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ABSTRACT: “Catching” metals in the nonmetallic form in solution, as they grow to
bulk, is one of the most exciting areas of contemporary materials research. A new kind of
stabilization to catch the nonmetallic form of noble metals with small thiols has evolved
as an exciting area of synthesis during the past decade. Gold clusters stay in the frontline
of this research, yielding new “molecules” composed of a few to several hundreds of
atoms. By taking guidelines from gold cluster research, various new protocols for silver
nanoclusters were developed. In this Perspective, we highlight the recent advances on
the synthesis of atomically precise silver, gold, and their alloy clusters with a special
emphasis on silver. As a result of intense efforts of the recent past, clusters such as
Ag7,8(SR)7,8, Ag7(−S−R−S−)4, Ag9(SR)7, Ag32(SR)19, Ag44(SR)30, Ag140(SR)53,
Ag280(SR)140, and Ag152(SR)60 (SR and S−R−S refer to thiolate and dithiolate ligands,
respectively) were added to the literature. Moreover, “silver-covered” and “gold-covered”
alloy clusters have also been synthesized. Early reports of the crystallization of such
clusters are available. Several of these clusters are shown to act as sensors, catalysts, and
pesticide degradation agents, which suggests that these materials may find applications in
daily life in the foreseeable future.

Creation of new materials has always been fascinating
to researchers as it provides immense opportunities to

study the emergence of novel physical and chemical properties.
Often, newly identified materials open up ways to discover
novel phenomena. One such example, which changed the direc-
tions of noble metal research, is the colloidal gold synthesized
by Faraday.1 Although several methods for the synthesis of
colloidal gold were known even earlier, as reviewed pre-
viously, the method of Faraday was the first example in which
unusual properties of this form of matter were attributed to
the divided state of the metal. This has been the seed mate-
rial for understanding several phenomena experimentally2 and
theoretically.3 Since then, decades disappeared without signifi-
cant growth in experimental research in this area. However,
theoretical3 and technological4 developments have taken place.
The synthesis method5 pioneered by Turkevich et al. showed a
convenient method for obtaining gold nanoparticles, 15−30 nm
in diameter, formed by the chemical reduction of Au3+ using
sodium citrate. Here, citrate acts as a capping agent too, and the
system is referred to as Au@citrate. A similar method is used to
make silver nanoparticles (Ag@citrate) using silver nitrate and
sodium citrate.5 Followed by this, a variety of alkyl chains
possessing O, P, N, and S linkers in their head group have been
used as protective agents for Ag and Au nanoparticles.2 Surface
plasmon resonance is one of the essential features of these
particles of size >2−100 nm.2 Among several capped nano-
particles, thiolate-protected ones are of greater attention in view
of their higher stability6 and applicability in biology. However,
decades spent on thiolate-protected plasmonic systems have
now culminated in the discovery of a new form of matter

composed of a few atoms, which exhibit molecular behavior.7

Such particles are called quantum clusters (QCs) or sub-
nanoclusters. They are also referred to as clusters, monolayer-
protected clusters, nanocluster molecules, as well as super
atoms. They are composed of a few tens to a few hundreds of
atoms, having a core with size in the nanometer regime,
possessing a discontinuous density of states.7 Because of their
discrete electronic energy levels, they show molecule-like
optical transitions in their optical absorption and emission
spectra. Although they are composed of a metal core and a
ligand shell, the optical properties are dominated by the core-
derived states, composed of the metal atoms and the metal−
ligand binding shell.8−10 They are often considered to bridge
the gap between atomic/molecular (exhibiting distinct optical
properties) and nanoparticle (exhibiting plasmons) behaviors.
In this Perspective, clusters and nanoparticles are treated as two
distinct regimes of matter.
Unlike the plasmonic systems, TEM investigations have not

been hugely successful for these clusters. Mainly two
drawbacks, namely, (1) size of these clusters being too small
to be observed in standard TEM11 and (2) electron-beam-
induced growth of clusters during microscopic examination,
have thwarted TEM investigations. Clusters in the size regime
of 1 nm undergo electron-beam-induced coalescence, leading to
bigger particles.12 The tendency of cluster collapse upon irradiation
is prominent for Ag clusters. The experimental techniques, used
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especially for characterizing organic and inorganic molecules,
such as elemental analysis, UV/vis, mass spectrometry (ESI and
MALDI MS), IR, H1 NMR, and so forth, can be used eminently
for characterizing these clusters. In recent years, crystallogra-
phic data of Au102SR44,

13 Au25SR18,
14 Au38SR24,

15 Au36SR24,
16

and [Au24(PPh3)10(SR)5Cl2]
+ (SR = thiolate)17 have helped in

acquiring more knowledge about these systems. Irrespective
of whether they are crystalline or not, ESI and MALDI MS
studies reveal precise compositions of these clusters.18,19 In the
following, we briefly discuss how research on gold and silver
clusters has progressed, principally focusing on the synthesis
aspects.
Evolution of Synthetic Ef forts. (a) Using Charged Particles and

Photons. Both silver and gold in the cluster form have been
investigated since the 1980s.20 In the early period, sputtered M
(M = Ag or Au) atoms were obtained from a target of M by
impinging inert gas ions or pulsed lasers, which subsequently
underwent nucleation to form clusters upon gas-phase
coalescence. Inert gases were used for cooling clusters by gas-
phase collisions, leading to deactivation and removal of excess
internal energy as kinetic energy. During the same time, Agn
clusters were synthesized in templates such as zeolites.21 Later,
inorganic glasses were also used as solid matrixes to stabilize
these clusters. In a general synthesis process, Ag+-doped zeolites/
glasses were prepared initially by well-known techniques.21

Irradiation of suitable light then makes Agn clusters inside of the
cavities of these templates. Formation of silver clusters in zeolites
was achieved by taking advantage of the photoreducibility of
silver ions.21 Aun clusters in zeolites appeared only lately, starting
with the report of Boudart and Meitzner in the 1980s as quoted
in ref 22. Only a few investigations of Aun clusters in zeolites
were available, unlike for Agn. Aun clusters, in comparison to Agn,
were unstable due to the migration of Aun clusters to the outer
surface of the inorganic templates. The affinity of zeolites toward
silver, as opposed to that against gold, is due to the fact that
Ag+ is the only noble monopositive cation that forms a mono-
nuclear species with appreciable stability in water. Among the
noble metals, only Ag+ forms aqueous solutions, which can easily
be exchanged in zeolites. Also in contrast to Ag+, Au3+ does not
have photoinduced reducibility in the typical photon energies
used.22 Generally, Au3+ requires chemical reduction. However,
recently, Zhang et al. have achieved red-luminescent Au and Cu
clusters through a photoreduction process.23

(b) Using Templates. During the same time, another attractive
way of creating Agn in polymer templates was demonstrated.24

It is known that bare, small silver clusters are generally short-
lived and undergo aggregation, being transformed into plasmonic
systems in aqueous solutions, at ambient temperatures.24

Henglein succeeded in stabilizing such intermediate clusters

using sodium polyacrylate. Here, the synthesis involves radiolytic
reduction of Ag+ ions in the presence of sodium polyacrylate.
The very first product in the reduction of Ag+ by the hydrated
electron is the silver atom. Atomic Ag, formed rapidly, reacts
with Ag+ to produce a diatomic cluster, Ag2+, which then grows
into a stable polyatomic cluster on the polymer chains. The
Coulombic repulsion between the chains prevents the clusters
from coming closer. A similar scenario to obtain gold clusters
is not favorable due to the fact that Au3+ is not photoreduced,
unlike Ag+. After the synthesis of red-luminescent silver clusters
by Kumecheva and co-workers25 in the interior cavities of
microgels by UV irradiation, several fluorescent silver clusters
were synthesized.26 Ras and co-workers have synthesized
PMAA−AgQCs [PMAA = poly(methacrylic acid)] through
reduction of Ag+, which was initiated by visible light. For the
first time, they demonstrated strong solvatochromic and
solvatofluorochromic properties along with the novel electro-
luminescence property of these clusters.26 New methods such
as sonochemical27 and microwave-assisted28 approaches were
used to synthesize polymer-templated AgQCs. Most of the
synthetic reports are limited to clusters in water. However,
there are reports where clusters, first obtained in water, were
subsequently transferred to other solvents. Recently, Diez et
al. have succeeded in direct synthesis of blue-, green-, and red-
emissive silver clusters in polar and nonpolar solvents
(toluene, dichloroethane, THF, DMF, etc).29 Nevertheless,
there have been many polymer-templated, highly luminescent
AuQCs but not to the extent of AgQCs.30 Dendrimer
encapsulation is also one of the efficient ways to control the
size of the clusters.31 In recent years, dendrimers are engineered in
such a way that they can hold a specific number of atoms.32

DNA-hosted luminescent silver clusters have been one of the
hot areas of research since the oligonucleotide-encapsulated
AgQCs synthesized by Dickson and co-workers.33 Synthesis
and applications of such luminescent silver34 and gold30 clusters
were thoroughly reviewed. AgQCs of different sizes with
blue/green-, yellow-, red-, and NIR-emitting properties were
synthesized. Several studies were also carried out to know
the importance of bases and base sequences on the formation
of oligonucleotide-stabilized lumenescent AgQCs. However,
in the case of DNA-template gold clusters, there are not many
synthetic and optical tunability reports in the literature.
Recently, DNA-templated, blue-35 and red-36 emitting gold
nanoclusters were synthesized using mild reducing agents. Also,
DNA-hosted, sequence-dependent formation of gold clusters
was also reported.37

Protein-encapsulated Ag or Au clusters are a subject of
current research. This subject is extensively reviewed by Xavier
et al.38 The research activity of BSA-protected Agn clusters
(BSA = bovine serum albumin) intensified following the report
of Au25@BSA by Xie et al.39 MALDI MS is the most important
tool to characterize these clusters. Although ESI MS is
successfully used to characterize proteins and protein−metal
ion complexes, it is not very useful in characterizing their
clusters. The number of metal atoms in a given protein-
encapsulated cluster can be found from the difference between
the mass values of free protein and protein-encapsulated
clusters observed in MALDI MS. Au25@BSA is the first system
that was observed by MALDI MS. Subsequently, MALDI MS
provided the composition of several silver and gold clusters in
protein templates. It is worth noting that through mass spectral
studies, it was possible to understand the growth of metal

Creating metal systems in
“nonmetallic” form has been a
subject of intense research for
several decades. Efforts in this

area lead to the development of
gas-phase and template-assisted
clusters of various kinds. Many
silver clusters were observed in
templates due to the facile
photoreduction of silver ions.
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clusters in a given protein.40 Intense research activities are
currently undertaken on both Au41 and Ag42 @protein systems.
(c) Thiolate-Protected Clusters. Since the Brust−Schiffrin

two-phase method for gold nanoparticles reported in 1994,
studies of thiolate-protected gold clusters have became a fasci-
nating area of research.43 Molecular clusters of gold, distinctly
different from nanoparticles, were noticed in 1997.44 Evolution
of research on thiol-protected gold clusters has contributed
to newer excitement in cluster research.45,46 Correlation
between theoretical and experimental results contributed
to understanding these systems in detail. Different aspects
of these clusters have been extensively reviewed by Jin,11 Lu
and Chen,47 and our group.38 Theoretical studies of these
clusters were reviewed by Hakkinen.48 In the following, we
discuss recent developments in terms of synthetic protocols
and also our own contributions to the development of new
clusters.
Several types of synthetic routes exist that can produce

clusters with desired characteristics in the final product. Besides
the studies of the effect of thiol and of solvent on the nature of
the products, not much information is available on other
aspects, for example, on the effect of reducing agents. New
protocols showed that the reduction potential of the reducing
agent has a tremendous effect on the clusters.49−51 Ghosh et al.
reported49 a one-step route for the synthesis of an atomically
precise cluster, Au18SG14 (SG, thiolate of glutathione). It
is known that the reduction of Au3+ with a strong reducing
agent, NaBH4, in the presence of GSH resulted in a mixture
of “magic” clusters (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),

18 whereas using a slow reducing agent,
NaBH3CN, produces one cluster alone, namely, Au18SG14.
Figure 1a shows the distinct absorption bands of Au18(SG)14
clusters, ane centered at 590 nm (2.1 eV), a broad band at 515
nm, (2.4 eV) and another in the UV region at 290 nm (4.2 eV).
It exhibits red luminescence at room temperature upon illumi-
nation with UV light. The quantum yield is ∼5%, nearly 25-fold
higher than that of Au25SG18. ESI MS shows a series of multiply
charged peaks due to Au18SG14 (Figure 1b).
The success of the synthesis of Au18(SG)14 is attributed

to the use of a mild reducing agent. This demonstrates that as
in the case of organic synthesis, here too, controlled reactions
are indeed possible. For example, in organic synthesis, sodium
cyanoborohydride (NaBH3CN) is used as a mild and selec-
tive reducing agent, which gives selective products, whereas
the typical strong reducing reagent, NaBH4, is less selective.
A mild and selective reducing agent can help in slowing down
the nucleation and retard the growth of the nuclei, which
may result in the direct formation of smaller Au−SG QCs.
A report50 by Jin et al. presented the synthesis of Au19(SPh)13
(PET = phenylethane thiolate) QCs by the combination of
both kinetic and thermodynamic control of the reaction. In
this case, clusters of different sizes were formed initially, which
then underwent size convergence into a monodisperse product
by means of a prolonged aging process. For slow reduction,
a weaker reducing agent, borane-tert-butylamine complex,
was used. We note that upon using NaBH4 as the reducing
agent, another cluster, Au25SR18, is produced.

52 In addition to
these reports, a simple method to produce various gold clusters
is to use CO as the reducing agent.51 These results demonstrate
that variation in reactions could make single-step methods feasi-
ble for Aun(SG)m (n = 10, 15, 18, 19, 25, 29, 33) clusters.

The similarity of organic reactions and cluster syntheses is
demonstrated by these experiments.
From now onward, we shall describe recent developments

of thiolate-protected silver clusters. Application of several tradi-
tional routes has resulted in the formation of plasmonic Ag
systems and silver thiolates. Synthesis of silver clusters has
learned significantly from the gold literature.

Silver Clusters. Among a vast amount of research on thiolate-
protected noble metal clusters, a major portion has been on
gold, and very little has been on silver. This is due to the lack
of suitable synthetic methods to produce the latter and also due
to their reduced stability. The main difficulty in synthesizing
silver clusters is the higher susceptibility of silver to oxidation.
It makes conversion of the Agn core to AgnOx, resulting the loss
of characteristic optical features.53 More focused research is
needed to produce atomically precise Ag analogues of AuQCs.
Detailed spectroscopic characterization is another challenge.
Obviously, theoretical analyses are also needed.

Figure 1. Schematic representation of two reduction processes, one
using NaBH4 and the other using NaCNBH3. (a) UV/vis absorption
profile of Au18SG14 clusters in water. Insets show the photographs of
clusters in water upon illuminating with visible and UV light. (b) ESI
MS spectrum of Au18SG14 in the negative mode, in the region of m/z
1000−2000. The peaks observed are due to Au18SG14. Red lines
represent the calculated values for the charge states. The inset shows a
deconvoluted spectrum based on the multiply charged species
observed. Besides the molecular ion feature at m/z 7830, it shows
higher mass number shoulders due to sodium addition. Here, the red
spectrum gives the expected isotope distribution. Reprinted with
permission from ref 49.

Variation in reduction methods
produces clusters of different

sizes. One such change is varying
the strength of the reducing
agent in a given reaction. This
variation resulted in atomically
precise Au18SG14 and Au19SPh13

nanoclusters.
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After the successful synthesis of thiolated AuQCs,7

immediate attention was drawn to produce the Ag analogues.
Most of the thiols, which stabilize effectively Au clusters, do
not do so for Ag. For the latter, instead of stabilizing at
the molecular level, they undergo further growth, forming
plasmonic silver nanoparticles. Excellent studies in various
areas, especially understanding the electronic band structure in
comparison to metals, have appeared on these plasmonic
systems.54 Continuous improvement in this area produced
new kinds of thiolated AgQCs, which possess discrete energy
levels due to strong quantum confinement. Murray et al. had
demonstrated quantized one-electron double-layer charging
(QDL) for the first time in silver clusters.53 Kimura et al. have
synthesized mixtures of silver clusters protected with various
hydrophilic thiolates and separated them by gel electrophoresis.55

Molecular behavior is seen in their optical properties. Lack of
stability, which thwarts analysis by mass spectrometry, also
restricted the initial efforts to characterize their photophysical
and chiroptical properties.
(a) Synthetic Diversity. Some successful methods to achieve

a handful of silver clusters are interfacial,56 solid-state,57 gel-
mediated,58 and reversible phase transfer;59 ripening,60 core
etching,61 and high-temperature62 routes were added to the
literature in the recent past. In addition, some traditional routes
with minor changes63−66 were also used for their synthesis.
Recently, interfacial synthesis is gaining attention as one of the
promising methods for the synthesis of nanomaterials and their
assemblies. Various metal nanocrystals and semiconducting
materials have been synthesized using the interfacial route.67

Interfacial properties, such as surface tension and interfacial
potential, offer new synthetic variables to make nanomaterials.
The interfacial etching route was initially used to synthesize
7 kDa silver QCs.68 It was reported that clusters were formed
only at the interphase. Later, using the same method, gram-
scale syntheses of two luminescent silver clusters protected by
mercaptosuccinic acid (H2MSA), having well-defined molecular
formulas (Ag8(H2MSA)8 and Ag7(H2MSA)7), were performed.
Here, nanoparticles of different sizes, taken as starting materials,
ultimately converged to a mixture of the above two clusters.
This reaction was performed in an aqueous−organic biphasic
system. During the reaction, the optical absorption spectra
of the aqueous phase showed gradual disappearance of the
surface plasmon resonance of metallic silver nanoparticles at
400 nm, indicating that nanoparticles were being converted to
smaller cluster molecules. The mixture of two clusters, namely,
Ag7 and Ag8, was separated using gel electrophoresis. Ag8
exhibits a peak at 520 nm in its optical absorption spectrum
(Figure 2) and an emission in the red region. It shows strong
temperature-dependent emission. A layer of toluene on top
of the aqueous phase might have minimized the direct contact
of silver with air during the etching process. Bigger nano-
particles (i.e., initially taken unetched nanoparticles) form a 2-D
assembly at the water−toluene interphase in the course of this
reaction.
The solid-state method is an interesting and novel route to

make diverse silver clusters. Here, the time required to produce
the desired cluster is substantially less. High yield of clusters
and easy handling of reaction make this route novel. It is
expected that this protocol opens up a new way to make
a variety of cluster materials. It is in contrast to the general
solid-state synthetic routes to make ceramics where most of
the reactions take place at high temperatures in order to
allow diffusion and nucleation between two or more reagents.

Clusters were obtained by grinding metal precursor(s) and
ligand (solid or liquid) followed by reduction with solid
NaBH4. In this process, initially, silver thiolate is formed due to
the reaction between the silver salt such as AgNO3 and thiol
(RSH = H2MSA, GSH, phenylethanethiol (PETH), etc.). High
affinity of sulfur toward noble metal ions is the reason for
thiolate formation. Upon addition of NaBH4 in the solid form,
the ground mixture turns to a brownish-black powder that
shows high affinity to water. This situation is different from the
synthesis in the solution phase. The essential steps of cluster
formation, such as nucleation and growth, are controlled due to
the lack of protic solvent as they are mixed in the solid state.
Three main contributions have been made using the solid-state
route;9,57,69 these are 9-, 32-, and 152-atom silver clusters pro-
tected by thiolates of H2MSA, GSH, and PETH, respectively.
Some more clusters are yet to be characterized fully.70

Ag9(H2MSA)7 was obtained by grinding a mixture of AgNO3
and H2MSA in a 1:5 molar ratio with NaBH4. Here, all of
the precursors are taken in the solid form. The cluster shows a
step-like feature in its UV/vis absorption spectrum, similar to
the Au25 clusters. Ag32(SG)19 was also synthesized through the
solid-state route, where AgNO3, GSH, and NaBH4 were taken
as precursors. Optical absorption spectra of this cluster possess
a sharp peak at 480 nm and shoulder peaks at 420 and 610 nm
(Figure 2).9

Recently, the synthesized Ag152 cluster opened the way to
fundamental studies and potential applications in this area.69 It
was obtained by a solid-state route in which solid AgNO3
was ground with PETH (oily liquid) in a 1:5.3 molar ratio in
a mortar and pestle. Adding 25 mg of NaBH4 (solid) with con-
tinued grinding completes the reaction. Immediate extraction of
excess thiol in the reaction mixture using ethanol and sub-
sequent dissolution of the residue in either toluene or tetra-
hydrofuran (THF) gives a solution of the cluster. The crucial
aspect of this procedure is the limited supply of water needed
for the reduction, which becomes available from the labora-
tory atmosphere as well as from ethanol used for subsequent
washings. The clusters were monodisperse, as confirmed by

Figure 2. Optical absorption profiles of clusters obtained by different
methods. Labels I, S, and G on the traces indicate interfacial, solid-
state, and gel-mediated routes, respectively. The dashed trace at the
top corresponds to Ag@H2MSA nanoparticles of 5−10 nm prepared
by the traditional method.
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the HPLC studies. The composition of the cluster Ag152 was
detected by MALDI MS analyses (Figure 3). The spectra

shown in Figure 3 are at the lowest laser power needed to
observe ion signals. Mass spectra for the purified and unpurified
samples show the same features with a single peak centered at
m/z 24 600 [full width at half-maximum (fwhm) of 1.5 k] and
the doubly charged cluster at m/z 12 300 ± 30. However,
HPLC-subjected samples show sharper peaks compared to the
as-synthesized samples. Recent results from our lab have
also shown the formation of gold and copper clusters by this
route. This synthetic approach may make the synthesis of
clusters of other elements feasible, as evidenced by the
synthesis of iridium nanoparticles.90 It is important to point
out that because all products are in the solid/pasty state during
synthesis, it is possible to collect samples at intermediate steps
of reaction in order to get information about the progress of
the reaction.
(b) Clusters to Superlattices (SLs). Another interesting

report form Sugi et al.70 described the systematic size evolution
of organic-soluble, atomically precise Ag clusters monitored by
various techniques. The same protocol as that above was used
in this experiment to make clusters. In MALDI MS investi-
gations, the initial product during the synthesis was a 13 kDa
cluster (Figure 4a). These clusters transform gradually to
more stable plasmonic nanoparticles with moleculear masses
of 70 and 80 kDa (Figure 4b). Again, a suspension of these
nanoparticles upon constant heating at 100 °C leads to the for-
mation of self-organized nanoparticles of higher molecular mass
(148 kDa) (Figure 4c). These clusters of 13, 70, 80, and 148 kDa
are tentatively assigned as Ag∼75(PET)∼40, Ag∼530(PET)∼100,
Ag∼561(PET)∼150, and Ag∼923(PET)∼351, respectively (as the
mass peaks are broad, the atomic composition is approximated).
Accompanying this gradual mass evolution, systematic changes in
optical absorption spectra are also observed. Those results show

the possibility of synthesis of nanomaterials with tunable prop-
erties in a one-pot method. Tunability arises as nanoparticle sizes
can be controlled as they are formed starting from atomically
precise clusters.
(c) Use of Gels. An important issue of concern of synthesis

of any desired cluster is related to mass transfer, leading to
controlled nucleation. Gels are composed of molecular cages
that may be used to control mass transfer and to nucleate
the preferred clusters. Cage dimensions and kinetic parameters
may be controlled to yield desired results. Molecular cages
of polyacrylamide gel were used for the direct synthesis
of monodisperse silver−SG clusters in a single step and within
30 min. These clusters show prominent features at 350, 470,
and 650 nm in their UV/vis absorption spectrum (sample G
of Figure 2). The method involves reductive decomposition
of Ag(I)SG thiolates in polyacrylamide gel cavities of sub-
micrometer size. In this method, an acrylamide/bisacrylamide
solution containing Ag(I)SG thiolates was allowed to polymer-
ize in a beaker to form a gel. On top of this gel, aqueous NaBH4
was added. The color of the gel changed from light yellow to
dark brown within 0.5 h, indicating the formation of clusters
inside of the cavities. Free clusters were extracted into water
and precipitated using excess ethanol. Dry powder was obtained
after the removal of solvent using a rotary evaporator. These
clusters can selectively detect Hg(II) ions down to the ppb
level.58 Kitaev et al. also reported on the synthesis of similar
clusters by two routes, (1) creating new kinds of reaction envi-
ronments (cyclic reduction under oxidative conditions, where

Figure 3. (a) MALDI MS spectrum of an as-synthesized 25 kDa cluster
collected in the positive mode. It gives a sharp (fwhm, 1.5 k) molecular
peak centered at m/z 24 600 ± 100. A minor peak, at m/z 12 300 ± 30,
is seen, which corresponds to the doubly charged species. For clarity,
this is expanded 50 times in the vertical axis. (b) Same as (a) but for the
HPLC-purified sample, extracted in THF. It shows a narrower peak
(fwhm of 1.3 k) at m/z 24 610 ± 80 and a pronounced dication peak at
m/z 12 320 ± 30. (c) Chromatogram of the Ag152 cluster extracted in
THF. Reprinted with permission from ref 69.

Figure 4. MALDI mass spectra showing the systematic size evolution
of a cluster, labeled as product 1, to particle crystals. A sharp peak
centered at m/z 13 k (a) obtained by operating at the threshold laser
fluence is assigned as ∼Ag75(PET)40 (product 1), with a hump at m/z of
27 k probably due to the dimer. Product 1 converts to product 2 (b),
exhibiting plasmonic absorption, with a mass of 70 k and a weaker feature
at 80 k tentatively assigned as Ag∼530(PET)∼100 and Ag∼561(PET)∼150,
respectively). Gradual heating allows assembly of plasmonic product 2 to
self-organized nanoparticles with definite periodicity (c) composed of
∼923 Ag atoms (Ag∼923(PET)∼351). Its dimer at 296 k has also been
observed (c). Insets of mass spectra show the corresponding photographs
and cartoon representations of the size evolution. In photograph (c′), a
black precipitate can be seen at the bottom of the sample vial, corresponding
to the SL. Reprinted with permission from ref 70, copyright 2013,
Wiley-VCH.
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NaBH4 was used for reduction and H2O2 was used for
oxidation) for Ag(I)SR, leading to the formation of AgQCs,65

and (2) a direct process that involves the reduction of Ag(I)SG
thiolates using NaBH4 in H2O/MeOH mixtures at basic
conditions.63

(d) Other Strategies. Bigioni et al.81 have synthesized crude
AgnSGm clusters by the reduction of Ag(I)SG thiolates with
NaBH4 in water. A series of clusters were isolated using gel
electrophoresis, and their optical properties were studied.
Compositions of these clusters were explored using electro-
phoresis by comparing their relative mobilities with the known
gold QCs. Later, Guo et al.82 studied the composition of one
of the clusters isolated from the sixth band of the gel. The
optical properties of the cluster are given in Table 1. Figure 5a
shows the ESI MS of the cluster at optimized conditions,
a series of multiply charged peaks corresponding to
[Ag32(SG)19]

q− are labeled on the spectrum, where q = 4, 5,
6, 7, and 8. This assignment was further confirmed by the
agreement between the experimental and calculated isotope
distributions of [Ag32(SG)19-4H]

4− (inset of Figure 5a).
Silver clusters of size ∼2.1 nm were synthesized by incu-

bating as-synthesized polydisperse Ag@SBB (SBB = thiolate of
4-tert-butylbenzyl mercaptan (BBSH)) clusters in the presence
of clean BBSH at 60 °C.60 Multiple characterization studies
revealed that their chemical composition is Ag280(SBB)120.
An interesting method reported by Yuan et al. is also added to
this list for synthesizing fluorescent metal nanoclusters (Au, Ag,
Pt, Cu).59 It involves the phase transfer of water-soluble non-
fluorescent metal nanoclusters (which were synthesized by a
common chemical reduction method) to the organic medium
by a phase-transfer agent. This method is mainly applicable to
the clusters whose surfaces are passivated by ligands that are
readily phase-transferable with cetyltrimethylammonium bro-
mide (CTAB). As-synthesized clusters in the aqueous phase are
nonfluorescent. In the toluene phase, after phase transfer, mild
etching takes place, and the resulting nanoclusters exhibit
strong fluorescence. Moreover, the fluorescent clusters can be
easily transferred back to the aqueous phase upon adding a salt
to remove the hydrophobic cation, CTA+.

Dhanalakshmi et al. showed the synthesis of red-luminescent
silver clusters protected by H2MSA, in milligram quantities by
the direct core reduction of Ag@citrate.61 This route provides
nearly pure clusters. On the basis of TG and elemental analysis,
the composition of the cluster was tentatively assigned to
Ag38SG24. An interesting protocol was reported62 by Indranath
et al. for the synthesis of highly stable red-luminescent ∼Ag75
clusters. It involves formic-acid-mediated reduction of silver
glutathionates in an aqueous medium at higher temperatures
(70 °C). Absorption peaks evolved with time at constant tem-
perature of 70 °C (Figure 5b). Here, Ag+ to reduction was ini-
tiated by electrons, which were produced by the decomposition
of formic acid. A well-defined spectrum with prominent peaks
appeared at the third hour of the reaction. Note that at these
temperatures, AgQCs usually undergo decomposition, resulting
in the formation of Ag2S nanoparticles.

84 The optical properties
of these clusters remain the same for several months at both
room and higher temperatures. So far, this is the first example
of the successful synthesis of Ag clusters in solution at higher
temperatures.
Silver clusters, namely, intensely and broadly absorbing

nanoparticles (IBANs), with high molar extinction coefficients
were reported by Bakr et al.64 The synthetic method belongs
to the category of traditional routes but with major altera-
tions. Briefly, IBANs were prepared through the reduction
of a silver salt solution in the presence of the capping ligand
4-fluorothiophenol (4FTP) in the usual, one-phase nano-
particle synthesis (4FTP/Ag = 2:1). Initially, 4FTP was stirred
with a silver salt in N,N-dimethylformamide (DMF) for 15 min,
followed by the addition of 4 molar excess of NaBH4 in DMF.
This resulted in a darkened nanoparticle solution with a UV/vis
absorption peak at 450 nm. Transparent yellow solution was
formed upon further stirring (4 h), indicating the disassociation of
nanoparticles to silver ions or silver thiolates. Remnant NaBH4 in
the resultant solution was activated upon the addition of a small
amount of water. Again, the solution turned dark and showed a
broad peak centered at around 490 nm in its UV/vis spectra. By
leaving the reaction at freezer temperatures (−4 °C) over several
days (∼less than 1 week), it transferred to IBANs. These IBANs
show eight distinct absorption bands with huge extinction cross
sections of 2.59 × 105 L mol−1 cm−1 (Figure 5c). Another report
presented the ESI mass spectrum of 4-FTP-protected IBANs
with high isotopic separation.80 It revealed that the compositions
of these IBANs are [Ag44(4FTP)30]

4− (Figure 5d). These clusters
tend to be magic clusters because of their closed electronic
shell (44e− − 30e− + 4e− = 18e−).
Interestingly, a few clusters, protected by dithiols, were syn-

thesized with slight changes in the common chemical reduc-
tion method. Dimercaptosuccinic acid (DMSA),71 lipoic acid
(LA),88 and polyethylene glycol (PEG)-appended LA89 are
some of the dithiols that can effectively passivate Ag clusters.
Among these, Ag7(DMSA)4 has been studied in some detail
in the literature. Electrochemical,72 theoretical,73 and mass
spectral74 studies have been done on this system. LA and rela-
ted dithiol-protected clusters are highly red-luminescent. The
quantum yield can be increased to ∼12%.89 Compositions of
LA-protected clusters are yet to be explored.
Among the Ag clusters described in the previous paragraphs,

some, such as Ag7,
71 Ag8,

56 and Ag9,
57 could be categorized

as small clusters, and others, such as Ag32,
82 Ag44,

80 ∼Ag140,
53

Ag152,
69 and Ag280,

60 can be categorized as bigger clusters.
Several of them have optimized protocols for their synthesis.
Optical absorption profiles of each of the above-mentioned

Addition of new protocols
(interfacial, solid-state, and gel-

mediated) and the resulting clusters
expose enormous opportunities to
study silver at the cluster level.

Chemical reduction with minor
changes in conditions such as
solvent, pH, the ligand, and so

forth are able to make molecular
silver clusters. Among the

well-characterized systems are
Ag7(DMSA)4, Ag44(4FTP)30,

Ag32(SG)19, and Ag280(SSB)120. More
are waiting to be characterized fully.
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clusters is different. The origin of optical transitions in silver
nanoclusters is yet to be understood. Some of these clusters
were used for applications in several fields. For example, alumina-
loaded Ag7,8 shows enhanced catalytic activity,75 and Ag7,8 shows
sensing of Hg2+.76 A report by Bootharaju et al.79 showed that
Ag9 could be used for the removal of pesticides for water puri-
fication. Silver clusters protected with −SG with unknown com-
positions were obtained through hydrazine (N2H4·2H2O) reduc-
tion. They were used for selective sensing of metal ions such as
Hg(II)86 and Pb(II).87 Protein-protected Ag15 clusters, in combi-
nation with mesoporous gold nanostars, could be used in the
visible detection of TNT down to zeptomolar concentrations.91

It indicates that application possibilities of these systems are
bright. List of various silver clusters reported and their
essential properties are listed in Table 1.

Stability of Silver Clusters. From the developments in gold
cluster research, it is evident that the effectiveness of the staple
motif, super atom electronic count, core stability against disso-
ciation, and a large HOMO−LUMO gap are the factors that
decide the stability of these systems.92 However, chemical
interactions too play their part in determining the above factors.
Stronger strength of metal−metal and metal−ligand bonds
helps to build a stable atomic structure and an effective pro-
tection of the core by the staple motif. The connection between
bond strength and stability was demonstrated experimentally
and theoretically.93,94 Clusters in the category of super atom
(systems satisfying the jellium model) also exhibit higher
stability than others. In the case of silver clusters, the Ag−Ag

and Ag−S interactions are weaker in comparison to Au−Au
and Au−S interactions (Au−Au > Ag−Ag; Au−S > Ag−S).
In addition, gold systems possess aurophilic attractions, and the
corresponding interactions are less in the case of Ag. These
advantages of Au in comparison to Ag help to span the gold
cluster research to a broad range of systems.
Practical difficulties to stabilize the silver clusters were

overcome by encapsulating them in polymer templates.63 The
degradation rates can be minimized by storing the cluster
samples in suitable solvent mixtures57 and at an optimized pH57

and, more importantly, keeping the cluster solution at lower
temperatures.64,71 Powder samples are more stable in com-
parison to their solutions. Some of these clusters are highly
stable even at ambient conditions (Ag32(SG)19). The stability of
the clusters can be easily understood by monitoring the UV/vis
of cluster solutions. Characteristic optical properties of a given
AgQC are very sensitive to pH, temperature, and solvents.56,82

In the case of less stable clusters, optical absorption spectra
undergo changes with time. We speculate that this happens
either by a change in the net charge of the cluster or by the
interconversion of isomers or due to the transformation of
cluster cores. Some absorption peaks in a particular sample are
sensitive, and they disappear rapidly. For example, we have
observed the disappearance of the 650 and 350 nm peaks with
time in sample G of Figure 2, leaving only an intense peak at
480 nm. It has to be noted that all of the peaks are arising from
the same sample, confirmed from gel electrophoresis. In the
first case, AgQCs may carry excess negative charge (evident in
the case of [Ag44(4FTP)30]

4−). It is possible to observe a variety
of absorption profiles for the same cluster by varying the charge
(4−, 3−, 2−, 1−, 0, 1+). It is known that minor changes were seen
in the case of [Au25(SG18)]

0 to [Au25(SG18)]
−. However,

crystallographic studies on these clusters are waiting for a better
understanding. Recently, there has been some progress in
this area due to the single-crystal analysis of AgQCs protected
by thiolate and phosphine ligands.95,96 These studies reveal the
different atomic structure of thiolated AgQCs in comparison to

Figure 5. (a) ESI MS of Ag32(SG)19. Multiply charged peaks are marked on the spectrum. The inset shows the comparison of the experimental
(black trace) and simulated (bars) isotopic distributions for [Ag32(SG)19-4H]

4−. (b) UV/vis absorption spectra of the growth of Ag75 clusters with
time. (Insets) Photographs of the reaction mixture during synthesis at 0 (I), 10 (II), and 20 min (III) and 3 h (IV). (c) UV/vis absorption of
Ag44(4FTP)30

4− and Ag44(2NPT)30
4−. (d) ESI MS of Ag44(4FTP)30

4−. The mass spectrum matches well with the calculated spectrum (blue and
black, respectively). (a) Reprinted with permission from ref 82; (b) reprinted with permission from ref 62, copyright 2012, RSC; (c,d) Reprinted
with permission from ref 80, copyright 2012, RSC.

Obtaining a desired AgQC de-
pends on a synthetic protocol.

Once these are synthesized, they
show huge applications in the
areas of sensors, catalysts, water

purification, and so forth.

The Journal of Physical Chemistry Letters Perspective

dx.doi.org/10.1021/jz400332g | J. Phys. Chem. Lett. 2013, 4, 1553−15641560



AuQCs, suggesting that new structural models may be needed
to understand AgQCs.
Alloy Quantum Clusters. Alloy nanoparticles (3−100 nm)

made up of Ag and Au were well-studied materials in the
recent past.97 However, efforts to obtain quantum alloy clusters
of these elements are very few. Reports include phosphine-
protected Au18Ag20

98 and Au13Ag12
99 clusters. Another kind of

material emerging in this area are the AunSRm analogues. There
are several successful reports for the synthesis of monodisperse
clusters of the type, AgnAu25−n(SR)18,

100 (AuAg)140(SR)60,
101

and Au38−nAgn(SR)24.
102 These were obtained by the simul-

taneous reduction of appreciable concentrations of silver and
gold salts in suitable conditions. Motivated by these reports,
theoreticians have predicted their structural details based on
DFT calculations.103 An important outcome from such cal-
culations is the preferential occupancy of silver on the surface
of a gold core. Both experiments and calculations have shown
that an increase in the number of silver atoms in Au140(SR)60
slightly decreases the optical band gap104,105 and alters the
electronic shell structure, which results in changes in the
optical transitions present in the high-energy region (interband
transitions). In the case of protein template AgAu alloy clusters,
only a few reports are available.106,107 Among the alloy clusters,
Au38−xAgx@BSA was well-characterized using MALDI MS.107

Synthesis and studies of alloy clusters in protein templates are
awaited.
Another way to produce alloy clusters is to use the advantage

of the galvanic exchange process at the atomic level. By the
addition of Au(I)SR to silver clusters at suitable conditions,
one can produce alloy clusters. Direct addition of Au3+ may
collapse the clusters. Murray et al. had reported the creation of
luminescent alloy clusters through this process.108 As compared
to the parent silver clusters, noticeable changes were observed
in the optical properties of alloy clusters. The same methodology
was applied on still smaller silver clusters, Ag7,8(H2MSA)8,
which eventually resulted in the formation of a 13-atom alloy
cluster.109 Its chemical composition, Ag7Au6(H2MSA)10, was
found from ESI MS along with elemental analysis. A galvanic
reaction between Au(I) thiolate and crude silver clusters
(Ag7,8(H2MSA)7,8) made this alloy cluster. Optical absorption
(350 and 692 nm) and luminescence (λex 390 and λem 650 nm)
were changed drastically as compared to the parent clusters.
Theoretical results suggested that the cluster possessed a
distorted icosahedral core. The simulated absorption spectrum
of this structure is in agreement with the experimentally
obtained spectrum. It is proposed that the clusters obtained in
the galvanic exchange process may carry gold on the surface
with silver in the core. It is in contrast to the clusters obtained
in earlier cases (simultaneous reduction of both metal salts).
If this is proven by future theoretical and experimental studies,
there is a possibility to have both “silver-covered” and “gold-
covered” alloy clusters with tunable electronic, optical, and
catalytic properties.
MS/MS Analysis. Most of the compositions of clusters were

determined by mass spectrometry. While soft ionization mass
spectrometry is an invaluable tool in determining the molecular
formulas of clusters, profound structural insights are derived
from MS/MS analysis (tandem mass spectrometry). As expected,
these kinds of studies were done initially on the well-known
cluster Au25SR18.

110 MS/MS studies on other magic gold clusters
are awaited. Recently, tandem mass spectrometry of Au18SG14
by Ghosh et al. showed the possibility of monolayer-protected
“super atoms” in the gas phase. Note that so far, we know only

about naked (unligated) gas-phase super atoms. Mass spectral
peaks of [Au18(SG)14-nH]

q− at m/z 1956.2, 1565.2, 1304.3,
and 1117.4 for q = 4, 5, 6, and 7 were subjected to MS/MS
analyses. Upon subjecting these peaks to MS/MS, we got
several fragments, which were all 8e− entities, that is, m − n +
q = 8, where m is the number of gold atoms, n is the number
of thiolate ligands, and q is the charge on the ligand. For
example, [Au18SG14]

5− underwent various types of dissocia-
tions and produced peaks of 4− charge during MS/MS at
various collision energies. MS/MS for other charged anions
also ended with cluster ions carrying 4− charge. All of them
satisfy the condition, m − n + q = 8. Here, the electron count
includes the charges on the ligands as well. At all collision
energies, super atom formation was observed.

MS/MS studies on Ag7(DMSA)4 show AgnS4
− (1 ≤ n ≤ 7)

species at various collision energies.74 The ions Ag7S4
−, Ag6S4

−,
Ag5S4

−, Ag4S4
−, Ag3S4

−, Ag2S4
−, and AgS4

− were formed
sequentially from [Ag7(DMSA)4]

2− with an increase in collision
energy (25, 40, 50, 70, 80, 90, and 100 eV, respectively). A
DFT-based global-minimum search further confirms that the
formed species are stable.
Perspectives. The science of quantum-confined cluster cores of

silver with ligand protection possessing well-defined molecular
formulas has attracted intense interest in the recent past.
Although a uniform synthetic strategy is not available to make
clusters of all kinds, available methods can produce a number of
cluster cores with several ligands. The most important property
of these clusters is their luminescence in the visible region and
the sensitivity of this luminescence to various analytes. The
composition of clusters can be varied by making alloys, and a
few of these are now available. The chemistry of the cluster
systems is beginning to evolve, and their specific reactivity
is a subject of attention. Noble metal clusters are now made in the
confinement of proteins, and applications of these systems are
evolving fast. The most immediate need in the chemistry of such
systems is crystallization and understanding the properties in a
size-dependent fashion. Early signs of expansion of the science
of silver clusters are evident from the recent reports. Utilization
of their properties in areas such as sensing, environmental
remediation, water purification, imaging, and diagnostics will
be important areas of exploration.
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