These fibers were later immersed
in ACN to leach out adsorbed VOCs. This solution was
analyzed using HPLC to determine the analyte concentrations,
and the data are shown in Figure 6e−h. From Figure 6e, the
maximum uptake of THF was observed for 20 mg of untreated
PAN and PS fibers, and this was reduced for the chemically
treated ones. A similar trend was also observed for 10 mg mass.
However, SPS captured ∼3 ppm more than ChCl-PAN,
whereas PAN captured ∼2 ppm more than PS. We observed
that even 2 mg of the electrospun fiber mat captured THF, and
the maximum amount captured was ∼1 ppm. The uptake of
aniline by the electrospun fibers is shown in Figure 6f, where
the maximum capture was observed by 20 mg of PS fibers
reaching ∼55 ppm and the SPS fibers captured ∼40 ppm of
aniline. For aniline, ChCl-PAN showed a higher capture than
PAN fibers. Similar trends were observed for 10 and 2 mg of
the material. PS fibers of 2, 10, and 20 mg captured the
maximum amount of aniline. Capture of toluene by the
electrospun fibers is shown in Figure 6g, and the maximum
capture was observed for the chemically treated fibers
compared to the bare fibers, SPS > PS, and ChCl-PAN >

PAN. We observed a similar trend for both 2 and 10 mg, and
the smallest amount of 0.8 ppm was captured by 2 mg of PAN
electrospun fibers. Capture of chloroform by the electrospun
fibers is shown in Figure 6h, in which PAN fibers of 20 mg
captured the maximum amount compared to PS fibers;
however, upon chemical treatment, ChClPAN captured lesser.
PS fibers also captured lesser amount when compared to their
chemically treated counterparts. Similar trends were observed
for both 2 and 10 mg of fibers, and the smallest amount of
∼1.5 ppm was captured by 2 mg of the fibers. From Figure
6e−h, electrospun fiber mats both treated and untreated are
capable of capturing model VOCs, and because of the chemical
functionalization, the treated fibers had lower uptake capture
when compared to the untreated ones.

Antibacterial Activity. Digital photographs of the agar
plate containing E. coli, B. subtilis, and E. faecalis with the fiber
mats are shown in Figure S13. An agar plate containing E. coli
with the filter mats is shown in Figure S13a, and a visible zone
of inhibition along the filter mat was observed for PAN, PP,
ChCl-PAN, and SPS. E. subtilis containing an agar plate along
with the filter mat is shown in Figure S13b, and similar to E.
coli, a visible zone of inhibition was observed for PP, PAN, and
ChCl-PAN. Finally, the agar plate containing E. faecalis along
with the filter mats is shown in Figure S13c, and a small zone
of inhibition was observable in the case of PAN, ChCl-PAN,
and PP mats. It is evident from these zones that PAN, ChCl-
PAN, and PP show slight susceptibility for the antibacterial
activity; however, the zone of inhibitions is not signification
when compared with that of antibiotics. PS fibers did not show
any antibacterial activity toward any of the bacteria used. We
conclude that these fibers are repulsive to the tested bacteria
and thus suitable to be used inside a nasal plug for extended
periods of time.
In order to determine the practical applicability of the

filtration mat in real-life conditions, a silicone-based nasal plug
was procured, and the mat was placed inside this nasal plug.
Ten volunteers were asked to use the nasal plug and 90% of
them did not experience any discomfort while breathing using
the nasal plug. The comfort of breathing was similar to that of
a commercial-grade N95 mask.

■ CONCLUSIONS
Chemically functionalized PAN and PS fibers offer better
filtration efficiency for removing PM compared to the
untreated counterparts. They were also capable of adsorbing
VOCs. The enhancement in filtration efficiency was suggested
to be primarily due to the morphological change observed after
chemical treatment and also due to the presence of surface
charges. A filtration mat was assembled using four NW PP
mats and employing an optimized electrospinning time of 30
min to obtain PAN and PS fibers. The fibers were
functionalized with +ve and −ve charges by chemical
treatment after electrospinning. Under hazardous environ-
ments, these chemically functionalized mats maintained a
filtration efficiency of ∼99.92 ± 0.07% in removing PM2.5 and
PM10. The mats offer minimum resistance to air flow, with the
maximum pressure drop across the fibers being <60 Pa.
Pressure drop across the untreated and treated filter mats was
measured at 5 and 8 L min−1 air flow. The untreated fibers
offered resistances of 82 and 608 Pa, respectively, before
exposure to soot. After exposure to soot for 24 h, this
resistance increased to 100 and 690 Pa, respectively. The
chemically treated filter mats before exposure to soot offered

Table 1. Comparison of Different Properties of Untreated
and Treated Fibers

property
untreated
filter mat

treated filter
mat

pressure drop (Pa) @ 16 L min−1 flow ratea 24 28
Pressure drop (Pa) @ 5 L min−1 flow rate
before soot deposition 82 690
after soot deposition 100 608
pressure drop (Pa) @ 8 L min−1 flow rate
before soot deposition 91 651
after soot deposition 131 700
filtration efficiency (PM0.3) (%) ∼89 ± 1.3 ∼93 ± 1.3
forced soot filtration at a flow rate of
0.3 mL min−1

PM2.5 97.2 99
PM10 98.4 99.5
natural soot filtration
PM2.5 98 99.8
PM10 99.3 99.9
electrospinning time of 30 min
mass of PAN (g) 0.15 0.21
mass of PS (g) 0.25 0.32
QF (Pa−1) for removing PM0.3 having a face
velocity of 5 cm s−1

0.11 0.12

aMat area is 10 cm2 here, and for others, it is 4 cm2.
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resistances of 91 and 651 Pa, respectively, which increased to
131 and 700 Pa after exposure to soot for 24 h. The QF
indicates that at these flow rates, the chemically treated filter
mat offered better filtration efficiency with a lower pressure
drop. The untreated and treated fibers were tested for their
antibacterial property, and using the zone of inhibition
method, E. coli, B. subtilis, and E. faecalis were tested. PP,
PAN, and ChCl-PAN presented a visible zone near the mat,
suggesting the presence of antibacterial property in these fibers.
Because of this antibacterial property, the filters can be used for
extended duration. We believe such mats can be used in nasal
plugs for personal protection.
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Figure S1. Illustration of the aerosol filtration efficiency tester set-up.



S4

a

b c

Figure S2. Photograph of soot filtration set-up. (a) The complete set-up with clamps and 
caps, (b) without the clamps and caps. (c) Side view of one the bottle were the fibers meet the 
soot particles.
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Figure S3. (a) Size distribution of dust particles collected on different days. (b) Zeta potential 
of the dust collected on different days.
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Figure S4. (a and b) Charge distribution of dust collected from 2 different locations 
measured using a Faraday cup. (c and d) Scanning electron micrographs of dust collected 
from 2 different locations. Scale bar corresponds to 10 μm.
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Figure S5. (a, b, c and d) X-ray diffraction patterns of dust collected from 4 different 
locations matched with the ICSD database.

Table S1. Chemical composition of dust collected from 4 different locations and matched 
using ICSD database.

Location Sample 
name

Inorganic crystal structure 
database (ICSD)

Chemical composition

1 Kyanite
Quartz low
Anorthite

83456
201353
63547

Al2O5Si
SiO2
Al2Ca0.71Na0.25O8Si2

2 Quartz low
Albite low

201353
77423

SiO2
Al1Na1O8Si3

3 Bytownite
Quartz low
Lauzurite 4A
Andesine

30932
201353
85087
100867

Al1.94Ca0.85Na0.14O8Si2.06
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Figure S6. (a and c) Fiber diameter distribution comparing the bare and chemically treated 
PAN and PS. (b and d) fibers FTIR spectra comparing bare, chemically treated PAN and 
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Figure S7. Charge distribution of untreated and treated (a) PAN and (b) PS fiber mats.(Inset) 
(a) Molecular model of ChCl treated PAN where, grey represents carbon, blue represents 
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Figure S8. Water contact angle measurements performed on (a) PAN, (b) PS, (c) ChClPAN 
and (d) SPS.
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Figure S11.  (a) Charge distribution of electrospun PAN fibers. Marked region is zone 
presented in the inset. (b) Scanning electron micrograph of ChCl-PAN fibres. Scale bar 
corresponds to 5 µm. The pores are highlighted by arrows. (c) Filtration efficiency of ChCl-
PAN fibres.
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Iron assisted formation of CO2 over condensed
CO and its relevance to interstellar chemistry†

Rabin Rajan J. Methikkalam, ‡§ Jyotirmoy Ghosh, ‡ Radha Gobinda Bhuin, ¶
Soumabha Bag, 8 Gopi Ragupathy and Thalappil Pradeep *

Catalytic conversion of CO to CO2 has been investigated in ultrahigh vacuum (UHV) under cryogenic

conditions (10 K). This cryogenic oxidation is assisted by iron upon its co-deposition with CO, on a

substrate. The study shows that the interaction of Fe and CO results in a Fe–CO complex that reacts in

the presence of excess CO at cryogenic conditions leading to CO2. Here, the presence of CO on

the surface is a prerequisite for the reaction to occur. Different control experiments confirm that the

reaction takes place in the condensed phase and not in the gas phase. Surface sensitive reflection

absorption infrared spectroscopy (RAIRS), temperature programmed desorption (TPD), and Cs+ based

low energy ion scattering are utilized for this study. The iron assisted formation of CO2 may be proposed

as another pathway relevant in interstellar ices, containing CO. This direct oxidation process, which

occurs at extremely low temperatures and pressures, in the presence of a reactive metal species like iron

(the most abundant metal in the interstellar medium) may have astrochemical importance. It does not

require any external energy in the form of photo-irradiation or thermal processing. Such reactions are

highly relevant in cold dense molecular clouds where interactions between neutral species are more

favoured.

Introduction

Although transition metal assisted catalytic processes/reactions
in interstellar space were proposed long ago,1 they have received
consistent attention only in recent years.2,3 Our knowledge of
transition metal assisted catalysis is largely derived from surface
science experiments. Many such processes occur at a much higher
temperature window than that is possible in the interstellar space.
Mechanistic pathways involved in the catalysis for the formation
of complex molecular species in the interstellar medium (ISM)
and the role of transition metals in them are open questions.
Considering the cryogenic conditions present in ISM, this cata-
lysis reaction can be termed as ‘‘cryo-catalysis in ISM’’, which may
be of much importance and can have great relevance in various
astrochemical environments. Elements having atomic masses

greater than silicon are found in places like protostars, star-
forming regions, and even in diffused and cold dense clouds.4,5

Among these, iron is observed with higher abundance compared
to several other transition metals5,6 and in fact, iron is the most
abundant metal in the universe. These metals are produced and
ejected as dust during star formation as well as during the death
of stars.7 Considering the higher abundance of iron in ISM,
the possibility of iron assisted catalysis is expected in these
conditions.

Iron is known to be a well-known catalyst for the oxidation of
CO to CO2.8–11 In the interstellar space, CO and CO2 have been
detected in various environments.12,13 However, the formation
of CO2 in the gas phase is not efficient to account for its
proposed and observed abundance.14 Several pathways toward
the formation of CO2 in the interstellar space are proposed,
such as UV photo-processing of CO ice, high energy ion
irradiation of CO ice, oxygenation of CO ice, etc.15–18 Formation
of solid CO2 has also been proposed through CO + O, CO + OH,
and H2CO + O routes.19–21 CO is ubiquitous in the ISM and its
observed abundance can be explained by the gas phase
reactions.22 In surface science literature, the interaction of
CO with iron atoms and iron surfaces is well-studied.10,11,23

It is one of the model systems, understood in detail with
respect to metal–ligand bond formation. CO can undergo
dissociative adsorption on iron surfaces.8,9 Laser ablated iron
oxides (clusters) react with CO to produce the carbonyl iron
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oxides FeO(CO)n (n = 1–3) and FeO2(CO)m (m = 1, 2) which can
further dissociate to give CO2; such processes have been
investigated using infrared spectroscopy.24,25 Besides, CO
adsorbed on Fe(110) surface undergoes dissociation, and
further oxidation in the presence of O2 leads to CO2 at room
temperature and at higher temperatures.8,9,26

In this work, we have studied the interaction of neutral iron
atoms with CO, which is also abundantly found in ISM.13 The
co-deposition of Fe and CO resulted in Fe + CO complex
together with a small amount of CO2. The observed CO2 is a
product formed due to the reaction of CO with iron atoms as we
did not observe any CO2 peak during the deposition of CO on
the substrate. The Fe + CO band is broad in nature due to the
formation of Fe(CO)x (where x = 1–5).

The experiments were performed in simulated astrophysical
conditions by depositing CO and iron atoms on a surface
precooled to 10 K. The formation of CO2 was observed just
after the deposition, at 10 K. From different control experi-
ments, it was concluded that the formation of CO2 occurs on
the surface, only in the presence of condensed CO and below
the CO residence temperature. To further understand, we have
performed a detailed DFT computational study on the electro-
nic structure and vibrational frequency of Fe + CO complexes.
The computed vibrational frequency of CO had been compared
with our experimental frequency. We have also constructed
a free energy map for the formation of CO2 from the Fe + CO
mixture. The proposed reaction mechanism justified the con-
version of CO to CO2 in the presence of Fe atoms.

Experimental

The experiments were performed in a custom-built ultrahigh
vacuum instrument with a base pressure of o5 � 10�10 mbar.
A detailed description of the instrument is given elsewhere.27

The instrument consists of a Ru(0001) substrate, where the
molecular solids or ices are deposited. The substrate is attached
to a 10 K closed-cycle helium cryostat with a copper holder. The
temperatures are measured using a silicon diode sensor, a
thermocouple sensor, and a Pt-sensor attached at three different
points and are calibrated with �0.1 K accuracy. Molecular solid’s
structure, reactivity, etc., can be probed using several spectroscopic
probes attached to the instrument chamber.28–31 In this study, we
used reflection absorption infrared (RAIR) spectroscopy and Cs+

based low energy ion scattering to probe the surface species and
temperature programmed desorption (TPD) to examine the des-
orbed species. The background pressure before starting the experi-
ment was maintained at o5 � 10�10 mbar. We have deposited
CO, iron, and the mixture (Fe + CO) on the pre-cooled Ru(0001)
substrate at 10 K. CO gas (99.999% purity, RANA GAS) was leaked
through an all-metal leak valve and metallic iron was evaporated
using an electron beam evaporator (Mantis Deposition, e-beam
evaporator). The electron beam evaporator can control the rate of
evaporation by monitoring the deposition flux, via the ion current
of the evaporant. The electron beam evaporator consists of an iron
rod (99.99%, GoodFellow Cambridge Limited) which was placed

inside a tungsten crucible and heated using the electron beam,
and the flux of the evaporant was monitored using a flux plate
electrically isolated and biased at 50 V. We maintained the iron
flux current at 3 nA (corresponding to ionized Fe atoms over the
crucible) during deposition. The amount of iron atoms vaporized
is proportional to the flux current. Nearly all the iron ions are
neutralized at the flux plate, and no iron ions are falling on the
substrate as no current was measured at the substrate. The
thermal evaporator was kept 2 cm away from the substrate during
the deposition of iron atoms and there was no increase in
substrate temperature due to the evaporator. The UHV chamber
was backfilled at 1 � 10�7 mbar of CO (by opening the all-metal
leak valve) and was exposed to the surface for 10 minutes which
would generate 50 MLs of solid CO on the substrate.27 The
deposition of Fe with 3 nA current (observed on the flux plate)
for 10 minutes can give iron atoms of a few monolayers. In
different experiments, we have maintained the above ratio of iron
(3 nA) and CO (pressure at 1� 10�7 mbar), constant. This constant
ratio ensured that the experiments are similar, and the results
could be compared with each other. The mixture (Fe + CO) was
generated by switching on the evaporator and exposing the
chamber with CO gas at 1 � 10�7 mbar simultaneously. The
simultaneous exposure for 10 minutes will lead to iron atoms
getting mixed with CO in the gas phase and this mixture was
getting deposited slowly on to the precooled Ru(0001) substrate to
give multilayers of Fe + CO mixture. This thicker sample mixture
(Fe + CO) makes sure that the Ru(0001) substrate does not have
any influence on the reaction. We have also performed sequential
deposition, where CO gas was backfilled for 10 minutes, followed
by Fe (3 nA for 10 minutes) by giving a time gap in between for the
background pressure to come down to the initial values.

To confirm further that the substrate is not affecting the
reaction, solid argon and later water-ice (both amorphous and
crystalline forms of ice) were used to cover the ruthenium
substrate. Argon (99.998%, Sigma Aldrich) was used at a
pressure (back-filling the chamber) of 5 � 10�7 mbar for
16 minutes to produce B500 MLs coverage. H2O (99.996%,
Millipore), taken in a glass to metal seal adaptor, further
purified by several freeze pump thaw cycles, was used to deposit
water-ice. Amorphous ice was grown by depositing water vapor
by backfilling the chamber at 1 � 10�7 mbar pressure for
16.7 minutes, to give B100 MLs of amorphous ice at 10 K.
Crystalline ice was developed by depositing the same amount of
water vapor at 120 K, further heated to 145 K and subsequently
cooled back to 10 K. A residual gas analyser (RGA) was run
throughout the deposition which ensured the purity of the gas
getting deposited.

After deposition, the deposited sample was heated resistively,
and the substrate temperatures were controlled by a LakeShore
temperature controller. A typical RAIR spectrum was collected as
an average of 512 scans. Temperature-dependent RAIR spectra
were measured by depositing Fe + CO mixtures at 10 K and
subsequently heating them to higher temperatures at 2 K min�1

heating rate and giving a 2 minute equilibration time after
reaching the desired temperature, followed by spectral
measurement.
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Computational quantum chemistry, especially DFT, is well
suited for understanding the mechanistic insights of transition-
metal-catalysed chemical reactions by providing detailed reaction
energy profiles with the geometric and electronic structures of
reactants, products, intermediates, and transition states. Single-
point DFT calculations, similar to previously performed computa-
tional analyses of metal clusters,32 were likewise carried out via the
Gaussian 09 computational package.33 In this study, we chose
6-31+G*, a double-z Popletype basis set. LANL2DZ (Los Alamos
National Laboratory 2 double-z), which is a widely used, effective
core potential (ECP)-type basis set, was used to model the metal
atoms.33 This mixed basis set was created through the use of the
GEN keyword in Gaussian 09.

Frequency analysis was performed on each ground state and
transition state. We verified that all frequencies are positive
for each ground state, and only one imaginary frequency
existed (within a computational tolerance of 30 cm�1) for each
transition state complex. It has been shown that the current
DFT method (with B3LYP functional) provides reliable geo-
metries, energies, and vibrational frequencies in related
mechanistic studies.34

Results and discussion

The experiment was carried out by depositing CO on a pre-
cooled Ru(0001) substrate at 10 K. Subsequently, in a different
experiment, CO was deposited along with iron atoms. Fig. 1
shows the RAIR spectrum obtained upon depositing CO at 10 K
(bottom trace) and upon co-deposition of CO along with
iron (Fe + CO) (top trace) at 10 K. The spectra are shown in a
range focussing on the CQO antisymmetric stretching band
(2142 cm�1). Solid pure CO shows a CQO stretching peak at

2142 cm�1 and a small peak at 2092 cm�1 arises due to the
contribution from 13CO molecules,18 present with 12CO as a
natural impurity. When CO was deposited along with iron
atoms, we observed three peaks, (i) CO antisymmetric stretching
peak (2142 cm�1) with reduced intensity compared to the pure
sample, (ii) a broad band in the 2100 to 2000 cm�1 range,
attributed to the formation of an Fe + CO complex and (iii) a
weak peak at 2343 cm�1 due to the antisymmetric (CQO)
stretching mode of CO2.

During the deposition, iron can interact with more than one
CO molecules to form a range of Fe(CO)x clusters. The CQO
stretching positions will be different for all the various combi-
nations of Fe and CO. Previous reports suggest that both
thermally evaporated iron atoms, as well as laser-ablated iron
atoms, form Fe(CO)x clusters upon reaction with CO in the
gas phase.35,36 The infrared peaks of these Fe(CO)x were already
reported in the literature by depositing them in various
matrices.37,38

Computationally, we calculated the optimized vibrational
frequencies for CO, CO2, and Fe(CO)x (x = 1–5) complexes. The
calculated IR frequencies of the CO and Fe(CO)x are compared
with the experimental IR frequencies, as shown in Fig. S1
(ESI†). The experimental and calculated spectra are qualita-
tively similar. Our DFT calculations predicted that the CQO
stretching frequency for Fe(CO)x complex shows a lower wave-
number value (red-shift) with respect to free CO.

In order to characterise the Fe + CO mixture, temperature-
dependent RAIRS measurement of the same was performed by
slowly heating the substrate from 10 K to higher temperatures
and measuring the RAIR spectrum at each temperature
indicated, as shown in Fig. 2a. Enlarged regions from Fig. 2a
corresponding to CO2 and Fe(CO)x regions are shown in the
insets as Fig. 2b and c, respectively. The CO2 region is multi-
plied by a factor of 10 for better visibility. The intensity of the
CQO stretching peak (2142 cm�1) goes down completely above
30 K, attributed to CO desorption, whereas the broad Fe(CO)x

band stayed till 250 K but its intensity got reduced above 150 K.
Fe(CO)x may undergo dissociative desorption upon heating,
and it was completely dissociated at B250 K. However, this
happens very slowly with temperature. This implies that the
Fe(CO)x cluster has higher desorption energy. Fig. 2b shows the
characteristic peak of solid CO2 (2342 cm�1), which eventually
gets desorbed above 80 K, in accordance with the desorption
temperature of CO2 in UHV.39

Low energy Cs+ collision was also performed on the deposited
Fe + CO mixture to check the species formed due to the reaction.
These data are shown in Fig. 2d and e. Cs+ scattering is a versatile
surface analytical technique and is very specific to the top few
layers.40,41 Low energy (B40 eV) Cs+ upon collision on the surface
undergoes reactive ion scattering where Cs+ picks up the surface
molecules forming an adduct-ion species, which can be detected
by a mass spectrometer. During 40 eV Cs+ collision (Fig. 2d),
Cs–CO+ (m/z = 161) was observed as the major peak next to Cs+

(m/z = 133) and Cs–CO2
+ (m/z = 177) as a minor peak, confirming

the presence of CO2 molecules on the surface. Upon increasing
the kinetic energy of Cs+ to 80 eV (Fig. 2e), various peaks related to

Fig. 1 RAIR spectrum collected upon deposition of CO on top of
Ru(0001) substrate (Ru@CO) (bottom trace) and co-deposition of
thermally evaporated iron with CO (Ru@Fe + CO) at 10 K (top trace).
The CO2 peak obtained at 2343 cm�1 is multiplied by a factor of 20. Peak
labeled * is due to the 13CO.
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Fe(CO)x and Fe started to appear. The relatively higher energy of
Cs+ (B80 eV) makes it act mainly as a sputtering source and the
deeper monolayers will be probed after knocking out the mole-
cules from the top surface. At higher collision energies of Cs+, the
product ions (Cs–CO2

+, in our case) can also dissociate, explaining
the observations. These data suggest that Fe(CO)x consists of
various combinations of CO bound with iron and the value of x
can be from 1 to 5.

The Fe + CO deposited mixture was further characterised by
temperature programmed desorption (TPD). The obtained TPD
spectra of the Fe + CO mixture is shown in Fig. S2a (ESI†).
In this experiment, the deposited Fe + CO mixture was heated
from 10 K, at a heating rate of 30 K min�1. The intensity of the
desorbed species of masses 28 (for CO) and 44 (for CO2) were
plotted as a function of substrate temperature. TPD spectra of
mass 28 (Fig. S2a, ESI†) shows the characteristic peak centered
at B30 K, due to the desorption of CO molecules having weak
or no interaction with Fe atoms. The observed tail, which
continued above 120 K, originated from the CO molecules
interacting with the Fe atoms and also from the dissociation
of Fe(CO)x. Such a dissociation of Fe(CO)5 upon chemical vapor
deposition is already reported at higher temperatures.42 TPD of
mass 44 gave a peak centered at 85 K, which is the character-
istic desorption profile of CO2.39 This is very low in intensity
and is shown in the inset (Fig. S2b, ESI†). Fig. S2c (ESI†) is the
instantaneous mass spectrum obtained at 85 K showing the
intensity ratios of CO2

+ and CO+ along with C+ and O+.
The gas-phase reactions of CO molecules with Fe atoms are

highly feasible, leading to Fe(CO)x.35,37,38 In order to observe
whether the reaction is occurring in the gas phase or the

condensed phase and to get a better insight into the formation
mechanism of CO2, different control experiments were carried
out. The Fe + CO mixture was deposited at various temperatures
(10 K, 20 K, 30 K, 40 K, 50 K and 60 K). These data are shown
in Fig. 3a. Since the desorption temperature of CO is 30 K,
the possibility of CO molecule to get deposited above 30 K in
the Fe + CO mixture is negligible. The primary observation
upon deposition of Fe + CO at various temperatures is that the
formation of CO2 solely depends on the residence of CO at the
surface.

We have also calculated the column densities of CO and CO2

formed at various temperatures from Fig. 3a and the results are
plotted together in Fig. 3b. Major observations from the data
can be summarized as, (i) the formation of CO2 decreases
substantially with increase in the deposition temperature and
follows the column density pattern of CO. Maximum formation
of CO2 was observed when Fe and CO were co-deposited at 10 K.
(ii) There is a drastic decrease of CO2 peak intensity above 30 K,
which is the temperature above which CO will not get con-
densed on the surface. This led us to suggest that an excess or
unbound CO molecule is required for the iron assisted CO2

formation. (iii) The formation of CO2 stops completely at and
above 50 K. This observation suggests that the reaction is
occurring in the condensed phase only, and the possibility of
the same in the gas phase can be ruled out. If the reaction is
feasible in the gas phase, it must have formed at all the above
temperatures and the formed CO2 must have condensed till
80 K, since CO2 is known to desorb only above 80 K. A small
amount of CO2 was observed at 40 K. It may be explained as
follows: CO gets dissociated from Fe(CO)x and is also available

Fig. 2 (a) Temperature-dependent RAIR spectra of Fe + CO deposited mixture. The insets (b) and (c) are enlarged views of the CO2 and Fe(CO)x regions,
respectively. Figures (d) and (e) are the Cs+ scattering spectra of Fe + CO deposited mixture at 40 eV and 80 eV ion kinetic energy, respectively. Various
features are marked. The mixture was deposited, and the scattering spectra were collected at 10 K.
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from trapped CO, which gets desorbed at a higher temperature
than its usual desorption temperature (30 K).43,44 The trapped
CO was observed as a tail in the TPD profile of the CO
desorption curve in the Fe + CO mixture in Fig. S2a (ESI†).
The intensity of the tail reduces with temperature. Similar
trapping of CO (of very less amount) is possible when we
deposit Fe + CO at 40 K and we strongly believe that this
trapped CO is making the formation of CO2 feasible at 40 K.
The intensity of CO2 formed at 40 K is much lower than that at
30 K (Fig. 3b). Another observation is that the ratio of CO to
CO2 intensity is also quite less for the 40 K deposition
experiment (Fig. 3a). This may be due to an experimental
limitation, which can be explained as follows: the formation of
CO2 from Fe + CO mixture is not time dependent. The
desorption temperature of CO from different surfaces is
higher than 30 K, and ranges up to 40 K.43–45 We measured
the RAIR spectrum after the deposition of Fe + CO mixture (at
40 K) and waiting for the pressure to settle down to the base
pressure. The 512 scans used in the spectral collection took
around 7 minutes. Throughout this time, the surface was
equilibrated at 40 K, which made a significant amount of
CO to desorb leading to reduced intensity of CO than CO2

(at 40 K). Above 40 K, upon deposition of the Fe + CO mixture,
the chance of CO getting trapped decreased substantially as it
was far above its desorption temperature which restricted the

formation of CO2 completely as unbound surface CO was
required for CO2 formation.

It may be concluded from the above data that an excess or
unbound CO in the condensed phase is essential for the
formation of CO2. The Fe–CO bond formation weakens the
C–O bond resulting in partial dissociation of O. This partially
dissociated O in Fe + CO can bind with a free CO molecule
leading to CO2 and the remaining part stays as iron carbide and
the entire process occurs in the condensed phase.

The reaction can be explained by the following equations,

CRO + Fe - Fe–CRO (1a)

Fe–CRO + CRO - Fe–C + OQCQO (1b)

The overall reaction mechanism consists of two molecules of
CO getting converted to one molecule of CO2 in the presence of
a Fe atom. We have plotted the gas-phase Gibbs free energy
(DG, kcal mol�1) and the mechanism with reaction coordinate
in Fig. 4.

The reaction mechanism begins with the formation of FeCO,
a complex that is 2.73 kcal mol�1 stable than the reactants. The
preferred pathway continues through the insertion of one more
CO molecule to form Fe(CO)2. The intrinsic reaction coordinate
(IRC) revealed that transition state (TS) is actually an O-transfer
from one CO to other CO molecule, which occurs with a
minimal activation barrier via TS (+4.65 kcal mol�1). Transition
states were confirmed by vibrational frequency calculations
yielding a single imaginary frequency along the reaction coor-
dinate. Consequently, the breakage of the C–O bond occurs,
which leads to FeC–CO2. The final step is the formation of free
CO2 and FeC. The data depicted in Fig. 3 could surely conclude
that (i) the formation of CO2 is highly dependent on the
accessibility of free or unbound CO and (ii) the reaction
happens in the condensed phase.

The current experiments could not resolve all the observa-
tions. For example, the deposition of Fe and CO mixture at 10 K
and 20 K is observed to give almost the same intensity of CO
(corresponds to the same amount of deposition) while the CO2

formed at these two temperatures show a linear decrease.

Fig. 3 (a) Iron and CO co-deposited at various temperatures (10–60 K).
(b) The column density ratios of CO and CO2 calculated from the data
obtained from the experiments depositing Fe + CO at different temperatures.

Fig. 4 Proposed reaction mechanism for the formation of CO2 from CO
with Fe atom. The relative energies are given in kcal mol�1.
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The reason for this could not be explained. The computed
mechanism (Fig. 4) serves well to explain our experimental
observation, except the temperature dependence of the experi-
ment, that more CO2 was observed at 10 K. This could be
because the DG values were computed for gas phase reactions
and not considering condensed state of these species. We believe
that this difference in the conditions of calculations and experi-
ments is reflected in the discrepancy in the temperature depen-
dence. However, the intermolecular interaction between CO and
Fe will be similar in both gaseous and condensed phases.
Literature reports46,47 suggest that disproportionation reactions
as depicted in the mechanism could occur at low temperatures.

Role of substrate in the reaction

All these reactions described above were performed on a
Ru(0001) substrate. In order to confirm that the substrate does
not have any role in the present reactions, we covered the
Ru(0001) substrate by depositing 500 MLs of argon. This was
followed by co-deposition of Fe and CO mixture on top of
argon. The result obtained was very similar (data are not
shown), which makes us conclude that the reaction is substrate
independent.

We also performed other sets of experiments by depositing
iron on CO and also a reverse experiment; by depositing CO
on iron sequentially, both at 10 K. The experiments were
performed on Ru(0001) substrate as well as by covering it
with 500 MLs of argon. The results were similar and the data

obtained upon deposition on argon covered Ru(0001) substrate
are shown in Fig. 5a and b. Here, we observed the IR peak for CO2

(at 10 K) when iron was deposited on top of CO (Fig. 5a) while, a
similar IR peak of CO2 was not observed in the reverse case where
CO was deposited on top of iron (Fig. 5b). The observation from
Fig. 5 would lead us to suggest that heat of adsorption of iron
atoms on solid CO is facilitating this reaction. Neutral iron atoms
upon condensation on solid CO would react to give Fe–CO
complex and CO2. The observation that CO2 was not formed
above 40 K from the deposition of the species at various tempera-
ture experiment (Fig. 3) clearly confirms that this is a condensed
phase reaction and more CO2 formed at temperatures lower than
30 K suggests the presence of free or unbound CO is necessary for
this (CO2 formation) reaction to proceed. The above sequential
deposition experiment of Fe atoms on solid CO could be more
realistic or a better model for ISM but the product (CO2) formed
was less as compared to co-deposition experiment. We attribute
this to the better interaction of Fe and CO possible in a
co-deposition method than the sequential deposition. In sequen-
tial deposition, iron atoms could interact only with the surface CO
molecules while in co-deposition, the interactions are more as CO
and Fe are getting mixed during the deposition, which leads to
more amount of CO2 than the former. However, the observation
of the formation of CO2 in both cases predicts that the reaction
proceeds in a very similar way in both cases.

To give more realistic data pertaining to the interstellar
medium, we performed a similar experiment by depositing

Fig. 5 (a) RAIR spectra collected upon deposition of thermally evaporated iron on top of CO at 10 K. (b) Similar RAIR spectral measurement from the
deposition of CO on top of deposited iron. The substrate was initially covered by 500 MLs of argon in order to avoid the interaction and any probable
influence of the Ru(0001) substrate. The inset shows the schematic of the sample and the order of deposition. The spectra have corresponding labels.
The CO2 stretching region is enlarged and multiplied by a factor of 50 for better clarity. (c) RAIR spectra obtained from Fe + CO mixture co-deposited on
amorphous and crystalline water at 10 K. The spectral regions of water, CO2, CO, and Fe(CO)x are labeled. The CO2 antisymmetric stretching region is
enlarged. The inset shows a schematic of the sequence of deposition of molecules under study.
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Fe + CO mixture on top of water-ice, both amorphous and
crystalline forms. Amorphous ice was formed by depositing
water at 10 K followed by Fe + CO deposition as mentioned
before. Crystalline ice was developed by depositing water vapor
at 120 K and heating the sample ice to 145 K. The crystalline ice
sample was subsequently cooled to 10 K and Fe + CO was
co-deposited on top. These data are shown in Fig. 5c. We could
not find any additional peak due to water molecules interacting
with CO or Fe atoms. However, the formation of CO2 due to the
interaction of Fe + CO occurs on the water surface at 10 K. Data
from amorphous and crystalline ices also suggest this. The intensity
of CO2 formed is higher on amorphous ice than on the crystalline
ice, although this result needs further investigation. Altogether, this
proves that the Fe can react with condensed CO leading to CO2 and
this reaction could proceed on the water surface.

Conclusions

We performed co-deposition of CO and iron atoms on a substrate,
pre-cooled to 10 K. Such a deposition gave peaks corresponding to
pure CO at 2142 cm�1, and a broad band in B2000 cm�1 range
due to CO bonded with Fe [Fe(CO)x] in the infrared spectrum.
More importantly, a new peak due to CO2 (2343 cm�1) was
observed due to the reaction. The Fe + CO solid mixture was
further characterised by temperature-dependent RAIRS, low
energy Cs+ scattering, and TPD, revealing that Fe(CO)x is one in
which x = 1 to 5. Infrared frequencies were calculated by optimiz-
ing different structures and was found to be matching with the
experimentally obtained values. This Fe(CO)x dissociates to give Fe
and CO, which disappears completely above 250 K.

The formation of CO2 is an instantaneous process upon the
deposition of iron atoms on CO (or during co-deposition) and was
found to proceed only in the presence of unbound CO, as proven by
different control experiments. Based on these experiments, we
propose that iron assisted formation of CO2 is another pathway
that can occur in interstellar ices containing condensed CO. The
importance of this reaction is that it is a direct oxidation of CO to
CO2 at cryogenic temperatures, made possible by a reactive metal
species like iron being condensed on the molecular surface. It does
not require any form of photo-irradiation or thermal processing
and occurs at lower temperatures (such as 10 K). Such a reaction is
a highly favorable one in cold dense molecular clouds where the
presence of CO and Fe are detected in abundance. The reaction
occurs also on the surface of water ice and CO2 was detected in
more abundance on amorphous ice. Mechanistic details of the CO2

formation reaction were supported by computational studies.
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ABSTRACT: Well-known purification technologies built for
arsenic (As) removal from drinking water are not sustainable,
either being unaffordable or inefficient in the elimination of traces
of As. In our experiments, we observed that carbonate ion can
counteract the effects of As exposure as it efficiently prevented As-
induced cytotoxicity on epithelial cell lines of the small intestine
(IEC-6). The cotreatment of IEC-6 cells with 40 ppm of
carbonates and As (≥3 ppm) showed substantial remissions in
the As-induced cytotoxicity and increased the viability from 50% to
75%. The production of intracellular reactive oxygen species
(ROS) and cellular acidification were also reduced in this process
(pH increase from 5 to 6.5). Thus, the present study suggests that
the cytoprotective effect of carbonate can involve multiple pathways, such as reduction of extracellular/intracellular acidosis, H2O2
decomposition, balancing mitochondrial potential, and immobilization of As. We show that As-contaminated drinking water
enriched with carbonates up to 40 ppm has a reduced toxic effect on cells in comparison to that of an As-alone sample. Therefore,
carbonates can act as an adjunct in addition to the prevailing approaches to tackle mass poisoning by As. We believe that this study is
initial evidence for developing an alternative method to tackle the prevailing mass environmental poisoning by As, using locally
available, affordable, safe, and sustainable solutions.

KEYWORDS: Arsenic toxicity, Cytoprotection, Carbonates in water, Counteraction, Toxicity mitigation

■ INTRODUCTION

While arsenic (As) ranks first in the priority list of hazardous
substances,1,2 over 150 million people in 70 countries are
estimated to be exposed to unsafe levels of As in drinking water
globally.3,4 In India, it is estimated that about 70.4 million
people in 20 states are at risk due to the presence of excess
amounts of As in groundwater.5 With these startling numbers,
As poisoning is regarded as the “worst mass poisoning in
history”. Thus, intense efforts are taken to reduce As exposure
to humans. Most of the water purification plants designed for
As removal are failing to reduce below the maximum safe level
(10 μg/L) insisted by the World Health Organization
(WHO).6−8 The cost and energy associated with membrane
processing, ion exchange, and adsorption techniques are high
while they deliver poor performance and introduce toxic
substances, creating secondary pollution.9−11 Chemical
reagents such as chlorine and ozone are used in the oxidation
of As3+ to As5+, a widely used As removal technique.11

Nanomaterials are increasingly researched upon12 and applied
in the field13 to solve As contamination.14 Interventional
research to alleviate As toxicity is in its early stages and is of
unknown effectiveness.15 In the following, we present the
problem of As poisoning and essential background necessary to
appreciate this work.

Arsenic: Toxicity, Oxidative Stress, and Human
Disease. Arsenic in water provides the majority of its daily
dose through inorganic As species (As3+ and As5+) that enter
orally. Among the two forms, As3+ and As5+, As exists primarily
as As5+ in water under aerobic conditions.16 Thus, the effect of
carbonate on As5+ in water was studied in this work. It has
been observed that when some of the vital human metabolic
pathways are stressed by As, progressive cellular dysfunction
results in apoptosis and diverse health effects such as cancer
and cardiovascular diseases are manifested.17−21 It inhibits
glucose uptake by cells, oxidation of fatty acids, gluconeo-
genesis, and further production of acetyl CoA. Experimental
evidence shows that the acute toxicity of As is due to the
development of a superoxide anion radical (O2

•−), singlet
oxygen (1O2), peroxide radical (ROO•), hydroxyl radical
(•OH), dimethylarsenic radical [(CH3)2As

•], oxidant-induced
DNA damage, and hydrogen peroxide (H2O2).

22 Arsenic
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exposure leads to an increase in levels of reactive oxygen
species (ROS) and reactive nitrogen species produced, which
can surpass the antioxidant capacity of the living cells.23,24

Additionally, the morphology and the integrity of mitochon-
dria are disturbed by As and a rapid decline in the
mitochondrial membrane potential occurs. Acidification of
growth media that contained cultured cell lines exposed to As
at levels below the lethal concentrations has been observed in
this work. A possible reason for this increased extracellular
acidification is lactate production, generated as a result of the
Warburg effect (aerobic glycolysis).23,25

Carbonate’s Association with As and its Toxicity. A
broad range of associations have been encountered in the
literature between carbonate and various As species.26 Arsenic
discharges from the aquifer rocks into groundwater are
strongly related to the concentration of bicarbonate in the
leaching solution.7,27 This release is mainly because of the
formation of arseno−carbonate complexes, which are stable in
groundwater.26 In the case of the worm Caenorhabditis elegans,
the gene abts-1, which encodes a sodium (Na+)-dependent
Cl−/HCO3

− transporter (a bicarbonate transporter), has been
reported to protect it from As toxicity. Stronger expression of
the abts-1 gene was observed in the cells of C. elegans after
exposure to As, and the cells of the worms lacking abts-1 were
found to be hypersensitive to As.28 In the experiments
performed by Ruby et al., the dissolution of As in a stomach
environment was found to be strongly pH dependent and the
extent of dissolution was observed to decrease by 16% when
there was a minimal increase in pH.29 Arsenic-affected cells
produce acidic metabolites and undergo the Warburg effect, an
effect also seen in cancer cells.30 In the case of cancer cells, this
acidification is generally treated with systemic buffers and
carbonates that can significantly inhibit the development of
metastases.30,31 In the As-affected cells, ROS are the major
reason for the intensification of As toxicity, and prior research
implies that the carbonate (or bicarbonate) anion has a role in
promoting peroxide decomposition, found to be nine times
faster than sodium hydroxide.32 Intracellular pH is a crucial
factor that regulates cellular behavior. In the presence of
oxygen, pyruvate is imported into mitochondria for the Krebs
(or tricarboxylic acid) cycle and oxidative phosphorylation in
the cells.33 Under anaerobic conditions, glucose is converted
into pyruvate followed by its transformation into lactate to
cope with the low oxygen availability. For unascertained
reasons, even during stressed conditions, like As exposure or
cancer, cells perform glycolysis, irrespective of oxygen
availability. This is termed as the Warburg effect, and it
involves the increased uptake of glucose and higher lactate
production, shifting the pH of the microenvironment toward
an acidic range.25 At such stressed conditions, aerobic
glycolysis is inefficient in generating adenosine 5′-triphosphate
(ATP) and its advantage to the cells is unclear.25

Sustainable Counteraction for As Toxicity. From the
discussion above, it is clear that the carbonate anion can
counteract the potential risk of As toxicity, following any or all
of the possible routes. Here, we have investigated the
hypothesis that the increased systemic concentrations of
carbonate species can reduce various cellular dysfunctions,
namely, extracellular/intracellular acidosis, H2O2 decomposi-
tion, balancing mitochondrial potential, and immobilization of
As into the cell. Since the majority of As present in water is
absorbed in the gastrointestinal tract (ingestion) and causes a

cascade of cellular dysfunctions, our study was performed using
epithelial cell lines of the small intestine (IEC-6).
Even though H2O2 is not a free radical, it is next to

superoxide anion and hydroxyl radical in its toxic effects, which
is a key member in the class of ROS. Earlier reports state that
increased cellular concentrations of free iron (during overload
of iron in the organism) imposes deleterious effects where
Fe(II) participates during the decomposition of H2O2, known
as a Fenton reaction, which generates reactive hydroxyl
radicals.34 Through CV experiments, it was observed that
carbonates can reduce the H2O2 produced by As-exposed cells
by 95%.
Following an initial observation of rapid acidification in the

culture media that contained As-exposed cells, we show that
the buffering capacity of carbonates can regulate the impact of
cellular acidification caused by As. The current study shows
that the administration of safe levels of carbonate in the form
of sodium carbonate or calcium carbonate can counteract the
toxicity levels of As. As bolus ingestion of bicarbonates can also
lead to metabolic disturbances, we propose that a divided dose
of carbonate-balanced water containing sodium carbonate
and/or calcium carbonate throughout the day is the best way
to compensate the impact of As on human body.
As the chemistry of ions present in the groundwater is

complex35−37 and As-related cellular changes are diverse, this
paper stands as a piece of salient preliminary evidence to tackle
the mass poisoning due to As, using abundantly available
carbonates. The addition of carbonates does not involve
complex chemicals or need energy, as may be necessary for the
currently practiced arsenic removal techniques, and thus it can
contribute to developing a sustainable and effective method for
As remediation.

■ MATERIALS AND METHODS
Cell Culture. Rat small intestinal cells (IEC-6) obtained from

National Centre for Cell Science (NCCS, Pune, India) were
maintained in Dulbecco’s modified Eagles medium (DMEM)
supplemented with 10% fetal bovine serum and secured with
antibiotics, namely, penicillin and streptomycin (100 IU/100 μg).
IEC-6 intestinal cells were grown in T-75 culture flasks and were
maintained at 37 °C at a 5% CO2 atmosphere. Upon reaching
confluency, the growth medium from the T-75 culture flask was
removed and the cells were gently rinsed with 2 mL of phosphate
buffered saline (PBS), and then 5 mL of trypsin-EDTA (ethyl-
enediaminetetraacetic acid) solution was added and kept at room
temperature (in a laminar hood) for 40 s. Then, the trypsin-EDTA
solution was removed and the flask was kept at 37 °C in a CO2
incubator for 3 min, and the cells were detached completely from the
surface by tapping gently over the flask. The cells were then
suspended in a fresh growth medium and then transferred to sterile T-
75 flasks. The total volume was made up to 5 mL using the growth
medium.

Cell Viability Assay. The viability of the cells was assessed by a
MTT [3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
tetrazolium] assay.38 About 5 × 103 cells were plated in 96-well plates
with DMEM containing 10% FBS (fetal bovine serum). The cells
were incubated for 24 h under 5% CO2 and 95% O2 at 37 °C. Then
the DMEM with FBS was removed and replaced with a serum-free
medium. Arsenic and carbonate were given to cells through the
DMEM media, and the system was incubated for 24 h. After
treatment, the medium was removed and replaced with 500 μL of
0.5% MTT containing DMEM and then incubated at 37 °C for 4 h.
After incubation, the MTT containing medium was removed from the
plate and 500 μL of dimethyl sulfoxide was added and mixed well, and
after 2h, the color that developed was read at 570 nm in a microplate
spectrophotometer (SpectraMax M5Microplate Reader). The un-
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treated control cells were used for the normalization of absorbance to
calculate the changes in cell viability. The cell viability was calculated
as the percentage of viable cells and then plotted against time in
hours. The total As concentration of the cells was estimated using
inductively coupled plasma mass spectrometry (ICP-MS) (Perki-
nElmer Nex ION 300 ICP-MS).
Cellular Morphology. The morphological changes in the cells

due to As exposure and the cytoprotective action of As5+ and
carbonate were studied under a phase-contrast microscope (EVOS FL
auto cell imaging system).
Live/Dead Staining. A LIVE/DEAD viability/cytotoxicity kit

designed for mammalian cells (Molecular Probes, Invitrogen) was
used for differentiating live cells from dead cells. The treated adherent
cells, cultured on 24-well plates as confluent monolayers, were washed
with 500−1000 volumes of Dulbecco’s phosphate-buffered saline (D-
PBS) prior to the assay to remove serum, growth media, and other
ions added during the studies. About 20 μL/10 mL of ethidium
homodimer-1 stock solution and 5 μL/10 mL of calcein were mixed
thoroughly, and the mixture was added directly to cells. Imaging was
performed at an excitation/emission wavelength of 494/517 nm for
calcein and at 528/617 nm for ethidium homodimer-1 using an EVOS
FL auto cell imaging system.
Determination of ROS. 2′,7′-dichlorodihydrofluorescein diac-

etate (H2DCFDA) (Molecular Probes, Eugene, OR) is a non-
fluorescent dye that is oxidized by intracellular ROS to form highly
fluorescent 2′,7′-dichlorofluorescein. The cells, after treatment with
different concentrations of ions, were washed once with DMEM,
stained with 20 μM H2DCFDA, and incubated at 37 °C for 30 min.
The dye was then removed, and the cells were washed with DMEM.
Fluorescence images were taken at 485 nm excitation and 535 nm
emission using the EVOS FL auto cell imaging system.
Cyclic Voltammetry. Cyclic voltammetry (CV) experiments were

performed using an electrochemical analyzer (CHI 600A) to study
the H2O2 decomposition caused by CaCO3 and Na2CO3. For CV
experiments, a precleaned gold (Au) electrode was chosen as a
working electrode, Ag/AgCl was chosen as the reference electrode,
and Pt was fixed as the counter electrode. Arsenic-treated cells were
separated from the growth media, suspended, and lysed in PBS (pH ∼
7). H2O2 produced by the As-treated cells lysed in PBS was exposed
to various concentrations of CaCO3 during voltammetry measure-
ments. This sample was used for H2O2 measurement. CV measure-
ments for every sample were performed in a potential window
between 0 to +1.2 V with a fixed scan rate of 100 mV s−1 at room
temperature. For reference values, CV profiles of Au were performed
in a blank solution (only PBS).
Cellular pH Profiling. A stock of a pH indicator solution

containing 100 mM bromothymol blue (BTB) was prepared in water
with 10 mL of 4% sodium hydroxide and 20 mL of absolute alcohol.
For the pH profiling of cells through staining, the cell culture medium

was first aspirated and then the washing procedure was completed
three times using PBS. Following this step, the cells were treated with
the pH indicator solution (1 mg/mL) and removed after 10 min of
incubation. Finally, the redundant pH indicator stain sticking to the
extracellular lines of the cells were washed using 20% aqueous ethanol
solution for three times. Treated cells were observed under the bright
field EVOS FL auto cell imaging system.

■ RESULTS AND DISCUSSION

The cause and development of As toxicity are complex and
have not been fully understood. A cascade of cellular
dysfunction occurs in which oxidative stress plays a vital role.
The oxidative damage further leads to loss of mitochondrial
membrane potential, which complicates the toxicity, leading to
cell death. Figure 1 is a schematic representation of As-induced
toxic metabolism resulting from the exposure to As
contaminated water (Figure 1a) and carbonate’s cytoprotective
action to counter it. In the present study, a model of rat
intestinal cells, IEC-6 in confluent culture, was used. Important
analytical studies, namely, cell viability, morphological changes,
cell death, ROS generation, H2O2 decomposition, As uptake,
and cellular pH neutralization, were performed to understand
the role of the carbonate ion. Figure 1b shows vital cellular
dysfunction as a result of As intake and the carbonate’s activity
to encounter each of them. Part c and d of Figure 1 represent
the cells stressed by As toxicity and the carbonates’
cytoprotective action against it.

Qualitative Assessment of Carbonate’s Cytoprotec-
tive Action. It has been reported that As intake leads to a
decrease in the efficacy of cellular defense mechanisms
(reduced glutathione), and it increases the formation of
superoxide derived free radicals. This leads to progressive
cellular dysfunction, leading to apoptosis.21 IEC-6 cells upon
treatment with varying concentrations of As5+, namely, 1, 3,
and 5 ppm for 24 h, resulted in a 50% loss of cell viability at 3
and 5 ppm As exposure. At concentrations of As lower than 1
ppm, a longer incubation time was required to achieve cell
death with As. In such cases, it was difficult to differentiate
natural vs arsenic-induced cell death. The cell viability was
studied by differentiating live cells vs dead cells through
staining with calcein and ethidium bromide, followed by
fluorescence imaging. The intracellular esterase present in live
cells hydrolyzes the acetomethoxy group of nonfluorescent
calcein AM dye, making it fluorescent. Ethidium bromide is a

Figure 1. Schematic representation of As-induced toxic metabolism and carbonate’s cytoprotective action to encounter them.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.9b06850
ACS Sustainable Chem. Eng. 2020, 8, 5067−5075

5069

https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06850?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06850?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06850?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06850?fig=fig1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.9b06850?ref=pdf


commonly used fluorescent tag that intercalates with nucleic
acids and stains dead cells red. Figure 2 shows the effect of As
on the IEC-6 cells and the increase in cell viability due to
exposure to CaCO3 and Na2CO3. The control IEC-6 cells
showed only green fluorescence (Figure 2a), a characteristic of
live cells, whereas 3 ppm As-treated cells showed significant
red fluorescence, which indicated dead cells, as shown in
Figure 2b. The cells treated with only 40 ppm of CaCO3 or
Na2CO3 showed a negligible number of dead cells (Supporting
Information; Figures S1 and S2). Almost 75% of the cells of
As5+ CaCO3- or As5+ Na2CO3-treated samples were green
fluorescent (Figure 2 c,d), indicating that carbonates protected
IEC-6 cells from the As-induced cell death. The result was
obtained from triplicate experiments. We observed that a
cotreatment of carbonate showed effective protection against
As-induced cell death. Due to the poor solubility of CaCO3,
precipitates were formed on the surface of the treated cells, as
seen in the Supporting Information, Figure S1d. In order to
understand if CaCO3 is involved in As complexation,26 SEM
with EDS spectra and elemental maps of the CaCO3

precipitates were studied (Supporting Information; Figure
S3). Chemical characterization of the precipitates showed no
presence of As on them, and thus, we infer that As−carbonate

complexes might be of concentrations below the detection
limit. Cyclic voltammetry experiments to study the effect of
CaCO3 on H2O2 concentration in the cells have shown 95%
reduction in H2O2 concentration after incubation of IEC-6
cells with As5+ and 40 ppm of CaCO3.

Morphological and Quantitative Assessment of
Carbonate’s Action. Morphological criteria have been used
to define cell death. Rounded bodies observed in cell tissue
culture are distinct morphological features associated with cell
death (specifically, apoptosis) and cells under stress or exposed
to stressful environments.39 The untreated IEC-6 control cells
were polygonal in shape with more regular dimensions and
were grown attached to the substrate in discrete patches.
Figure 3A shows the phase-contrast microscopic images of
untreated control cells, cells treated with As5+, As5+ + CaCO3,
and As5+ + Na2CO3 (Parts a, b, c, and d of Figure 3A,
respectively). Morphological changes were observed in As-
affected cells, whereas the cotreatment of As5+ with either
calcium carbonate or sodium carbonate acted as a
cytoprotectant and preserved the morphology similar to that
of the control cells. The morphology of cells treated with 40
ppm of CaCO3 or Na2CO3 was not disrupted (Supporting
Information, Figure S4). CaCO3-treated cells show increased

Figure 2. Fluorescence microscopy images demonstrating the effect of carbonates on the cytotoxicity produced by arsenate on IEC-6 cells at 3
ppm. Two different magnifications are shown for every type. Line (row) (a) Control cells without any treatment. Line (b) 3 ppm of As5+ treatment.
Line (c) 3 ppm As5+ + 40 ppm of CaCO3. Line (d) 3 ppm As5+ + 40 ppm of Na2CO3. Calcein stains the live cells green and ethidium bromide
stains the dead cells red.
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viability than Na2CO3-treated cells as the buffering capacity,
and acid neutralization efficiency of CaCO3 is higher than that
of Na2CO3.

40

This difference in viability was measured quantitatively using
the MTT colorimetric assay. The cotreatment of the cells with
a combination of As5+ + CaCO3 (Figure 3B) or As5+ +
Na2CO3 (Supporting Information, Figure S5) resulted in
protection against As-induced toxicity in a dose-dependent
manner. The cytosolic and mitochondrial dehydrogenases
produced by the living cells reduced the yellow tetrazolium salt
(MTT) and produced a purple formazan dye that was detected
using a spectrophotometer. The viability of As-treated cells was
restored to above 75% of the control when they were cotreated
with carbonates. This cell viability assay stands as preliminary

data to indicate the protective action of carbonate during As
exposure. The total concentration of As in As5+ + CaCO3-
cotreated cells reduced by 31.5% when compared with the 3
ppm As5+-treated cells (Supporting Information, Figure S6). In
this study, we found that the concentration of carbonates
above 10 ppm and below 40 ppm is necessary for protection.

Intracellular ROS Levels. An important biomarker to
indicate oxidative stress caused by As is the intracellular level
of ROS. When the ROS concentration increases, it indicates an
increase in cellular oxidative stress. Initial experiments were
performed with an oxidatively stressed model in which IEC-6
cells were treated with a toxic level of 3 ppm As. For a positive
control to represent intracellular ROS production, cells were
treated with 1 mM H2O2 for 1 h and were stained subsequently

Figure 3. (A) Effect of arsenate on the cellular morphology and the cytoprotection by calcium carbonate and sodium carbonate. (a) Untreated
control cells, (b) 3 ppm of As5+ treatment, (c) 3 ppm As5+ + 40 ppm of CaCO3, and (d) 3 ppm As5+ + 40 ppm of Na2CO3. (B) Effect of calcium
carbonate on the toxicity of varying concentrations of arsenate (As5+). The percentage of cell viability was measured using MTT assay. The
difference between the heights of dashed lines represents the increase in viability of the cells.
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(Supporting Information, Figure S7). The As-treated cells
showed green fluorescence depicting excessive oxidative stress
(Figure 4f). The data summarized in Figure 4 show that the
cotreatment of As5+ CaCO3 or As5+ Na2CO3 (Figure 4g,h)
significantly decreased the levels of intracellular ROS in
comparison to that produced in As-treated cells. The negative
control (untreated healthy cells) and 40 ppm of CaCO3-
(Figure 4e) or Na2CO3-treated cells showed no significant
difference in the intracellular ROS production and showed no
fluorescence. Parts a−d of Figure 4 are the phase-contrast
images of control cells, cells treated with As5+, 3 ppm As5+ + 40
ppm of CaCO3, and 3 ppm As5+ + 40 ppm of Na2CO3,
respectively. This experiment suggested that the protective role
of carbonates is mediated, at least in part by direct H2O2

decomposition. The result was obtained from triplicate
experiments for three separate trials. In all the experiments,

treatment with carbonates resulted in a significant reduction in
As-induced intracellular ROS production, proving its ability to
decrease oxidative damage and subsequent cell death.

Cellular pH Profiling. Upon As5+ exposure, the acidic
metabolites of As and the Warburg effect lead to a decreased
pH in the cells. This was evident from the change in the color
of the growth media (DMEM) in which As5+-affected cells
were cultured. Although the pH change in a cell is balanced by
the buffering activity of the CO3

2−/HCO3
− system, the acidic

metabolites formed due to As-induced toxicity were high in
concentration, leading to cell death. Therefore, the effect of
external administration of carbonates along with As5+ on the
cellular pH was studied.
The UV−vis absorption spectra of the treated cells that were

eluted from the culture plate, sonicated, and stained with BTB
are shown in Figure 5. Each condition was tested in triplicate.

Figure 4. Determination of ROS in treated cells. Phase-contrast (top) and fluorescence microscopy (bottom) images demonstrating the effect of
carbonates on the ROS produced by cells during 3 ppm As5+ treatment: (a, e) control, (b, f) 3 ppm As5+, (c, g) 3 ppm As5+ + 40 ppm of CaCO3,
and (d, h) 3 ppm As5+ + 40 ppm of Na2CO3.

Figure 5. (a) Structure of BTB at different pH ranges. (b) Different colors of BTB at marked pH conditions. (c) Calibration curve of UV−vis
absorption peak of the dye solutions. The inset shows the calibration curve from pH 4.5 to 7.5. (d) UV−vis absorption spectra of BTB/PBS
solutions at different pH. The red shift in acidic solutions at 420 nm is marked. Inset is the normalized UV−vis absorption spectra in the 350−500
nm window at different pH. (e) UV−vis absorption spectra of the treated cells eluted from the culture plate, sonicated, and stained with BTB.
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BTB can be in its protonated or deprotonated form, indicated
by a yellow or blue color, respectively (Figure 5a,b). An
intermediate of the deprotonation mechanism is responsible
for a greenish color at neutral pH. The absorption spectra of
BTB/PBS solution were initially studied at varied pH, and a
correlation curve was obtained (Figure 5c) to quantitate and
compare the pH of the treated cells. The dye shows two
distinct features at 420 and 620 nm (Figure 5d). The
protonated form of the dye had its peak absorption at 420
nm, thus transmitting yellow light in As5+-treated acidic
solutions, and the deprotonated form had its peak absorption
at 620 nm, thus transmitting blue light in the control and
carbonate-treated basic solutions (Figure 5e). This peak can be
attributed to the occurrence of a hydrogen transfer (on the
phenolic groups) and intramolecular charge transfer (caused
by the conjugate effects of the system).
The color of BTB/PBS varies as an active indication of pH

change in the range 6.0−7.6.41 As the pH decreases in an As5+-
treated cell solution (the orange trace in Figure 5e), the highly
pH-dependent absorption peak centered at 420 nm shows a
definite red shift from 420 to 430 nm (inset of Figure 5d). The
change in pH can be interpreted by comparing the peak center
and the absorbance vs pH calibration curve plotted with
standard solutions in the inset of Figure 5c, where the red shift
reaches saturation thereafter. Another important feature is the
absorption peak centered at 620 nm. This peak shown in the
standard solution decreases gradually and finally disappears
when the solution turns acidic. The peak intensity of the As5+-
treated cell solution (orange trace) at 620 nm had decreased
significantly in comparison to that of the control cells.
Whereas, there was an increase in the intensity of As5+ +
CaCO3-treated cells (blue trace) as the solution was
neutralized.
A colorimetric imaging method with bright-field microscopy

using a pH indicator, BTB, was used also to demonstrate the
change in cellular pH. Upon optical microscopic observation,
cells, when treated with 3 ppm of As5+, stained yellow due to
lowering of the cellular pH, whereas the color turned darker
when treated with 3 ppm As5+ + 40 ppm of CaCO3 and 3 ppm
As5+ + 40 ppm of Na2CO3 (Figure S8a of Supporting
Information). The pH distribution of treated cells was
calculated from the calibration curve, which showed a decrease
in the intensity of the 620 nm peak for As-treated cells,
whereas the carbonate-treated cells retained the intensity
similar to that of the control cells (Figure S8b of Supporting
Information). The pH change of cotreated cells was 5−6.5,
which was significant although being small. Treatment with

carbonates balanced the cellular pH to the neutral range and
prevented acid-promoted cellular stress.

H2O2 Decomposition. To prove that carbonates are
efficient in decomposing H2O2 produced during oxidative
stress induced by As5+, a set of CV experiments were
performed on As5+-treated cells lysed in PBS. The CV curve
of PBS (pH = 7) used in the experiment is shown in the
Supporting Information, Figure S9. Figure 6 (a and b) shows
the concentration-dependent decomposition of H2O2 through
voltammogram when the cells were incubated for 1 min with
calcium carbonate and sodium carbonate, respectively. In the
potential window (0 ± 1.4 V), we observed a broad oxidation
peak of H2O2 at 0.4−0.8 V. However, this peak gradually
decreases with lowering of the concentration of H2O2 in the
presence of carbonate in the sample. When the incubation time
was increased, a complete decomposition was observed, which
lead to the disappearance of the H2O2 peak. More than 95%
reduction in H2O2 concentration was observed within an
incubation period of 1 h. Studies on several different systems
have demonstrated significant decomposition of H2O2 by
carbonates.42 It is reported that oxidative cell death in the
presence of iron involves Fenton-type reactions, and
peroxidative damage to the cell may be prevented by the
decomposition caused by carbonates.43

In view of the above, the carbonate-mediated protection can
be suggested due to one or more of the following mechanisms:
(1) direct decomposition of ROS produced and (2) action as a
buffering agent in neutralizing the acidic byproducts formed in
the cell. The formation of As−carbonate complexes can be
another mechanism, as reported in the literature.44 Carbonated
water may be a prudent solution in preventing the slow
impairment caused by continuous intake of As from the
contaminated water. The counteraction of carbonates on As
toxicity has to be studied using animal models, and the
influence of other metal ions in the digestive system on the
effect of carbonate has to be investigated. Additional
investigations on the impact of such measures on the overall
well-being of individuals are necessary before proposing such
methods as remedial measures.

■ CONCLUSION

Carbonates are nonhazardous, abundantly available in the
earth’s crust, and are affordable to all the communities present
throughout the world. The current study shows that the
administration of safe levels of carbonate in the form of
calcium carbonate or sodium carbonate can counteract the
toxicity levels of As. A cascade of cellular dysfunction that

Figure 6. Carbonate’s role in the decomposition of H2O2 at varying concentrations of (a) CaCO3 and (b) Na2CO3 by cyclic voltammetry.
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occurs as a result of As toxicity results in cellular acidification
and excessive ROS generation in IEC-6 cells. While acid-
ification is neutralized by the buffering action of carbonates,
the oxidative stress created inside the cell is counteracted by its
H2O2 decomposing activity. Any mineral intake in living
organisms through fluids plays a key role in maintaining its
balance in comparison to food. We propose that a divided dose
of mineral balanced water containing sodium carbonate and/or
calcium carbonate at concentrations adjusted according to the
As content can be the best way to compensate for the
multiplex complications caused by As in the human system.
While developing advanced materials to create an affordable
drinking water purifier,45 we have reported in our earlier work
that 20−50 ppm of carbonates and other essential minerals can
be released continuously and sustainably from confined
scaffolds.46,47 The use of such sustainable carbonate releasing
encapsulations can provide cytoprotection against As toxicity
at an affordable cost, without any energy demand. This paper
stands as preliminary evidence to tackle the mass poisoning
scenario by using this sustainable and affordable solution.
Although the effective route of administration of carbonates in
order to tackle As5+ contamination in living systems is not
clearly understood in this study, this may be evaluated in the
future by detailed clinical analysis.
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17 Figure S1. Control experiment for live dead staining assay – CaCO3 treatment.  (a) and (b) 

18 Fluorescence microscopy image of IEC–6 cells treated with 40 ppm of calcium carbonate at two 

19 different magnifications. 40 ppm of CaCO3 used for the studies was found to be non-toxic to the 

20 cells. (c) and (d) Phase contrast microscopy images showing precipitates of CaCO3 on the surface 

21 of the cells.
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24 Figure S2. Control experiment for live dead staining assay – Na2CO3 treatment. Fluorescence 

25 microscopy images (a and b) and phase contrast microscopy image (c and d) of IEC–6 cells with 

26 40 ppm of sodium carbonate. 40 ppm of sodium carbonate used for the studies was found to be 

27 non-toxic to the cells. 
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30 Figure S3. Characterization and chemical composition of the precipitates formed on cells during 

31 CaCO3 treatment. EDS spectrum (a) and the SEM image (b) of the precipitate along with (c-e) 

32 elemental maps are shown. No complexes of arsenic were formed as As is absent. Scale bars in 

33 c-e are the same as in b.
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36 Figure S4. Phase-contrast images of control experiment for morphological study - 40 ppm of 

37 calcium carbonate and sodium carbonate. Treatment of IEC-6 cells with (a) 40 ppm of calcium 

38 carbonate and (b) 40 ppm of sodium carbonate (control experiments). Precipitates of CaCO3 

39 were found on the surface of the cells. 40 ppm of CaCO3 and Na2CO3 used for the studies did not 

40 alter the cellular morphology. 
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53 Figure S7. Control experiment for ROS staining. IEC – 6 cells treated with 1 mM hydrogen 

54 peroxide for 1 h induced ROS production and showed fluorescence on staining. (a) Phase 

55 contrast microscopy image. (b) Fluorescence microscopy image. 



S9

56 Supporting information 8

57

(a) (b)

0

2

4

6

8

Control As5+ As+CaCO3 As + 
Na2CO3

pH

As5+ + 
CaCO3

As5+ + 
Na2CO3

As5+

58 Figure S8. pH profiling of treated cells using bromothymol blue (a) Bright-field optical 

59 microscopy images of cells stained with BTB; (i) Control (ii) 3 ppm As5+ (iii) 3 ppm As5+ + 40 
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Ligand structure and charge state-dependent
separation of monolayer protected Au25 clusters
using non-aqueous reversed-phase HPLC†

Korath Shivan Sugi, a Shridevi Bhat,a Abhijit Nag,a Paramasivam Ganesan,a

Ananthu Mahendranatha,b and Thalappil Pradeep *a

The synthesis of atomically precise noble metal clusters using various protocols often results in a mixture

of clusters with different cores. Hence, it is important to isolate such clusters in their pure form in terms

of composition especially for crystallization. High-performance liquid chromatography (HPLC) is a power-

ful tool to achieve this. The interaction of ligands with column functionalities determine the extent of sep-

aration and their stability under conditions used. We demonstrate a systematic flow rate dependent study

of three different aliphatic ligand protected Au25 clusters, with three commercially available alkyl and aryl

functionalized reversed-phase HPLC columns, as they represent the variations encountered commonly.

Molecular docking simulations were carried out to understand the interactions between the stationary

phase and the cluster surface. These investigations enabled the selection of an appropriate column for

better separation of structurally different ligand protected clusters. High-resolution separation of anionic

and neutral Au25 clusters was acheived with a selectivity (α) of 1.2 by tuning the chromatographic con-

ditions. This study would provide new insights in developing better methods for the efficient separation of

monolayer protected clusters.

Introduction

Atomically precise monolayer-protected clusters (MPCs)1,2 of
noble metals are attractive due to their unique size and ligand-
dependent properties. Several properties of clusters can be
tuned by varying their protecting ligands. Their unique optical
absorption,3 luminescence,4,5 mechanical,6 nonlinear,7,8 and
catalytic9,10 properties can be tailored significantly by using
different ligands such as phosphines,11,12 thiols,13 alkynyls,14

and mixed ligands.15 Among them, the thiolate ligands are
widely used, and their structures play a pivotal role in control-
ling the clusters; in terms of the inner metal core, metal-
ligand interfaces having staple motifs. An investigation of
three structurally different ligands resulted in clusters having
different core and staple motifs with unique optical pro-

perties.16 In this context, knowledge of their total structure is
essential to bridge the gap in understanding their properties
in detail. The purity of MPCs is a crucial factor affecting the
growth of single crystals of clusters and their applications in
sensing,17 imaging,18 and catalysis.10,19 There are several
methods to purify and isolate MPCs which include fractional
precipitation,20 ultracentrifugation,21 gel electrophoresis,22

thin layer chromatography (TLC),23 size-exclusion chromato-
graphy (SEC),24 and capillary electrophoresis.25 However, these
techniques have certain limitations. In the case of SEC and
electrophoresis, selectivity is a major issue.26

The reversed-phase high-performance liquid chromato-
graphy (RP-HPLC) is an established technique for the high-
resolution separation of organic molecules.27 In 2003, Murray
and co-workers separated gold clusters protected with hexane
thiol, N-acetyl-L-cysteine and tiopronin by RP-HPLC.28,29 In
recent years, Negishi and co-workers have been working exten-
sively on developing new RP-HPLC methodologies for the sep-
aration of clusters. They have designed several methods to
achieve the separation of clusters according to the number of
constituent atoms,30–32 chemical composition,33 structural
isomers,19 and coordination isomers.34 Recently, Knoppe
et al., successfully isolated and characterized mass spectrome-
trically silent Au40(DDT)24 clusters26 using RP-HPLC but, they
were not successful in isolating phenylethane thiol protected

†Electronic supplementary information (ESI) available: Computational details,
online UV-vis spectra of clusters in different columns, docked energy minimum
conformers of clusters, concentration dependent studies and peak fitting para-
meters. See DOI: 10.1039/c9an02043h

aDST Unit of Nanoscience (DST UNS) and Thematic Unit of Excellence (TUE),

Department of Chemistry, Indian Institute of Technology Madras, Chennai 600 036,

India. E-mail: pradeep@iitm.ac.in
bDepartment of Metallurgical and Materials Engineering, Indian Institute of

Technology Madras, Chennai 600036, India
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clusters. Important issues in HPLC based separation of clus-
ters are their solubility and stability, which are predominantly
controlled by the protecting ligands. Due to enhanced stability
the separation of Au24Pd clusters has been studied
extensively.19,34 Irreversible adsorption of the clusters to
column due to the high surface area of the stationary phase
can complicate cluster separation.35 This issue can limit the
use of different types of columns for cluster separation.
Moreover, the use of buffer solution in the mobile phase can
result complications in preparing the mobile phase and
shorten the lifetime of the chromatographic columns.35

However, to achieve higher resolution and better separation, a
deeper understanding of the interactions between the station-
ary phase and the cluster surface is required.

In this work, we have performed a flow rate dependent
elution study of three different and commonly used ligand pro-
tected Au25 clusters, over three standard RP-HPLC columns.
We have chosen Au25 clusters as model system for our experi-
ments due to their exceptional stability and robustness
towards different ligands. The alkyl functionalized C18, C8, and
aryl functionalized phenylhexyl RP-HPLC columns were used.
We have also performed molecular docking simulations to
understand the noncovalent interactions between the cluster
surface and the stationary phase. This study reveals deep
insights into the interaction of cluster surfaces having
different polarities with alkyl and aryl stationary phases. It
also provides helpful information in choosing appropriate
columns for the separation of clusters protected with structu-
rally different ligands. We have successfully separated the
anionic and neutral Au25 clusters from the mixture by optimis-
ing the chromatographic parameters.

Experimental
Chemicals

Chloroauric acid trihydrate (HAuCl4·3H2O), dodecanethiol
(DDT), octanethiol (OT), phenylethanethiol (PET), tetraocty-
lammonium bromide (TOAB), and sodium borohydride
(NaBH4) were purchased from Sigma Aldrich. The solvents
such as tetrahydrofuran (THF), dichloromethane (DCM), and
methanol (MeOH) were purchased from Merck and were of
HPLC grade. All the chemicals were used as such without any
further purification.

Synthesis of [Au25(SR)18]
− clusters

The Au25(DDT)18, Au25(OT)18, and Au25(PET)18 clusters were
synthesized according to reported methods.36 Briefly, 2 mL of
50 mM HAuCl4·3H2O in THF was diluted to 7.5 mL using THF.
To this, about 65 mg of TOAB was added and stirred for
30 min at room temperature. A yellow to deep red color change
was observed. About 0.5 mmol of thiol was added to this solu-
tion. The deep red color slowly turned to yellow and eventually
became colorless after about 45 min. After 2 h, 2.5 mL of ice-
cold aqueous NaBH4 (0.2 M) was added. The solution turned
black immediately and the reaction was continued for 6 h. The

obtained crude cluster solution was evaporated and washed
with MeOH repeatedly. After MeOH wash they are extracted in
acetone. The acetone fraction was vacuum-dried, and the pure
nanocluster was extracted in DCM.

Conversion of [Au25(SR)18]
− clusters to [Au25(SR)18]

0

The purified cluster solution in DCM was kept under O2

environment for 1 h. The oxygen environment was created by
an O2-filled balloon.37 The oxidation of the clusters was con-
firmed by monitoring the UV-vis spectrum of the clusters.

Instrumentation

UV-Vis spectroscopy. UV-vis spectra of cluster samples were
recorded using a Perkin Elmer Lambda 365 instrument in the
range of 200–1100 nm.

MALDI MS measurements. Matrix-assisted laser desorption
ionization mass spectrometry (MALDI MS) studies were con-
ducted using an Applied Biosystems Voyager-DE PRO
Biospectrometry Workstation. For MALDI MS measurements
we have used trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-propeny-
lidene] malononitrile (DCTB, >98%) as matrix. Appropriate
volumes of the sample and DCTB in DCM were mixed thor-
ougly, and spotted on the sample plate and allowed to dry at
ambient conditions. All the measurements were carried out at
the threshold laser fluence in order to minimize fragmentation.

HPLC experiments. HPLC experiments were conducted on a
Shimadzu instrument consisting of a CBM-20A controller,
DGU-20AR online degasser, LC20AD pump, SIL-20A auto-
sampler, CTO-20A column oven, and SPD-M20A photodiode
array (PDA) detector. The stainless-steel columns packed with
5-μm C18 bonded silica, (250 × 4.6 mm i.d.) C8 bonded silica,
(250 × 4.6 mm i.d.) and phenylhexyl bonded silica (150 ×
4.6 mm i.d.) with a 120 Å pore size (Enable) were used for
above experiments. The column temperature was maintained
at 28 °C. The absorbance chromatogram was monitored by the
photodiode array (PDA) and extracted at 400 nm. The UV-vis
spectrum of the eluted peaks was collected over 190–800 nm
by the PDA detector. Each sample was dissolved in DCM, i.e.,
1.0 mg of the neutral cluster in 1.0 mL of DCM. Then, 30 μL of
the sample was injected into the instrument with a mobile
phase of 100% MeOH at flow rate varying from 0.5 mL min−1

to 2.0 mL min−1. After sample injection, the amount of THF in
the mobile phase was continuously increased using a gradient
program [10] that increased the [THF]/[MeOH] ratio of the
mobile phase from 0% to 100%. The experiments were per-
formed with Au25(DDT)18, Au25(OT)18 and Au25(PET)18 clusters.

Results and discussion

Reversed-phase HPLC is emerging as a widely used technique
for the separation of gold clusters. Generally, atomically
precise clusters are separated in RP-HPLC by non-aqueous sol-
vents due to their insolubility in aqueous solvents. However,
the interaction of the column functionalities with protecting
ligands of the clusters, and its effects on their separation and
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stability within the column are not adequately known. To
understand this aspect, we have investigated the separation of
atomically precise gold clusters protected with dodecanethiol,
octanethiol, and phenylethanethiol in analytical C18, C8, and
phenylhexyl columns (Fig. S1, ESI†). We will denote them as
clusters I, II, and III, respectively in the following discussion.
The synthesis of clusters I, II, and III are carried out according
to the published procedures36 and characterized by MALDI
mass spectrometry (Fig. S2, ESI†) and UV-vis spectroscopy
(Fig. 1a). We have used neutral clusters in our study as anions
do not interact actively with the stationary phase.38 The oxi-
dation of clusters was carried out by keeping them in O2

environment37 and the conversion was confirmed from the
UV-vis spectrum (Fig. 1a). The neutral cluster solution was
injected into the column in DCM and eluted with MeOH–THF
as the mobile phase.19 We have used a linear gradient [10]
program as described in Fig. S3† to elute the clusters.19 In our
method, the separation was accomplished in two steps. First,
upon injection, the clusters were adsorbed onto the stationary
phase (the column) when MeOH was passed, thereby enhan-
cing the interaction of the clusters with the stationary phase.

Next, the adsorbed clusters were eluted slowly from the station-
ary phase depending on their surface polarity. This was accom-
plished by gradually adjusting the mobile phase from pure
MeOH to THF using a linear gradient [10] program. We have
used the linear gradient [10] program as increasing the gradi-
ent time resulted in peak broadening. In this elution process,
the injection solvent was eluted in the initial stage,19 whose
effect was unlikely in the retention process of the clusters. The
peaks in the chromatogram were analysed from the online UV-
vis spectrum recorded by the PDA detector. The strength of the
interaction with the stationary phase is reflected in the reten-
tion time (tR). Scheme 1 shows the schematic representation of
the separation process. We have varied the flow rate to under-
stand its dependency on cluster separation. The flow rate was
varied from 0.5 mL min−1 to 2.0 mL min−1. We haven’t used
flow rate below 0.5 mL min−1 as our interest has been relatively
faster isolation. The variation in flow rate can change the
eluent volume in a linear gradient [10] program (Fig. S4, ESI†).
Fig. 1a shows the UV-visible spectra of anionic and neutral
cluster I. The oxidation of cluster I was evident from the
increase in the intensity of the 400 nm peak and the dis-

Fig. 1 (a) The UV-vis spectra of anionic (green trace) and neutral (red trace) cluster I. Inset shows the DFT optimized structure of cluster I. (b)
Chromatograms of cluster I over C18 column, by varying the flow rate. The mobile phase used was MeOH–THF with a linear gradient [10] program.
(c) Schematic representation of the strong hydrophobic interaction between the C18 functionalized silica beads and the ligands of cluster I. Color
labels: teal, Au; yellow, S; green, DDT ligands.
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appearance of the hump at 800 nm. The chromatograms of
neutral cluster I eluted at different flow rates are shown in
Fig. 1b. The tR of cluster I at 0.5 mL min−1 was 32.28 min. At
this flow rate, significant peak broadening and tailing were
observed. The characteristic features of Au25 clusters was
observed in the corresponding online UV-vis spectrum
(Fig. S5, ESI†). When flow rate is increased to 1.0 mL min−1,
the peak broadening was reduced as compared to the previous
case and the clusters were eluted well. At 1.5 mL min−1 flow
rate, the chromatogram exhibited two peaks which are labelled
as peak 1 and 2 (Fig. 1b). The tR of peak 1 and 2 are at 21.56
and 24.78 min, respectively. The online UV-vis spectrum of
peak 2 doesn’t show any features of clusters except a broad
feature at 680 nm. This could be a decomposed fraction of
cluster I which was strongly adsorbed on the column. Similar
decomposition was observed in the case of 2.0 mL min−1 flow
rate. We hypothesize that the strong hydrophobic interaction
between long alkyl chain of cluster I and C18 functionality of

the column (Fig. 1c) might resulted in the decomposition of a
small fraction of the cluster. It also indicated that separation
was better at an optimum flow rate i.e.,1.0 mL min−1. The peak
2 was observed only at higher flow rates which further con-
firmed that they were decomposed clusters rather than impuri-
ties and the peak purity index of peak 1 at 1.5 mL min−1 flow
rate was 0.96. We have further performed the flow rate depen-
dent elution experiments of other two clusters, i.e., II and III in
C18 column by keeping all conditions the same. In the case of
cluster II, we have observed two peaks up to 1.5 mL min−1 flow
rate (Fig. 2). The online UV-vis spectra of peak 2 didn’t show
any characteristic features of the cluster (Fig. S6, ESI†), and
this peak was not observed at 2.0 mL min−1 flow rate. This
indicates that peak 2 may be due to minor impurities39

present in the cluster as this peak was observed only at lower
flow rates. At 2.0 mL min−1 flow rate, the elution was very fast
and the impurities might be co-eluted along with the clusters
which was evident from the reduction in peak purity index to

Scheme 1 Separation of Au25 clusters in RP-HPLC column. Image a1 is the schematic representation of the separation of Au25 clusters over an
RP-HPLC column, based on their interaction with the stationary phase. Image a2 represents the oxidation of cluster III. Images a3 and a4 are the
enlarged views of silica functionality and clusters. The b1 and b2 are the chromatogram and corresponding UV-vis spectra of the separated bands,
respectively.
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0.95. The flow rate dependent study of cluster III in C18

column is presented in Fig. 3. We haven’t observed any
decomposition/impurities of clusters in the chromatograms
with increasing flow rate. Also, the peak purity index was 0.98
at 1.5 mL min−1. This observation indicates that the DDT and
OT protected clusters bind strongly than that of PET in a C18

column (Fig. S7, ESI†). We have carefully analyzed the peak
width of each cluster in the C18 column. The tR and peak
width (Fig. S8, ESI†) decreases with increase in flow rate. We
have conducted similar elution experiments of these clusters
with C8 column under same conditions. All the three clusters
were separated well through C8 column (Fig. S9, ESI†). We
didn’t observe any flow rate dependent decomposition/impuri-
ties, which was further confirmed from the corresponding
online UV-vis spectra (Fig. S10, ESI†). But peak broadening
was observed in case of cluster III (Fig. S11, ESI†). In our inves-
tigation we have explored that the aryl ligand protected clusters

are eluting well in all the tested flow rates without decompo-
sition in C18 and C8 columns. So, we extended our flow rate
dependent experiments to aryl functionalized phenylhexyl
column to understand its effect on cluster separation. We
observed that clusters I and II are eluted well (Fig. 4) in all the
tested flow rates without any decomposition on this column
(Fig. S12, ESI†). In the case of cluster III, the chromatogram of
0.5 mL min−1 flow rate shows two peaks, i.e., a small hump at
23.08 min and a peak at 25.47 min which are labelled as peak
1 and 2 in Fig. 5. The online UV-vis spectra of peaks 1 and 2
show features at 400, 450, and 680 nm, but in case of peak 1
the intensity of 400 nm feature was very less compared to that
of peak 2. This observation implies that peak 1 and 2 are
anionic and neutral cluster III (Fig. 5b). With increasing the
flow rate, the small fraction of anionic cluster III present in
the solution was transformed entirely into the neutral cluster
which was evident from the disappearance of peak 1 in the

Fig. 2 (a) The UV-vis spectra of anionic (green trace) and neutral (red
trace) cluster II. The inset shows the DFT optimized structure of cluster
II. (b) Chromatograms of cluster II over C18 column by varying the flow
rate. Color labels: teal, Au; yellow, S; green, OT ligands.

Fig. 3 (a) The UV-vis spectra of anionic (green trace) and neutral (red
trace) cluster III. The inset shows the X-ray crystal structure of cluster III.
(b) Chromatograms of cluster III over C18 column by varying the flow
rate. Color labels: teal, Au; yellow, S; green, PET ligands.
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chromatograms at higher flow rates (Fig. 5). Such change in
the oxidization state was not observed in the chromatograms
of clusters, I and II. This observation implies that the alkyl
thiol protected Au25 clusters oxidizes fast compared to the PET
protected clusters.40 The peak width analysis of the chromato-
gram reveals that the peak widths of clusters I and II are lesser
than that of cluster III (Fig. S13, ESI†). A plot of the tR vs. flow
rate of all the three clusters are shown in Fig. 6. The tR
decreases exponentially with the flow rate, and the data could
be fitted with a function of the form tR = A*(exp (−x/b) + c
where ‘x’ is the flow rate in mL min−1. The fitting parameters
A, b, and c are listed in Table S1.† This plot provides insights

into the interaction of the three structurally different ligand
protected clusters with different columns. It is evident from
the plot that tR of clusters I, II, and III in phenylhexyl column
are similar, which indicates that the phenylhexyl column sep-
arates alkyl and aryl ligand protected clusters with the same
efficiency.

We have also tried to separate neutral and anionic Au25
clusters from their mixture. For this, a mixture containing
0.5 mg of anionic (labelled as cluster IIIa) and 0.5 mg of
neutral cluster (III) in 1 mL DCM was prepared and eluted at
1 mL min−1 flow rate. The chromatogram (Fig. 7) shows the
high-resolution separation of anionic and neutral cluster
which eluted according to their affinity towards the stationary
phase (Fig. S14, ESI†). The ratio of retention factor (K) between

Fig. 4 Chromatograms of cluster (a) I and (b) II at different flow rates
over phenylhexyl column.

Fig. 5 (a) Flow rate dependent chromatograms of cluster III over phe-
nylhexyl column. (b) The corresponding online UV-vis spectra.

Fig. 6 Variation of the tR with flow rate of clusters I, II, and III in (a) C18, (b) C8, and (c) phenylhexyl columns.

Fig. 7 High-resolution separation of anionic and neutral cluster III over
phenylhexyl column at 1 mL min−1

flow rate using linear gradient [10]
program.
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the two peaks is the selectivity ‘α’ of the HPLC method and it
was found to be 1.2.

Molecular docking studies were carried out to understand
the interaction of structurally different ligands with the
stationary phases used. The docking was performed using the
Autodock 4.2 and AutoDock Tools programs.41 We used the
cluster as “ligand”, and stationary phase as “receptor” and
only the noncovalent interactions were taken into account. The
docking study provides information about the binding ener-
gies (BE) and the low energy conformations of the stationary
phase–analyte complexes. However, the molecular docking
study was performed without taking into account the effect of
solvent and flow rate used in the real separation. The binding
energy values are presented in Table 1. The BE values were
negative for all clusters in the RP columns used, revealing that
the interaction between stationary phase and cluster are an
enthalpy-driven and spontaneous process.42 The BE of cluster
I with C18 column was higher compared to that of II and III.
The stable low energy confirmations between octadecyl silyl
functionality and clusters I, II, and III are shown in Fig. S15.†
With C8 column the BEs of clusters I and II show a similar
trend as that of the tR (Fig. S16, ESI†). In the case of cluster III,
the BE is −10.67 kcal mol−1 whereas, the tR is very less for the
same. This indicates that the contributions of other factors
such as solvent, flow rate, and entropy are inevitable. In

phenylhexyl column BEs of clusters I, II, and III are −6.55,
−6.02, −8.53 kcal mol−1 (Fig. 8). The slightly higher BE value
in the case of cluster III could be due to the π–π interactions
between the aryl stationary phase and the PET ligand. The BEs
(without solvent) obtained by molecular docking were expected
to be higher than the experimental results obtained from the
HPLC (with solvent) analyse because docking considers enthal-
pic contribution alone. Nevertheless, a good qualitative agree-
ment was observed, and the docking results may significantly
contribute to the understanding of the nature of inter-
molecular forces responsible for the separation. The factors
such as solvent, entropy, and flow rate contributions had to be
taken into consideration to obtain the separation quantitat-
ively, which were thought to reduce the differential interaction
energy predicted by the simulation study.43,44 As all the three
clusters retain identically in phenylhexyl column, a concen-
tration-dependent elution studies were carried out with cluster
III. We have used three different concentrations, i.e., 0.8, 4.0,
and 8.0 mg of neutral cluster III, in 1.0 mL DCM by keeping
1.0 mL min−1, as optimum flow rate (Fig. S17, ESI†). The peak
area vs. concentration shows a linear relationship (Fig. S18,
ESI†). With regard to the values of BE and tR, the aliphatic
ligands such DDT and OT protected clusters bind strongly to
long chain alkyl functionalised columns which allows the sep-
aration of small fractions of decomposed products/impurities
whereas, aryl columns are better to separate clusters protected
with PET where π–π interactions are involved.

Conclusions

Flow rate dependent elution studies were carried out with
three Au25 clusters protected with aliphatic ligands using C18,
C8, and phenylhexyl RP-HPLC columns. We observed that the

Table 1 The binding energies of clusters I, II, and III on C18, C8, and
phenylhexyl columns

Column
Cluster I
(kcal mol−1)

Cluster II
(kcal mol−1)

Cluster III
(kcal mol−1)

C18 −6.09 −2.35 −3.83
C8 −6.09 −5.99 −10.67
Phenylhexyl −6.55 −6.02 −8.53

Fig. 8 The energy minimum conformers of phenylhexyl silyl functionality docked with clusters; (a) I, (b) II, and (c) III. Color labels: golden yellow, Si;
red, O; grey, C; white, H; teal, Au; yellow, S; green, DDT, OT, and PET ligands.
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aliphatic ligands such as DDT and OT protected clusters bind
strongly to long chain alkyl functionalised columns which
allows the separation of small fractions of decomposed pro-
ducts/impurities whereas, aryl columns are better to separate
aryl ligand protected clusters. By tuning the chromatographic
conditions, we were able to isolate the neutral and anionic PET
protected clusters over the phenylhexyl column with a selecti-
vity of 1.2. The interactions between three clusters and three
alkyl and aryl stationary phases were simulated by molecular
docking. The experimental findings were corroborated with
the binding energy values from the docked structures. We
believe that the results of this study provide new insights into
the high-resolution separation of structurally different ligand
protected metal clusters, and the outcome will help in develop-
ing highly efficient cluster separation methods.
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Calculation of selectivity (α)

The selectivity (α) of the method is estimated using equation (1).

α =  =                          (1)
2

1

K
K

2 0

1 0

R

R

t t
t t



Here, K = retention factor of the separation

tR = retention time of the peak

t0 = dead time 

Computational methods

DFT calculations

The structures of Au25 cluster protected with different thiols such as dodecanethiol (DDT) and 

octanethiol (OT) were built from the crystal structure of Au25(PET)18 cluster by replacing the 

phenylethanethiol (PET) ligands. All the geometries were optimized using density functional 

theory (DFT) with projector augmented waves (PAW) as implemented in the GPAW software 

package.1 The atomic PAW setup was used as Au(5d106s1), S(3s23p4), C(2s22p2) and H(1s1), 

with scalar-relativistic effects included for Au. Further, these atomic orbitals were described 

by the DZP (double zeta plus polarization) basis set with the Perdew-Burke-Ernzerhof (PBE) 

exchange-correlation functional2 in LCAO mode3 to effectively include the interactions in the 

considered clusters. The geometries were relaxed with a grid spacing of 0.2 Å, and the 

convergence was set to minimize the residual forces without any symmetry constraints by 0.05 

eV/Å. 

Molecular docking calculations

Molecular docking studies were performed using AutoDock4.2 and its associated tools.4 DFT-

optimized geometries of clusters I, II, and III were used for the study. The different columns 

were computationally modeled by constructing a SiO2 surface of ~ 5 nm by cutting out from 



4

its crystal structure,5 and the column functionalities such as octadecyl silyl, octyl silyl, and 

phenylhexyl silyl were attached to the silicon atoms on the SiO2 surface. All the structures were 

built using Avogadro software package.6 We used the cluster as “ligand” and stationary phase 

as “receptor”. Receptor grids were generated using 126 × 126 × 126 grid points in XYZ, with 

a grid spacing of 0.375 Å, and map types were created using AutoGrid-4.2. The grid parameter 

file (.gpf) was saved using MGL Tools-1.4.6.50. The docking parameter files (.dpf) were 

generated using MGLTools-1.4.6.50. The results of AutoDock generated an output file (.dlg), 

and the generated conformers were scored and ranked as per the interaction energy. Ten lowest-

energy conformers were obtained. We used the Lamarckian genetic algorithm for the output 

file using MGLTools-1.4.6.
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Supplementary information 1

Fig. S1 Schematic representation of three different silica beads of reversed-phase HPLC 

columns. Color labels: blue, C; pink, H; red, Si; yellow, O.

Supplementary information 2

Fig. S2 Negative ion MALDI MS of clusters a) I, b) II, and c) III.
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Supplementary information 3

Fig. S3 Linear gradient program used for the separation of clusters. The label (e.g., [10]) 

indicates the time (in minutes) taken to replace the mobile phase fully with THF.

Supplementary information 4
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Fig. S4 Eluent volume required to replace 100% MeOH to 100% THF in a linear gradient [10] 

program with varying flow rate.

Supplementary information 5

Fig. S5 Online UV-vis spectra of cluster I in C18 column at different flow rates, extracted at 

400 nm wavelength obtained by PDA detector.
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Supplementary information 6

Fig. S6 Online UV-vis spectra of cluster II in C18 column at different flow rates, extracted at 

400 nm wavelength obtained by PDA detector.
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Supplementary information 7

Fig. S7 Online UV-vis spectra of cluster III in C18 column at different flow rates, extracted at 

400 nm wavelength obtained by PDA detector.



10

10 20 30 40 50 60
Retention time (min)

0.5 mL/min

1.0 mL/min

1.5 mL/min

 2.0 mL/min

10 20 30 40 50 60
Retention time (min)

0.5 mL/min

1.0 mL/min

 1.5 mL/min

2.0 mL/min

10 20 30 40 50 60
Retention time (min)

0.5 mL/min

1.0 mL/min

 1.5 mL/min

2.0 mL/min

a) b) c)

Supplementary information 8

0.4 0.8 1.2 1.6 2.0
0.0

0.5

1.0

1.5

2.0
Pe

ak
 w

idt
h o

f h
alf

 m
ax

im
a (

mi
n)

Flow rate (mL/min)

 Cluster I
 Cluster II
 Cluster III

Fig. S8 Variation of peak width of half maxima with different flow rates of cluster I, II, and III 

in C18 column.
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Fig. S9 Chromatograms of cluster a) I, b) II, and c) III at different flow rates in C8 column.
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Fig. S10 Online UV-vis spectra of clusters a) I, b) II, and c) III in C8 column with different 

flow rate obtained by PDA detector. 
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Fig.S12 a) and b) are the online UV-vis spectra of cluster I and II in a phenylhexyl column 

with different flow rates obtained by PDA detector. 
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Fig. S13 Variation of peak width of half maxima with different flow rates of cluster I, II, and 

III in the phenylhexyl column.
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Column Cluster A (in min) b c R2

C18 Au25(DDT)18 28.136 0.687 18.74 0.992

C18 Au25(OT)18 26.055 1.407 11.013 0.993

C18 Au25(PET)18 37.033 0.951 12.380 0.991

C8 Au25(DDT)18 28.680 0.515 19.530 0.997

C8 Au25(OT)18 27.498 0.523 18.990 0.998

C8 Au25(PET)18 26.914 0.559 15.55 0.998

Phenylhexyl Au25(DDT)18 20.980 0.520 17.328 0.998

Phenylhexyl Au25(OT)18 22.960 0.5118 16.815 0.998

Phenylhexyl Au25(PET)18 22.151 0.545 16.597 0.997

Table S1 Fitting parameters for the exponential fits shown in Figure 7. 

The fitting function has the form tR = A*(exp (-x/b) + c where ‘x’ is flow rate in mL/min
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Fig.S14 a), b), and c) are the online UV-vis spectra of cluster IIIa, III, and mixture of both 

eluted in phenylhexyl column with 1.0 mL/min flow rate obtained by PDA detector. 
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Fig. S15 Energy minimum conformers of octadecyl functionality docked with clusters; a) I, b) 

II, and c) III. Color labels: golden yellow, Si; red, O; grey, C; white, H; teal, Au; yellow, S; 

green, DDT, OT, and PET ligands.
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Fig. S16 Energy minimum conformers of octyl functionality docked with clusters; a) I, b) II, 

and c) III. Color labels: golden yellow, Si; red, O; grey, C; white, H; teal, Au; yellow, S; green, 

DDT, OT, and PET ligands.
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Fig. S17 Concentration-dependent chromatograms of cluster III in the phenylhexyl column at 

1.0 mL/min flow rate.



17

0 2 4 6 8
0

200000

400000

600000

800000
Pe

ak
 ar

ea
 (m

a.u
.)

Conc (mg/mL)

 Au25(PET)18 1mL/min

Supplementary information 18

Fig. S18 Peak area vs. concentration of cluster III in the phenylhexyl column at 1.0 mL/min 

flow rate.
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Ferrofluid Microdroplet Splitting for Population-Based
Microfluidics and Interfacial Tensiometry

Mika Latikka, Matilda Backholm, Avijit Baidya, Alberto Ballesio, Amandine Serve,
Grégory Beaune, Jaakko V. I. Timonen, Thalappil Pradeep, and Robin H. A. Ras*

Ferrofluids exhibit a unique combination of liquid properties and strong
magnetic response, which leads to a rich variety of interesting functional
properties. Here, the magnetic-field-induced splitting of ferrofluid droplets
immersed in an immiscible liquid is presented, and related fascinating
dynamics and applications are discussed. A magnetic field created by a
permanent magnet induces instability on a mother droplet, which divides into
two daughter droplets in less than 0.1 s. During the splitting process, the
droplet undergoes a Plateau–Rayleigh-like instability, which is investigated
using high-speed imaging. The dynamics of the resulting satellite droplet
formation is shown to depend on the roughness of the supporting surface.
Further increasing the field results in additional splitting events and
self-assembly of microdroplet populations, which can be magnetically
actuated. The effects of magnetization and interfacial tension are
systematically investigated by varying magnetic nanoparticles and surfactant
concentrations, and a variety of outcomes from labyrinthine patterns to
discrete droplets are observed. As the splitting process depends on interfacial
tension, the droplet splitting can be used as a measure for interfacial tension
as low as 0.1 mN m−1. Finally, a population-based digital microfluidics
concept based on the self-assembled microdroplets is presented.
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Ferrofluids are remarkably controllable
materials allowing for magnetic manipu-
lation of their shape, viscosity, flow, and
heat transfer properties.[1–5] Also mag-
netic properties can be tuned; a ferrofluid
droplet can be reversibly switched from
superparamagnetic to ferromagnetic by
interfacial jamming of nanoparticles.[6]

Due to their versatility, ferrofluids find
use in a range of applications from
simple magnetically retained seals and
lubricants to microfluidics and biomedical
devices.[2,7–13] Recently, they have shown po-
tential as multifunctional[14] and anti-icing
surfaces,[15] wearable sensors,[16] probes
for wetting characterization,[17] and even
liquid robotics.[18,19] Ferrofluids can also
undergo fascinating ferrohydrodynamic
instabilities, where a small variation of a
control parameter (such as external mag-
netic field) causes an abrupt change in the
ferrofluid configuration.[1] These are inter-
esting from a physics point of view, but also
useful for applications, such as ferrofluid
molding[20] and field-induced mixing in

microfluidics.[21] Here we present the magnetic-field-induced in-
stability leading to splitting and self-assembly of ferrofluid mi-
crodroplets immersed in immiscible liquid (Figure 1a) as well as
related potential applications. The ferrofluid we use is a colloidal
suspension of citrate-stabilized magnetite nanoparticles in water
(synthesis procedure and in-depth analysis are presented in ref.
[22]). The aqueous ferrofluid droplet is placed in an immiscible
solvent (e.g., octane or silicone oil) and subjected to an increasing
magnetic field created by a permanent magnet underneath (see
the text and Figure S1 in the Supporting Information for details).
At a critical field strength and gradient, the droplet becomes un-
stable and splits into two daughter droplets, which has not been
previously shown for ferrofluid droplets immersed in another liq-
uid. The splitting process gives rise to another instability; as the
ferrofluid bridge connecting the two daughter droplets gets thin-
ner, it breaks up into satellite droplets with orders of magnitude
smaller volumes than the daughter droplets. This phenomenon
is similar to Plateau–Rayleigh instability, which leads to breakup
of a falling liquid stream.[23] We investigated the satellite droplet
formation in detail using high-speed imaging and found that the
dynamics depends on the roughness of the supporting substrate.
Numerous subsequent splitting events can be triggered by in-
creasing the external field further after the first splitting, creating
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Figure 1. Magnetic-field-induced ferrofluid droplet splitting in an immiscible liquid. a) Photo of ferrofluid droplets in a polystyrene container filled with
silicone oil and a stack of two cylindrical magnets (diameter and height = 9.5 mm) underneath. b) Schematic of a droplet population in a magnetic field
(field lines in cyan) created by a permanent magnet. Inset shows a lubricating oil layer between the droplet and the substrate. c) Schematic of droplet
splitting in an increasing magnetic field (𝜆c: critical wavelength, d: droplet diameter). d) Top and side views of ferrofluid droplet splitting in silicone oil
(t: time, H: external magnetic field, and dH/dz: vertical field gradient). The distance between the magnet (diameter = 20 mm, height = 42 mm) and the
droplets is reduced from 102.8 to 2.8 mm at a speed of 1 mm s−1. Scale bar: 1 mm.

multiple generations of daughter droplets, which self-assemble
into well-defined mobile patterns as guided by their mutual mag-
netic repulsion and attraction toward the permanent magnet. The
shape and number of droplets depend on the ferrofluid magneti-
zation and interfacial tension (IFT), which we varied by control-
ling the volume percentage of the superparamagnetic iron oxide
nanoparticles (SPIONs), surfactant type, and surfactant concen-
tration. As the field-induced instability is governed by the IFT
in addition to the magnetic field, the size of the split droplets
can be used to determine IFTs as low as 0.1 mN m−1 with a
simple theoretical model, well below the sensitivity limit of the
commonly used pendant drop method. Finally, we demonstrate
how the self-assembled droplet patterns can be magnetically ac-
tuated and used in population-based digital microfluidics, which
allows switching between population-level and droplet-level
controls.

The shape of a ferrofluid droplet is determined by magnetic,
gravitational, and interfacial tension forces (when forces re-
lated to wetting are assumed negligible).[24–26] The interfacial
free energy is minimized when the droplet is spherical, while

gravitational and magnetic forces deform this shape. Ferrofluid
magnetization elongates the droplet along the field direction,
and the strength of this effect compared to interfacial tension can

be quantified with a dimensionless parameter S = 𝜇0M2V
1
3 𝜎−1,

where 𝜇0 is the vacuum permeability, M is the magnetiza-
tion of the ferrofluid, V is the volume of the droplet, and 𝜎

is the interfacial tension between ferrofluid and surrounding
fluid.[27] In our work, we use a permanent magnet underneath
the ferrofluid, which creates a nonuniform magnetic field
affecting the droplets with a vertical magnetic force density
fM = 𝜇0(M̄ ⋅ ∇) H̄ = 𝜇0 MdH∕dz,[1] where H is the external mag-
netic field. We approximate M and vertical field gradient dH/dz
as constant over droplet volume, calculated at the center of the
droplet. Together with the gravitational force density fG = Δ𝜌 g
(Δ𝜌 is the density difference between ferrofluid and the sur-
rounding fluid, and g is the gravitational acceleration) the normal
force density fN = fG +fM pulls the droplet against the substrate,
flattening it. This can be quantified relative to the interfacial

tension using the effective Bond number Be = fN V
2
3 𝜎−1.[27]
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Figure 2. Dynamics of satellite droplet formation. a) Schematic of a mother droplet splitting into two daughter droplets. The zoomed inset shows
small satellite and subsatellite droplets, which are formed during the splitting process due to the Plateau–Rayleigh-like instability. b) Side- and top-view
snapshots of the breakup of the capillary bridge between two splitting daughter droplets on the Glaco-coated substrate (SPION concentration 22 vol%,
Movie S2, Supporting Information). The time between each picture is 180 µs. c,d) Top-view snapshots of the capillary bridge breakup on the PS and
Glaco surfaces, respectively (SPION concentration 24 vol%; see the colored lines in the graphs below for time stamp information). e,f) Corresponding
graphs showing the detailed time evolution of the bridge breakup (black corresponds to the ferrofluid and white the surrounding oil). Before t = 0 ms,
the bridge is still intact (red lines and boxes) and at t = 0 ms, the first pinch-off occurs (yellow lines and boxes). On the smooth PS surface, the breakup
starts around the largest satellite droplet in the center and continues outward in a symmetric manner (green and cyan lines and boxes). The entire
breakup event takes several milliseconds. In comparison, on the rough Glaco-coated surface, the breakup starts almost simultaneously at the center
and the edge of the bridge, and evolves then quickly inward from both sides in a total breakup time of 0.5 ms. All scale bars: 0.2 mm.

The interplay between interfacial, gravitational, and magnetic
forces gives rise to interesting phenomena, including field-
induced instabilities. A classic example is the Rosensweig insta-
bility, where a uniform vertical magnetic field creates a macro-
scopic array of spikes on a horizontal ferrofluid surface.[1] The
periodicity of the array is determined by the critical wavelength
𝜆

Rosensweig
c = 2𝜋

√
𝜎∕fG. In case of a nonuniform magnetic field

created by a permanent magnet, the critical wavelength can be
written analogously as[24]

𝜆c = 2𝜋
√

𝜎

fN
(1)

If the ferrofluid volume is small, the spikes can continue all the
way down to the substrate. On a sufficiently liquid-repellent sur-
face, there is no ferrofluid film connecting the spikes, and indi-
vidual droplets are created instead. This was first experimentally
demonstrated by using superhydrophobic surfaces, where a thin
air layer separates the droplet from the substrate (Cassie state
of wetting) allowing droplets to move with little friction.[24] Con-
trary to the previous experiments done in air,[24,26,28] we achieve
here repellency by immersing the ferrofluid droplets in an im-
miscible liquid, which creates a lubricating liquid film between
the droplets and the substrate (Figure 1b; Figure S2, Support-
ing Information).[29,30] When the ferrofluid droplet diameter d is
smaller than 𝜆c, the droplet remains stable and is only deformed
by the field (Figure 1c, top image). However, when d = 𝜆c, the
droplet becomes unstable and splits into two daughter droplets
(Figure 1c, bottom image). A comprehensive theoretical discus-

sion about the phenomena has recently been presented by Vieu
and Walter.[26] The splitting event takes less than 0.1 s, depend-
ing on the viscosities of the ferrofluid and the surrounding liq-
uid. The split droplets are magnetized by the external field and
are attracted to the global field maximum at the magnet’s axis.
Since the droplets are magnetized in the same direction, there is
also dipolar interdroplet repulsion, leading to a symmetric, self-
assembled droplet pattern.[24]

As can be seen in the top view images of a splitting experi-
ment (Figure 1d; Movie S1,Supporting Information), small satel-
lite droplets are formed between the daughter droplets during
the splitting event (Figure 2a). To study the formation dynamics
of these satellite droplets, we performed high-speed imaging of
a single splitting event at high spatial resolution (Figure 2b) in a
polystyrene (PS) container filled with 5 cSt silicone oil. A rectan-
gular magnet was used to induce splitting along the direction of
the long side of the magnet, which allowed for side-view imaging
where both daughter droplets and all satellite droplets remained
in focus during the entire splitting event.

Toward the end of each splitting event, a capillary bridge is
formed between the two daughter droplets (Figure 2b). This
capillary bridge undergoes an interfacial-tension-driven Plateau–
Rayleigh-like instability,[31–33] where a disturbance of a specific
wavelength is amplified, leading to the breakup of the bridge.
The creation of satellite droplets during the breakup process is a
highly nonlinear phenomenon and has been carefully studied by
Tjahjadi et al.,[23] combining experiments with boundary-integral
calculations to investigate the time evolution of a capillary oil
bridge suspended in corn syrup. In our system, however, the
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liquid bridge consists of non-Newtonian magnetic fluid, whose
viscosity changes with the external magnetic field, thus requiring
complicated magnetohydrodynamics for it to be fully modeled.[2]

Furthermore, our ferrofluid droplets are substrate-supported,
and the added drag effect can influence the fluid dynamics of
the satellite droplet formation. For these reasons, we made a
purely qualitative investigation on the satellite droplet formation
using two substrates of different roughness (Figure S3a,b, Sup-
porting Information): a smooth PS surface (RMS roughness =
6.2 ± 0.2 nm), and a PS surface coated with the commercial su-
perhydrophobic Glaco coating (RMS roughness = 43 ± 3 nm).

In Figure 2b, the satellite droplet formation process on the
Glaco-coated surface is shown as time-lapse images from the
side and from the top (Movie S2, Supporting Information). The
top view shows the ferrofluid bridge breaking up in a repeated,
self-similar fashion into a single large satellite droplet sur-
rounded by ≈10 tiny subsatellite droplets. The resulting droplet
size distribution is fractal like, similar to a droplet population
resulting from a breakup of a Newtonian capillary bridge in a
viscous, infinite medium.[23] From the side view, however, our
magnetic system is very different since the height of the bridge
is affected by the external magnetic field, rendering ellipsoidal
rather than spherical satellite droplets. Within the spatial sen-
sitivity of our experiments, we find no clear difference between
the two substrates in the final number, size, or spacing between
the satellite droplets (Figure 2c,d). However, a strong effect is
seen in the dynamics of the breakup and satellite droplet for-
mation on the PS and Glaco-coated substrates (Figure 2e,f). The
fractal-like time evolution graphs show the breakup as viewed
along the horizontal symmetry axis, where black corresponds
to the ferrofluid and white shows the surrounding media. On
the PS substrate, the breakup starts at the center and moves
symmetrically outward as a function of time, while on the Glaco-
coated substrate the breakup starts almost simultaneously at the
center and the edge of the ferrofuid bridge and continues at a
much faster pace than on the PS substrate. We hypothesize the
greater roughness of the Glaco-coated surface allows increased
oil flow between the surface asperities compared to the smooth
PS surface (Figure S2b,c, Supporting Information). This reduces
shear stress in the lubricating layer and enhances droplet mobil-
ity, leading to faster splitting dynamics. Supporting Information
contains more detailed discussion on the experiments and
the effect of ferrofluid density on the time-evolution dynam-
ics on the two different substrates (Figure S3c,d, Supporting
Information).

Further increasing the magnetic field after the first droplet
splitting leads to numerous sequential splitting events, which
were investigated using a cylindrical permanent magnet to cre-
ate radially symmetric self-assembled droplet populations. Here
we focused on the self-assembly of the daughter droplets and ig-
nored the small satellite droplets due to limitations in imaging
resolution. We investigated three liquid–liquid systems: aqueous
ferrofluid/oil, aqueous ferrofluid/oil with the anionic surfactant
sodium dodecyl sulfate (SDS), and aqueous ferrofluid/oil with
the nonionic surfactant pentaethylene glycol monododecyl ether
(C12E5). In addition to PS substrates, we also tested two super-
hydrophobic surfaces: a copper surface coated with nanorough
silver and fluorinated thiol, and a glass slide coated with the com-
mercial coating Glaco. Despite the differences in satellite droplet

formation dynamics on different surfaces, we did not observe any
change in the number of split daughter droplets in a given mag-
netic field. This is further discussed in the Supporting Informa-
tion, while the experiments described here were performed in PS
containers.

To investigate the effect of ferrofluid magnetization and inter-
facial tension systematically, we varied cSPION from 8 to 25 vol%
(corresponding to ≈0.8–2.4 mmol L−1 of SPIONs, calculated
from the size distribution of the nanoparticles)[22] and surfactant
concentrations c from 0 to 17 mmol L−1 (Figure 3a,b). At a low
cSPION of 8 vol% with no surfactant, Be dominates over S leading
to flattened droplets, and splitting does not occur (Figure S4,
Supporting Information). Increasing cSPION to 12 vol% results in
four splitting events, but the resulting droplets are still flattened
due to fN, leading to a labyrinthine pattern. Further increasing
cSPION to 17 vol% results in discrete, conical droplets. On the
other hand, addition of surfactant (SDS) allows droplet splitting
even with a low cSPION of 8 vol%. However, the droplets adopt a
dumbbell-like shape due to droplet flattening. For high cSPION (17
vol%), increasing the SDS concentration cSDS from 0 to 17 mmol
L−1 leads to almost a sevenfold increase in the number of split,
conical droplets. Nonionic surfactant C12E5 allows reaching very
low IFT values without adding a co-surfactant or salt in the
system (Figures S5 and S6, Supporting Information).[34] This
not only leads to smaller, but also deformed droplets (Figure 3b),
as the droplets become more and more elongated in the lateral
direction. At cC12E5 = 17 mmol L−1, ribbons and complex shapes
are created instead of well-defined droplets with narrow size
distribution (Figure 3b, top image).

The simple approximation of the critical wavelength (Equa-
tion (1)) holds well for a wide range of magnetic field strengths
as well as SPION and surfactant concentrations. As an exam-
ple, Figure 3c presents experimental cross-sectional major axes
d of unstable droplets (dots) and theoretically calculated critical
wavelengths 𝜆c (solid curves) as a function of external magnetic
field H. The shaded area corresponds to the uncertainty of the
theoretical prediction (±1 standard deviation) arising from the
uncertainty of the IFTs measured with pendant droplet and mi-
cropipette aspiration techniques (see the Supporting Informa-
tion for more details on these measurements). The theory holds
for a system A) without surfactant, B) with SDS, and C) with
C12E5. However, Equation (1) does not describe the appearance
of dumbbell-shaped droplets or labyrinthine patterns, which are
typical for confined films of ferrofluids.[1] In our experiments, the
ferrofluid is not mechanically confined, and we instead hypothe-
size that fN is sufficiently strong to cause a similar effect.

An increase in surfactant concentration leads to a decrease in
d as predicted by Equation (1), as shown in Figure 3d for droplets
affected by fN = 2 MN m−3. As mentioned earlier, C12E5 allows
for the creation of smaller droplets (d ≈ 50 µm) than SDS (d ≈

200 µm). With SDS d plateaus for cSDS > 1.7 mmol L−1, but be-
comes ill-defined with C12E5, for cC12E5 > 17 mmol L−1, as the
droplet shapes and sizes are no longer uniform. After this limit,
the theory presented by Equation (1) is no longer sufficient to
describe the system. This limit corresponds to an IFT of ≈0.1
mN m−1. For higher IFTs, Equation (1) holds and d can be used
to determine the interfacial tension between the ferrofluid and
the surrounding liquid, when the magnetization and field prop-
erties are known. This is demonstrated in Figure 3e, where the
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Figure 3. Droplet populations. a) Droplet populations created by field-induced splitting for different SDS and SPION concentrations (cSDS and cSPION) in
silicone oil. Initial droplet volume V0 = 5 µL and external magnetic field H = 290 kA m−1. SDS lowers the IFT between ferrofluid and silicone oil, leading to
smaller droplets. Low SPION concentration leads to dumbbell-shaped droplets and labyrinthine patterns, whereas high concentration allows formation
of distinct droplets. Scale bar: 1 mm. b) Split ferrofluid droplets in octane with different concentrations of C12E5 cC12E5(V0 = 0.2 µL, H = 300 kA m−1).
C12E5 lowers IFT, leading to droplets with elongated cross sections. At 17 mmol L−1, ribbons are formed in addition to irregular droplets (top photo).
Scale bar: 1 mm. c) Theoretically calculated critical wavelengths 𝜆c (lines) and droplet cross-sectional major axes d (dots) for experimentally observed
splitting events as a function of H. Shaded area represents uncertainty of the theoretical prediction (±1 standard deviation). A) 17 vol% SPIONs (droplet
population shown in panel (a)); B) 17 vol% SPIONs, 1.7 mmol L−1 SDS (panel (a)); and C) 25 vol% SPIONs, 7.1 mmol L−1 C12E5 (panel (b)). d) d as a
function of surfactant concentration c (17–25 vol% SPIONs, normal force density fN = 2 MN m−3). e) IFT measured using splitting experiments 𝜎S as a
function of IFT measured with control methods 𝜎C (pendant droplet and micropipette aspiration). The solid line has a slope of one. Black dots: individual
experiments; red circles: experiments grouped based on control method IFT (n = 2–23). Error bars represent uncertainty (±1 standard deviation).

IFT as measured using splitting experiments is compared to val-
ues measured with micropipette aspiration (verified with the pen-
dant droplet method for IFTs > 3 mN m−1). The method pre-
sented here can also be employed by simply calculating the num-
ber of droplets at different magnetic field strengths, if the shape

of each droplet is assumed identical, making the technique opti-
cally less demanding. This is further described in the Supporting
Information (Figure S7, Supporting Information). It is important
to note that SPIONs themselves also affect the IFT (Figure S6,
Supporting Information), which needs to be taken into account
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Figure 4. Microfluidics operations. a) Schematic of field-induced droplet combination. As a horizontally oriented magnet is brought closer, the ferrofluid
droplets magnetize horizontally (yellow arrows) and combine due to their mutual attraction. b) Image series of splitting (top row) and combining (bottom
row) a ferrofluid droplet with a magnetic field (Movie S3, Supporting Information). Scale bar: 2 mm. c) Schematic of sequential transport of droplets
between populations. As magnet M1 is lowered away from the droplets, they are increasingly pulled toward M2 due to the magnetic field (cyan lines),
until they slide one by one from above M1 to above M2. d) Top-view image series of sequential transport of ferrofluid droplets (numbered in the order
of movement) with two magnets (Movie S6, Supporting Information). Scale bar: 1 mm.

if the method is used to quantify surfactant concentrations, for
example.

Understanding the role of SPION concentration and inter-
facial tension in field-induced splitting allows for the creation
of self-assembled droplet populations in a controlled manner.

These could serve as a platform for a new kind of population-
based digital microfluidics. Droplet division is difficult to achieve
in conventional magnetic digital microfluidics without irre-
versibly pinning the droplet,[10] but is easy using the field-induced
droplet splitting. Droplet combination is possible by rotating the
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magnet by 90°, which induces horizontal magnetization and
mutual attraction between the droplets (Figure 4a,b; Movie S3,
Supporting Information). The self-assembled population can be
transported as a whole with a single vertical magnet, while keep-
ing the droplets separate due to their mutual repulsion. The lu-
bricating layer of immiscible liquid prevents pinning and allows
moving the droplets with little friction (Figure S2, and Movies S4
and S5, Supporting Information). Individual droplets can be ex-
tracted from the population as needed with the help of another
magnet (Figure 4c,d; Movie S6, Supporting Information). Thus, it
is possible to switch between traditional droplet-based microflu-
idics scheme, where all the droplets are addressed simultane-
ously via flow control, and digital microfluidics scheme, where
droplets are addressed individually. Combining these concepts
would allow developing more flexible droplet manipulation solu-
tions. Since the population-based digital microfluidics concept is
based on permanent magnets, manual devices working without
electricity could also be designed for field operations in remote
locations.

In this work, we investigated magnetic-field-induced splitting
of aqueous ferrofluid microdroplets immersed in an immiscible
liquid. The formation of satellite droplets during the splitting pro-
cess was studied using high-speed imaging, and while the surface
roughness affected splitting dynamics, it did not have a strong ef-
fect on the final droplet size and number. The mother droplet
stability was shown to follow a simple theory (Equation (1))
over a wide range of interfacial tension and magnetization val-
ues, which were investigated by varying surfactant and magnetic
nanoparticle concentrations. Self-assembled droplet populations
created by sequential splitting events were systematically studied,
and regimes of labyrinthine patterns, dumbbell shaped, and coni-
cal droplets were identified. These results can be used to develop
methods for measuring interfacial tension in liquid–liquid sys-
tems as well as novel digital microfluidics concepts using mag-
netically controlled ferrofluid droplet populations.

Experimental Section
Splitting Experiments: A typical splitting experiment was performed as

follows: a PS Petri dish (10 cm diameter, VWR) or a transparent, flat-sided
container (25 × 25 × 16 mm3, Ted Pella, Inc.) was filled with ≈3 mL of 5
cSt silicone oil or octane. Low interfacial tension experiments were done by
adding either SDS to the ferrofluid or C12E5 to the outer phase (octane).
All chemicals were purchased from Sigma–Aldrich. A neodymium mag-
net (diameter = 20 mm, height = 42 mm; Supermagnete) was attached
to a computer-controlled linear stage (Zaber X-LSQ300B) underneath the
container. At the beginning of the experiment, the magnet was far away
(>100 mm) from the container, creating a field of ≈1.2 kA m−1 at the con-
tainer bottom. A ferrofluid droplet (0.5–5 µL when using SDS, 0.2 µL when
using C12E5) was pipetted in the filled container. To avoid the effect of elec-
trostatic charging on the droplet, an electrostatic gate was passed around
the sample. The droplet was left to equilibrate for 3 min, after which the
magnet was lifted toward the ferrofluid at a velocity of 1 mm s−1 until a
minimum distance (2–5 mm, creating a field of 280–410 kA m−1 at the
container bottom) was reached. The increasing magnetic field and gra-
dient induced droplet splitting, which was captured by recording a video
with a digital single-lens reflex camera (Canon EOS 60D). The videos were
analyzed with custom Matlab functions to extract droplet positions and
cross sections, which were fitted with ellipses. The beginning of an indi-
vidual splitting event was identified by a decrease in minor axis length of
the droplet cross section (Movie S7, Supporting Information). The corre-

sponding major axis length was used as the experimental critical wave-
length.

High-Speed Imaging: Top- and side-view high-speed imaging were
performed using two synchronized high-speed cameras (Phantom Miro
M310 and Phantom v1610) at a frame rate of 11 200 fps using two
macrolenses (with a resolution of ≈4.3 µm pixel−1). To make the side-view
imaging easier to analyze, a rectangular magnet (100 × 13 × 6 mm3) was
used, which induces splitting along the direction of the longest magnet
side. More information can be found in the Supporting information.

Statistical Analysis: In splitting experiments, video data were prepro-
cessed with automatic thresholding; droplets were resolved with image
recognition; and incorrectly identified droplets were removed using cus-
tom Matlab functions. All data were presented as mean ± standard devia-
tion. In grouped splitting experiments presented in Figure 3c, sample size
n = 2–23. All statistical analyses were calculated with Matlab.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Supplementary movies 
 
Movie S1: Magnetic field induced splitting. A) 5 µL aqueous ferrofluid droplet with SDS 

in silicone oil (top view analysis). B) 1 µL aqueous ferrofluid droplet in octane 
(top and side views). 

Movie S2:  High-speed videos of a field-induced splitting of a 5 L ferrofluid droplet in 5 
cSt silicone oil on a Glaco-coated substrate. The videos were recorded at 11200 
fps. 

Movie S3: Sequential splitting and combination of 1.5 L ferrofluid droplet in 5 cSt 
silicone oil with a small cylindrical magnet (diameter 4.5, length 9 mm). 

Movie S4: Ferrofluid droplet population (initial volume 5 L) immersed in 5 cSt silicone 
oil moved around on a polystyrene surface with a permanent magnet. 

Movie S5: Ferrofluid droplet population (initial volume 5 L) in air moved around on a 
polystyrene surface with a permanent magnet. The droplets pin to the surface, 
leaving behind small sessile droplets. 

Movie S6: Sequential droplet transport from one ferrofluid droplet population to another 
with two magnets in 5 cSt silicone oil.  

Movie S7: Analysis of magnetic field induced splitting of a 2 L ferrofluid droplet in 
octane. When a ferrofluid droplet becomes unstable, its minor axis (top view) 
starts to decrease, and corresponding major axis is the maximum droplet 
diameter.  
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Properties of the permanent magnets and the ferrofluids 
 
Magnets  
Most of the splitting experiments were performed using a cylindrical neodymium permanent 
magnet (diameter 20 mm, height 42 mm, Supermagnete, Figure S1a). Investigation of the 
satellite droplet formation using high-speed imaging was done with a rectangular magnet (100 
x 13 x 6 mm3, K&J Magnetics), which induces splitting along the direction of the longest 
magnet side. Predictable splitting direction made the side view imaging easier. 
During data analysis the magnetic field affecting the droplets was evaluated based on the field 
profile of the magnet measured with a gaussmeter (Lakeshore 410), magnet’s vertical distance 
from the ferrofluid and droplet shapes. Droplets’ horizontal distance from the magnet axis 
was assumed small, and the field value was calculated at the magnet axis. The field was 
calculated at the approximate height of the mass center of the droplets, which was estimated 
based on total ferrofluid volume and cross-sectional area of the droplets assuming the droplet 
shape to be half of an ellipsoid. Demagnetizing field was calculated assuming ellipsoidal 
droplets.[1] 
 
Ferrofluid synthesis 
Aqueous ferrofluid was synthesized using the co-precipitation method[2] and stabilized with 
citric acid near pH 7, as described earlier.[3] The excess water was evaporated in room 
temperature until the ferrofluid contained up to 25 vol% of nanoparticles. Ferrofluid was 
diluted with ultrapure water for the experiments as needed. Approximate superparamagnetic 
iron oxide nanoparticle (SPION) volume percent cSPION is calculated from ferrofluid density 
assuming that ferrofluid consists only of water and SPIONs (SPION density is assumed 5175 
kg m-3). According to XPS and FTIR spectra the nanoparticles consist of magnetite.[3] 
 
Ferrofluid characterization 
Ferrofluid samples (7 l) were sealed in polypropylene powder cups with vacuum grease and 
Parafilm. Hysteresis loops were measured with vibrating sample magnetometer (Quantum 
Design PPMS Dynacool) using field values of -9 – 9 T (Figure S1b-d). 
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Figure S1: Magnetic properties of the permanent magnet and the ferrofluids. a) 
Magnetic field H created by the cylindrical permanent magnet used in most of the splitting 
experiments. b) Magnetic hysteresis loops with different ferrofluid densities. c) Normalized 
magnetization     

             
   ⁄  as a function of applied magnetic field. d) Saturation 

magnetization     
    as a function of ferrofluid density . 
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Low-friction surfaces 

In order to achieve individual, highly mobile droplets via magnetic field induced splitting, the 
surface supporting the droplets has to be sufficiently repellent to the aqueous ferrofluid. This 
can be achieved by using a superhydrophobic surface[4] or a lubricating layer of immiscible
liquid (Figure S2). In case of lubricated surface the splitting dynamics depend on the surface 
roughness. On a rough surface (Figure S2c) the increased flow in the roughness reduces the 
viscous dissipation when the droplet moves compared to a flat surface (Figure S2b), which 
leads to faster splitting dynamics (Figure S3). 
When ferrofluid droplets in air are actuated on a smooth polystyrene (PS) surface by 
horizontally moving the permanent magnet below the substrate, the droplets pin to the 
surface, leaving behind small immobile droplets (Figure S3d, Movie S5). However, when the 
droplets are immersed in silicone oil, they can be moved without pinning (Figure S3e, Movie 
S4). 
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Figure S2: Schematic of droplet populations on different low-friction water-repellent 
surfaces. Adhesion between the droplets and the surface is reduced by the Cassie state on a 
superhydrophobic surface (a) and a lubricating oil layer for droplets immersed in immiscible 
liquid (b and c). Splitting dynamics are slower on flat lubricated surfaces (b) compared to 
rough lubricated surfaces (c). Magnetic field lines created by the permanent magnet below the 
droplets are shown in cyan. d) Droplet population (initial ferrofluid volume 5 L) in air 
moved around on a PS surface with a permanent magnet below the substrate. The droplets pin 
to the surface during transport, leaving behind small sessile droplets (Movie S5). e) As (d), 
but the droplets are immersed in 5 cSt silicone oil, which prevents pinning to the surface 
(Movie S4). Scale bars 2 mm. 
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Field-induced splitting on different surfaces 
 
Atomic force microscopy 
The effect of surface roughness on splitting dynamics was investigated using a PS surface and 
a PS surface coated with the commercial superhydrophobic spray Glaco. To assess the 
roughness of the two surfaces, atomic force microscopy (AFM) imaging was performed in air 
by using Dimension icon (Bruker instrument). The images were acquired in ScanAsyst Peak 
force tapping mode by using rectangular shaped silicon cantilevers (OTESPA-R3 Bruker) 
with a nominal spring constant of 26 N m-1, resonance frequency in air 300 KHz and typical 
tip curvature radius of 8 nm. Images of (50 × 50 µm2) were collected with 256 data points per 
line at the rate of 1 Hz with the peak force amplitude of 150 nm. RMS roughness values were 
6.2 ± 0.2 nm for PS and 43 ± 3 nm for Glaco-coated PS surface (Figure S3a-b). The values 
are mean and standard deviations of three measurements on different parts of the samples. 
 
High-speed imaging on different surfaces 
Satellite droplet formation on the two surfaces was investigated using high-speed imaging. At 
the beginning of the experiment, the rectangular magnet was located 8 cm below the container 
to keep the magnetic field affecting the droplets small. The magnet was then moved up with a 
motorized stage at a speed of 1 mm s-1 until it almost touched the container. The experiments 
were performed with a 5 L ferrofluid mother droplet with SPION volume percent cSPION = 22 
– 25 vol%, which corresponds to ferrofluid densities  = 1.938 – 2.060 g mL-1 (Figure S3c-d). 
Lower SPION concentrations could not be investigated, as the magnet was not powerful 
enough to split a 5 L droplet of less concentrated ferrofluid.  
When viewed from the top the breakup process looks very similar to the breakup of a viscous, 
Newtonian capillary bridge in a viscous, infinite medium,[5] where a thickening of the middle 
of the bridge can be seen at early times (Figure 2b). As the largest satellite droplet is being 
formed in the center, the narrow side bridges protruding from its sides evolve and break up in 
a repeated, self-similar fashion into several tiny subsatellite droplets. Interestingly, the W-
shape of the time evolution on the Glaco-coated substrate is qualitatively very similar to what 
was found in the work by Tjahjadi et al.,[5] where the breakup first started at the edges of the 
bridge and then continued from the center after a short time. The pure PS substrate seems to 
render stronger drag between the ferrofluid and the solid substrate, leading to slower breakup 
dynamics that, furthermore, proceeds in the opposite direction as compared to rougher Glaco-
coated substrate. 
 
Splitting-based IFT measurements on different surfaces 
We used three different substrates to measure interfacial tension (IFT) between the ferrofluid 
and 5 cSt silicone oil. No significant difference in the measured IFT was observed between 
different substrates: a PS container (IFT 33 ± 7 mN m-1), a glass surface coated with Glaco 
(IFT 32 ± 8 mN m-1) and a copper substrate coated with nanorough silver and fluorinated thiol 
to make it superhydrophobic (IFT 30 ± 8 mN m-1).[6] Pendant droplet method was used as a 
control technique, and results obtained with splitting experiments agree with it within 
experimental accuracy (IFT 38 ± 2 mN m-1). Uncertainties represent standard deviation. 
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Figure S3: Satellite droplet formation dynamics on different surfaces. a-b) AFM 
measurements of a) PS container and b) Glaco-coated PS container. c-d) Averaged time 
evolution of the satellite droplet formation dynamics on c) PS container and d) Glaco-coated 
PS container for different ferrofluid densities . The shaded area shows the standard deviation 
of multiple (N) experiments.  
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Ferrofluid droplet shape in a magnetic field 
 
As the cylindrical permanent magnet underneath the ferrofluid is brought closer, magnetic 
field and vertical field gradient are increased. However, the field gradient increases more 
rapidly than the field strength and magnetization (Figure S4a). Consequently, as the magnet 
is brought closer to the ferrofluid the effective Bond number Be, which is related to droplet 
flattening, increases compared to the dimensionless number S, which is related to droplet 
elongation. As a result, the droplets are typically first elongated and then flattened during 
splitting experiment. The droplet shape depends also on the SPION concentration and IFT 
(Figure S4b-d). 
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Figure S4: Ferrofluid droplet shape in magnetic field. a) Field gradient dH dz-1 and
ferrofluid magnetization Mvol (cSPION = 20 vol%, with no demagnetizing field) as a function of 
the vertical distance z from the surface of the cylindrical magnet. dH dz-1 grows more rapidly
than Mvol when z is small. b-d) show the relative magnitudes of S and Be, and the height of the 
droplets h compared to a height of a sphere with equal volume hsphere. Red shaded area 
corresponds to flattened droplets. h is calculated from the top view images using the total 
ferrofluid volume and cross-sectional droplet areas by assuming ellipsoidal droplet shape. As 
S, Be and h are approximations, only a qualitative agreement is expected. b) With cSPION = 8 
vol% Be dominates S already at relatively small magnetic fields and droplet is flattened. c) 
Higher cSPION (12 vol%) leads to a smaller difference between Be and S, and less flattened 
droplets. d) With cSPION = 17 vol% S is significantly larger than Be and droplets are elongated 
at low magnetic fields. At high fields Be is approximately equal to S, and the droplet heights 
remains close to that of corresponding spheres. 
Droplet self-assembly 
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Ferrofluid droplets self-assemble due to their attraction to the magnet axis and their mutual 
dipolar repulsion. The magnetic field Hmag created by the permanent magnet near the magnet 
axis is approximately parabolic:[4] 
 

           
 

 
    

 
where H0 is the field at the magnet axis at distance z from magnet surface,          ⁄  is 
the radial field curvature and l is distance from the magnet axis.  
Magnetized ferrofluid droplet creates a dipolar field:[7] 
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where r is the location vector and m is the magnetic dipole moment of the droplet. The energy 
U of a magnetic dipole in a magnetic field H is:[7] 
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The droplets are confined to (x,y)-plane, while the dipolar moments mi are approximately 
parallel to z-direction, and as a result  ̅  ( ̅   ̅ )    and  ̅   ̅      . The interdroplet 
dipolar interaction energy Udipolar of the droplet population is then: 
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The potential energy increases as the distance | ̅   ̅ | between the droplet decreases, leading 
to interdroplet repulsion.  
The total energy U of the droplet population in the magnetic field created by the permanent 
magnet is:[4] 
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Interfacial tension measurements 

Pendant droplet measurements 
IFTs between ferrofluid and surrounding media were measured with the pendant droplet 
method using Attension Theta tensiometer (Biolin Scientific). IFT value was recorded after 
equilibration time of 3 minutes, as with splitting experiments. Measurements were repeated 
using water instead of ferrofluid for comparison (Figure S5). 

Micropipette aspiration measurements 
Micropipettes were prepared by pulling borosilicate capillaries (WPI, 1 mm, 0.58 mm 
o.d./i.d.) using a flaming/brown type puller (P-97, Sutter Instrument Company). Afterward,
the pipettes were sized to about 20 m in inner diameter by using a microforge (MF-900,
Narishige). To introduce pipettes horizontally into sample holders, they were bent by heating
the pipette on a flame. Micropipettes were made hydrophobic by incubation for at least 1 h in
an organic solution made of dichlorodimethylsilane (Sigma-Aldrich) diluted 20 times in
cyclohexane. Pipettes were then filled with octane and connected to an octane reservoir
attached to a piezoelectric pressure controller unit (Elveflow). The pressure was controlled
with a precision of about 10 microbars using the instrument software during the
measurements. Aspirated droplets of ferrofluid were visualized with an inverted microscope
(Nikon Eclipse Ti) equipped with various objectives (from 1× to 60×) associated with a 1.5×
magnification device. Droplets inside micropipettes were observed using a CCD camera
(Andor Zyla Scmos). All experiments were performed at ambient pressure using an in-house
built observation chamber. A 1-10 µL pipette tip connected to the corresponding pipette was
filled with successive “layers” of the octane – surfactant solution, ferrofluid, air and ferrofluid
(Figure S6a). This strategy was used in order to limit the evaporation of the solvents during
the experiments. The tip was then removed from the pipette and cut with a razor. The tip,
which was our observation chamber, was placed on a microscopy slide on the stage of the
microscope and the micropipette was inserted in the octane phase from the larger aperture. A
pressure P0 was applied by the pressure controller to compensate for the high between the
octane tank and the sample. There was no flow in the observation chamber when ΔP0 was
applied. The micropipette was put in contact with the ferrofluid and a pressure ΔP > ΔP0 was
applied to aspirate the ferrofluid in the micropipette (Figure S6b). The pressure was decreased
until the penetration length of the ferrofluid inside the pipette was equal to the radius of the
micropipette Rp. This pressure was called the critical pressure ΔPc. If we continued to
decrease the pressure, a large volume of ferrofluid was aspirated in the micropipette.
Knowing ΔPc, the interfacial tension  between the ferrofluid and octane – surfactant solution

could be determine using the Laplace law ( ), where R0 is the radius of 

curvature of the ferrofluid – octane interface. 
Three sets of experiments were performed using octane solutions containing different 
concentrations of C12E5 surfactant (0, 0.6, 2, 5, 7, 9, 12 and 14 mmol L-1) (Figure S6c).
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Figure S5: Effect of SPIONs to IFT. IFT was measured for one minute after equilibration 
time of three minutes. The values are mean values of 2 – 5 measurements and error bars 
represent standard deviation. a) IFT of water and ferrofluid droplets in silicone oil with 
sodium dodecyl sulfate (SDS) as a function of SDS concentration cSDS. b) IFT of water and 
ferrofluid droplets with pentaethylene glycol monododecyl ether (C12E5) in octane as a 
function of C12E5 concentration cC12E5. 
 
 

 
Figure S6: Micropipette aspiration measurements. a) Typical pipette tip in which the 
micropipette experiments were performed. b) Aspiration of the ferrofluid inside a 
micropipette at the ferrofluid/octane interface. c) IFT of ferrofluid in octane with C12E5 as a 
function of cC12E5. The black circles are mean values of 3 to 10 measurements and error bars 
represent standard deviation. The data was fitted with a rational function 
               ⁄  (red line) weighted by the inverse of standard deviations of the data 
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points. The two outlying data points with lower IFT (cC12E5 = 4.7 and 7.1 mmol L-1) are 
probably due to evaporation of the octane during the experiments. 
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IFT measurements based on number of droplets 
 
Instead of optically measuring the droplet diameters d as they split due to the field-induced 
instability, the critical wavelength c can be approximated with the help of the total ferrofluid 
volume V0 and assuming the droplets are identical half ellipsoids. Volume of a single droplet 
        ⁄  ⁄    ⁄    , where n is the number of droplets and h is the droplet height. 
Right before splitting event  c    √          ⁄ , where a = h d-1 is the droplet aspect 
ratio, which can be treated as a free parameter. When analyzing all the splitting experiments, 
a = 1.15 minimizes the cumulative relative errors compared to control IFT measurements 
using pendant droplet and micropipette aspiration techniques (Figure S7).  
 

 
Figure S7: IFT measurement based on number of split droplets. a) Comparison of errors 
in measured IFT for different analysis methods: n is based on number of split droplets and d 
is based on droplet diameters. n andd are cumulative relative errors compared to control 
method C (pendant droplet and micropipette aspiration) over all measurements:   n  
∑ | n    |   ⁄ . The relative error is plotted as a function of droplet aspect ratio h d-1, where h 
is the height of the droplet and d is the diameter of droplet base. Droplet is assumed a half of 
an ellipsoid. Inset shows the droplet shape, which minimizes the error (h d-1 = 1.15, red circle 
in the main figure). b) IFT based on number of droplets in splitting experiments S as a 
function of IFT measured with control methods C (pendant droplet and micropipette 
aspiration). Black dots: individual experiments, red circles: experiments grouped based on 
control method IFT. Error bars represent uncertainty (±1 standard deviation).  
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Image processing 
 
Brightness and contrast of the photographs and image series in Figures 1-4 were adjusted with 
Photoshop. In addition, photographs in Figure 1d and 3a-b were converted to grayscale and 
white balance of Figure 4b was adjusted. 
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ABSTRACT: Despite being researched for nearly five decades,
chemical application of metallic glass is scarcely explored. Here
we show electrochemical nonenzymatic glucose-sensing ability
of nickel−niobium (Ni60Nb40) amorphous alloys in alkaline
medium. Three different Ni60Nb40 systems with the same
elemental composition, but varying microstructures are created
following different synthetic routes and tested for their glucose-
sensing performance. Among melt-spun ribbon, nanoglass, and
amorphous−crystalline nanocomposite materials, nanoglass
showed the best performance in terms of high anodic current
density, sensitivity (20 mA cm−2 mM−1), limit of detection (100
nM glucose), stability, reproducibility (above 5000 cycles), and
sensing accuracy among nonenzymatic glucose sensors involv-
ing amorphous alloys. When annealed under vacuum, only the heat-treated nanoglass retained a similar electrochemical-
sensing property, while the other materials failed to yield desired results. In nanoglass, a network of glassy interfaces,
compared to melt-spun ribbon, is plausibly responsible for the enhanced sensitivity.
KEYWORDS: nanoglass, nonenzymatic glucose sensor, nickel−niobium alloy, cyclic voltammetry, electrochemistry

Accurate glucose detection ability is essential to capture
small changes in concentration in order to design
advanced clinical diagnostic devices1,2 (blood sugar

analysis apparatus1−5 and other personal health care devices6).
Besides clinical applications, environmental,7,8 food9−11 and
drug quality inspection,12,13 and bioprocesses14 monitoring is
carried out upon evaluating glucose reactivity. In order to
accommodate all the above-mentioned requirements, constant
efforts are made to develop a universal sensor, which will be
fast, selective, reliable, cost-effective, user-friendly, and
efficient. Initially, Clark and Lyons15 designed an enzyme-
based electrode using the specific biocatalytic property of
glucose oxidase, or GOx. This was further improved, leading to
the development of redox electrodes16,17 toward clinical
diagnosis aimed for point of use in diabetes control. Despite
its success, enzymatic glucose sensors possess several problems
to address, such as immobilization of GOx on electrodes,18,19

long-time stability,20 thermal and chemical stability,21 han-
dling, and repeated use of the same sensor. Besides clinical
diagnostics, a limited range of thermal stability21,22 (until 44
°C) of GOx-based sensors along with their unstable nature in
lower (below 2) and higher (above 8) pH values18 makes it a
poor choice for sensors for commercial use in agriculture and
food quality monitoring.23 In order to address the above-

mentioned problems, immense efforts are made to develop
effective nonenzymatic glucose-sensing technology based on
metals and nanomaterials.
Among different diagnostic patterns invented to monitor

glucose concentrations, such as transdermal technology,24,25

optical14,26,27 and acoustic,28 and electrochemistry29−33 based
diagnostic tools have been found to be the most efficient and
user-friendly. Generally, electrodes made of noble metals, such
as gold,34 silver,35 palladium,36,37 and platinum,38,39 are used to
produce enzyme-free glucose sensors in spite of their high cost.
But, all these emerging sensors have been unable to
demonstrate sensitivity comparable to GOx-based detectors
mainly due to poor electro-oxidation kinetics, despite
introducing anisotropic nanostructured electrodes40−42 or
alloying20,43,44 during the design of the electrode. Therefore,
readily available, cost-effective transition metal3,20 catalysts are
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selected to design a futuristic enzymeless glucose sensor.
Among known metals, nickel-based materials (nickel nano-
particle decorated substrate,45 anisotropic Ni-structures,20

multicomponent alloys,18,46 or hybrid structures47,48 contain-
ing nickel) are chosen because of the stable and reversible
Ni(III)/Ni(II) redox system20,49−51 activity known in alkaline
conditions. However, during electrochemical oxidation of
glucose, such Ni-based sensors’ performance and stability
decline over time. The above-mentioned challenges can be
addressed by designing a new type of ligand-free Ni-based
sensor that is able to survive several electrochemical cycles,
easy to handle, and able to detect very low concentrations of
glucose reproducibly.
Nanostructured metallic glasses (nanoglasses) gained

popularity for their different properties52−58 compared to
bulk metallic glassy59 analogues. The recent introduction of
nanoglass55 in the family of glassy alloys further improved the
mechanical strength,54 enhanced magnetic properties,53 etc.,
compared to bulk metallic glasses. Typically, a nanoglass is
prepared by consolidating amorphous alloy nanoparticles at
high uniaxial pressures (2−6 GPa),60 creating a large number
of glass−glass interfaces, which are responsible for the distinct
properties61 compared to bulk metallic glass of similar or
identical composition. While stable amorphous alloys are being
used in several places,62 only a few attempts are made (organic
catalyst,63 electrocatalysis,64 and sensor65) to utilize the
chemical reactivity of such amorphous systems as a
replacement for crystalline metals. Nickel-based glassy alloys
such as Ni60Nb40,

66,67 Ni60Zr40,
68,69 Ni60Ag40,

70,71 and
Ni50Ti50

72,73 are well known for their distinct thermal stability
and mechanical strength, but they have not been used for
unconventional chemical applications.74 These nickel-based
glasses could be an excellent choice to develop futuristic
nonenzymatic glucose sensors.

In this paper, we synthesized Ni60Nb40 nanoglass and
demonstrated its electro-oxidation ability in terms of sensitivity
and selectivity in glucose sensing. For comparison, melt-spun
ribbon and a nanocomposite of amorphous and crystalline
alloy with identical compositions (Ni60Nb40) have been
investigated for their electrochemical activity. The results
from the investigations reveal that all three Ni60Nb40 alloys can
effectively be used to detect glucose electrochemically in the
absence of any enzyme. Among them, the nanoglass showed
the highest sensitivity (20 mA cm−2 mM−1) reported so far for
any nonenzymatic glucose sensor based on Ni-based nanoma-
terials.

RESULTS AND DISCUSSION

Structural Analysis of the Alloys. Three different
Ni60Nb40 alloys, namely, nanoglass, a mixture of an
amorphous−crystalline nanocomposite alloy, and melt-spun
ribbon (MSR), were synthesized following different routes
shown in Figure 1A−C (details are in the Experimental
Section). Structural characterization of the as-prepared samples
was performed using X-ray diffraction (XRD) immediately
after each synthesis. Corresponding diffractograms associated
with each material are shown in Figure 1D to F. Both
nanoglass and MSR show a typical halo peak, indicating an
amorphous phase in the samples. Detailed microstructural
analysis using FESEM (Figure S1A to C) and TEM was carried
out. The amorphous nature of the samples was confirmed
during a TEM-selected area electron diffraction (SAED) study,
which exhibited broad diffuse rings as shown in the insets of
Figure 1D and F. Although there was no clear crystalline peak
in the XRD pattern (amorphous−crystalline composite or
nanocomposite), the halo was sharper for the nanocomposite
materials, suggesting nanocrystallinity (Figure 1E) in the
sample. Additionally, distinguished spots identified in the

Figure 1. Nonenzymatic glucose sensor based on Ni60Nb40 glassy alloy materials is illustrated. Schematics in A to C show preparation
methods of nanoglass, nanocomposite, and melt-spun ribbon, respectively. XRD analysis indicates the amorphous phase of the sample (D
and F), which are further confirmed through SAED patterns shown in the insets. Cyclic voltammograms of 0.10 mM glucose in 0.1 M
sodium hydroxide solution are shown in G−I. Variation of anodic peak current density of all the materials is shown in the inset of I.
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SAED (inset of Figure 1E) pattern indicate some extent of
nanocrystallinity in the sample.
Electrochemical Stability of the Alloys. After the initial

microstructural characterization, these three samples were
tested for their electrochemical responses as working electrode
(WE) toward glucose in cyclic voltammetry (CV) experiments
in the presence of Ag/AgCl as a reference electrode (RE) and
platinum as counter electrode (CE) in alkaline medium. The
scan rate dependent stability of the alloy electrodes has been
checked before initiating any experiment. With the polished
glassy electrode, during sweeping from −0.1 to +0.45 V at 10
mV s−1 scan rate, oxidative peak in the first cycle indicate the
formation of Ni(II) oxide layers.46 At repeated sweeps using 10
to 100 mV s−1 rates the nanoglass electrode produced well-
defined and reproducible voltammograms in 0.1 M NaOH
solution as shown in Figure S2. Other alloy electrodes also
generate a similar voltammetric response. The anodic peak
voltage shifts to more positive value with an increase in the
scan rate, while reductive peak voltage moves to more negative
potential as found in previous studies.20 During sweeping at a
20 mV s−1 rate, the current response was found to be 0.64 μA
for the anodic peak at +0.266 V. For a direct comparison

between the three materials, the scan rate was fixed at 20 mV
s−1 for the rest of the experiments. The chemical reactions are
as follows3,20

+ → +− −Ni 2OH Ni(OH) 2e2

+ → + +− −Ni(OH) OH NiO(OH) H O e2 2

Glucose-Sensing Using Cyclic Voltammetry. In the
identical potential regime for nanoglass, upon addition of 0.10
mM glucose solutions into the alkaline medium, a substantial
increase in the oxidative peak current was identified in the
resultant CV curve, as evident in Figure 1G, and the anodic
peak potential shifts to higher voltage. Notable enhancement in
anodic peak current is due to the electrochemical oxidation of
glucose in the presence of NiO(OH) on the electrode surface.
The chemical reaction can be described as

+

→ + +

glucose NiO(OH)

gluconolactone Ni(OH) H O2 2

A comparable sensitivity was measured when the electrode
was replaced with the nanocomposite (shown in Figure 1H).
Although MSR was able to detect 0.10 mM glucose in solution,

Figure 2. Concentration-dependent (0.10, 0.25, and 0.50 mM glucose) cyclic voltammograms with the nanoglass are shown in A. Stable
anodic peak current of a 0.25 mM glucose solution over 5000 cycles is shown in the inset. In B, eight sweeps in a 0.10 mM glucose solution
demonstrate stable anodic peak current density. Schematic of the electrochemical cell is shown in the inset of B. In alkaline (NaOH) glucose
solution, the reference electrode (Ag/AgCl), working electrode (alloy materials), and counter electrode (platinum foil) are represented by
RE, WE, and CE, respectively. Linear dependence on the glucose concentration was found for all three systems, as shown in C, including the
equations. Only the annealed nanoglass retained its detection ability and its response, which is captured in D.
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a weaker oxidative peak current response (inset of Figure 1I)
makes it unsuitable for a glucose sensor at the low
concentration window (Figure 1I). Appropriate glucose
diagnosis is formulated with further CV experiments with
different batches of solutions. The gradual increase in the
values of the oxidative peak current with increase in glucose
concentrations (0.10 to 0.50 mM) clearly indicates the proper
sensing response of the nanoglass (Figure 2A). All the CV
experiments also produced a very stable anodic peak current.
In the inset of Figure 2A, the anodic peak current value of the
0.25 mM glucose solution is shown above 5000 cycles,
showing insignificant variation. Additionally, eight replicates of
voltammograms from a 0.10 mM glucose solution, shown in
Figure 2B, confirm the reproducible nature of every measure-
ment with stable anodic peak current density. Identical
measurements were performed on the nanocomposite and
MSR, and the sensitivity of these materials was checked with
varying glucose concentrations. A linear relationship was found
when the anodic peak current density is plotted vs glucose
concentration (0.10 to 2 mM), and the sensor performance is
evaluated for all three alloys (Figure 2C).
The sensitivity values of the alloy sensors are calculated from

the slopes shown in Figure 2C, and it is evident that the
responses of the nanoglass and the nanocomposite are higher
compared to MSR. Although the nanocomposite material
shows comparatively higher current density for lower glucose
concentration, the current density does not increase tremen-
dously with higher glucose concentration, and hence the
overall sensitivity of the nanocomposite materials is lower than
the nanoglass (Figure 2C).
Sensitivity of the Nanoglass. Sensitivity of the nanoglass

is found to be 20 mA cm−2 mM−1 (Figure 2C), which is
substantially higher compared to other reported nickel-based
glucose sensors.18 The sensitivity of the nanocomposite
materials and MSR are 5.5 and 0.2 mA cm−2 mM−1,
respectively. The current density as well as sensitivity is
found to be the lowest for the MSR among all three alloys
examined here. It is interesting to note that all three materials
showed nearly linear behavior in terms of current response
with respect to glucose concentration.
Response from the Annealed Nanoglass. In order to

gain more insight into the phase-dependent sensitivity of the
materials; all sensors were first annealed at 700 °C [above its
glass transition temperature (Tg), 622 °C] for 2 h in a vacuum
furnace. Upon crystallization (Figure S3), a mixture of

intermetallic compounds of nickel and niobium (Ni3Nb,
Ni6Nb7) appears from a single-phase Ni60Nb40 nanoglass.75

When the CVs of all the annealed (crystallized) electrodes are
tested, only the annealed nanoglass showed reproducible
current density comparable to the parent nanoglass. However,
the high sensitivity is lost (Figure 2D) in the crystallized
nanoglass, while other materials do not respond at all and fail
to produce any anodic peak current. Although the current
density is higher for the annealed nanoglass (with respect to
the parent nanoglass), the linear behavior is no more perfect
[adj. R2 = 0.905 compared to adj. R2 = 0.992 for pristine
nanoglass, 0.986 for the nanocomposite, and 0.986 for MSR,
respectively (adj. = adjusted)]. This study clearly proves the
weak sensitivity of the crystalline materials in nonenzymatic
glucose-sensing applications in alkaline medium. Due to the
higher sensitivity of the pristine and the annealed samples,
further studies are focused on the nanoglass only.

Chronoamperometric Detection Ability of Glucose
with Nanoglass. To identify the limit of detection of the
nanoglass, chronoamperometric experiments were performed
from the lowest to highest concentration (0.1 μM to 10 mM)
of glucose, and the results are shown in Figure 3. During the
measurement, the potential was held constant at +0.45 V while
the solution is stirred constantly (200 rpm rate), and the
current is monitored upon successive addition of glucose
solutions into 0.1 M NaOH medium. The well-defined
stepwise current increase upon sequential addition of glucose
proves the accurate electro-oxidation response of the nanoglass
as a working electrode. Above 10 mM glucose concentration, a
negligible increase of current is identified; therefore, the
concentration range of the present investigation is chosen until
10 mM (see later). Based on signal-to-noise ratio (S/N)
calculation, the nanoglass offers 100 nM glucose as the limit of
detection (LOD), as shown in the inset of Figure 3A. A linear
increase of the current density with respect to glucose
concentration has been established between 0.25 and 4 mM
when chronoamperometric current densities are plotted
against glucose concentration (Figure 3B). Due to high
current density, a few nanomolar glucose concentration is
also detectable as shown in Figure 3Bi and ii, which also
supports proper detection ability of the nanoglass at a lower
concentration range.

Selectivity of the Nanoglass Electrode. In order to
demonstrate the ability of the nanoglass as an enzyme-free
glucose sensor for future applications, the selectivity is another

Figure 3. (A) Chronoamperometric response from the nanoglass electrode upon sequential addition of glucose solutions. Inset (i) shows the
expanded view of the red dotted region. (B) Distribution of current densities with respect to glucose concentration. A linear increase of
current density is established from 0.25 to 4 mM. Current densities at lower concentration are given in insets (i) and (ii).
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important factor alongside sensitivity, which has to be taken
into consideration. Glucose detection is hampered mostly by
the presence of sucrose, ascorbic acid, and other solutes in the
bloodstream. To perform this test, 0.25 mM ascorbic acid,
sodium chloride (NaCl), and a sucrose solutions are added in
succession (Figure S4A) in a 0.25 mM glucose solution. A
marginal current change upon the addition of other solutes
confirms the good selectivity of the nanoglass for glucose. This
control test reveals that the nanoglass has potential for accurate
glucose detection, and it can be used as a nonenzymatic
glucose sensor in future applications. In addition to its
selectivity toward glucose detection, the chronoamperometric
response of the nanoglass for the sensing of higher glucose
concentrations (2 to 38 mM) has also been tested
independently (Figure S4B). In identical chronoamperometric
experiments (applied potential +0.50 V), the current increases
linearly (adj. R2 = 0.996) with infusion of a higher
concentration of glucose until 38 mM. However, above 10
mM, continuous cleaning of the electrodes has been carried
out before additional infusion of glucose solution. This
problem can be avoided by using a suitable reference electrode,
replacing Ag/AgCl.
Post-Experiment Structural Analysis of the Nano-

glass. Following the electrochemical studies, structural
analysis of the nanoglass electrode was carried out using Ga-
XRD to understand the active phase present on its surface. The
resultant diffractograms before (Figure S5A) and after (Figure

S5B) the reaction showed identical featureless broad peaks,
indicating retention of the amorphous phase in the alloy even
after electro-oxidation experiments. XRD patterns shown in
Figure 1D and Figure S5A were collected from the same
sample. The stable nature of the anodic peak current (in the
inset of Figure 2A) during the glucose-sensing experiments
indicated that chemical composition at the nanoglass surface
did not undergo a significant change. Subsequently, surface
characterization of the nanoglass was carried out using XPS to
determine the chemical composition. The results are
summarized in Figure S6. While Figure S6A1, A2, and A3
represent Ni (2p3/2), O (1s), and Nb (3d) regions,
respectively, of the unreacted nanoglass samples, the same
regions of the reacted samples are shown in Figure S6B1, B2,
and B3. Nearly the same features are found upon
deconvoluting the Ni 2p3/2 regions (in Figure S6A1 and B1),
which also indicates the unaltered surface of the electrode.
Careful analysis of the O 1s region points toward different
metal−oxygen bonding possibilities at the nanoglass surface
(Figure S6A2 and B2), which also do not change significantly
following the electro-oxidation process. These features appear
mainly due to the presence of amorphous niobium oxide at the
surface of the sample, recognized by XPS analysis in the Nb 3d
region (Figure S6A3 and B3). Two oxidation states of Nb are
found upon deconvoluting two indistinguishable (Figure S6A3
and B3) spectra (dashed lines) measured before and after
sensing experiments, respectively. The peak at 203.86 eV is

Figure 4. Proposed mechanism of electrochemical glucose oxidation process at the surfaces of the Ni60Nb40 nanoglass based on the IHOAM
model.
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attributed to the NbO, while the Nb2O5 3d5/2 signal appears at
207.62 eV. It should be noted that the presence of niobium
oxide at the surfaces of the nanoglass has not been identified
either by XRD or during TEM/SAED analysis (Figure 1D).
The appearance of Ni, Nb, and O peaks from metallic
nanoglass suggests the presence of a niobium oxide layer at the
surface, which also maintains metallic bonding with Ni76 but
protects underlying Ni−Nb layers from further oxidation. As a
result of metallic bonding between Ni and NbOx at the surface,
the oxide layer and the sample remain conducting. This
niobium oxide not only facilitates the electrochemical sensing
but also shields underlying Ni-excess regions of the sample.
Mechanism. In view of all experimental evidence produced

by the electrochemical oxidation process and subsequent
spectroscopic characterization of the materials, the nanoglass
has emerged as a stable, sensitive, reliable, and robust glucose
detector. However, all the studied Ni60Nb40 alloy materials
have the potential for glucose sensing. The principle reason for
such activity is the presence of amorphous nickel with
noninterfering and noncompeting niobium in the material.
Together these elements produce a stable yet reactive alloy
electrode surface for electrochemical glucose sensing. The
incipient hydrous oxide adatom mediator (IHOAM)29,30

model can be used to explain the plausible mechanism (Figure
4) of the oxidation process. According to the reaction
mentioned before and this model, a thin layer of nickel
hydroxide [Ni(OH)2] forms on the electrode surface in the
first sweep of electro-oxidation.46 Ni(OH)2 subsequently
oxidized to nickel oxohydroxide [NiO(OH)] in the alkaline
medium, which adsorbs a glucose molecule and gradually
converts it to gluconolactone in alkaline conditions. In the
process, NiO(OH) reduces to Ni(OH)2 (see Figure 4 for
details). Considering the experimental evidence provided here,
every working electrode in the current investigations seems to
be following the common mechanism formulated using the
IHOAM model as shown in Figure 4. In the case of annealed
glasses, probably the presence of several intermetallic
compounds simultaneously do not help in glucose sensing.
Their presence also reduces the metallic bonding between Ni−
NbOx significantly and transforms into a less conducting
electrode, which is inefficient for the electrochemical sensing
process. The difference in microstructure in the nanoglass and
nanocomposite alloy compared to MSR can be another reason
for the better electrochemical response among the three
materials. In contrast to the melt-spun ribbons, nanoglasses
exhibit a network of interfaces. The atomic structure of
nanoglasses has been described on the basis of many
experiments as to consist of nanometer-sized glassy core
regions, i.e., the remnant of the former nanoparticles prior to
compaction, and of glassy interfacial regions, which clearly only
appear during compaction.60 The experimental results suggest
that the combined reactivity of the two glassy regions, which
are characterized by different atomic structures, affects the
overall performance of the nanoglass in the sensing application.
This is clearly seen in the change of the slope of the current
density vs the glucose concentration curve (in Figure 2C). The
nanoglasses behave distinctively different than the rapidly
quenched glass and the nanocomposite materials, both in
absolute intensity and in the slope. Both these effects hint
toward a different behavior of the interfacial regions present in
nanoglasses. Previously, increased mechanical strength
(CuZr54), altered magnetic properties (FeSc,53 NiTi77), and
even enhanced biocompatibility78 of nanoglasses were

correlated with the interfacial regions. The glassy core regions
in nanoglasses have similar electrochemical reactivity to that of
the melt-spun ribbons. But, the interfacial reactivity in
nanoglasses seems to be the main difference, which is reflected
as higher current density and sensitivity compared to melt-
spun ribbons. On the other hand, the nanocomposite sample
consists of glassy, glass−nanocrystalline, and nanocrystalline
grains as well as similar interfaces, a combination that might be
responsible for the high current density at the lowest glucose
concentration. Between nanoglasses and nanocomposite
samples, the presence of a larger fraction of glass−glass
interfaces is mainly responsible for the higher sensitivity
considering the larger concentration range. However, as
pointed out above, the change of the slope as seen in Figure
2C indicates additional effects, which cannot be identified
based on the present research results.

CONCLUSION

In this report, electrochemical detection of glucose has been
demonstrated using nickel-based glassy alloys. Fast, reprodu-
cible responses from different Ni60Nb40 metallic alloys
(nanoglass, nanocomposite, and melt-spun ribbon) are
compared for the sensing of glucose solutions. Exceptional
response from the nanoglass sample is determined, which
retains its partial sensitivity even after annealing and
subsequent crystallization. Due to high current density, a few
nanomolar glucose is still detectable using a nanoglass
electrode. Besides the contribution of metallic nickel, the
special nano/microstructure of the nanoglass with interfacial
regions of enhanced free volume (interfaces) also seems to
play a role in the electrochemical response. A conducting
niobium oxide layer coating creates a protection for the Ni-rich
alloy but maintains chemical reactivity toward glucose. Based
on the IHOAM model, a glucose oxidation mechanism is
provided, but further structural insights are necessary to
establish it. With a detection limit of 100 nM, the nanoglass
has been shown to be an unconventional, nanostructured and
ligand-free material to design a futuristic nonenzymatic glucose
sensor. An impressive performance of this type of unconven-
tional yet responsive alloy-based sensor has great potential
toward the development of diagnostic apparatus and
technology to monitor glucose concentrations in challenging
application fields.

EXPERIMENTAL SECTION
Chemicals. Ni60Nb40 target (99.9% purity) was purchased from

MaTeck GmbH. Glucose (99% purity) was procured from VWR
GmbH. Sodium hydroxide (NaOH), ascorbic acid, sodium chloride
(NaCl), and sucrose with 99.9% purity were purchased from Sigma-
Aldrich. Deoxygenated Milli-Q water (18.3 MΩ) was used
throughout the experiments.

Synthesis. Synthetic schemes are illustrated in Figure 1 (A to C).
Briefly, melt-spun ribbons were prepared by rapid quenching of a
molten alloy of Ni and Nb with a 60:40 atomic ratio on a rotating Cu
disk. The other samples were synthesized using inert gas condensation
(IGC) techniques using two custom-built instruments followed by
uniaxial compaction. Ni60Nb40 nanoglass was prepared by using
magnetron sputtering-IGC (MS-IGC) followed by compaction at 1.4
GPa under vacuum.54 Here, the Ni60Nb40 alloy target was sputtered at
an aggregation pressure of 0.3 mbar, which leads to the formation of
very fine nanoparticles of the same composition. The nanoparticles
were then collected and pressed in situ at a pressure of 1.4 GPa to
make a disc-shaped pellet. The sample was further consolidated at 6
GPa and polished mechanically (pellet diameter 8 mm, thickness 0.21
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mm, weight ∼100 mg from 90 min of sputtering) at ambient
conditions before studying its electro-oxidation property. The
amorphous−crystalline nanocomposite sample was prepared using
pulsed laser (20 W laser power) ablation (on the same Ni60Nb40 alloy
target) setup coupled to an IGC instrument followed by successive
consolidation at 1.8 and 6 GPa.79 A disc-shaped pellet was prepared
and polished similar to the previous nanoglass sample. The use of
pulsed laser ablation instead of magnetron sputtering in the IGC
system induced nanocrystallinity in the compacted pellet.
Electrochemical Cell Configuration. All the electrochemical

(cyclic voltammetry and chronoamperometry) experiments were
performed in a general-purpose electrochemical system (from
μAutolab Type III) coupled with a three-electrode electrochemical
cell, where Ni60Nb40 alloys were used as working electrode, platinum
foil as counter electrode, and saturated Ag/AgCl as reference
electrode. A gold wire of 0.10 mm thickness was used to connect
working electrodes (pellets of nanoglass, nanocomposite, or melt-
spun ribbon).
Cyclic Voltammetry and Chronoamperometry. Cyclic

voltammetric and chronoamperometric studies were performed with
different concentrations of glucose solutions (100 nM to 38 mM,
generated more than a few thousand sensing experiments with a single
nanoglass electrode) prepared in 0.1 M NaOH at room temperature
(25 °C) in a 50 mL cell (schematically shown in the inset of Figure
2B). Scan voltage was fixed between −0.1 and +0.45 V to avoid any
interference emerging from niobium. During chronoamperometric
measurement, glucose, ascorbic acid, sodium chloride (NaCl), and
sucrose solutions were added into a 0.1 M NaOH solution
sequentially with constant stirring at 200 rpm. The geometric surface
area of the working electrodes (alloys) was used to calculate the
current density values reported here. All the potential values described
in this paper were determined with respect to the saturated Ag/AgCl
electrode.
Characterization. Conventional characterization techniques were

used to determine the phase and composition of the as-prepared
materials. Structural characterization (XRD) of the metallic alloys was
carried out using a Bruker X-ray diffractometer equipped with a Cu
Kα X-ray source before attempting electrochemical studies. A STOE
Stadi P diffractometer with a Ga Kβ source was used for Ga-jet XRD
characterization of the reacted electrode. Microstructure analysis was
performed using a Zeiss LEO 1530 scanning electron microscope and
an image aberration-corrected FEI Titan 80-300 transmission electron
microscope operated at 300 kV. Elemental analysis and chemical
compositions (Ni60Nb40) were determined with an energy dispersive
X-ray spectroscopy detector attached to the SEM and TEM
instruments. X-ray photoelectron spectroscopy (XPS) measurement
was carried out in an ECSA probe TPD spectrometer from Omicron
Nanotechnology with polychromatic Al Kα (hν = 1486.6 eV) as X-ray
source. All XPS spectra were deconvoluted and analyzed using
CasaXPS software.
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Supporting Information 1: 

Figure S1. FESEM images of the (A) nanoglass, (B) nanocomposite and (C) melt-spun 
ribbon samples before the electrochemical experiments.  
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Figure S2. Performance of Ni60Nb40 nanoglass as working electrode (WE). Cyclic 
voltammetric scans in the potential window -0.1 to +0.45 V are conducted with scan rate from 
10 to 100 mV s-1 in 0.1 M NaOH solution. 
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Supporting Information 3: 

Figure S3. Cu-XRD patterns of annealed nanoglass sample. Mixtures of different 
intermetallic compounds (Ni3Nb, Ni6Nb7) are identified in the annealed sample.  
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Figure S4. (A) Stable chronoamperometric current response are identified with infusion of 
0.25 mM ascorbic acid, NaCl and sucrose solutions in succession into 0.25 mM glucose 
solution prepared in 0.1 M NaOH solution. (B) Linear increase in current density is found 
chronoamperometrically as glucose concentration enhanced from 2 mM to 38 mM. 
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Figure S5. Structural analysis of the Ni60Nb40 nanoglass electrode before and after sensing 
experiments. Ga-XRD confirms amorphous phase in the material before sensing experiments 
given in (A), which remains indistinguishable after the experiment as shown in (B).    
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Figure S6. Photoelectron spectra (XPS) of the nanoglass sample before (A1 to A3) and after 
(B1 to B3) electrochemical studies. Ni (2p3/2), O (1s) and Nb (3d) regions are highlighted for 
the current investigations. Nearly indistinguishable spectra of the sample before and after 
sensing experiments indicate unaltered surface of the nanoglass electrode. Fitted and 
deconvoluted spectra (dashed lines) points out different niobium oxides present at the surface 
(A3 and B3). 
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ABSTRACT: The photophysics of the isolated trianion Ag29(BDT)12
3− (BDT =

benzenedithiolate), a ligand-protected cluster comprising BDT-based ligands, terminating
a shell of silver thiolates and a core of silver atoms, was studied in the gas phase by
femtosecond time-resolved, pump−probe photoelectron spectroscopy. UV excitation at
490 nm populates one or more singlet excited states with significant charge transfer (CT)
character in which electron density is shifted from shell to core. These CT states relax on
an average time scale of several hundred femtoseconds by charge recombination to yield
either the vibrationally excited singlet ground state (internal conversion) or a long-lived
triplet (intersystem crossing). Our study is the first ultrafast spectroscopic probe of a
ligand-protected coinage metal cluster in isolation. In the future, it will be interesting to
study how cluster size, overall charge state, or heteroatom doping can be used to tune the
corresponding relaxation dynamics in the absence of solvent.

Atomically precise, ligand-stabilized (“protected”) coinage
metal clusters are of great present interest due to their

size-tunable electronic structure, which has stimulated
applications in fields ranging from electrocatalysis to optical
sensing.1−13 While protected gold clusters have been explored
most extensively, there has also been much recent interest in
preparing and characterizing ligand-stabilized silver clusters14

as well as protected nanoalloy clusters comprising mixed
coinage metal cores.15 Several thiolate-protected silver clusters
ranging up to Ag374 have been crystallized.16

Like some thiolated organosoluble gold clusters, many silver
clusters show visible and near-infrared (NIR) emission. A
prototypical ligand-protected silver cluster with known X-ray
crystal structure is Ag29(BDT)12(TPP)4, first prepared and
characterized in solid state and liquid solution by Bakr et al.
(BDT, 1,3-benzenedithiolate; TPP, triphenylphosphine).17

Upon near-UV excitation of Ag29(BDT)12(TPP)4, long-lived
near-IR photoluminescence (PL) has been observed, which is
attributed to phosphorescence. It has also been reported that
this PL can be efficiently quenched by codissolved molecular
oxygen.10 Also, ultrafast intermolecular electron transfer occurs
upon UV photoexcitation of Ag29(BDT)12(TPP)4 when
methylviologen is added to the solution.18

Electrospray mass spectrometry of Ag29(BDT)12(TPP)4
solutions yields trianions as the predominant negative charge
state in isolation (Ag29(BDT)12(TPP)4−x

3−, where x = 0−4).
Bakr et al. have proposed that these trianions all reflect eight
valence electron species in a closed-shell 1s21p6 superatom
configuration (29 − (12 × 2) + 3 = 8).17 Density functional
theory (DFT) calculations have established that such a

“superatom” grouping of valence orbitals is a characteristic of
particularly stable coinage metal clusters.7 Correspondingly,
solid Ag29(BDT)12(TPP)4 has been proposed to consist of
Ag29(BDT)12(TPP)4

3− units surrounded by countercations
(which remain to be assigned)19 and as a corollary, the
corresponding solutions are thought to comprise predom-
inantly solvated Ag29(BDT)12(TPP)4

3−.
Time-dependent density-functional theory (TDDFT) calcu-

lations of the Ag29(BDT)12(TPP)4 cluster suggested that the
UV excitation giving rise to photoluminescence is of charge
transfer typetransferring negative charge from the shell
toward empty d-like superatom orbitals mainly associated with
the silver cluster core.17 A more recent linear response (LR)-
TDDFT calculation of Ag29(BDT)12(TPP)4

3− comes to the
conclusion that UV excitation mainly involves ligand-to-metal
charge transfer.10 At this stage, the accuracy of TDDFT
excited-state predictions for this compound class, the
relaxation mechanism following photoexcitation (in particular,
the route to the PL emitting state) and the role of the
molecular environment in modulating these processes all
remain unclear.
We therefore studied this problem by removing the solvent

entirely. Specifically, we used femtosecond time-resolved, two-
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color, pump−probe photoelectron spectroscopy (tr-PES) to
examine the corresponding isolated multianions. These are the
first ultrafast spectroscopic measurements of ligand stabilized
coinage metal clusters in the gas phase. Previously, one-photon
PES of isolated multianionic ligand-protected coinage metal
clusters with pulsed nanosecond lasers has yielded information
on electron affinities (EA), repulsive Coulomb barrier heights
(RCB), as well as overall electronic structure.12,13,20,21

However, accessing fast decay dynamics following electronic
excitation requires tr-PES.
Specifically, we generated isolated Ag29(BDT)12

3− as the
system for tr-PES study by electrospray ionization of
Ag29(BDT)12(TPP)4 solutions (with associated loss of all
four weakly bound monodentate phosphines). The probable
Ag29(BDT)12

3− molecular structure (based on the X-ray
structure of Ag29(BDT)12(TPP)4 and DFT calculationssee
the Supporting Information) is illustrated in Figure 1. Using tr-

PES we find that resonant pulsed laser excitation of this species
at 490 nm (2.53 eV) can lead to rapid population of a long-

lived excited state, which we identify as the carrier of the
photoluminescence observed under similar irradiation con-
ditions in solution.
The Ag29(BDT)12(TPP)4 solid was synthesized following a

previously reported method and used without further
purification.22 Approximately 5 μM of clusters in dimethylfor-
mamide (DMF) was electrosprayed and probed using an ion
beam apparatusparts of which have been previously
described.23−25 It has recently been modified to incorporate
a velocity map imaging (VMI) setup and a new femtosecond
laser system.
In brief, after transfer into the high-vacuum machine,

electrosprayed multianions were accelerated into a time-of-
flight (TOF) mass spectrometer and selected therein by their
mass-to-charge ratio. The selected ions entered a perpendic-
ularly oriented VMI spectrometer mounted within the TOF
flight tube. There the trianions interacted with either one (one-
color) or two femtosecond laser pulses (two color pump−
probe) leading to photoelectron detachment. Three open
electrodes in an Eppink-Parker like26 design (pulsed)
accelerated the photoelectrons toward an imaging micro-
channel plate detector (MCP) equipped with a phosphor
screen. The corresponding electron impacts were recorded
with a charge-coupled device (CCD) camera. Angle-resolved
one-color photoelectron (PE) spectra (as well as two-color,
time-resolved pump−probe PE spectra (tr-PES)) were
obtained from these raw data using the polar onion peeling
algorithm developed by the Verlet group.27 The VMI setup
was calibrated using one-color, one-photon photodetachment
of I− at several different wavelengths.
The femtosecond laser system consisted of a Ti:sapphire

pump laser (Astrella, Coherent) with a fundamental output
wavelength of 800 nm (1.55 eV), generating 35 fs pulses at a
repetition rate of 1 kHz and pulse energy of 7 mJ. This
pumped a wavelength tunable TOPAS Prime (Light
Conversion) optical parametric amplifier (OPA), which
delivered the 490 nm pump pulses (and also UV wavelengths
for one-photon detachment). We used an optical delay line to
vary the pump−probe timing. The instrument response
function in the vacuum chamber was 50 ± 5 fs. The full
width at half-maximum (fwhm) bandwidths of pump and
probe pulses were ∼56 and ∼51 meV, respectively. Further
details, including laser pulse energies, polarization and focusing

Figure 1. Molecular structure of Ag29(BDT)12
3− based on the X-ray

crystal structure of Ag29(BDT)12(TPP)4 as reported in ref 17 (after
removal of four TPP ligands and DFT structure reoptimization of
Ag29(BDT)12

3− without symmetry constraints (see the Supporting
Information)). Color scheme: core comprising 13 silver atoms
(orange); shell comprising 12 fully coordinated (light purple) and 4
partially coordinated silver atoms (green−after TPP removal), 24
sulfur atoms (blue), and 12 terminating benzyl-derived ligands
(gray).

Figure 2. One-photon PES spectra of Ag29(BDT)12
3− at various UV detachment wavelengths as indicated (at photon energies of 3.81 (black), 4.20

(red), and 4.68 (blue) eV. Normalized photoelectron counts are plotted vs EKE for determination of the RCB height and vs electron BE toward
determination of the third electron affinity, EA(3).
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conditions, OPA wavelength range, data acquisition, and
deconvolution procedures used to obtain either “stationary”
one-photon spectra or time-resolved pump−probe PES
measurements are described in the Supporting Information.
We begin with the stationary measurements (one-color

photodetachment with fs laser pulses), which were recorded at
detachment wavelengths of 325, 295, and 265 nm as indicated
in Figure 2 (corresponding to photon energies of 3.81, 4.20,
and 4.68 eV, respectively). In all cases, isotropic angular
distributions were observed. The corresponding PE spectra
show essentially only one component. Plotted versus electron
binding energy (BE), the data allow to determine the third
electron affinity (EA(3)) of Ag29(BDT)12

3− as 0.9 ± 0.1 eV
(with hv − EA(3) = electron kinetic energy (EKE)). The
estimated error is a result of the experimental noise, the
extrapolation procedure used to determined EA(3), and the
spectral width of the laser pulses. Plotted versus electron
kinetic energy, the spectra also allow to determine the repulsive
Coulomb barrier (RCB) height (as measured from the dianion
ground state) to be 1.7 ± 0.1 eV.
It is of interest to compare RCB and EA(3) with the

predictions of classical electrostatics for charging a metallic
sphere of radius corresponding roughly to that of the molecule
in question (see structure in Figure 1). Ag29(BDT)12

3− can be
thought of as consisting of a central 13-atom silver icosahedron
(of radius ca. 2.8 Å), surrounded by a silver sulfide shell (of
outside radius ca. 5.1 Å), which is capped by terminating
ligands (to yield a total radius of 9.1 Å). Assuming a
polycrystalline silver work function (WF) of 4.26 eV, classical
electrostatics predicts that a third electron affinity of 0.9 eV is
obtained for a conducting sphere of radius R = 10.7 Å (WF −
2.5 e2/4πε0R = 0.9 eV), that is, larger than the actual molecular
dimensions.
Similarly, the RCB height can be contrasted with a classical

electrostatic calculation of the Coulomb repulsion between a
single negative and a twofold negative point charge at distance
R. This reaches a value of 1.7 eV at a separation of 17 Åwell
outside the actual molecule. The RCB can also be compared to
the height of a Coulomb barrier associated with charging a
metallic sphere of radius R, from 2− to 3−. According to eq 5 in
ref 28 an RCB of height 1.7 eV requires an R of ca. 16 Å, that

is, again a radius significantly outside the perimeter of
Ag29(BDT)12

3−.
We conclude that the electronic ground state of

Ag29(BDT)12
3− is not well-described by a classical metallic

sphere, implying that “metallic” valence electron delocalization
does not extend uniformly throughout the ligand-stabilized
cluster. This is consistent with the previous TDDFT
calculation17 already alluded to. This ascribes the first strong
UV absorption band at ca. 450 nm (see solution absorption
and PL excitation spectra in the Supporting Information) to a
charge-transfer excitation from localized electron orbitals on
the silver sulfide shell to D-like, superatom lowest unoccupied
molecular orbital (LUMO+1) orbitals on the silver cluster
core.
We next explored the relaxation dynamics associated with

490 nm (2.53 eV) excitation. This wavelength was chosen as a
compromise between TOPAS emission intensity and cluster
absorption cross section in an overall range attributable to
charge transfer excitations.17 We first performed one-color
photoelectron spectroscopy (PES) measurements at 490 nm at
a number of dif ferent laser intensities. A typical PE spectrum (at
an intermediate laser intensity of 5 × 109 W/cm2) is shown in
Figure 3. Again, the corresponding velocity map image on
which it is based was found to be isotropic (over the full
intensity range probed). In contrast to the UV measurements
shown in Figure 2, the PE spectrum now manifests at least two
components. This is highlighted by a corresponding two-
component Gaussian deconvolution. Systematically varying the
laser intensity and recording the corresponding PE spectra
shows that both Gaussian components (centered at 2.66 ±
0.02 and 3.41 ± 0.02 eV, respectively) manifest a two-photon
intensity dependence. This is consistent with the above
determination of EA(3) and RCB. One 490 nm photon
(2.53 eV) alone cannot surmount the RCB, which lies at 2.6 ±
0.2 eV (RCB + EA(3)) when referred to the trianion ground
state.
The two different electron kinetic energy (EKE) compo-

nents that are fit to the 490 nm one-color PE spectra can be
interpreted as deriving from two separate excited electronic
states, each of which is accessed during the same ca. 54 ± 5 fs
wide laser pulse (ion packets spend ca. 50 ns in the VMI
extraction zone; the next laser pulse arrives 1 ms later). Most

Figure 3. (left) One-color PE spectrum recorded at a detachment wavelength of 490 nm (2.53 eV). Note the presence of two EKE components.
Gaussian deconvolution yields features centered at EKEs of 2.66 ± 0.02 and 3.41 ± 0.02 eV. (right) The integral intensities of these features scale
quadratically with laser intensity indicating that both originate from two-photon processes taking place within the same laser pulse.
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likely, only the higher-lying state is initially (photo)-populated
and can relax very rapidly to the lower state within the laser
pulse. The lower electron kinetic energy component then
results upon electron detachment from this state with an
additional photon. By contrast, the higher electron kinetic
energy feature derives from direct photoionization of the
initially populated excited state.
Interestingly, there is no clear indication of excited-state

electron tunneling detachment (ESETD) in this multianion
system. ESETD has been previously observed by some of us
and others in tr-PES measurements of a wide variety of
different organic and inorganic multianions (having both
negative and positive electron affinities).23−25,29−32 For
Ag29(BDT)12

3−, ESETD should give rise to PE spectral
features at EKE ≤ 1.63 eV (=2.53−0.9 eV), which are not
observed. Perhaps, tunneling barriers (also contributed to by
the ligands) are so wide that ESETD in this system occurs on
much longer time scales that are inaccessible by our tr-PES
setup.33

To further explore the ultrafast decay implied by the 490 nm
one-color PES data, we performed time-resolved pump−probe
measurements (490 (2.53 eV pump) and 800 nm (1.55 eV
probe)). The results are shown in Figure 4, which plots
pump−probe transients (i.e., after subtraction of the pure
pump contributions to the corresponding PE spectra).
Specifically, we present contour plots of electron signal versus
electron kinetic energy as a function of pump−probe delay for
three different relative laser polarizations: perpendicular,
parallel, and magic angle. Again, the corresponding velocity
map images showed no significant anisotropy, that is, all three
contour maps show essentially the same time-dependent
behavior. Consequently, the transients are not significantly
contributed to by rotational dephasing.34 Note that the free-
rotor orientational correlation time of Ag29(BDT)12

3− at 300 K
is expected to be ∼13 ps based on the DFT-derived ground-
state structure.35 Apparently, excitation anisotropy is not
conserved over this time scale.
Two further qualitative observations from the pump−probe

measurements are also noteworthy. (i) Consistent with the 490
nm (2.53 eV) one-color PE spectra, we observe ultrafast decay
of the initially populated state on an average time scale of less
than 100 fs. This is associated with a systematic decrease in
EKE during the course of this decay from 3.0 to ca. 2.1 eV
(slope of ca. 0.01 eV/fs; see inset in Figure 4a). (ii) Within less
than 150 fs after the initial 490 nm excitation, we clearly see a

long-lived state with characteristic EKE of 2.1 eV, which
remains populated at probe delay times greater than 100 ps
that is, beyond the delay time range accessible to our
experiment. Given the EA(3) determination, this translates
to an excitation energy of ca. 1.45 eV (2.1 + 0.9−1.55 eV)
relative to the trianion ground state. This is roughly consistent
w i t h t h e pho to l um ine s c en c e sp e c t r o s copy o f
Ag29(BDT)12(TPP)4, in condensed phase, which shows an
NIR emission maximum at ca. 1.61 eV for the room-
temperature solid, which has been assigned as phosphor-
escence on the basis of its greater than microsecond lifetime
(see also the Supporting Information). Conceivably, the long-
lived pump−probe feature observed in tr-PES can be assigned
to detachment f rom a vibrationally excited triplet state.
The gas-phase absorption spectrum of Ag29(BDT)12

3− is not
(yet) available. However, on the basis of our inference that
triplet-state energies are comparable in gaseous and condensed
phases we also expect comparable absorption spectra. The
solution measurement (see the Supporting Information) in
DMF shows an absorption peak at 450 nm and a shoulder at
520 nm. Bakr et al. have performed TDDFT calculations of
Ag29(BDT)12(TPP)4 in an attempt to assign these features.
They come to the conclusion, that there are nine separate singlet
excited states in this (unscaled) absorption energy range from
1.87 (663 nm) to 2.60 eV (480 nm), all of which have
significant charge-transfer character (with corresponding shifts
of electron density from shell to core). The systematic
temporal decay of EKE from ca. 3.0 to 2.1 eV observed over
several hundred femtoseconds following photoexcitation may
reflect a cascade of rapid internal conversion (IC) (also
involving intramolecular vibrational redistribution) through
several such states. Note that our tr-PES transients show no
clear indication of “mechanical” low-frequency breathing-like
vibrational modes (observed in many time-resolved pump−
probe transient absorption spectroscopic probes of gold
nanoparticles and clusters36), which for Ag29(BDT)12

3− are
calculated by DFT to have a period of ca. 400 fs.
We deconvoluted the transient PES measurements using the

Glotaran global analysis package37 assuming sequential decay
of the initially excited state through a detectable intermediate
to a detectable long-lived final state. This yields rate constants
of greater than 10, ∼2, and less than 0.01 ps−1, respectively.
The corresponding decay-associated difference spectra are
shown in the Supporting Information. Such a sequential decay
process would, for example, correspond to population of one

Figure 4. Two-color pump probe measurements (490 nm (2.53 eV)/800 nm (1.55 eV)) recorded for parallel (a), magic angle (b), and
perpendicular (c) relative (linear) laser polarizations as indicated. Shown are contour plots of the transient photoelectron counts vs electron kinetic
energy and pump−probe delay. The three data sets look very similar indicating that they are not influenced by rotational dephasing. The expanded
scale insert in (a) highlights the dynamics during the first 400 fs following 490 nm excitation.
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or more singlet excited states, which can rapidly decay (>10
ps−1) to a “doorway” singlet state (presumably S1) from which
intersystem crossing (∼2 ps−1) to the long-lived triplet can
occuras indicated schematically in the Jablonski diagram
shown in Figure 5.

In the absence of higher-level calculations, we speculate that
the triplet state is localized near the “surface” of the cluster. PL
in solution can be quenched by O2 (which is expected to be
able to diffuse within the ligand shell).10 This would imply that
the initial excitation involving charge transfer from shell to the
cluster core is rapidly followed by charge recombination to
yield either a vibrationally hot ground state or a triplet state
localized on the cluster shell. Charge recombination induced
intersystem crossing is known for coupled organic chromo-
phores photoexcited to a charge transfer state.38,39 Charge
recombination is also thought to mediate ultrafast ISC in
certain transition-metal complexes.23,40−46 However, in such
cases the sequential relaxation steps usually invoked following
singlet excitation are (symmetry breaking) charge transfer and
then charge recombination to either triplet or ground states.
For the silver clusters studied here, the initial singlet excitation
is already of charge transfer type; no further symmetry
breaking step is needed to rationalize the observations.
Previous ultrafast spectroscopy of protected coinage metal

clusterscomprising almost exclusively gold clustershas
been confined only to condensed phase. Such studies are
subject to environmental effects, which cannot occur in
isolation (e.g., quenching of cluster-surface localized excita-
tions by the solvent).47−49 Here we have for the first time
measured what we interpret to be an intrinsic ISC rate for free
Ag29(BDT)12

3−. Should ultrafast ISC via charge transfer
excitation followed by charge recombination be a common
relaxation mechanism for other protected coinage metal
clusters in gas-phase, it will be of interest to see how tuning
cluster size, overall excess charge, and composition can affect
the corresponding triplet quantum yields.
In summary, we have studied the photophysics of isolated

Ag29(BDT)12
3− by pump−probe photoelectron spectroscopy.

UV excitation (at 490 nm) populates one or more singlet

charge transfer states in which electron density is shifted from
silver sulfide moieties on the shell to the silver cluster core. We
suggest that the charge transfer states can relax very rapidly (on
an overall time scale of several hundred fs) by charge
recombination mediated intersystem crossing to yield a long-
lived triplet state on the cluster shell.
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A. Details of Experimental Methods: Pump-Probe Photoelectron Spectroscopy

A schematic of the setup used is shown in figure S1. Ions were generated with a nano-
ESI source. The glass needles used were 5 cm long with a tip diameter of a few µm 
and a capacity of ca. 50 µl. The spray voltage was between 7 and 8 kV. Ions were 
transferred through a 20 cm long and resistively heated capillary into the first vacuum 
chamber with a pressure of 1 mbar. There the ions are focused and guided to the TOF 
mass spectrometer with an ion funnel. The last electrode of the funnel was pulsed with 
a higher potential to trap and accumulate ions before being released into the TOF mass 
spectrometer. Ions were then accelerated to 4 kV by pulsed Wiley-McLaren 
acceleration grids (1 kHz, 15 µs) into a 3 m long flight tube and then detected with an 
MCP. The mass spectrometer has a mass resolution of 200 m/Δm. The ion beam is 
collimated with Einzel lenses and steered with deflection plates immediately after the 
acceleration region.

The perpendicularly oriented VMI photoelectron spectrometer is located 15 cm before 
the TOF ion detector. Three acceleration electrodes made of 1 mm thick stainless steel 
plates and a diameter of 7.75 cm are arranged in an Eppink-Parker like setup. They 
are mounted on insolating ceramic rods and separated by 12.7 mm with ceramic 
spacers. To avoid deflecting the ions prior to photodetachment, the voltages of the VMI 
setup (-5 kV for the repeller and -3.45 kV for the extractor at 1 kHz) were only applied 
for 200 ns coinciding with the interaction of the laser with the ions. The photoelectron 
cloud is accelerated through holes in the extractor and ground plate, 15 mm and 20 
mm respectively towards the detector through the 60 cm long electron flight tube. The 
detector is composed of a position sensitive MCP, phosphor screen and CCD camera. 
The impact of an electron is then recorded by a high resolution CCD-camera with a 
repetition rate of 32 Hz. Thus ca. 31 laser shots are recorded in 1 image. For 
reconstruction of the convoluted image, a polar onion peeling algorithm from the Verlet-
group is used.

The femtosecond laser system used (Astrella, Coherent) operates at 1 kHz and 
provides 34 fs pulses with 7 mJ pulse energies at 800 nm. UV and 490 nm pulses were 
generated by a TOPAS Prime (Light conversion). The TOPAS is pumped with 800 nm 
(3 mJ) and generates an output energy of 100 µJ at 490 nm and ca. 10 µJ in the UV-
region. All pulses enter the spectrometer unfocused with a beam diameter of ca. 6 mm 
through a 3 mm thick CaF2-window.

For the pump-probe experiment the 490 nm laser beam (100 uJ) was aligned 
collinearly with the fundamental 800 nm beam (400 µJ) by a dichroic combiner mirror. 
The variable delay times were realized by a computer controlled delay stage. The 490 
nm radiation was perpendicularly polarized relative to the ion beam direction. To 
change the polarization between pump and probe pulse, a λ/2 waveplate (800 nm, 
mica, B. Halle Nachfl. GmbH) was used. For the power dependency, measurements 
the laser intensity was controlled by a 1 mm thick variable metallic neutral density filter. 



Both, pump and probe pulses, are assumed to have a Gaussian beam shape with a 
diameter of 6 mm. The ions are focused by an Einzel lens through a 5 mm hole into 
the VMI setup. Thus, the laser beam is slightly bigger than the ion cloud. The laser is 
aligned to get maximal electron signal.

Figure S1. Schematic diagram (not to scale) of the apparatus used in the current 
experiments

B. DFT Calculations

Ag29(BDT)123- geometries were obtained from DFT calculations with the BP-86 
functional and the def-SV(P) basis set as implemented in the TURBOMOLE package.50 
We used the experimental geometry (X-ray structure) of Ag29(BDT)12(TPP)4 as the 
starting point and removed the four TPP neutral phosphine ligands to obtain a 
Ag29(BDT)123- structure which was taken as the starting for geometry optimization 
without any symmetry restrictions.



C. Condensed phase spectroscopy of Ag29(BDT)12(TPP)4 

(a) The electronic absorption spectrum in DMF solution was taken using a Varian 
Cary 500 UV-Vis-NIR spectrophotometer at room temperature. The spectrum was 
measured in the range of 250-800 nm with 1 nm resolution.

Figure S2.  Electronic absorption spectrum of Ag29(BDT)12(TPP)4 in DMF solution

(b) Photoluminescence measurements were performed on a Horiba Jobin Yvon 
Fluorolog-322 spectrometer equipped with a closed-cycle optical cryostat operating 
within a temperature range of 15-300 K. A Hamamatsu R9910 photomultiplier was 
used as detector for the emission spectral range of ~300-850 nm. All emission spectra 
were corrected for the wavelength-dependent response of the spectrometer and 
detector (in relative photon flux units). A solid sample (crystalline powder) of 
Ag29(BDT)12(TPP)4 was measured dispersed in a thin layer of viscous perfluorocarbon 
oil between two 1 mm quartz plates. This sample holder was mounted on the cold 
finger of the cryostat. PL decay traces was recorded by connecting the photomultiplier 
to a 500 MHz LeCroy LT322 oscilloscope (via a 50 or 500 Ω load depending on the 
decay time scale) and using a nitrogen laser (~2 ns, ~5 J per pulse) for pulsed 
excitation at 337 nm. The PL quantum yield of crystalline Ag29(BDT)12(TPP)4 at 
ambient temperature was determined using an integrating sphere which was installed 
into the sample chamber of the spectrometer. The uncertainty of this measurement 
was estimated to be ±10 %.

Figure S3 shows PL emission and excitation (PLE) spectra of Ag29(BDT)12(TPP)4 in a 
DMF solution (saturated with argon gas) and in the solid state. In room temperature 
DMF, the cluster emits relatively weak PL with a maximum at ca. 670 nm (1.85 eV) 
and a lifetime of 70 ns. In contrast, the solid compound demonstrates a bright, broad 
NIR emission at ca. 770 nm (1.61 eV) with a quantum yield of 11 % (excitation at 450 
nm). At low temperatures, the emission band shifts to ca. 740 nm (1.68 eV) and 
increases in efficiency up to 40 % as estimated from the temperature-dependent PL 
spectra (Figure S3). The PL decay of solid Ag29(BDT)12(TPP)4 follows biexponential 
curves with the following times and relative weights: 1 =  31 s (45%) and 2 =  130 
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s (55%) at T = 17 K and  1 =  1.0 s (57%) and 2 = 5.3 s (43%) at T = 295 K. The 
relatively slow decay clearly indicates that the emission of the silver cluster is 
phosphorescence.
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Figure S3. Photoluminescence emission (PL) and excitation (PLE) spectra for 
Ag29(BDT)12(TPP)4 dissolved in DMF and measured at room temperature and as a 
solid (polycrystalline) sample at various temperatures between 17 and 295 K (top and 
bottom panels, respectively). Note, that at room temperature for an excitation 
wavelength of 450 nm, the maximum of the solid photoluminescence spectrum is 
observed at ca. 770 nm (1.61 eV) whereas in DMF solution it is seen at ca. 670 nm. 
By comparison, Bakr et al.17 report an emission maximum of 670 nm (1.85 eV) in 
solution and at 715 nm (1.73 eV) for the solid – both measurements presumably carried 
out at room temperature. 



D. Glotaran global analysis of tr-PES measurements

Glotaran (Global and target analysis) is a software package specially designed for 
analysis of data obtained by time-resolved spectroscopy. It allows users to analyze the 
whole data set at once with a user-given kinetic model, i.e. a series of sequential 
decays or parallel decays. The model used here is a Gaussian type instrument 
response function (IRF) and a sequence of three exponential decays corresponding to 
the observable states: (i) the first excited CT-states; (ii) the “doorway” state for ISC; (iii) 
the long-living triplet-state.

Figure S4.  Glotaran global analysis of the 490 /800 nm pump-probe transient 
measurements (parallel polarization) shown in the contour plot of Fig. 4. The analysis 
assumes sequential kinetics: fast decay to an intermediate state followed by fast decay 
to a long lived state. This results in best fitting unimolecular decay rates of >10, ∼2 and 
<0.01 ps-1 respectively. Shown are resulting decay associated difference spectra which 
correspond roughly to the PE spectra of the initially populated (black), the intermediate 
(red) and the long-lived state (blue) which we assign as a triplet.



E. Final (dianion) state energetics

The one-color measurements of Figure 3 indicate that interaction with two photons 
(490 nm, 2.53 eV) leads to two resolvable detachment features. The higher EKE singlet 
detachment feature at 3.41 eV implies that ca. 0.65 eV of excess energy (2 x 2.53 – 1 
– 3.41 = 0.65 eV) must be going into final state vibrational excitation.  We have
rationalized the lower EKE feature at 2.66 eV as corresponding to triplet detachment
within the same laser pulse, i.e, a comparable inelasticity of ca. 0.4 eV must pertain
(1.53 + 2.53 – 1 - 2.66 = = 0.4 eV). Note further, that in the one-color measurement
the triplet feature is significantly more intense than the singlet component. By contrast,
the triplet is much weaker than the singlet signal in the pump-probe measurement.
Presumably, this reflects the RCB barrier height which at 2.6 ± 0.2 eV (as measured
from the trianion ground state) is comparable to the sum of triplet state and probe pulse
energies (1.53 + 1.55 = 3.06 eV). Therefore, the relative triplet detachment cross
section is expected to be much higher at the 490 nm pump photon wavelength.
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Abstract
Aims In last few decades, the prevalence of diabetes and vascular diseases has intensified concurrently with increased use 
of synthetic chemicals in agriculture. This study is aimed to evaluate the association of co-accumulation of arsenic and 
organophosphate (OP) insecticides with diabetes and atherosclerosis prevalence in a rural Indian population.
Methods This study included observations from KMCH-NNCD-I (2015) cross-sectional study (n = 865) from an Indian 
farming village. The participants had assessment of clinical parameters including  HbA1c and carotid intima–media thickness 
and urinary heavy metals. Serum OP residues were extracted and quantified by GC–MS. Statistical analyses were performed 
to unravel the co-association of arsenic and OPs on prevalence of diabetes and atherosclerosis.
Results On multivariate regression analyses, total organophosphate level and arsenic accumulation showed association 
with diabetes and atherosclerosis. Higher odds ratio with significant trends were observed for the sub-quartiles formed by 
the combination of higher quartiles of arsenic and total organophosphates in association with diabetes and atherosclerosis.
Conclusions We observed evidence of possible synergism between arsenic and OPs in association with prevalence of 
diabetes, pre-diabetes and atherosclerosis in the study population. Our findings highlight the importance of understanding 
health effects of mixed exposures and raises vital questions on the role of these agrochemicals in the etiology of diabetes 
and vascular diseases.

Keywords Rural health · Organophosphates · Arsenic · Endocrine-disrupting chemicals · Diabetes · Atherosclerosis

Abbreviations
As  Arsenic
AsQ  Quartiles based on arsenic values
CIMT  Carotid intima–media thickness

EDC  Endocrine disrupting chemicals
HbA1c  Glycated hemoglobulin
LOD  Limit of detection
LOQ  Limit of quantification
OP  Organophosphates
OPQ  Quartiles based on total organophosphate levels

Introduction

The prevalence of diabetes has increased alarmingly and 
today represents one of the largest global health emergen-
cies of the twenty-first century. Diabetes confers a twofold 
increased risk of a wide range of vascular diseases including 
myocardial infarction and stroke. As per WHO estimation 
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[1], the prevalence of diabetes has increased from 4.7% 
(108 million adults) in 1980 to 8.5% (422 million adults) 
in 2014. This sudden increase in diabetes rate was higher 
particularly in middle- and low-income countries and the 
rural world [2]. South Asia, specifically India houses 15.3% 
of global diabetic population and frequently referred as the 
diabetic capital of the world. It is an interesting corollary 
that though India witnessed adoubling in diabetes rate dur-
ing 1980–2014, there was no significant increase in the inci-
dence oftraditional risk factors like obesity, hypertension, 
hypercholesterolemia and smoking during the same period 
[2]. On the other hand, this same period witnessed a massive 
production and release of toxic chemicals into environment, 
which are potent endocrine-disrupting chemicals (EDC) [2, 
3]. There is now a growing body of evidence for the role of 
environmental chemicals in the etiology of diabetes [2, 3] 
and vascular diseases [4, 5].

We noticed increasing number of farmers with minimal 
traditional risk factors around our catchment areas seeking 
medical management for diabetes and vascular diseases. In 
our KMCH-NNCD-I (2015) cross-sectional study, executed 
in Nallampatti, a farming village in South India, we observed 
42%, 16.2% and 10.3% prevalence of pre-diabetes (as per 
ADA criteria), diabetes and atherosclerosis [6]. There was 
no association of traditional risk factors with diabetes in this 
rural population, Velmurugan et al. [7] indicating the prob-
able role of non-traditional risk factors particularly envi-
ronmental chemicals. The major source of environmental 
chemicals in a farming village are chemicals (synthetic fer-
tilizers and pesticides) used for agriculture. The phosphate 
fertilizers are a rich source of heavy metals including arse-
nic. Urine heavy metal analyses in this population suggested 
a significant association between arsenic and prevalence of 
pre-diabetes, diabetes and atherosclerosis [7].

The other important EDC in rural environment are insec-
ticides used for pest control. Organophosphates (OPs) are 
the largely used group of insecticides in the world, account-
ing for more than 40% of insecticide usage. Our interest 
in the role of OPs and diabetes was sparked by a case of 
insecticide poisoning in a 15-year-old girl masquerading as 
diabetic ketoacidosis [8]. Studies done by our study group 
raised vital questions on this intriguing link between OPs 
and human diabetes in rural India [8–10]. Except for a few, 
all studies focused on a single environmental chemical that 
does not reflect the real-world scenario where humans are 
exposed to multiple chemicals. Therefore, the aim of this 
study is to understand the combined effect of co-accumu-
lation of arsenic and OP insecticides on prevalence of pre-
diabetes, diabetes and atherosclerosis among the participants 
of KMCH-NNCD-I study performed in rural India.

Materials and methods

Chemicals

All the organophosphate insecticides used are of analyti-
cal pure grade purchased from Sigma-Aldrich Inc., (PEST-
NAL). The solvents used were of chromatographic grade. 
Glassware was cleaned thoroughly with aqua regia (HCl/
HNO3, 3:1 vol%), rinsed with distilled water, and dried in 
oven prior to use. Deionized water was used throughout the 
experiments.

Study population

KMCH-NNCD-I is a cross-sectional study designed to be 
representative of farming rural population is South India. 
The study was performed in Nallampatti, an agricultural 
village in South India (latitude: 11°21′2.39″ N; longitude: 
77°32′4.79″ E; Figure S1) during March–April 2015. The 
details of this study have been described previously [6]. 
Inclusion criteria included all those native to the village 
and ≥ 20 and ≤ 85 years of age. Pregnant ladies, people out-
side of this age criteria and those not native to Nallampatti 
were excluded. The study design and protocol were approved 
by KMCH Ethics Committee, Kovai Medical Center and 
Hospital Limited, Coimbatore (Approval no EC/AP/02/2015 
dated 16 February 2015).

Data retrieval

All the demographic, clinical and heavy metal data of the 
865 participants of KMCH—Nallampatti non-communi-
cable disease—I (NNCD-I) study were retrieved from our 
database and used for the study. The variables includes basic 
demographic details, life style, disease history, medications, 
body weight, height, waist circumference, blood pressure 
and carotid intima–media thickness (CIMT). CIMT was 
measured using two high resolution B-mode ultrasound 
machines (GE Healthcare, Venue 40, USA). Blood inves-
tigations included a random glucose (Hexokinase/GOD-
POD/endpoint method),  HbA1c (Automated HPLC method), 
cystatin-c (Nephlometric method-BN Prospec), non-fasting 
lipid profile, uric acid (Uricase Endpoint method) and hemo-
globin (SLS method). Fasting and post-meal glucose were 
not considered due to logistical issues. Urinary arsenic was 
determined by ICP-MS (NHANES, 2011–2012) and nor-
malized to urinary creatinine level and expressed as μg/mg 
creatinine [7].
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Diabetes and atherosclerosis

People with glycated hemoglobin  (HbA1c) of ≥ 6.5% or 
under diabetic medications were considered as diabetic. Peo-
ple with no history of diabetes and  HbA1c ranging between 
5.7 and 6.4% were defined as pre-diabetic as per Ameri-
can Diabetic Association guidelines (2017). People with 
CIMT ≥ 1 mm in either left or right arteries were considered 
atherosclerosis [7, 11].

Survey on use of insecticides

A survey on name, type and frequency of insecticides being 
used was conducted among the insecticide sellers, insecti-
cide applicators and land owners in Nallampatti and other 
villages within five kilometers circumference of study vil-
lage. Based on this survey, the insecticides were selected 
for the study.

Standards calibration

Primary stock solutions of each insecticide (1 mg/l) were 
prepared in methanol. Working standard solutions of the 
compounds were prepared by combining the aliquots of 
each primary solution and diluting with hexane. The stock 
solutions were stored at −20 °C in the dark when not in use.

Sample preparation

Serum samples were extracted by dispersive liquid–liquid 
microextraction technique [10] for insecticide assay. The 
extraction method was optimized for extraction solvent, 
dispersive solvent, its volume and pH. Briefly, 200 μl of 
serum sample was spiked with 1 ppm of azobenzene as inter-
nal standard. 20 μl of 5 N HCl was added and made up to 
1 ml with deionized water. Subsequently, the sample was 
incubated at 70 min for 30 min to avoid protein interaction 
with insecticides. 150 μl of acetonitrile (dispersive solvent) 
and 50 μl of chloroform (extraction solvent) mixture was 
forcibly added to the sample using syringe and sonicated for 
3 min followed by centrifugation at 10,000 rpm for 5 min. 
The organic phase at the bottom of the tube was carefully 
collected and dried under a gentle stream of nitrogen gas and 
dissolved in 20 μl of hexane.

GC–MS conditions

The GC injector temperature was set at 200° C. The oven 
temperature program was optimized to hold at 120° C for 
1 min and then to increase by 10° C  min−1 up to 290° C [12]. 
Helium gas was used as carrier gas. The transfer line tem-
perature was adjusted to 280° C. Mass spectrometry condi-
tions were as follows: electron ionization source set to 70 eV, 

emission current 500 lA, MS Quad 150 C, MS Source 200° 
C. The mass spectrometer was run in full-scan mode and
in single ion monitoring mode for the fragments specific to
each insecticide [10, 12].

Calibration, LOD, LOQ and recoveries

The standards were run at different concentrations, and peak 
area was calculated and subsequently, linearity was estab-
lished. Limit of detection (LOD) and limit of quantification 
(LOQ) were determined by standard methods. The recovery 
efficiencies for each individual insecticide were determined 
by spiking known concentration of insecticide and measure-
ment by GC–MS.

Statistical analysis

All statistical analyses were performed using the statistical 
software SPSS version 20.0. We calculated mean and per-
centage of participant characteristics by diabetic and pre-dia-
betic status. The cumulative sum of the level of all organo-
phosphates studied was expressed as total organophosphates. 
Linear regression was performed to study the strength of 
association of serum organophosphate residues with  HbA1c 
and CIMT. Based on detection level, the participants were 
categorized as below and above detectable limit, and the 
odds ratio was calculated by logistic regression. We included 
likely or suspected confounders in models based on previ-
ously published data. Our logistic regression models were 
fitted with appropriate degrees of adjustment. We adjusted 
for age, sex, family diabetic history, education, occupa-
tion, smoking, smoking frequency, alcohol consumption, 
frequency of alcohol usage, tobacco usage and frequency 
of tobacco usage, waist circumference,obesity, hyperten-
sion and hypercholesterolemia. For total organophosphates 
and arsenic, we used logistic regression to estimate odds 
ratios and confidence interval (CI) levels for diabetes, pre-
diabetes and atherosclerosis by comparing each quartile with 
the lowest quartile. Subsequently, we tested for linear trends 
across quartiles of insecticide by including the median of 
each quartile as a continuous variable in logistic regression 
models.The Spearman correlation coefficient was calcu-
lated between insecticides with  HbA1c and CIMT. Statisti-
cal significance was determined on the basis of two-sided 
tests at a 5% significance level. In addition, linear regression 
analysis was performed to understand the relation between 
arsenic accumulation and corresponding serum insecticide 
residues. To understand the relationship between arsenic 
and total organophosphates, 16 sub-quartiles were created 
by combining the quartiles of arsenic and total organophos-
phates. Subsequently, logistic regression with adjustment 
for above-mentioned confounding factors was performed 
for pre-diabetic, diabetic and atherosclerosis populations.
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Results

The characteristics of the study population are summarized 
in Table 1. 82.5% of the participants were involved in farm-
ing occupation. Based on our survey with farmers, pesticide 
applicators and pesticide vendors, we identified no organo-
chlorine or any other persistent insecticides are being used in 
the study community and surrounding regions. The insecti-
cides being used are largely dominated by organophosphates 
followed by carbamates, pyrethroids and neonicotinoids. We 
noticed 12 insecticides as commonly used that includes ten 
organophosphates (dichlorvos, acephate, monocrotophos, 
phorate, dimethoate, methyl parathion, malathion, chlorpy-
rifos, quinalphos and profenofos) a carbamate (carbofuran) 
and a pyrethriod (λ-cyhalothrin) (Table S1). Among them, 
methyl parathion is classified as extremely hazardous (Class 
Ia), malathion as slightly hazardous (Class III) and others 
fall within highly (Class Ib) and moderately (Class II) haz-
ardous classes. As organophosphates occupies the 70% of 
insecticide usage in the study community, we focused on 
these group of insecticides.

The mass fragments scanned for each organophosphate 
under single ion monitoring mode in GC–MS are provided 
in Table S2. The LOD and LOQ for each organophosphate 

were calculated (Table S3), and the recovery efficiencies 
ranges from 57.8 to 102.7% (Table S4). Monocrotophos, 
methyl parathion, malathion and chlorpyrifos were detected 
in more than 70% of the samples analyzed, while detection 
rate for other organophosphates ranges between 38 and 65% 
(Table S5). We observed a strong correlation between the 
insecticides irrespective of the disease status of the partici-
pants (data not shown). Relatively high levels of acephate, 
monocrotophos, methyl parathion, malathion and chlorpy-
rifos residues were detected in among diabetes population 
(Table S6). We observed a significant linear trend between 
serum organophosphate residues level and of urinary arsenic 
accumulation by regression analysis (Table S7).

The prevalence of diabetes and pre-diabetes were deter-
mined by  HbA1c levels. We noticed a significant positive 
correlation between all the organophosphate residue levels 
and  HbA1c (Table S8) indicating the role of insecticides in 
glucose homeostasis. Based on detection of insecticide resi-
due level, the population was categorized as “detected below 
LOD” and “detected above LOD”. On multivariate regres-
sion analysis between these two groups, significant odds 
ratio was obtained for monocrotophos, methyl parathion, 
malathion, chlorpyrifos and profenofos for pre-diabetes 

Table 1  Characteristics of the study population (KMCH-NNCD-I Study) [n = 865]

KMCH-NNCD, 2015 Whole popula-
tion (n = 865)

Pre-diabetes 
(n = 371)

Diabetes (n = 142) Carotid Ath-
erosclerosis 
(n = 90)

Percent Percent Percent Percent

Sex Male 48.0 43.1 59.6 67.5
Female 52.0 56.9 40.4 32.5

Age (years) 20–40 32.9 25.3 5.7 2.3
41–60 46.6 53.7 57.4 46.1
Above 60 20.5 21.0 36.9 51.7

Alcohol intake (only males) Daily 2.7 2.0 3.8 1.8
Occasionally 50.4 47.3 58.2 64.9
Never 47.0 50.7 38.0 33.3

Smoking (only males) Daily 31.2 20.5 32.8 35.7
Occasionally 25.0 14.0 30.3 34.0
Never 43.8 55.5 36.8 30.3

Tobacco use Daily 14.2 17.5 16.2 12.2
Occasionally 11.5 11.0 8.5 20.8
Never 74.3 71.5 75.4 67.1

BMI (kg/m2) Obese (≥ 25) 31.6 34.2 36.2 32.6
Underweight (≤ 18.5) 13.2 11.2 6.4 18

HbA1c (%) Diabetes (≥ 6.5) 16.2 – – 32.6
Pre-diabetes (5.7–6.4) 43.4 – – 48.4

Blood pressure (mm Hg) Hypertension (≥ 140/90) 37.8 33.0 49.6 54.0
Total cholesterol (mg/dL) Hypercholesterolemia (≥ 200) 33.4 40.4 34.6 39.4
CIMT (mm) Atherosclerosis (≥ 1) 10.3 11.6 20.5 –
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(Table 2), while for diabetes, all the above except profenofos 
showed significant association (Table 3).

The level of all the ten organophosphates residues 
detected was added and expressed as total organophos-
phates. On multivariate regression analysis with the total 
organophosphates level, significance was observed for only 
diabetes and not for pre-diabetes (ADA) (Fig. 1a), but uri-
nary arsenic levels showed significant trends with higher 
odds ratio for both pre-diabetes and diabetes (Fig. 1b). For 
every unit increase in the level of serum organophosphates 
residues, a corresponding increase in  HbA1c value was found 
by linear regression analysis. For all the organophosphates 
analyzed, the regression coefficient for highest arsenic quar-
tiles was relatively higher on comparison with lower quar-
tiles of arsenic (Table S9). By combining the quartiles of 
arsenic (AsQ) and total organophosphates (OPQ), 16 sub-
quartiles were formed, and inter-quartile multiple regression 
analysis was performed. Higher odds ratio with significant 
trends was observed for the sub-quartiles formed by the 
combination of higher quartiles of arsenic and total organo-
phosphates [AsQ3 × OPQ3, AsQ3 × OPQ4, AsQ4 × OPQ3, 
AsQ4 × OPQ4] for both pre-diabetes and diabetes (Table 5; 
Fig. S2). The sub-quartiles [AsQ3 × OPQ2, AsQ4 × OPQ2] 
formed by highest quartile of arsenic and relatively lower 

quartile of organophosphates showed association for only 
diabetes and not for pre-diabetes. 

On multivariate regression analysis in atherosclerotic 
population, significant odds ratio was observed for mono-
crotophos, methyl parathion, chlorpyrifos and (Table 4) 
total organophosphates (Fig. 1a). The urinary arsenic lev-
els also exhibited higher odds ratio and significant trend 
in atherosclerotic population (Fig. 1b). Higher regression 
coefficient for CIMT on analysis with serum insecticide 
residues was observed for all organophosphates (Table S10). 
Higher odds ratio with significant trendswas observed for 
the sub-quartiles formed by the combination of higher quar-
tiles of arsenic and total organophosphates [AsQ3 × OPQ3, 
AsQ3 × OPQ4, AsQ4 × OPQ3, AsQ4 × OPQ4] for athero-
sclerosis (Table 5, Fig. S2). In addition, the sub-quartile 
[AsQ3 × OPQ2] formed by highest quartile of arsenic and 
relatively lower quartile of organophosphates also showed 
association for atherosclerosis (Table 5, Fig. S2). Thus, this 
study revealed the association of agrochemicals with diabe-
tes and cardiovascular diseases in rural communities.

Table 2  Association of organophosphate insecticide residues with prevalence of pre-diabetes

The odds ratio values showed in boldness indicates the statistical significance (***p < 0.001; **p < 0.01; *p < 0.05). Multivariate adjustment 
included age, sex, familial diabetic history, education, occupation, smoking, smoking frequency, alcohol consumption, frequency of alcohol 
usage, tobacco usage, frequency of tobacco usage, waist circumference, obesity, hypertension and hypercholesterolemia

Total no. of samples 
above LOD (%)

Samples above LOD Samples below LOD Odds ratio (95% CI)

No. of pre-
diabetes

Percentage of pre-
diabetes

No. of pre-
diabetes

Percentage of pre-
diabetes

Dichlorvos 274 (38%) 81 29.6 290 49.1 0.44
(0.32–0.59)

Acephate 339 (47%) 152 44.8 219 41.6 1.14
(0.87–1.50)

Monocrotophos 563 (78%) 298 43.7 73 39.7 1.18***
(1.08–1.65)

Phorate 312 (41%) 152 48.7 219 39.6 1.45
(1.10–1.92)

Dimethoate 469 (65%) 161 28.5 210 70 0.17
(0.12–0.23)

Methyl parathion 491 (68%) 320 54.7 51 18.2 1.42***
(1.12–1.65)

Malathion 548 (76%) 333 50.4 38 18.6 1.44**
(1.02–1.81)

Chlorpyrifos 527 (73%) 351 55.9 20 8.4 1.75**
(1.47–2.31)

Quinalphos 259 (36%) 122 34.7 249 48.5 0.562
(0.42–0.74)

Profenofos 296 (41%) 185 62.5 186 32.6 1.43*
(1.26–2.60)
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Table 3  Association of organophosphate insecticide residues with prevalence of diabetes

The odds ratio values showed inboldness indicates the statistical significance(***p < 0.001; **p < 0.01; *p < 0.05). Multivariate adjustment 
included age, sex, familial diabetic history, education, occupation, smoking, smoking frequency, alcohol consumption, frequency of alcohol 
usage, tobacco usage, frequency of tobacco usage, waist circumference, obesity, hypertension and hypercholesterolemia

Total no. of samples 
above LOD (%)

Samples above LOD Samples below LOD Odds ratio (95% CI)

No. of diabetes Percentage of 
diabetes

No. of diabetes Percentage of 
diabetes

Dichlorvos 274 (38%) 25 9.1 116 19.6 0.41
(0.26–0.65)

Acephate 339 (47%) 62 18.3 79 15 0.66
(0.42–1.01)

Monocrotophos 563 (78%) 125 18.4 16 8.7 2.36*
(1.37–4.09)

Phorate 312 (41%) 58 18.5 83 15 1.29
(0.90–1.87)

Dimethoate 469 (65%) 88 15.6 53 17.7 0.860
(0.59–1.25)

Methyl parathion 491 (68%) 112 19.1 29 10.4 1.25***
(1.18–1.52)

Malathion 548 (76%) 135 20.4 6 2.9 1.47**
(1.18–2.55)

Chlorpyrifos 527 (73%) 124 19.7 17 7.2 1.18***
(1.07–1.42)

Quinalphos 259 (36%) 45 12.8 96 18.7 0.64
(0.43–0.93)

Profenofos 296 (41%) 45 15.2 96 16.8 0.88
(0.60–1.30)

Table 4  Association of organophosphate insecticide residues with prevalence of atherosclerosis

The odds ratio values showed in boldness indicates the statistical significance (***p < 0.001; **p < 0.01; *p < 0.05). Multivariate adjustment 
included age, sex, familial diabetic history, education, occupation, smoking, smoking frequency, alcohol consumption, frequency of alcohol 
usage, tobacco usage, frequency of tobacco usage, waist circumference, obesity, hypertension and hypercholesterolemia

Total no. of samples 
above LOD (%)

Samples above LOD Samples below LOD Odds ratio (95% CI)

No. of athero-
sclerosis

Percentage of 
atherosclerosis

No. of athero-
sclerosis

Percentage of 
atherosclerosis

Dichlorvos 274 (38%) 12 4.4 77 13.0 0.31
(0.16–0.57)

Acephate 339 (47%) 22 6.5 67 12.7 0.48
(0.29–0.79)

Monocrotophos 563 (78%) 80 11.7 9 4.9 2.59***
(1.27–3.26)

Phorate 312 (41%) 21 6.7 68 12.3 0.51
(0.31–0.86)

Dimethoate 469 (65%) 18 3.2 71 23.7 0.11
(0.06–0.18)

Methyl parathion 491 (68%) 65 11.1 24 8.6 1.33*
(1.02–3.22)

Malathion 548 (76%) 56 8.5 33 16.2 0.48
(0.30–0.76)

Chlorpyrifos 527 (73%) 78 12.4 11 4.6 1.91*
(1.52–2.58)

Quinalophos 259 (36%) 33 9.4 56 10.9 0.84
(0.54–1.32)

Profenofos 296 (41%) 40 13.5 49 8.6 1.66*
(1.07–2.58)
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Discussion

We were particularly concerned that nearly more than 10% 
of our rural participants in the KMCH-NNCD-I study had 
diabetes (Table 1), higher than previous studies done in India 
[13]. The non-association of traditional risk factors with 
incidence of diabetes and atherosclerosis [7] in this study 
population led us to question whether traditional risk factors 
alone were enough to explain the huge prevalence of NCDs 
in this rural population. Two areas that interested us were 
insecticides and heavy metals. Our previous study indicated 
the association of urinary heavy metals particularly arsenic 
with diabetes and atherosclerosis [7]. The pesticide scene 
in India is a cause for huge concern with more than 100 
pesticides registered for use. There has been a more than 
15-fold increase in the production of insecticides, from a
mere 5000 tons in 1952 to 85,000 tons in 2004 [14]. Ram-
pant injudicious use of such insecticides may be a one “cog
in the wheel” that explains the increase in metabolic disor-
ders, cancers, neurodegenerative disorders and reproductive
abnormalities [15]. In this study, we noticed withdrawal of
usage of persistent insecticides like endosulfan, DDT in the
study area indicating development of awareness on their
toxicity by government and non-governmental agencies.
Organophosphates are christened as one of the most poi-
sonous chemicals in the world by Carson [16]. They are
largely used along with carbamates and pyrethroids due
to their short half-life. Irrespective of their non-persistent
nature, these insecticides pose a heavy risk on human health.
Though these organophosphate groups of insecticide possess
short half-life, they are detected in large populations in this
study and in other previous studies [10, 17]. The probable
explanation is these insecticides are being exposed to the
farming people day-to-day continuously, and hence, they are
under detectable limits.

Organophosphate insecticides seem to affect multiple 
glucose homeostatic pathways that can lead to hypergly-
cemia. Physiological stress, oxidative stress, inhibition of 
paraoxonase, nitrosative stress, pancreatitis, inhibition of 
cholinesterase, stimulation of adrenal gland and disturbed 
metabolism of liver tryptophan and gut microbiota were 
enlisted as proposed mechanisms behind OP-induced dis-
ruption of glucose homeostasis [10, 17]. We observed 
farmers and workers mixing and spraying insecticides 
without using personal protective equipment [6, 9, 10]. It 
is well recognized that insecticides can not only get avidly 
absorbed through layers of epidermis and mucosa but can 
remain in the skin which acts as a reservoir for release in 
future [18]. The other possibility is the metabolic effects 
of chronic exposure through food commodities that is 
being used by both rural and urban populations. Studies 
have shown that 20% of food commodities in India have 

insecticides residue levels above the maximal permissi-
ble levels on a worldwide basis [14]. Chronic exposure 
of mice to organophosphates-induced glucose intolerance 
was mediated by the gut microbial degradation of organo-
phosphates [10]. Our previous studies with rats showed 
that prolonged exposure of monocrotophos leads to cardiac 
oxidative stress and myocardial damage [19]. In addition, 
organophosphate insecticides have been implicated in 
hypertension, abnormal geometry of left ventricle, periph-
eral arterial disease, obesity, atherosclerosis and end-stage 
renal disease [20–22].

Arsenic exposure is a global public health problem and 
labeled by WHO as the largest mass poisoning of the world. 

Fig. 1  Odds ratio (95% CI) for pre-diabetes, diabetes and athero-
sclerosis associated with the quartiles of total organophosphates (a) 
and total arsenic (b). *indicates statistical significance (**p < 0.01; 
*p < 0.05). Multivariate adjustment included age, sex, education,
occupation, waist circumference, BMI, diastolic and systolic blood
pressure, LDL-cholesterol, familial diabetic history, smoking, alcohol
and tobacco usage for pre-diabetes and diabetes. Besides the above
mentioned, familial ischemic heart disease history and glycated
hemoglobulin are also included for atherosclerosis



Acta Diabetologica

1 3

The heavy use of synthetic phosphate fertilizers leads to 
extension of arsenic problem to the different regions of the 
world that are not previously identified as natural arsenic-
rich regions. Arsenic has been implicated in beta-cell dys-
function and atherogenesis with higher risk of diabetes and 
vascular diseases [23]. Our interest in the synergistic co-
exposure hypothesis of arsenic and insecticides in the devel-
opment of diabetes and atherosclerosis was stimulated by 
reports of Sri Lankan Agricultural Nephropathy, a new form 
of nephropathy in paddy farmers in Sri Lanka attributed to 
synergistic effect of heavy metals like arsenic and glypho-
sate, an organophosphate herbicide [24]. In an animal study, 
combined exposure of arsenic and dichlorvos to rats led to 
changes in glutathione metabolism, neurological and hepatic 
damage [25, 26]. Higher odds ratio in the sub-quartiles 
dominated by higher quartiles of arsenic and lower quartile 
of total organophosphates [AsQ3 × OPQ2, AsQ4 × OPQ2] 
indicate that arsenic may be the strongest player on compari-
son with organophosphates (Table 5). Significant regression 
coefficient for the insecticides in the highest quartile of arse-
nic in our study suggests that it may promote the accumula-
tion of insecticide residues in blood (Table S7). Arsenic is 
known to cause hepatic damage with increase in serum ami-
notransferases, hepatic fibrosis due to progressive reduction 
in hepatic glutathione, oxidative stress and fatty infiltration 
[27]. Both metals and insecticides, in the presence of hepatic 
impairment, can potentially act in concert to produce reac-
tive oxygen species with depletion of antioxidant systems 

[28]. We hypothesize that arsenic-induced hepatic damage 
results in impairment of hepatic detoxification mechanisms 
that may lead to higher accumulation of organophosphate 
residues. The role of gut microbiota in this process is not 
ignorable as both arsenic and organophosphates are proven 
to be metabolized by gut microbiota [2, 10, 29]. There are 
also possibilities that interaction of arsenic and organophos-
phates produce a new arsenic species that may have more 
detrimental effect on the system leading to metabolic and 
vascular dysregulation. NMR-based studies [30] showed 
the interaction of cadmium with chlorpyrifos yields a new 
complex that confers increased hepatoxicity. Future stud-
ies focusing on computational and experimental studies are 
needed to prove these hypotheses.

Limitations

There are some limitations to our study. Being a cross-
sectional study, it is difficult to infer causality of any kind, 
and this study is mere hypothesis generating at this point. 
Due to practical issues and ethical guidelines, we had par-
ticipation from two-third of the village population indi-
cating that the prevalence rates reported will have small 
margin of error (3.3%). Due to logistics and manpower 
issues, we were not able to have an independent review 
of carotid intima thickness nor could we do quality assur-
ance on measurement readings. A single arsenic or insec-
ticide measurement at one time point may not represent 

Table 5  Association of 
co-accumulation of arsenic 
and total organophosphate 
insecticide residues with 
prevalence of diabetes, pre-
diabetes and atherosclerosis

The odds ratio values showed in boldness indicates the statistical significance (***p < 0.001; **p < 0.01; 
*p < 0.05). Multivariate adjustment included age, sex, familial diabetic history, education, occupation,
smoking, smoking frequency, alcohol consumption, frequency of alcohol usage, tobacco usage, frequency
of tobacco usage, waist circumference, obesity, hypertension and hypercholesterolemia

Sub-quartile (SQ) (AsQ × OPQ) Odds ratio (95% CI)

Pre-diabetes Diabetes Atherosclerosis

SQ1 (AsQ1 × OPQ1) 1.00 1.00 1.00
SQ2 (AsQ1 × OPQ2) 1.25 (0.72–2.17) 1.60 (0.91–2.79) 1.46 (0.98–1.72)
SQ3 (AsQ1 × OPQ3) 0.91 (0.59–1.43) 1.17 (0.77–1.77) 1.19 (0.78–1.80)
SQ4 (AsQ1 × OPQ4) 0.92 (0.47–1.70) 0.82 (0.41–1.63) 0.87 (0.43–1.76)
SQ5 (AsQ2 × OPQ1) 2.03 (0.85–3.74) 1.80 (0.52–2.25) 0.86 (0.44–1.67)
SQ6 (AsQ2 × OPQ2) 1.10 (0.71–1.72) 1.48 (0.95–2.02) 1.47 (0.97–2.24)
SQ7 (AsQ2 × OPQ3) 1.89 (0.88–4.04) 1.92 (0.86–2.12) 0.87 (0.43–1.76)
SQ8 (AsQ2 × OPQ4) 1.29 (0.35–1.56) 1.95 (0.85–2.86) 0.76 (0.38–1.52)
SQ9 (AsQ3 × OPQ1) 1.08 (0.52–2.27) 1.84 (0.92–3.72) 1.77 (0.87–3.61)
SQ10 (AsQ3 × OPQ2) 0.87 (0.43–1.76) 2.86 (1.33–4.02)* 0.99 (0.50–1.98)
SQ11 (AsQ3 × OPQ3) 3.54 (1.87–5.34)* 2.15 (1.14–3.52)* 2.19 (1.16–4.12)*
SQ12 (AsQ3 × OPQ4) 1.48 (1.05–4.82)* 2.02 (1.82–5.01)* 1.21 (0.84–3.87)
SQ13 (AsQ4 × OPQ1) 1.25 (0.72–2.17) 0.99 (0.55–1.84) 1.46 (0.76–2.75)
SQ14 (AsQ4 × OPQ2) 1.04 (0.58–1.89) 2.46 (1.10–3.50)* 2.70 (1.16–3.77)*
SQ15 (AsQ4 × OPQ3) 3.20 (2.25–5.20)* 2.86 (1.25–4.52)* 2.45 (1.34–3.75)*
SQ16 (AsQ4 × OPQ4) 1.86 (3.54–1.15)* 2.10 (1.56–4.56)* 1.56 (1.03–2.98)*



Acta Diabetologica 

1 3

cumulative exposure. Finally, we cannot rule out con-
founding effects by other potentially harmful substances 
in the environment that we could not measure.

Conclusion

In summary, findings from this study highlight the impor-
tance of possible synergistic detrimental metabolic and 
cardiovascular effects of arsenic and organophosphates in 
a rural population. The results of this study raise vital 
research questions on the role of these agrochemicals in 
the etiology of diabetes and vascular diseases.
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Supplementary Fig. S1: Geographic location of the study village - Nallampatti. The red dot 

indicates the study village. (Latitude: 11°21'2.39" N; Longitude: 77°32'4.79" E). 



 

Supplementary Fig. S2: Odds ratio (95% CI) for pre-diabetes (orange), diabetes (red) and 

atherosclerosis (meroon) associated with sub-quartiles of arsenic (As) and total 

organophosphates (OP). The each box represents a sub-quartile formed by the combination of 

quartile of arsenic and total organophosphate. *indicates statistical significance (p<0.05). 

Multivariate adjustment included age, sex, education, occupation, waist circumference, BMI, 

diastolic and systolic blood pressure, LDL-cholesterol, familial diabetic history, smoking, 

alcohol and tobacco usage for pre-diabetes and diabetes. Besides the above mentioned familial 

ischemic heart disease history and glycated hemoglobulin are also included for atherosclerosis. 

 



Table S1: List of commonly and largely used insecticides in study village and surrounding 

areas. 

Type WHO 

Classification 

Dichlorvos OP Class Ib 

Acephate OP Class II 

Monocrotophos OP Class Ib 

Phorate OP Class Ia 

Dimethoate OP Class II 

Carbofuran Carbamate Class Ib 

Methyl parathion OP Class Ia 

Malathion OP Class III 

Chlorpyrifos OP Class II 

Quinalophos OP Class II 

Profenofos OP Class II 

Cyhalothrin Pyrethroid Class II 

OP – Organophosphate. WHO Classification: Class Ia – Extremely hazardous; Class Ib – 

Highly harzardous; Class II – Moderately hazardous; Class III – Slightly hazardous. 



Table S2: Mass fragments for each insecticide monitored under single ion monitoring (SIM) 

mode. 

Insecticide Retention Time Mass Fragments 

Dichlorvos 3.59 79,109,145,185 

Acephate 5.57 42,94,136,183 

Monocrotophos 8.20 67,97,109,127,192 

Phorate 8.29 181,197,208,141 

Dimethoate 8.63 124.9,87,93 

Methyl parathion 10.31 79,109,125,263 

Malathion 10.96 93,127,173,285 

Chlorpyrifos 11.11 97,197,286,314 

Quinalophos 12.04 90,118,146,157 

Profenofos 12.92 337,208,139,97 

Azobenzene 

(Internal Standard) 

7.67 51, 77, 105. 152 



Table S3: Descriptive statistics of the organophosphate insecticides and arsenic 

#Total organophosphate is the cumulative of the ten organophosphates studied. *Arsenic was detected in urine 

and provided in µg/ mg creatinine units.  

LOD 
(µg/ l) 

LOQ 
(µg/ l) 

No. of 
Samples 

detected (%) 

Percentile 

5th 25th 50th 75th 95th 

Dichlorvos 0.1 10 331 (38%) BDL BDL BDL 11.52 48.58 

Acephate 1 10 339 (39%) BDL BDL BDL 28.5 70.23 

Monocrotophos 1 10 681 (78%) BDL 45.6 112.2 152.2 285.25 

Phorate 100 100 312 (41%) BDL BDL BDL 8.52 39.95 

Dimethoate 0.1 10 565 (65%) BDL BDL 11.23 23.59 33.58 

Methyl parathion 0.1 10 585 (68%) BDL BDL 18.52 38.45 98.56 

Malathion 1 10 661 (76%) BDL 1.54 28.18 54.68 202.54 

Chlorpyrifos 1 10 628 (73%) BDL BDL 45.85 78.15 112.56 

Quinalophos 100 1000 352 (36%) BDL BDL BDL 1.23 19.56 

Profenofos 100 1000 296 (41%) BDL BDL BDL 8.88 29.49 

Total 
organophosphate# 

- - - 142.8 352.20 456.21 584.20 1153.24 

Arsenic* 0.1 1 865 (100%) 4.10 18.92 39.79 63.30 8.23 



Table S4: Limit of detection, limit of quantification and recovery efficiency for each 

insecticide 

 

 LOD 
(µg/ l) 

LOQ 
(µg/ 

l) 

Recovery  
(%) 

Dichlorvos 0.1  10  70.10 
Acephate 1  10  84.62  
Monocrotophos 1  10  79.21  
Phorate 100  100  102.70 
Dimethoate 0.1  10  57.80 
Methyl parathion 0.1  10  86.30 
Malathion 1  10  77.82 
Chlorpyrifos 1  10  64.67 
Quinalophos 100  1000  72.89 
Profenofos 100  1000  79.15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S5: The number of samples in which insecticide detected and its mean value. 

No. of Samples detected 

(%) 

Mean ± SEM 

(µg/ l) 

Dichlorvos 274 (38%) 41.93 ± 8.2 

Acephate 339 (47%) 67.47 ± 12.5 

Monocrotophos 563 (78%) 62.97 ± 9.8 

Phorate 312 (41%) 37.8 ± 8.6 

Dimethoate 469 (65%) 43.20 ± 6.5 

Methyl parathion 491 (68%) 45.10 ± 3.4 

Malathion 548 (76%) 42.93 ± 12.5 

Chlorpyrifos 527 (73%) 49.57 ± 6.8 

Quinalophos 259 (36%) 38.43 ± 5.1 

Profenofos 296 (41%) 35.40 ± 7.9 



Table S6: Mean ± SEM value of insecticides detected in diabetic, pre-diabetic and non-

diabetic groups. 

 Mean ± SEM (µg/ l) 

Diabetes Pre-diabetes No diabetes 

Dichlorvos 43.4 ± 5.6 44.0 ± 7.5 38.4 ± 7.9 

Acephate 72.7 ± 12.5 68.9 ± 6.8 64.8 ± 8.5 

Monocrotophos 80.8 ±5.6 58.6 ± 3.4 49.5 ± 4.9 

Phorate 37.5 ± 5.0 40.5 ± 5.4 35.4 ± 5.8 

Dimethoate 45.6 ± 4.8 39.4 ± 8.0 44.6 ± 4.9 

Methyl parathion 52.4 ± 15.5 40.5 ± 6.5 42.4 ± 11.2 

Malathion 44.7 ± 9.8 45.5 ± 2.9 35.6 ± 9.4 

Chlorpyrifos 60.8 ± 11.2 44.3 ± 8.1 43.6 ± 6.8 

Quinalophos 90.6 ± 13.6 86.4 ± 9.1 88.3 ± 10.8 

Profenofos 100.5 ± 20.5 98.3 ± 11.2 87.4 ± 15.8 



Table S7: Linear regression between the urinary arsenic and serum insecticide residues 

OP Samples above LOD β 

Dichlorvos 274 0.534 

Acephate 339 0.245 

Monocrotophos 563 0.954 

Phorate 312 0.651 

Dimethoate 469 0.015 

Methyl parathion 491 0.213 

Malathion 548 0.111 

Chlorpyrifos 527 0.154 

Quinalophos 259 0.056 

Profenofos 296 0.215 



Table S8: Correlation analyses between insecticides and HbA1c values 

OP r 

Dichlorvos 0.091* 

Acephate 0.058** 

Monocrotophos 0.221*** 

Phorate 0.182** 

Dimethoate 0.118** 

Methyl parathion 0.112*** 

Malathion 0.014* 

Chlorpyrifos 0.087** 

Quinalophos 0.028** 

Profenofos 0.082** 

Spearman correlation, two-tailed. ***p< 0.001; **p<0.01; *p<0.05 



Table S9: Linear regression analysis of HbA1c between quartiles of arsenic and insecticide 

residues. 

Adjusted for the variables enlisted in Table 2. * indicates statistical significance with p<0.05. 

Regression co-efficient (β) for HbA1c 

As (Q1) As (Q2) As (Q3) As (Q4) All quartiles 

Dichlorvos 2.8 x 10-6 7.7 x 10-5 6.6 x 10
-4

* 1.2 x 10-4* 2.1 x 10-4* 

Acephate 3.7 x 10-7 6.7 x 10-7 6.9 x 10
-5

* 2.6 x 10
-5

* 2.4 x 10-4*

Monocrotophos 9.1 x 10-6 1.1 x 10-4* 8.6 x 10
-4

* 3.5 x 10
-3

* 1.1 x 10-3*

Phorate 9.7 x 10-5 2.7 x 10-5 2.9 x 10
-5

* 2.2 x 10
-4

* 9.3 x 10-5*

Dimethoate 2.9 x 10-6 1.1 x 10-6* 7.9 x 10
-5

* 1.9 x 10
-4

* 6.8 x 10-5*

Methyl 

parathion 
2.8 x 10-6 0.9 x 10-5 6.8 x 10

-5
* 9.2 x 10

-4
* 2.5 x 10-4*

Malathion 9.7 x 10-7 5.4 x 10-6 3.1 x 10
-5

* 2.8 x 10
-5

* 1.6 x 10-5*

Chlorpyrifos 7.6 x 10-6 0.6 x 10-6* 3.8 x 10
-5

* 7.5 x 10
-4

* 1.9 x 10-4*

Quinalophos 1.9 x 10-7 2.9 x 10-7 6.6 x 10
-6

* 3.6 x 10
-5

* 1.1 x 10-5*

Profenofos 2.8 x 10-8 8.0 x 10-6 6.9 x 10
-6

* 1.2 x 10
-6

* 4.0 x 10-6*



Table S10: Linear regression analysis of CIMT between quartiles of arsenic and insecticide 

residues. 

 

 
Adjusted for the variables enlisted in Table 3. . * indicates statistical significance with p<0.05. 
 
 

 

 

 

 

 
Regression co-efficient (β) for CIMT 

As (Q1) As (Q2) As (Q3) As (Q4) All quartiles 

Dichlorvos 1.1 x 10-10 1.7 x 10-9 7.6 x 10
8
* 5.1 x 10-7* 1.5 x 10-7 

Acephate 5.4 x 10-10 2.8 x 10-8 5.5 x 10
-7

 4.5 x 10
-6

* 1.3 x 10-6 

Monocrotophos 6.4 x 10-10 4.5 x 10-7* 6.4 x 10
-6

* 7.5 x 10
-5

* 2.0 x 10-5* 

Phorate 8.2 x 10-8 8.2 x 10-7 6.2 x 10
-6

 8.6 x 10
-6

* 4.0 x 10-6* 

Dimethoate 4.4 x 10-9 9.2 x 10-8 2.4 x 10
-7

* 5.2 x 10
-6

* 1.4 x 10-6* 

Methyl 

parathion 
1.8 x 10-10 9.8 x 10-8 8.5 x 10

-8
* 5.2 x 10

-7
* 1.8 x 10-7* 

Malathion 1.3 x 10-11 1.3 x 10-10 2.5 x 10
-9

 4.8 x 10
-8

* 1.3 x 10-8* 

Chlorpyrifos 3.4 x 10-9 7.5 x 10-8* 5.4 x 10
-8

* 1.3 x 10
-7

* 6.6 x 10-8* 

Quinalophos 3.8 x 10-12 5.8 x 10-10 2.8 x 10
-10

* 3.3 x 10
-9

* 1.0 x 10-9 

Profenofos 2.9 x 10-11 9.8 x 10-10 1.8 x 10
-10

 3.7 x 10
-8

* 1.2 x 10-9* 
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Abstract We investigate the adsorption of hexava-

lent uranium, U(VI), on phosphorylated cellulose

nanofibers (PHO-CNF) and compare the results with

those for native and TEMPO-oxidized nanocelluloses.

Batch adsorption experiments in aqueous media show

that PHO-CNF is highly efficient in removingU(VI) in

the pH range between 3 and 6. Gelling of nanofiber

hydrogels is observed at U(VI) concentration of

500 mg/L. Structural changes in the nanofiber net-

work (scanning and transmission electron micro-

scopies) and the surface chemical composition (X-

ray photoelectron spectroscopy) gave insights on the

mechanism of adsorption. The results from batch

adsorption experiments are fitted to Langmuir,

Freundlich, and Sips isotherm models, which indicate

a maximum adsorption capacity of 1550 mg/g, the

highest value reported so far for any bioadsorbent.

Compared to other metals (Zn, Mn, and Cu) and

typical ions present in natural aqueous matrices the

phosphorylated nanofibers are shown to be remarkably

selective to U(VI). The results suggest a solution for

the capture of uranium, which is of interest given its

health and toxic impacts when present in aqueous

matrices.

Keywords Cellulose nanofibers � Phosphorylated �
Uranium � U(VI) � Adsorption � Heavy metal

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s10570-020-02971-8) con-
tains supplementary material, which is available to authorized
users.

J. Lehtonen � J. Hassinen (&) � L.-S. Johansson �
O. J. Rojas (&)

Department of Bioproducts and Biosystems, School of

Chemical Engineering, Aalto University, P.O. Box 16300,

00076 Aalto, Espoo, Finland

e-mail: jukka.hassinen@aalto.fi

O. J. Rojas

e-mail: orlando.rojas@aalto.fi

J. Hassinen � R. Mäenpää � O. Ikkala
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Introduction

Cellulose has been considered in the development of

eco-friendly materials. Particularly, cellulose nanofi-

bers (CNF) have raised interest for their suitability for

water purification and heavy metal removal (Voisin

et al. 2017). Chemical pretreatments have been used to

reduce the energy consumed in CNF production and to

introduce functional groups and charges on its surface.

Such pretreatments include TEMPO oxidation, sul-

fonation, cationization, and phosphorylation (Klemm

et al. 2018). The nanoscopic dimensions of CNF result

in materials with a high surface area, which enhances

interaction with metal ions (Bethke et al. 2018).

Consequently, anionic CNF has been studied for

removal of several heavy metals (Ma et al. 2012; Liu

et al. 2015a). In this application, uranium is highly

relevant given its occurrence in natural water as a

result of leaching from mineral deposits and industrial

processes, e.g., mining waters and nuclear fuel cycle

facilities (WHO 2011; Kapnisti et al. 2018). In

Finland, for example, concentrations as high as * 15

mg/L have been determined for uranium in water

obtained from drilled wells (Asikainen and Kahlos

1979). Uranium removal from these waters is impor-

tant since it is both hazardous to the environment and

toxic to humans. It can cause a kidney failure due to its

chemical toxicity, which is typically of greater con-

cern compared to its radioactivity (Kapnisti et al.

2018).

In aqueous media, two stable oxidation states are

common for uranium, U(IV) and U(VI) (Aly and

Hamza 2013; Xie et al. 2019). Under aerobic condi-

tions, uranium is present in aqueous solutions in its

hexavalent form as uranyl ions (UO2
2?) (Sylwester

et al. 2000; Cai et al. 2017; Sarafraz et al. 2017), which

predominate in acidic environments (Riegel and

Schlitt 2017). As pH increases, hydrolysis of uranyl

leads to the formation of UO2ð Þp OHð Þ 2p�qð Þ
q species

(Berto et al. 2012). The uranyl ion can also form

various complexes with carbonates present in ground-

water (Xie et al. 2019). Due to uranyl complexation, in

this manuscript U(VI) is discussed instead of UO2
2?

since we consider conditions where various UO2
2?

complexes are present.

The presented information points to the urgent need

of technologies that are effective for uranium removal

or to prevent the release of toxic concentrations of

uranium into the environment (Ghasemi Torkabad

et al. 2017). Common techniques used for heavy metal

extraction include membrane processes, ion exchange,

adsorption, precipitation, and solvent extraction (Chen

et al. 2017; Xue et al. 2017; Sarafraz et al. 2017). As a

low-cost, easily applicable alternative, adsorption has

been considered promising for the removal of U(VI)

from aqueous solutions (Su et al. 2018). In such

application, bioadsorbents are sought after given a

number of advantages including costs, geographical

availability and the possibility of metal recovery after

incineration.

Due to the high affinity of phosphoryl groups to

uranium (Zhou et al. 2015), phosphorylated materials

such as lignin (Bykov and Ershov 2009), pine wood

sawdust (Zhou et al. 2015), graphene oxide (Liu et al.

2015b; Chen et al. 2017), carbon spheres (Yu et al.

2014), chitosan (Sakaguchi et al. 1981; Morsy 2015),

cactus fibers (Prodromou and Pashalidis 2013),

polyethylene (Shao et al. 2017), zirconium (Um

et al. 2007), and mesoporous silica (Sarafraz et al.

2017; Xue et al. 2017), have been demonstrated for

uranium removal. Phosphorous-based functional

groups act as chelating agents and thus favor binding

of uranyl species (Xie et al. 2019). Phosphorylated

cellulose nanomaterials have been studied for adsorp-

tion of Fe3? (Božič et al. 2014), Cu2?, and Ag? (Liu

et al. 2015a). In addition, CNF bearing bisphosphonate

has been shown to be efficient for vanadium removal

(Sirviö et al. 2016) while phosphorylated CNF

nanopapers have been prepared for the removal of

copper (Mautner et al. 2016). The removal of U(VI)

has been studied with TEMPO oxidized CNF (TO-

CNF), which achieved an adsorption capacity of

167 mg/g (Ma et al. 2012), and with carboxycellulose

nanofibers prepared by nitro-oxidation, presenting a

maximum adsorption capacity of 1470 mg/g (Sharma

et al. 2017). However, to the best of our knowledge,

there are no reports on the removal of U(VI) using

phosphorylated CNF (PHO-CNF), which is surprising

given the prospects indicated for other metals in the

earlier studies.

In addition to chemical chelation, surface sorption

mechanisms occur at the solid–liquid interface, such

as physisorption, complexation, ion exchange, and

precipitation, all of which play a crucial role for

uranium removal (Xie et al. 2019). In this work, we

study the removal of uranium with PHO-CNF using

several batch adsorption approaches. Furthermore, we

compare the uranium removal efficiency of PHO-CNF
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with different phosphorylation degrees with that

determined for native CNF and TO-CNF. The

nanocelluloses are characterized by Fourier transform

infrared spectroscopy (FT-IR), zeta potential mea-

surements, and transmission electron microscopy

(TEM) imaging. Results from the scanning electron

microscopy (SEM), TEM, and X-ray photoelectron

spectroscopy (XPS) after adsorption are found to give

insights into the adsorption mechanism of U(VI). The

effect of pH on the adsorption of U(VI) and selectivity

against other metals are also studied. Adsorption data

at pH 6 are fitted to the Langmuir, Freundlich, and Sips

isotherm models. The data was found to fit best with

the Sips isotherm, demonstrating a maximum adsorp-

tion capacity of 1550 mg/g, the highest among the

values reported so far for organic adsorbents.

Experimental

Materials

Native CNF was produced at Aalto University from

bleached birch pulp by a method reported previously

(Rajala et al. 2016). PHO-CNF and TO-CNF were

obtained from Betulium Oy, Finland. The concentra-

tions of phosphoryl groups provided by the manufac-

turer were 0.66 and 1 mmol/g for the PHO-CNF

samples referred to as PHO-CNF0.66 and PHO-

CNF1.00, respectively. The concentration of carboxy-

late groups in TO-CNF was 1 mmol/g. Uranyl acetate,

Arsenazo III, ascorbic acid, perchloric acid, and nitric

acid were all obtained from Sigma Aldrich. Milli-Q

water (Millipore) was used for the preparation of all

solutions.

Characterization of CNF

The electrostatic charge of CNF was determined with

a Zetasizer Nano-ZS90 (Malvern), reported as zeta

potential, and measured at pH 3, 5, 7, and 9 (adjusted

by using 1 M HCl and NaOH) from 0.05 wt% CNF

suspensions. The different types of CNF were imaged

with a FEI Tecnai 12 TEM operating at 120 kV. For

sample preparation, 3 lL of 0.01 wt%CNF suspension

was drop casted on a copper grid with an ultrathin

carbon support film and the excess solution was

blotted with filter paper after 1 min of contact time,

followed by drying under ambient conditions.

Thereafter, 3 lL of 2% uranyl acetate was drop casted

onto the dried CNF sample in order to stain the sample.

The excess solution was blotted with filter paper after

1 min of contact time, followed by drying under

ambient conditions. FT-IR spectra of freeze-dried

CNF samples were recorded with Nicolet 380 FT-IR

Spectrometer using an ATR accessory. The spectra

were recorded in the region of 400–4000 cm-1 with

0.5 cm-1 intervals.

Adsorption experiments

A dry mass of 5 mg of the respective nanocellulose

and a total volume of 15 mL of solution were used in

the adsorption experiments, unless otherwise men-

tioned. Experiments were conducted at room temper-

ature (21–22 �C), which remained stable throughout

the experiments. A stock solution of 2000 mg/L

uranyl acetate was used to prepare the solutions. The

adsorption isotherm studies were conducted with

initial uranium concentrations of 10, 25, 50, 100,

200, 300, 400, and 500 mg/L. Experiments at different

pH and with different CNF types were performed

using an initial concentration of 100 mg/L uranium.

For the isotherm study, for the comparison between

CNF types, and for the selectivity study, the pH was

adjusted to 6 using 2 M HCl and NaOH. In all

experiments, glass vials were filled with 15 mL of the

suspension containing uranium and CNF and soni-

cated to disperse the fibrils in an ultrasonic bath at

37 kHz for 5 min. The samples were then left in a

shaker at 200 rpm for 55 min to reach the equilibrium.

After the adsorption process, samples were taken from

the solutions and filtered with 0.1 lm filters (What-

man). Samples without CNF having similar initial

U(VI) concentrations were used as controls to analyze

any possible adsorption of U(VI) onto the filters.

Based on this analysis, the adsorption of uranium onto

the filters was found to be negligible. Uranium

concentrations were determined spectrophotometri-

cally with Arsenazo III method (Khan et al. 2006)

using a microplate reader (Synergy H1) to determine

the absorbance of the solutions at 651 nm. Briefly, 25

lL of ascorbic acid (100 g/L), 175 lL of Arsenazo III

(0.07 w/v% in 3 M perchloric acid) and 50 lL of

sample were added to the wells of a microwell plate. If

necessary, the samples were diluted to reach a

maximum U(VI) concentration of 10 mg/L before

mixing with ascorbic acid and Arsenazo III. For each

123

Cellulose (2020) 27:10719–10732 10721



sample, two parallel measurements were conducted

with the plate reader and the average of these values

reported.

Selectivity experiments were conducted using a

concentration of 10 mg/L for all the metals tested (U,

Zn, Mn, and Cu). Other typical ions present in natural

waters were also added to the solution according to

Table S1 (adapted from Sankar et al. 2013). In the

selectivity tests, two different amounts of PHO-

CNF1.00 were used, 5 mg and 0.25 mg (values given

as dry mass in 15 mL solution). Metal concentrations

in the samples used in the selectivity tests were

analyzed with inductively coupled plasma mass spec-

trometry (ICP-MS) (PerkinElmer, NexION 300X).

For ICP-MS analysis, the samples were diluted to a

maximum concentration of 1 mg/L and digested with

5% (vol.) concentrated HNO3 (68–70%) before

analysis.

The percentage of U(VI) removed in adsorption

studies was calculated based on Eq. (1):

U removal %ð Þ ¼ C0 � Cf

C0

� 100% ð1Þ

and the equilibrium adsorption capacities (qe) were

calculated using Eq. (2):

qe ¼
C0 � Ceð ÞV

m
ð2Þ

where C0, Cf, and Ce are the initial, final and

equilibrium concentrations (mg/L) of U(VI), respec-

tively, V is the volume (L) and m is the mass of

adsorbent (g) used.

Langmuir, Freundlich, and Sips isotherm models

were used for fitting the experimental adsorption data.

The Langmuir and Freundlich isotherm models are

shown in Eqs. (3) and (4), respectively:

Ce

qe
¼ Ce

qmax
þ 1

qmaxKL
ð3Þ

lnqe ¼ lnKF þ 1

n
lnCe ð4Þ

where qmax is the maximum adsorption capacity (mg/

g) and KL is the Langmuir adsorption constant (L/mg).

KF is the Freundlich isotherm constant and n is the

dimensionless heterogeneity factor.

The Sips isotherm model, a combination of the

Langmuir and Freundlich isotherms, is expressed as

Eq. (5):

ln
qe

qm � qe

� �
¼ 1

n
lnCe þ lnKs ð5Þ

where qm is the maximum adsorption capacity (mg/g)

and Ks is the median association constant.

Characterization of PHO-CNF1.00 after adsorption

The uranium stock solution was diluted to reach final

concentrations of 50, 100, 250, and 500 mg/L. After

mixing with PHO-CNF1.00, sonication and shaking as

described earlier, a 10 lL drop of the PHO-CNF1.00
uranium suspension was drop casted onto the carbon

tape on aluminum stubs and the stubs were placed in a

-80 �C freezer overnight and freeze dried at - 50 �C.
For SEM imaging, the samples were sputter-coated

with 3 nm of platinum-palladium and observed using

an acceleration voltage of 1.6 kV with a scanning

electron microscope (Zeiss Sigma VP). TEM samples

for imaging after U(VI) adsorption were prepared by

drop casting from the suspension with initial U(VI)

concentration of 100 mg/L similarly as described in

the characterization section without additional ura-

nium staining.

X-ray photoelectron spectroscopy

Samples for XPS were prepared by vacuum filtration

of PHO-CNF1.00 onto 0.1 lmfilters after adsorption of

U(VI) from the initial concentrations of 0, 100 mg/L,

and 500 mg/L. After vacuum filtration, the filter cakes

were frozen at - 80 �C and freeze-dried to obtain dry

films. An electron spectrometer (AXIS Ultra, Kratos

Analytical, UK) with monochromatic Al Ka irradia-

tion at 100 W under neutralization was used for the

measurements. Three different spots from each film

were scanned and elemental surface compositions of

the films were determined from low resolution survey

scans. High resolution measurements of uranium U 4f,

carbon C1s and oxygen O1swere also conducted. Pure

cellulose filter paper (Whatman) was used as an in situ

reference in all measurements. Data analysis was

performed with CasaXPS software, using fitting

parameters customized for celluloses and the C–O

component of the high resolution C1s at 286.7 eV as
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the energy reference for all the spectra (Beamson and

Briggs 1992; Johansson and Campbell 2004).

Uranium speciation

An ion speciation software (PHREEQC) was used to

determine the uranyl speciation at pH range 3–7, and

in the simulated drinking water used for selectivity

experiments (Tables S2 and S3). The U(VI) concen-

tration used for the calculations was 100 mg/L.

Results and discussion

Native and modified CNF

FT-IR was used to confirm the functional groups on

the TO-CNF and PHO-CNF (Fig. 1a). The character-

istic bands of cellulose were observed in all the

samples (broad band at 3340 cm-1 due to O–H

stretching vibrations, peak at around 1640 cm-1

corresponding to the O–H bending of adsorbed water

and peaks at around 1030 and 2900 cm-1 correspond-

ing to the C–O and C–H stretching vibrations,

respectively). For the PHO-CNF samples, additional

peaks were detected at around 820 cm-1, 930 cm-1,

and 1230 cm-1 which are assigned to P–O–C, P–OH,

and P=O stretching vibrations, respectively (Suflet

et al. 2006). For the TO-CNF, a peak at around

1600 cm-1 was detected corresponding to the C=O

stretching vibration of the COO- group. The zeta

potentials of all the CNFs were negative in the pH

range tested (Fig. 1b). The zeta potential values for

PHO-CNF and TO-CNF decreased as the pH

increased. This can be explained by the deprotonation

of carboxyl or phosphoryl groups. The zeta potentials

of the native CNF indicate that it is negatively charged

owing to the residual hemicelluloses (containing

carboxyl groups) and other impurities originating

from the fibers used to prepare the material.

TEM images of the CNFs used in the study are

shown in Fig. 2. The images show a clear difference in

the size of the native fibrils (Fig. 2a) compared to TO-

CNF, PHO-CNF0.66, and PHO-CNF1.00 (Fig. 2b–d).

The native CNF consists of long fibrils, while much

shorter fibrils are present inTO-CNF and PHO-CNF,

due to the chemical treatment used in the respective

preparation.

Adsorption studies

Batch U(VI) adsorption experiments were conducted

with the nanocelluloses. U(VI) adsorption was

observed to happen within minutes but to ensure that

equilibrium was reached, a contact time of 1 h was

used in all adsorption tests.
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Fig. 1 a FT-IR spectra and b zeta potentials in the pH range 3–9 of native CNF, PHO-CNF0.66, PHO-CNF1.00, and TO-CNF
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Comparison of adsorption on different types of CNF

First, the removal of U(VI) with the four different

types of CNF was compared using an initial U(VI)

concentration of 100 mg/L (Fig. 3). The results indi-

cate that the PHO-CNF1.00 was the most efficient of

the nanocelluloses for uranium removal. The degree of

phosphorylation was found to affect the removal of

uranium only slightly, since 94% and 92% removal

was observed with 1 mmol/g and 0.66 mmol/g phos-

phorylation degrees, respectively. However, the

removal was significantly higher with PHO-CNF in

comparison to TO-CNF (77%) or native CNF (7%).

Based on the results, it can be concluded that the

anionic charge of the CNF is an important factor in the

adsorption of U(VI). The removal of U(VI) with PHO-

CNF and TO-CNF can be mainly attributed to the

Fig. 2 TEM images of a Native CNF, b TO-CNF, c PHO-CNF0.66, and d PHO-CNF1.00
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Fig. 3 Removal of U(VI) with PHO-CNF with varying degree

of phosphorylation (1 mmol/g and 0.66 mmol/g), TEMPO

oxidized CNF, and native fibrils
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phosphoryl and carboxyl groups present on the fibrils.

In the case of native CNF, the adsorption is most likely

explained by the slight negative charge on the fibrils,

as confirmed by the zeta potential measurements.

However, the higher removal degree achieved with

PHO-CNF compared to TO-CNF indicate the higher

affinity between phosphoryl groups and U(VI). In

addition, the smaller dimensions of the PHO-CNF and

TO-CNF compared to native CNF lead to higher

surface area, thus enabling higher adsorption capac-

ities. Based on the results of the comparison study,

adsorption tests were further continued with PHO-

CNF1.00.

Characterization of PHO-CNF1.00 after adsorption

In batch adsorption experiments, we observed gelling

of the nanocellulose at high initial uranium concentra-

tions, e.g. 500 mg/L (Fig. S1). Thus, the interaction of

the fibrils with U(VI) was studied by SEM imaging of

the PHO-CNF1.00 after adsorption using given initial

U(VI) concentrations (Fig. 4). It can be observed that

the adsorption at initial uranium concentrations of 50

and 100 mg/L did not affect the fibrillar morphology

and thus the colloidal stability of PHO-CNF1.00.

However, an initial concentration of 250 mg/L led to

the formation of sheet-like structures, and at 500 mg/L,

also precipitate-like material was observed. In order to

gain more insights on the formation of these structures,

TEM images from samples that used an initial U(VI)

concentration of 100 mg/L were taken after adsorption

with PHO-CNF1.00 (Fig. 5). The onset of aggregation

can be observed in the images, as evidenced by the

formation of fibril bundles, ultimately converging to

sheet-like structures. It has been reported that due to the

linear geometry of uranyl ion, sheet-like or chain-like

structures can form upon complexation (Hu et al.

2018). The individual fibrils observed in the images

were surprisingly uniform in width, indicating uniform

coverage of phosphoryl groups which led to a spatially

homogeneous adsorption of U(VI). Distinctively, the

width of the fibrils was measured to be

15 ± 2 nm based on image analysis, which is larger

than the width measured for the fibrils before adsorp-

tion (12 ± 2 nm).

These results indicate that crosslinking occurred

between the fibrils and U(VI) at high initial U(VI)

concentrations, which leads to aggregation of the

fibrils. A similar gelling effect has been reported for

CNF containing anionic functional groups and reports

are available on the hydrogelation of carboxylated

CNF with monovalent (Ag?) (Dong et al. 2013a),

divalent (Ca2?, Zn2?, Cu2?), and trivalent cations

(Al3? and Fe3?) (Dong et al. 2013b). Gelation was

suspected to initiate from the screening of repulsive

charges caused by cation-carboxylate interactions

(Dong et al. 2013b). Moreover, UO2
2? has been found

to cause the gelation of TO-CNF. 150 mg/L was

reported as the threshold concentration of UO2
2? for

gel formation in a 0.05 wt%CNF suspension (Ma et al.

2012). Formation of gels through ionic cross-linking

has also been reported with TO-CNF and Al3? cations

(Masruchin et al. 2015). In this study, the gelling effect

is likely due to the reduction of electrostatic repulsion

between the nanofibers after the adsorption of U(VI).

Results of XPS analysis of PHO-CNF1.00 after

U(VI) adsorption (Fig. 6 and Table S4) confirmed the

presence of uranium in its hexavalent state on the

fibers, based on the position of the U4f7/2 peak

(382.5 ± 0.5 eV) which was detected after adsorption

from both 100 mg/L and 500 mg/L samples (Moulder

et al. 1995). The XPS results are summarized in

Table 1, where the amounts of phosphorous, sodium,

and uranium were calculated in relation to the nominal

surface cellulose content of the respective sample, in

order to remove the effect of adventitious carbon from

the results. The nominal surface cellulose content was

calculated from the total carbon and the C–O compo-

nent of C1s. The decrease in surface cellulose upon

increasing uranium content is mainly due to the

increase of adventitious carbon (Fig. 6 inset, C–C

peak at 285 eV), indicating changes in the surface

energy of cellulose surfaces (Johansson et al. 2011)

upon uranium adsorption.

The amount of sodium, which is present as a

counterion of phosphoryl groups in the PHO-CNF,

was found to decrease as the amount of uranium

increased, indicating the occurrence of ion exchange.

The amount of phosphorous remained stable in 0 mg/

L and 100 mg/L samples, and decreased slightly in the

500 mg/L sample. This is likely due to the increased

coverage of uranium on the PHO-CNF1.00. High-

resolution spectra of O 1s and U 4f with superimposed

spectra from 100 to 500 mg/L samples are shown in

Fig. S2. The similar shape of the superimposed U 4f

spectra of 100 and 500 mg/L samples clearly indicates

that uranium was adsorbed in both cases in a similar

chemical form.
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Apart from elemental information within the top-

most few nanometers, XPS survey spectra also yield

information on elemental depth distributions within

the surface region (Tougaard 1998; Johansson et al.

2004). According to the background shapes of carbon,

oxygen, and uranium (see Fig. 6 and Fig. S2), it is

clear that uranium species observed in both treated

samples were present as islands or open films with

similar thicknesses (at least 3–5 nm).

50 mg/L

500 mg/L

100 mg/L

250 mg/L

Fig. 4 SEM images of PHO-CNF1.00 after 1 h contact with solutions with initial U(VI) concentration of 50, 100, 250, and 500 mg/L.

Scale bars are 20 lm (left) and 3 lm (right)
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Effect of pH on U(VI) adsorption

Both the adsorbent charge and the speciation of U(VI)

are influenced by pH (Guo et al. 2018). The optimum

pH for heavy metal adsorption is typically acidic,

around 4–6. At around neutral pH and higher, heavy

metals often tend to precipitate into hydroxides

(Hokkanen et al. 2014). The removal of uranium did

not vary significantly in the pH range 3–6, as shown in

Fig. 7. However, when pH was increased to 7,

a * 30% reduction in the uranium removal was

observed. UO2
2? speciation is dependent on pH,

temperature and composition of the water. At pH

values below 5, uranium mainly exists as UO2
2? in

solution. At pH values between 5–7, neutral and

anionic uranium species can also form in addition to

cationic uranyl complexes (Aly and Hamza 2013). At

pH[6 , UO2
2? forms complexes in the presence of

carbonate causing reduction in U(VI) removal as

reported for nanocrystalline titanium dioxide (Wazne

et al. 2006) and iron oxyhydroxide (Wazne et al.

2003).

Adsorption capacity

In order to quantify the maximum adsorption capacity

of PHO-NFC1.00, adsorption experiments were per-

formed with varying initial U(VI) concentration. The

results were fitted to the Langmuir, Freundlich, and

Sips adsorption isotherm models (Fig. 8). As

expected, the adsorbed uranium amount increases

with the equilibrium concentration (Ce) and eventually

stabilizes at high Ce values. Table S5 shows the

isotherm parameters calculated based on Eqs. (3), (4),

and (5). Based on the R2 values, the Sips isotherm was

found to fit best with the experimental data. This

model is, in fact, a combination of the Langmuir and

Freundlich isotherms. The Langmuir isotherm

Fig. 5 TEM images showing a overview and b magnified view of PHO-CNF1.00 after adsorption of U(VI) from initial U(VI)

concentration of 100 mg/L. The scale bars correspond to 1 lm
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assumes monolayer adsorption with a homogeneous

surface while the Freundlich isotherm takes into

account multilayer adsorption on heterogeneous sur-

faces (Lombardo and Thielemans 2019). However, in

practical terms, the isotherm models do not fully

reveal the actual mechanisms of adsorption.

Table 2 presents qmax values of uranium for adsor-

bents based on different cellulose nanomaterials or

phosphorylated biomaterials. Typical maximum

adsorption capacities reported for uranium are

between 100 and 1000 mg/g. In addition to the high

selectivity of the phosphoryl groups to U(VI), the high

adsorption capacity achieved in this study is attributed

to the high surface area provided by the nanosized

fibrils and surface charge density of the PHO-CNF1.00.

An estimation of the theoretical maximum adsorp-

tion capacity of PHO-CNF1.00 at pH 6 can be made

assuming that all the U(VI) in the solution occurs as

(UO2)3(OH)5
? species. This is reasonable since accord-

ing to the speciation analysis presented in Table S2,

96% of the uranium is in this form. Considering a

coordination ratio of 2:1 between this species and

phosphoryl groups, the maximum adsorption capacity

of the PHO-CNF1.00 is calculated to be 1430 mg/g,

which is very close to the value derived from the Sips

isotherm based on the experimental data (1550 mg/g).

Taken any uncertainty on the speciation and the exact

form of adsorbed uranium, the results indicate exten-

sive capturing of uranium by PHO-CNF.

Selectivity

Figure 9 shows the selectivity of PHO-CNF1.00 to

U(VI) compared to selected divalent metals (Cu, Zn,

and Mn) in the presence of other ions typically present

in natural waters (Table S1). The removal percentages

were found to be in the order of U[Cu[Zn[Mn

with 5 mg PHO-CNF1.00, corresponding to a metal/

adsorbent weight ratio of 0.03. When the amount of

CNF was decreased, at a metal/adsorbent weight ratio

of 0.6, the selectivity of the PHO-CNF1.00 to U(VI) is

clearly demonstrated. The results also indicate that

high removal rates for uranium could be achieved with

PHO-CNF1.00 in the presence of competing divalent

ions at similar concentrations. Another interesting

observation from the results is that the removal of

U(VI) increased from 95 to 99% in the presence of

competing ions when the initial uranium concentration

was 10 mg/L. A similar result has been reported for

uranium removal by magnesium ferrite loaded carbon

nanosheets (Li et al. 2019). The removal percentage

achieved here is comparable to the high removal

efficiency reported for uranyl acetate using an amy-

loid-carbon membrane (99.35%) (Bolisetty and Mez-

zenga 2016).

The selectivity of PHO-CNF1.00 to U(VI) can be

explained by the high affinity of the phosphoryl groups

Table 1 Summary of XPS results

Sample Nominal surface cellulose

content (%)

P (at%) in relation to

cellulose content (%)

Na (at%) in relation to

cellulose content (%)

U (at%) in relation to

cellulose content (%)

Reference

Whatman paper

98 0.0 0.0 0.0

0 mg/L 77 4.1 3.2 0.0

100 mg/L 60 4.1 1.9 2.0

500 mg/L 57 3.3 0.6 6.8
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Fig. 7 Effect of pH on U(VI) removal with PHO-CNF1.00
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to uranium. Based on the XPS and batch adsorption

studies, it is proposed that the phosphoryl groups play

a significant role in the adsorption process. Other

factors that can contribute to the high selectivity are

the high oxidation state, charge-to-radius ratio and the

likelihood of U(VI) to hydrolyze, since solid sur-

faces typically have a higher affinity to the hydrolyzed

species (Cai et al. 2019). Mesoporous silica with

phosphonic groups has been found to have high

selectivity to uranium against interfering elements

Fig. 8 Effect of initial concentration of U(VI) on adsorption. Adsorption data fitted to a Langmuir isotherm, b Freundlich isotherm,

and c Sips isotherm. d Adsorption data for PHO-CNF1.00 compared to the theoretical Langmuir, Freundlich, and Sips isotherm models

Table 2 Maximum

adsorption capacity of

uranium on different

organic adsorbents

Adsorbent qmax (mg/g) References

TEMPO CNF 167 (at pH 6.5) Ma et al. (2012)

Phosphorylated cactus fibers 107 (at pH 4.5) Prodromou and Pashalidis (2013)

Phosphorylated chitosan 55 (pH not reported) Morsy (2015)

Carboxycellulose nanofibers 1467 (at pH 7) Sharma et al. (2017)

Phosphorylated GO-chitosan 779 (at pH 5) Cai et al. (2017)

Phosphorylated chitosan CMC 978 (at pH 5) Cai et al. (2019)

Phosphorylated CNF 1550 (at pH 6) This work
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such as As, K Ni, Mo, Cu, and Pb (Sarafraz et al.

2017). High selectivity of phosphate-functionalized

polyethylene towards uranium compared to Cu2?,

Al3?, Fe3?, and V4? has also been reported (Shao et al.

2017).

Conclusions

This work demonstrates that PHO-CNF can efficiently

remove U(VI) from aqueous solutions with an

unprecedented maximum bioadsorption capacity of

1550 mg/g. Over 90% removal of U(VI) was achieved

in a pH range of 3–6. The efficiency of PHO-CNF can

be attributed to the high surface area, anionic charge

and the affinity of the phosphoryl groups to U(VI). The

morphology of the substrates was studied after

adsorption by SEM, TEM, and XPS, which indicated

that U(VI) forms sheet-like aggregates with PHO-

CNF at high initial U(VI) concentrations. The high

selectivity of the PHO-CNF against other metals and

ions present in natural waters is demonstrated, which

is critical in application of the material for U(VI)

removal. Overall, this study shows that PHO-NFC has

great potential as an environmentally friendly bioad-

sorbent for U(VI) removal from highly contaminated

waters.
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Fig. S1. Gelling of PHO-CNF1.00 as initial uranium concentration increases. The photos were taken after 
1 h contact of PHO-CNF1.00 with uranium solutions of initial concentrations of 100, 300 and 500 mg/L 
(vials from left to right, respectively) 
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Fig. S2. High-resolution XPS spectra of (a) oxygen for PHO-CNF1.00 samples with initial U(VI) 
concentrations of 0, 100 and 500 mg/L and for the in situ cellulose reference and (b) uranium for PHO-
CNF1.00 samples with initial U(VI) concentrations of 100 and 500 mg/L 

Table S1. The ionic composition of water used for selectivity studies 

Table S2. Uranyl speciation with initial uranium concentration of 100 mg/L at pH 3-7 

pH 3 pH 4 pH 5 pH 6 pH 7 

m (mol/kg) %* m (mol/kg) %* m (mol/kg) %* m (mol/kg) %* m (mol/kg) %* 

(UO2)3(OH)5+ 1.21E-11 0.00 8.03E-07 0.57 1.04E-04 73.96 1.38E-04 98.60 1.40E-04 99.88 

(UO2)2(OH)2+2 4.00E-07 0.19 2.95E-05 14.04 3.39E-05 16.12 1.97E-06 0.94 8.93E-08 0.04 

UO2OH+ 4.70E-07 0.11 4.07E-06 0.97 4.40E-06 1.05 1.05E-06 0.25 2.26E-07 0.05 

UO2+2 4.19E-04 99.69 3.55E-04 84.41 3.74E-05 8.90 9.19E-07 0.22 1.92E-08 0.00 
* Percent of total uranium in the indicated form

 Ion mg/L 

Cl- 89 

SO4
2- 33 

NO3
- 1.8 

Carbonates 54 

Na+ 46 

Mg2+ 8.3 

K+ 1.2 

Ca2+
 28 



Table S3. Uranyl speciation in simulated drinking water at pH 6 

m (mol/kg) %* 

(UO2)3(OH)5+ 8.40E-06 53.10 

UO2CO3 1.56E-05 32.88 

UO2(CO3)2-2 4.89E-06 10.31 

(UO2)2(OH)2+2 3.89E-07 1.64 

UO2+2 4.64E-07 0.98 

UO2OH+ 4.14E-07 0.87 

UO2SO4 1.09E-07 0.23 

UO2(CO3)3-4 9.07E-09 0.02 

* Percent of total uranium in the indicated form

Table S4. XPS surface elemental concentrations, in at-% 

Sample C 1s O 1s U 4f7/2 Na 1s P 2p Si 2s 

Whatman 59.2 40.8 b.d.l. b.d.l b.d.l b.d.l.

0 ppm 52.8 41.0 b.d.l. 2.5 3.2 0.6

100 ppm 53.8 36.8 1.2 1.1 2.5 4.6

500 ppm 55.1 37.9 3.8 0.3 1.9 0.9

Table S5. Langmuir, Freundlich and Sips isotherm parameters 

Langmuir qm (mg/g) 1413 

KL (L/g) 0.048 

R2 0.972 

Freundlich KF (mg/g) 72.86 

n 1.47 

R2 0.962 

Sips qm (mg/g) 1550 

n 1.09 

Ks (L/mg) 0.0485 

R2 0.986 
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Lectures delivered 
Offline lectures 

1. Nanomaterials to clean water: Science, technology and industry, PSG College of
Technology, Coimbatore, January 9, 2020.

2. Nanoparticles with atomic precision, international conference on advances in
chemistry with specific reference to catalysis, sensors, drug delivery and energy
materials (ICACSEM – 2020), University of Madras, January 9-10, 2020.

3. Atomically precise nanoparticles, Biodesign Institute, Arizona State University,
Tempe, February 7, 2020.

4. Reactions of clusters, Gordon Research Conference on Atomically Precise
Nanochemistry, February 9-14, 2020.

5. Atom exchange in nanoparticles, Department of Chemistry, Purdue University,
February 17, 2020.

6. Affordable clean water using advanced materials, Brick Nanotechnology Centre,
Purdue University, February 18, 2020.

7. Affordable clean water using advanced materials, DWWS, Government of
Punjab, February 27, 2020.

8. Nanoparticles are molecules, ICONSAT Kolkata, March 5, 2020.

Online lectures (Virtual) 
9. Nanoparticles are molecules, ACS Virtual Talk: Science Lecture Series, April 9,

2020.
10. Advanced Nanomaterials- emerging opportunities, HPCL, April 16, 2020.
11. Innovations in academic institutions during and after the pandemic, National

Technology Day Lecture, CSIR-IITR, Lucknow, May 11, 2020.
12. Clean water: How can science make a difference? IIT Madras, May 15, 2020.
13. Doing science with roots intact, St. Thomas College, Thrissur, May 25, 2020.
14. Clean water through nanotechnology, UKIERI SPARC Webinars, June 24, 2020.
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15. Clean water using nanotechnology: Current status, 2nd International Symposium
on Functional Nanomaterials in Industrial and Clinical Applications, University
of Central Lancashire, July 14-16, 2020.

16. New Molecules, IIT Tirupati, Welcoming the first batch of M.Sc. students,
August 31, 2020.

17. Chemistry for clean air, blue skies and clean water, International Day of Clean Air
for blue skies, Govt. Madhav Science P. G. College Ujjain (M.P.), September 7,
2020.

18. Atom exchange in nanoparticles, Manipal Academy of Higher Education,
September 26, 2020.

19. Affordable Excellence: Doing Science in Indian Universities, University of
Calicut, September 28, 2020.

20. Affordable Excellence: Doing Science in India, IISER Bhopal, October 16, 2020.
21. How to build academic – industry linkage in colleges, Farook College, October

22, 2020.
22. Nanoparticles are molecules, IIT Jammu, October 23, 2020.
23. Future of our universities, 11th P. T. Bhaskara Panicker Memorial Lecture, 57th

KSSP Annual Meet, October 22-26, 2020.
24. Clean water using nanotechnology: Science, technology and entrepreneurship,

BESE Student-led seminar series, King Abdullah University of Science and
Technology, October 28, 2020.

25. Atomically precise clusters, National Chemistry Week Lecture, CRSI NE Chapter,
November 4, 2020.

26. Clean water using nanotechnology, EFCS 2020, Farook College, December 4-5,
2020.

27. Harvesting humidity for clean water, National Water Mission, Technology Talk,
Ministry of Jal Shakti, December 11, 2020.
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Patents/Technology 
Indian patents (granted) 

1. A method for preparing cellulose microstructures-templated nanocomposites
with enhanced arsenic removal capacity, Thalappil Pradeep, Sritama Mukherjee,
201641044817, December 26, 2016, granted as patent no. 337979 on June 4,
2020.

2. Method for preparing crossed bilayer assembly of 1D nanowires using an
atomically precise clusters, T. Pradeep, Anirban Som, Indranath Chakraborty and
Tuhina Adit Maark, 6993/CHE/2015, December 28, 2015, granted as patent no.
340305 on July 3, 2020.

3. An enhanced carbon dioxide sorbent nanofiber membrane and a device thereof,
T. Pradeep, Anangha Yatheendran, Ramesh Kumar and Arun Karthik,
201841031076, August 20, 2018, granted as patent no. 323314 on August 4, 2020.

4. Cellulose nanocrystal templated iron oxyhydroxide based adsorbent for arsenic
removal from water and a device thereof, T. Pradeep, Avijit Baidya, Bibhuti
Bhusan Rath and A. Anil Kumar, 201641027660, filed on August 12, 2016,
granted as patent no. 343818 on August 10, 2020.

5. An integrated CDI electrode, T. Pradeep, Md. Rabiul Islam, Soujit Sengupta,
Srikrishnarka Pillalamarri, 201741047400 , filed on December 30, 2017, granted
as patent no 345270 on August 27, 2020.

6. 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, 6907/CHE/2015, filed on
Decemeber 14, 2015, granted as patent no. 345596 on August 29, 2020.

7. Organic-templated-boehmite-nanoarchitecture: An adsorbent composition to
remove arsenic and fluoride from drinking water, T. Pradeep, Shihabudheen M.
Maliyekkal, Anshup, M. Udhaya Sankar and Amrita Chaudhary, 1529/CHE/2010,
granted as patent no 346000 on September 3, 2020.

8. Chitosan reinforced mixed oxide nanocomposite for fluoride removal from water
and a device thereof, T. Pradeep, Anil Kumar Avula, Bibhuti Bhusan Rath, filed
as application number 201641045048, December 30, 2016, granted as patent no.
354374 on December 23, 2020.
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9. Multilayer multifunctional nasal filter by T. Pradeep, Arun Karthick, Pillalamarri
Srikrishnarka, Vishal Kumar, Sathvik Ajay Iyengar and Ramesh Kumar Soni, filed
as application on March 2, 2017, granted as patent no. 351038 on November 6,
2020.

Indian patents (applied) 
1. A point-of-care (POC) amperometric device for selective arsenic sensing,

Thalappil Pradeep, Sourav Kanti Jana, Kamalesh Chaudhari, 202041023576, June
5, 2020.

2. A smartphone based fluoride-specific sensor for rapid and affordable colorimetric
detection and precise quantification at sub-ppm levels for field applications,
Thalappil Pradeep, Sritama Mukerjee, Manav Shah and Kamalesh Chaudhari,
202041026054, June 20, 2020.

3. Method for selective extraction of gold by niacin, Thalappil Pradeep and Abhijit
Nag, 202041047984, November 3, 2020.

4. Cluster-assisted antiviral medications, Thalappil Pradeep, G Velmurugan, Esma
Khatun, Krishnan Swaminathan, S Krishnakumar, 202041012975, March 25,
2020.

5. Multi-charged nanodroplets of water for microbial disinfection, Thalappil
Pradeep, Jenifer Shantha Kumar, Tripti Ahuja, Depanjan Sarkar, Pallab Basuri
and Sandeep Bose, 202041015937, April 13, 20202.

6. Ambient microdroplet annealing method for converting polydispersed
nanoparticles to their monodispersed analogues, Thalappil Pradeep, Angshuman
Ray Chowdhuri, Spoorthi Bhat, 202041056735, December 28, 2020.

PCT patents (applied) 
1. URD-119/00US: Methods for coupling a carbon containing moiety to an amine

containing moiety, PRF ref:  69066, R. G. Cooks, Thalappil Pradeep, Nicolas
Mauricio Morato Gutierez and Pallab Basuri, filed on May 26, 2020.

2. Method for creating nanopores in MoS2 nanosheets by chemical drilling for
disinfection of water under visible light. Thalappil Pradeep, Depanjan Sarkar,
Anirban Som, Biswajit Mondal, Swathy Jakka Ravindran, US Patent App.
16/757411, November 30, 2020.
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Media reports 

 An article was published in The Hindu newspaper on 26th January 2020, 
congratulating Padma Shri awardees of 2020. 

An article on the plight of the 
doctoral students during the 
COVID pandemic by Prof. T 
Pradeep was published in The 
Hindu. It was posted on 30th May 
2020. 
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A short documentary titled 
‘Hawa se Pani’ featured in 
History channel, YouTube. 
This documentary shows the 
capacitive deionization 
technology developed by our 
group. 

An interview in Malayalam about ‘Digital divide due to COVID 
pandemic’ on Asianet news, 3rd June 2020. 
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An article on providing affordable and safe drinking water using 
nanomaterials was published in The New Indian Express on 26th of 
January, 2020. 
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An article published in 
Deccan Chronicle on 7th of 
July, 2020.  

An article in Times of 
India where Prof. T. 
Pradeep expresses his 
views on the importance of 
interdisciplinary research, 
was published on the 13th 
of August, 2020. 



Pradeep Research Group 2020 

From Left: 1st Row: Gaurav Vishwakarma, Kannan M. P., Devaraj Krishnan, Sooraj B. 

S., Sritama Mukherjee, Prof. T. Pradeep, Tanvi Gupte. 2nd Row: Abhijit Nag, Esma 

Khatun, Swetashree Acharya, Anil Kumar Avula, Subrata Duary, Paulami Bose, Priya 

K., Sugi K. S. 3rd Row: Asish Kurian, Bijesh Malla, Anagha Jose, B. K. Spoorthi, Arijit 

Jana, Vishal Kumar, Tripti Ahuja, A. Suganya.  4th Row: Amrita Chakraborty, 

Dhivyaraja K., Angshuman Ray Chowdhuri, Pallab Basuri, Vivek Yadav, Madhuri Jash, 

Sandeep Bose, S. Jenifer. 5th Row: Ananthu Mahendranath, Srikrishnarka Pillalamarri, 

Kartheek Joshua, Mohd. Azhardin Ganayee, Tanmayaa Nayak, Sujan Manna, Biswajit 

Mondal, Jayoti Roy. 6th Row: Sudhakar Chennu, Md. Rabiul Islam, Ankit Nagar, Sourav 

Kanti Jana, Sundar Raj, Ganesan Paramasivam, Amoghavarsha R. Kini, and Ramesh 

Kumar Soni. 
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