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A new strategy to synthesize a diverse array of organic-solu-
ble, atomically precise silver clusters has been developed.
The technique is based on the miscibility principle of sol-
vents and uses no phase-transfer agents; various clusters of
masses 8.0, 13.4, 22.8, 29.2, and 34.4 kDa were synthesized
by changing the reactant composition. We have also synthe-
sized the well-known Au25(SR)18 cluster by the same method.
Among the silver clusters formed, we have studied the new

Introduction

Among the emerging categories of nanosystems are the
atomically precise clusters of noble metals protected with
monolayers, which are referred to as quantum clusters
(QCs), nanomolecules, clusters, or super atoms. The inter-
esting structural, optical, and electronic properties of QCs[1]

as well as their potential applications in catalysis,[2] biomed-
icine,[3] and nanoelectronics[4] have made these systems im-
portant for chemistry and materials science as a whole. The
systematic size evolution of these clusters to bulk materials
allows the investigation of the emergence of size-dependent
properties.

Although the two-phase method for the synthesis of no-
ble metal nanoparticles has been highly effective,[5] the ma-
terials synthesized by this route contain the phase-transfer
agent (PTR, discussed in the Supporting Information),
which is a persistent impurity in detailed analysis owing to
the interdigitation of monolayers.[6] Although methods that
avoid PTRs exist, they have not produced a large variety of
materials, especially for silver, and the materials are most
often polydisperse.[7] The solubility of the nanosystems
formed in the organic phase and the requirement of reduc-
ing agents in the aqueous phase lead to reduction at the
interface, and the products formed phase-separate naturally.
However, a careful control of the composition of a three-
component system can also lead to phase separation, which
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13.4 kDa species, which has unique steplike features in its
UV/Vis spectrum, in detail by mass spectrometry and other
analytical techniques. The compound has been assigned as
Ag68(SR)34, which is reported for the first time. By time-
dependent studies, we have shown that the synthetic route
follows the bottom-up approach. The material forms micro-
crystals. We hope that the proposed synthetic strategy will
extend the area of atomically precise clusters.

can be conveniently used for reduction, cluster growth, and
isolation of products without the use of a PTR. A three-
component system that exhibits two well-defined phases
can be converted to one phase by the precise control of the
phase compositions. This control can result in the transfer
of solutes from one phase to the other. In that process, a
chemical reaction may occur, and the products can be sepa-
rated without the use of additional chemicals. For atomi-
cally precise clusters of noble metals, the most rapidly ex-
panding family of noble metal nanosystems, water is an es-
sential ingredient of the reaction as most of the reduction
is performed by NaBH4 or its variants.[5b,7b,8] The transfer
of metal ions into a suitable organic solvent or mixture and
reduction by the nascent hydrogen liberated in a homogen-
eous phase can eventually lead to clusters, which phase-
separate at the newly formed phase boundary. This phase
transfer can be controlled with suitable pairs of solvents
and, thus, the use of a PTR can be avoided completely.
Here, we introduce this versatile strategy for the synthesis
of an array of atomically precise clusters. Although several
clusters are known, mostly of gold, new synthetic method-
ologies are required to realize many of the unknown clus-
ters, especially those of silver.

Results and Discussion
The phase diagram of the three-component system used

for the experiments is shown in Figure 1 (A). Multiple sol-
vent compositions were used for cluster synthesis, as indi-
cated in the phase diagram. As shown in the photographs
(Figure 1, B), the syntheses yielded different clusters in each
of these solvent compositions with the same quantities of
reagents (more details of the procedure are provided in the
Supporting Information). The MALDI MS and UV/Vis
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spectra of the products formed (Figure S2) confirm the for-
mation of different cluster cores. At each of the solvent
compositions, different clusters can also be formed by vary-
ing the reactant ratios. In this communication, we introduce
this method by describing one of the new clusters, namely,
Ag68SBB34 (SBB = the thiolate form of BBSH, 4-tert-but-
ylbenzyl mercaptan), in some detail. This corresponds to
the solvent composition marked “d” in the phase diagram
(Figure 1).

Figure 1. (A) Phase diagram of the three-component (water, meth-
anol, and toluene) system in which the synthesis was performed.
The four different regions in the phase diagram at which the reac-
tions were performed are indicated. (B) Photographs of the reaction
products. Different clusters were formed under each of these condi-
tions.

The miscibility principle may be illustrated with a spe-
cific example close to region “d” in Figure 1 (A). Initially,
methanol (3 mL) was used (Figure S3A), and toluene
(3 mL) was added; this mixture formed a single phase as
they are completely miscible (Figure S3B). Next, water
(2 mL) was added to this homogeneous phase. As water is
completely miscible with methanol and partly miscible with
toluene, water/methanol formed a phase and separated
from the toluene phase (Figure S3C). In Figure S3D, tolu-
ene is replaced by chloroform (3 mL). As the chloroform-
rich phase is denser than water/methanol, the former moved
to the bottom when water was added. To extend this phase
separation to cluster synthesis, we performed the reduction
of AgISBB thiolates in a three-component (water/toluene/
methanol) system. Initially, AgNO3 (20 mg, 0.12 mmol) was
dissolved in methanol (3 mL). To this solution, toluene
(3 mL) containing BBSH (132 μL, 0.72 mmol) was added;
this resulted in a color change from colorless to turbid yel-
low-white owing to the formation of AgISBB thiolates (Fig-
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ure 2, a1). At this point, toluene and methanol are miscible,
and the mixture appears as a uniform phase. The solution
changes to brown upon the addition of ice cold water
(2 mL) containing NaBH4 (45 mg, 1.20 mmol) with con-
stant stirring; the color change indicates the reduction of
AgISBB (Figure 2, a2). Upon standing for 10 min, the final
result is the separation of two distinct phases. The bottom
phase is a water/methanol mixture and is colorless, and the
top dark brown portion contains the cluster in a toluene-
rich phase (Figure 2, a3). When we used chloroform instead
of toluene, the bottom phase contained the cluster (Fig-
ure 2, a4). The phase boundaries can be seen clearly owing
to the extraction of the clusters into these phases. Nearly
pure clusters were collected from the top layer in Figure 2
(a3), whereas impurities such as thiolates and metal ions
were collected in the bottom phase (Figure S4a). The only
possible impurity along with cluster is excess thiol (Figure
S4b). The clusters were precipitated by the addition of ex-
cess methanol, which also removes the thiol present in the
sample. The precipitate was washed four to five times with
methanol, and the cluster powder was obtained by rotary
evaporation. The synthetic method is highly robust and can
be reproduced easily. It does not strongly depend upon con-
ditions such as temperature or the purity of the materials,
unlike typical cluster syntheses. We performed the reaction
during the prevailing summer (ca. 40 °C) and winter
(ca. 25 °C) conditions in Chennai and also used normal and
dry solvents. We confirmed the identity of the products by
UV/Vis spectroscopy and matrix-assisted laser desorption

Figure 2. The UV/Vis spectrum of the as-synthesized cluster. The
spectrum has steplike features, which are characteristic of small
clusters. The arrows indicate the peak positions. (a) Photograph of
the synthetic process: (a1) Ag and thiol in methanol/toluene mix-
ture (single phase), (a2) after the addition of NaBH4, (a3) 10 min
after stopping the reaction (two well-separated phases with the
cluster at the top), and (a4) separated phases with chloroform in-
stead of toluene, the cluster is in the bottom phase. A magnetic
pellet is at the bottom of each of the test tubes. (b) Single peak in
the HPLC chromatogram of the crude product, which confirms the
formation of a single cluster. (c) TEM image of the purified cluster.
The approximate core size of the cluster is 1.2 nm. Some clusters
are marked with circles.
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ionization mass spectrometry (MALDI MS). These data
are discussed below. The purity is estimated to be ca. 95%
on the basis of the MALDI MS data. Similar results were
obtained by replacing toluene with CHCl3. All of the results
presented here are for the clusters obtained from the water/
toluene/methanol system. In Figure S5, we have shown the
importance of the solvent mixture. Larger quantities of the
cluster were prepared by scaling up the synthesis (the details
are in Supporting Information). The precipitate was washed
with methanol and then dissolved in toluene for the various
measurements.

The UV/Vis spectrum of the crude cluster in toluene is
shown in Figure 2. Two well-defined steps are seen, as is
observed for atomically precise clusters.[9] The purity of the
sample is the most important issue in this type of synthesis.
We have performed high-performance liquid chromatog-
raphy (HPLC) of the sample with tetrahydrofuran/MeOH
(THF/MeOH, 70:30) as the mobile phase (Figure 2, b) to
check the purity of the sample. Only one peak was seen in
the HPLC chromatogram, and the chromatographed sam-
ple has the same UV/Vis spectrum as that of the crude
product (Figure 2). In this experiment, a C18 column
(250� 4.6 mm) was used with a flow rate of 1 mL/min un-
der isocratic conditions (the details are in the Supporting
Information). These results confirm the formation of a sin-
gle cluster,[10] which was identified as Ag68SBB34 from stud-
ies presented below. The optical spectrum shows molecule-
like transitions at 555 and 665 nm, unlike those of plas-
monic nanoparticles. These peaks are redshifted in com-
parison with those of the analogous Au68SR34.[11] The TEM
image of the cluster is shown in Figure 2 (c). The cluster
core size is nearly 1.2 nm. In Figure S7, we have shown
that the cluster is stable towards electron beam irradiation,
unlike other atomically precise clusters such as Au18 and
Au25.[8,12]

Detailed mass analyses were conducted by MALDI MS
and laser desorption ionization (LDI) MS to determine the
composition of the cluster. For several of the monolayer-
protected gold and silver clusters, the exact compositions
were determined by MALDI MS.[10a,10c,11,13] The LDI MS
and MALDI MS analyses show that the cluster is highly
pure as no peaks other than those of interest were found.
The MALDI MS of the sample was recorded with trans-2-
[3-(4-tertbutylphenyl)-2-methyl-2-propenylidene]malononi-
trile (popularly known as DCTB) as the matrix. The cluster
gave a single peak at m/z = 13.4 kDa in the MALDI MS
spectrum (Figure 3). No other peaks were observed in a
wide range from m/z = 15 to 100 kDa. It is important to
point out that the spectrum was measured at the threshold
laser power, which results in spectra with no or reduced
fragmentation.[11]

We assigned the peak to a cluster of composition
Ag68SBB34. To confirm this assignment, we have performed
LDI MS studies of the sample. In MALDI MS measure-
ments, we can obtain the true mass of the cluster. However,
during the LDI MS measurements, the laser can cleave the
C–S bonds upon ionization. Instead of AgmSBBn, we can
obtain the mass spectrum corresponding to the AgmSn core,
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Figure 3. MALDI MS spectrum of the cluster, which shows a single
peak at m/z = 13.4 kDa. (a) Representation of MALDI and LDI
MS. The MALDI MS shows peaks of AgmLn (L is Ligand),
whereas LDI MS shows peaks of the AgmSn core (LDI breaks the
C–S bonds). (b) Expanded MALDI MS (red trace) and LDI MS
(gray trace) spectra of the cluster. The red trace was fitted with a
Gaussian function, which is shown in blue. The mass difference
between the center of the Gaussian curve fitted for Ag68(SBB)34

cluster and the peak position from where Ag2S loss started is
5 kDa. Inset: Ag2S loss in the MALDI MS spectrum, which begins
at ca. 8.4 kDa. This overlaps with the mass of the Ag68S34 core. (c)
The formation of the AgmSn core is confirmed by the successive
loss of Ag2S molecules (m/z = 248) in the LDI MS spectrum, shown
as a series.

in addition to systematic fragmentations. The C–S bond
cleavage can also happen during MALDI but it occurs at
increased intensity only with higher laser powers. A repre-
sentation of the observed MALDI and LDI processes is
shown in Figure 3 (a). The MALDI MS and LDI MS spec-
tra are compared in Figure S8 and show a mass difference
of ca. 5 kDa. This mass loss supports the presence of 34
ligands on the cluster [147�34 = 4998; 147 is the mass of
the ligand after C–S cleavage)]. The expanded Gaussian-
fitted MALDI MS and LDI MS spectra for the cluster are
shown in Figure 3 (b). The mass difference between the cen-
ter of the Ag68(SBB)34 peak and the position from which
Ag2S loss started is 5 kDa. The highest mass at which Ag2S
loss is clearly seen in the MALDI MS spectrum is ca.
8.4 kDa, which corresponds to the Ag68S34 core. The for-
mation of the AgmSn core is further confirmed from the
series of silver sulfide peaks spaced at m/z = 248, which are
due to the fragmentation of the parent AgmSn core (Fig-
ure 3, c).

The thermogravimetric (TG) analysis of Ag68(SBB)34 un-
der a nitrogen atmosphere displayed a sharp mass loss of
44.8 % in the 110–500 °C window (Figure S9). The observed
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mass loss matches the organic weight fraction (45.0%) ex-
pected for Ag68(SBB)34. The SEM images with elemental
mapping and the energy-dispersive X-ray spectroscopy
(EDAX) spectrum are shown in Figure S10. In SEM/
EDAX, the Ag/S ratio seen was uniform throughout the
sample and almost matched the calculated value for
Ag68(SBB)34 (1:0.51). The absence of a sodium peak (rem-
nant of the reducing agent) indicated that the sample is
highly pure. The SEM image of the material after crystalli-
zation is shown in Figure S11. Although microcrystals were
seen, they were not large enough for single-crystal studies.
The ligation of BBSH in the form of thiolate (SBB) at-
tached to the Ag core was confirmed by the absence of an
S–H stretching peak at 2562 cm–1 in the Fourier transform
infrared (FTIR) spectrum of the cluster (Figure S12). The
existence of clusters was confirmed by the X-ray diffraction
(XRD) pattern of the sample, which showed a broad peak
centered at 2θ ≈ 38°. The spectrum was compared with the
characteristic face-centered cubic (fcc) diffractions exhib-
ited by 15 nm diameter metallic Ag@H2MSA (H2MSA:
mercaptosuccinic acid) nanoparticles (Figure S13).[14] Sev-
eral silver clusters show only broad features.[7b,10d,15] A
broad peak at 2θ ≈ 35° was also observed for gold clus-
ters.[10e,16] The nature of the metal and monolayer binding
were confirmed by X-ray photoelectron spectroscopy
(XPS). The XPS survey spectrum of the as-synthesized clus-
ter is shown in Figure S14A. Only the expected elements
are present; therefore, this also shows that the sample is
very pure. The Ag atoms are almost in the zero oxidation
state (Figure S14B). The S 2p3/2 binding energy (BE) of
163.2 eV is characteristic of the thiolate ligand, which sup-
ports the IR data (Figure S14C). The BE is calibrated with
respect to that of C 1s at 284.5 eV.

For any synthesis, it is always important to know the
synthetic route. To gain some understanding of the synthe-
sis process, we have performed time-dependent mass and
UV/Vis analyses. Such UV/Vis spectra showed that the clus-
ter formation is complete within 120 min (insets of Fig-
ure 4). A broad peak at 550 nm appeared initially at 15 min.
A shoulder peak at 665 nm started to appear at 60 min and
is more prominent at 120 min. The absence of further
changes at 180 and 240 min (Figure S15) confirmed the
conclusion of the reaction. The time-dependent MALDI
MS spectrum after 15 min of reaction shows a single peak
corresponding to 10.3 kDa for the cluster (Figure 4). At
60 min, the presence of a larger cluster at m/z = 11.5 kDa
is seen. Finally, at 120 min, the sample shows a dominant
peak at 13.4 kDa. As discussed earlier, in the LDI process,
the C–S bond cleavage occurs, which will give information
about the AgmSn core. We also performed LDI for the 10.3,
11.5, and 13.4 kDa clusters to understand their core masses.
As the reaction time increases, the core mass and mass loss
increase, which implies that the number of silver atoms and
ligands increase with time. In the LDI experiment, the for-
mation of AgmSn was confirmed by the observation of a
series of silver sulfide peaks owing to the fragmentation of
the parent AgmSn core. This data supports that the cluster
evolution follows a bottom-up approach. The yield of the
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Ag68 synthesis depends on the solvent (toluene or chloro-
form) used. For toluene, the yield was ca. 55 %, whereas the
yield was ca. 60–65% for chloroform.

Figure 4. Time-dependent mass spectra of the cluster during syn-
thesis. The black traces represent the MALDI MS spectra, and the
red traces represent the LDI MS spectra. The corresponding UV/
Vis spectra are shown in the insets.

By using the same process, we have also synthesized sev-
eral silver clusters of masses 8.0, 22.8, 29.2, and 34.4 kDa.
The UV/Vis spectra and MALDI MS spectra of these as-
synthesized clusters are shown in Figure S16. We have as-
signed those peaks as Ag≈38L≈24, Ag≈130L≈52, Ag≈170L≈64,
and Ag≈202L≈70 (L is p-tert-butylbenzenethiol). The larger
spectral width and poor resolution at larger mass numbers
made the assignments imprecise. However, for gold clusters,
especially Au25SBB18 synthesized by this method, the spec-
trum was well-defined (Figure S17). It may be noted that
silver cluster peaks are inherently broader as it has two
stable isotopes (107 and 109), whereas gold has only one
natural isotope (197).

Conclusions

We have developed a new strategy for the synthesis of a
diverse array of clusters without a PTR, which is a persist-
ent impurity for the previously reported two-phase meth-
ods. This process will help to create a series of monodis-
perse organic-soluble metal clusters. In particular, we have
characterized a new cluster, Ag68SBB34, by using different
analytical tools. The product is crystalline. We expect that
the proposed synthetic strategy and the cluster synthesized
will help to extend the area of atomically precise clusters.

Experimental Section
Only the synthesis and characterization of Ag68 are discussed here.
More details are provided in the Supporting Information. Silver
nitrate (20 mg) was dissolved in methanol (3 mL). To that solution,
toluene (3 mL) was added, and the solution was constantly stirred.
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BBSH (ca. 132 μL) was then added. The solution changed from
yellow to turbid yellow-white owing to the formation of AgISBB
thiolates. After 30 min of stirring, ice cold water (2 mL) containing
sodium borohydride (45 mg) was added to the solution with stir-
ring. The solution changed to dark brown. Upon standing for
10 min, two distinct phases separated. The top phase contained the
cluster in toluene. The toluene solution was used for the measure-
ment of the time-dependent UV/Vis and MALDI MS spectra. The
time-dependent study showed that the reaction was complete
within 120 min. After 120 min, the toluene phase containing the
cluster was separated and dried by rotary evaporation. Then, the
dried material was washed four to five times with methanol to re-
move excess thiol and other impurities. HPLC of this cleaned sam-
ple was performed with THF/MeOH (70:30) as the mobile phase.
This confirmed the presence of a single cluster. From the MALDI
and LDI MS study, we assigned the material as Ag68SBB38. The
composition was further confirmed by thermogravimetric (TG) and
EDAX analyses.

Chemicals: Silver nitrate (AgNO3, AR grade) was purchased from
RANKEM, India. Methanol (AR grade), toluene (AR grade), and
chloroform (AR grade) were purchased from R. K. Scientific, In-
dia. 4-tert-Butylbenzenethiol (97%), 4-tert-butylbenzyl mercaptan,
trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-propenylidene]malono-
nitrile (DCTB, 98%) matrix, and sodium borohydride (NaBH4,
95%) were purchased from Sigma–Aldrich.

Instrumentation: Details are provided in the Supporting Infor-
mation.

Supporting Information (see footnote on the first page of this arti-
cle): MALDI MS, LDI MS, UV/Vis, and EDAX spectra; TEM
images; SEM images; TGA curve; and XRD pattern.
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Silver Clusters

A. Ghosh, T. Pradeep* ...................... 1–7 Silver and gold clusters have been synthe-
sized by using the miscibility principle of
solvents. Three solvents, that is, water,Synthesis of Atomically Precise Silver Clus-
methanol, and toluene (or chloroform)ters by Using the Miscibility Principle
have been used to synthesize different silver
clusters by this method without phase-Keywords: Cluster compounds / Phase dia-
transfer agents. Separate regions of thegrams / Silver / S ligands / Solvent effects
phase diagram (a, b, c, and d) produce dis-
tinctly different clusters from the same re-
actant compositions.
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