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ABSTRACT: Atomically precise pieces of matter of nanometer dimensions composed of
noble metals are new categories of materials with many unusual properties. Over 100
molecules of this kind with formulas such as Au,s(SR)g, Auss(SR),,, and Au;o,(SR),, as
well as Ag,s(SR);5, Agy(S;R)1, and Ag,(SR);, (often with a few counterions to _—
compensate charges) are known now. They can be made reproducibly with robust [~ s
synthetic protocols, resulting in colored solutions, yielding powders or diffractable crystals.
They are distinctly different from nanoparticles in their spectroscopic properties such as
optical absorption and emission, showing well-defined features, just like molecules. They
show isotopically resolved molecular ion peaks in mass spectra and provide diverse
information when examined through multiple instrumental methods. Most important of
these properties is luminescence, often in the visible—near-infrared window, useful in
biological applications. Luminescence in the visible region, especially by clusters protected
with proteins, with a large Stokes shift, has been used for various sensing applications,
down to a few tens of molecules/ions, in air and water. Catalytic properties of clusters, especially oxidation of organic substrates,
have been examined. Materials science of these systems presents numerous possibilities and is fast evolving. Computational
insights have given reasons for their stability and unusual properties. The molecular nature of these materials is unequivocally
manifested in a few recent studies such as intercluster reactions forming precise clusters. These systems manifest properties of the
core, of the ligand shell, as well as that of the integrated system. They are better described as protected molecules or aspicules,
where aspis means shield and cules refers to molecules, implying that they are “shielded molecules”. In order to understand their
diverse properties, a nomenclature has been introduced with which it is possible to draw their structures with positional labels on
paper, with some training. Research in this area is captured here, based on the publications available up to December 2016.
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1. INTRODUCTION

Electronic confinement in nanoscale pieces of matter of noble
metals has resulted in giant advances in science and
technology. Chemical synthesis of such materials,” manipu-
lation of their properties, and utilization of emerging
phenomena at this length scale have all contributed to this
advancement.” As dimensions of such particles shrink further,
novel molecular properties evolve in the cluster regime of
materials, especially in metals. Such atomically precise entities
are composed of a few to tens of atoms of metals with a definite
ligand shell, forming molecules of definite composition."_7 For
the purpose of this review, we considered only those particles
with precise formulas possessing optical properties, which are
different from corresponding plasmonic nanoparticles. Their
stability in electronic terms has been explained by the
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superatom model®™'? which is based on the “jellium” model

of electrons confined within a spherically symmetric potential
well of the metal core. If the number of free electrons falls in
the “magic” number series of 2, 8, 18, 20, 34, 58, ..., the cluster
shows high stability.*™'" The number of free electrons of a
metal cluster protected with ligands (such as thiolate) is
calculated as N; = Nvy, — L — g, where N; is the shell closing
number (free electron count), N is the number of core metal
atoms, v, is the effective valence electrons (for Au/Ag, v, = 1),
L is the number of one-electron withdrawing ligands, and q is
the total charge (+q or —q) on the cluster."” Ligands such as
phosphine or amine do not withdraw electrons; rather they
bond to a metal core through a dative bond and do not get
counted in the way they are counted in N,.

Assigning an appropriate name to these atomically precise
pieces of matter has been a challenge, and they have been
referred to variedly, such as nanoparticles, quantum dots,
clusters, nanoclusters, quantum clusters (QCs), monolayer
protected clusters (MPCs), nanomolecules, artificial atoms,
superatoms, faradaurates, etc. However, this class of materials
has molecule-like optical properties, so it is not appropriate to
treat them as nanoparticles, which exhibit distinctly different
optical features.” Many of the emerging chemical phenomena of
these materials emphasize their molecular nature. “Nano-
clusters” and “quantum clusters” are more suitable titles as such
atomically precise pieces have quantized energy levels and, as a
result, show multiple bands in their optical spectra, resembling
molecules. Thus, naming them continues to be an issue. We
will revisit this topic later in the text.

Tens of such nanoclusters are now known with detailed mass
spectral data,""'*” %7 and among them a few have also been
characterized with single crystal X-ray diffraction.">*~*” With
new preparation methods™ and adaptation of modern
separation methodologies, synthesis of a large number of
unique materials in the immediate future is highly possible. The
possibility to create well-defined clusters with different ligands
and associated variation in chemical properties has led to a
plethora of applications ranging from chemistry to biology and
also from materials science to devices.”’™>* An illustration of
these clusters and their diverse possibilities is presented in
Figure 1.

Combining properties of other nanosystems, such as
graphene, with clusters has resulted in novel composites.”
Creation of atomically precise clusters in proteins and
biomolecular templates has given other directions in chemical
research.> Utilizing the unique chemistry of these systems, new
sensors have been developed and extension of this science has
created new materials for contaminant removal from surface
waters.”® Modification of electronic structure in the cluster size
regime has been used in catalysis, which has given rise to
unusually large conversion efficiencies for several trans-
formations. Modification of the metal core itself has produced
novel alloys with precise composition and systematic variation
in properties. Electronic structures of these systems can be
controlled by ligands that can also induce chirality in the overall
system. The cluster core itself can be chiral, and such chiral
induction depends on various parameters. Studies in this area
have greatly benefited by the use of advanced instrumentation,
especially adaptation of soft ionization mass spectrometry.
Understanding of these structures, reasons for their increased
stability and chemical reactivity including catalysis, assignments
of their electronic transitions, and predictions of their emerging
properties have immensely benefited from the advances in
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Figure 1. Illustration of monolayer protected clusters, their chemical diversity, and different studies performed using them. Parts of the images are

from the literature.'' ~2°

computational materials science. A schematic diagram of the
evolution of such clusters over the years is provided in Figure 2.
Research in this area extending over 5000 research publications
(Figure 2, inset) suggests an explosion of activities in the near
future, and a consolidated documentation is necessary at this
stage. It is im_}aortant to mention that since there was a recent
review article” covering theoretical aspects of clusters, our focus
is only on experimental research.

1.1. Noble Metal Nanoparticles: From Alchemy to Today

“Noble metals” refers to those metals that are resistant to
processes such as oxidation under normal atmosphere. They are
ruthenium, rhodium, osmium, iridium, palladium, platinum,
silver, and gold. Because of their poor abundance, all of them
are also precious, to varying degrees. Among the noble metal
nanoparticles,”’ " those of gold and silver have drawn
tremendous interest from the scientific community because of
their versatile applications.”’ =" Starting from historical times,
gold and silver have been used extensively by mankind for
several purposes including coloration of glass, as well as in
esthetic and medicinal practices. A mixture of gold salts with
molten glass was used to produce gold colloids of rich ruby
color. In the medieval days, artisans exploited many such
varieties for the coloration of ceramics and glasses. The oldest
example of these is the fourth century A.D. Lycurgus Cup made
by the Romans. Purple of Cassius, a pink pigment commonly
used in the 17th century, was a combination of gold particles
and tin dioxide.”! Using metallic minerals including gold, the
great alchemist and the founder of modern medicine,
Paracelsus (1493—1541), developed many highly successful
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treatments.”> Egyptians used gold for physical, mental, and
spiritual puriﬁcation.92 In Ayurveda (an Indian medical
system), gold has been used in several preparations; one such
example is Saraswatharishtam, usually prescribed for memory
enhancement. The chemical synthesis of colloidal gold particles
was discovered by Michael Faraday in 1857.”° He observed the
formation of deep red colored colloidal gold when aqueous
solution of AuCl,” was reduced by phosphorus in carbon
disulfide (CS,).

Similar to gold, silver also has a historical background. The
color of the Lycurgus Cup is due to Au—Ag nanoparticles. But
the major use of silver in those days was in medicinal field,
mainly as an antimicrobial agent. Silver vessels were used to
keep water fresh by Greeks.”” But they were not aware of the
antibacterial properties of silver. The purpose of addition of
silver was to increase the clarity, reduce odor, and improve the
taste of water. The Greeks may have understood that disease-
causing pathogens would not survive in the presence of silver,
and perhaps for that reason silver was used in drinking vessels,
dishware, and eating utensils, although microbes as disease-
causing agents was suggested only in 1880.”* Even in other
medical therapies such as bone prostheses, ophthalmic surgery,
etc., silver was used extensively. Silver colloids were made by
Frens, Overbeek, and Lea in 1969 when they reduced silver
nitrate using ferrous sulfate in the presence of citrate ion which
acted as a protecting agent.”” Scientists have shown huge
interest thereafter in silver colloids and their antibacterial
properties.”*™"’ Until the last century, the use of gold and silver
particles was restricted only for medicinal and antibacterial
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Figure 2. Evolution of clusters (of the type described here) with respect to time. Inset shows the number of papers published and citations in each
year for metal nanoclusters (collected from Web of Science using “gold nanoclusters” or “silver nanoclusters” as keywords). The data were collected

up to Dec 31, 2016.

activity, but now it is being explored intensely in catalysis,
optics, and several other biological applications.”” %1101
Even in the 15th and 16th centuries, people of Deruta used
silver and copper nanoparticles to fabricate glazes. They mixed
copper and silver salts with vinegar, ochre, and clay and applied
them on the surface of already glazed pottery for fabrication.”
Therefore, from alchemy to today, noble metals such as gold
and silver have been used for a large number of applications in
several directions because of their diverse properties. A
historical account of the use of noble metals is provided in
ref 92.

1.2. Gas Phase Clusters

Clusters made in the gas phase have drawn tremendous interest
from the scientific community,'” especially after the discovery
of Cgo.'” For any material, the number of surface atoms is very
important as it controls its properties. In a cluster (assumed to
be spherically shaped), the fraction F of surface atoms is F = 4/
n'/3 where n is the total number of atoms. It can be seen that F
is equal to 0.3, 0.2, and 0.04 when n is 1000, 10 000 and
1000 000, respectively.102 Normally, in gas phase clusters,
valencies of the surface atoms are unsatisfied, because of which
they are extremely reactive. For this reason, clusters cannot be
kept in a free state and they should be made in situ, in
experimental apparatuses where the properties are to be
investigated. That is why practically all the studies of such
clusters are carried out in a vacuum or in inert (noble) gases.104
Gas phase clusters are usually made through a variety of cluster
sources, such as laser vaporization source, laser ablation cluster
source, pulsed arc cluster ion source, ion sputtering source,
liquid metal ion source, etc.'””'”* The concepts of electron
shell closing based on the jellium model'” and superatoms®
were established after the observation of such gas phase metal
clusters.

Although there are numerous reports on gas phase clusters
such as ionic, covalent, metallic, molecular, van der Waals,

9,106—114 | . .
etc.,”’ in the present context, we will focus mainly on
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noble metal clusters.'””'** The study of gas phase Au and Ag
clusters was initiated in the 1960s.'°>"'" Chemical sputtering of
gold and silver metal targets by inert gas ions produced smaller
naked clusters "5 Coalescence of such clusters formed larger
clusters."' Such studies have also been done with pulsed laser
evaporation.'?* The clusters so formed exist as neutral or ionic
(positive or negative) entities and have been detected by
various mass spectrometric techniques such as Wien filter, time-
of-flight (TOF) analyzer, quadrupole mass filter (QMF), ion
cyclotron resonance (ICR) spectrometer, etc.'”” Katakuse et al.
have investigated a series of copper (Cu),", sﬂver (Ag),", and
gold (Au)," clusters up to the size n = 250.'"° These clusters
were generated by bombardment of 10 keV Xe ions and
analyzed using a sector-type mass spectrometer. Details of
several gas phase atomic and molecular clusters can be found in
the book of R. L. Johnston.""”

Baksi et al."'® have shown the existence of clusters such as
Aug, Auys', Augg®, and Au,yg,” with unprotected metal cores,
having unusual stability in the gas phase. These clusters were
prepared via laser desorption ionization of the precursor metal
ions in protein templates. Nucleation occurred in the vicinity of
the protein in the gas phase. In another report, using a similar
approach, alloy clusters of the type Au,,Pd* were detected.'"
Even though over the years many efforts have been made to
improve the synthesis techniques of these clusters and to
understand them in great detail, isolation of such gas phase
species continues to be a challenge and so far no reports exist in
the literature. Deposition of such gas phase clusters on
substrates'*°~'** will open the field of cluster catalysis, as
these systems are catalytically active.””* Much of such
supported cluster catalysis research is documented in two
recent review articles.'>”'* Lu et al. have reported the effect of
size-selected silver clusters on lithium peroxide batteries.'””
They have deposited ultrasmall atomically precise silver clusters
on passivated carbon to study the discharge process in lithium—
oxygen cells. Dramatically different morphologies of electro-
chemically grown lithium peroxide were seen depending on the

DOI: 10.1021/acs.chemrev.6b00769
Chem. Rev. 2017, 117, 8208—8271


http://dx.doi.org/10.1021/acs.chemrev.6b00769

Chemical Reviews

size of the clusters. Therefore, by controlling the surface
structure on cathodes, the performance of lithium—oxygen cells
can be improved.

1.3. Early Monolayer Protected Clusters: Au,; and Others

Gas phase clusters cannot be isolated in the free form as they
are not stable in ambient conditions. Using protecting ligands,
it is possible to synthesize nanoparticles or nanoclusters in the
solution phase. After the discovery of Faraday’s colloidal
particles, several efforts were made to synthesize colloids of
noble metals, but most of them resulted in nanoparticles with a
broad size distribution. Turkevich et al.'*® have discovered a
simple way to synthesize colloidal gold in 1951 which was then
refined by Frens'*” in the 1970s. In their method, gold chloride
was reduced by sodium citrate in aqueous medium.

Creation of highly monodisperse nanoparticles was a great
challenge in those early days. Phosphine type ligands were used
at that time to protect the gold core. The very first report of
Au;(SCN);(PPh;),'** came in 1969, which was followed by
the crystal structure of Au,;I;[P(CgH,-p-Cl);], in 1970."* The
Auy,; cluster can be best described in terms of an incomplete
icosahedron, where the central gold atom [Au(1)] is
surrounded by 10 other gold atoms as depicted in Figure 3a.
Other derivatives of Au,, also exist in the literature.””* Many
clusters with lower nuclearity have also been reported.*>~'*
Clusters of very small nuclearity,"*>~"** such as Bertand’s
mono- and diatomic Au complexes'*' and Schmidbaur’s
tetraatomic Au complex,'** suggest that this class of materials
indeed bridges the gap between molecules and nanoparticles.
The Aus(PPh3)7(N03)2143 and Au9[P(C6H4_P_Me)3]8(PF6)3144
clusters exist as incomplete icosahedrons, whereas
Au, Cly(PCy,Ph){NO;'** shows a Dj, symmetry (many
more clusters are listed in Table S1). Several theoretical
analyses predicted the existence of higher nuclearity gold
clusters such as Aug;. In 1981, Briant et al. solved the crystal
structure of the Au,; cluster which has a perfect icosahedral
structure (Figure 3b) with a central gold atom."** Many groups
have studied this cluster extensively."**™"*" [Au,o(PP;),]Cl,
(PPs, tris[2-(diphenylphosphino)ethyl]phosphine)'** and
[Auye(PPh,),,Cl]Cl, have also been reported with phosphine
protection.'”’ Some alloy clusters such as
[AuyAg,Cl,(PMePh),]s* (Figure 3c),"’' [(p-
T013P)10Au13Ag12Br8](PFé),154 [(P'T013P)12}'\1118A820C114];155
and [Au;,Ag,M(PR;);,Cl,]* (M = Pt, Ni)"*° have also been
reported. The [(p-Tol;P),,Au;3Ag;,Brg](PFs) cluster is con-
structed by two icosahedrons sharing a vortex atom (later, a
similar structure was seen for a rod-shaped Au,g cluster with
phosphine and thiol protection®’). In 1981 Schmid et al.'*’
reported a 55 atom cluster, Augs(PPh;),,Clg, which has a high
tendencgr to self-assemble forming one- (1D),"**"*" two-
(2D),'’ and three-dimensional (3D)"®" organized structures.
Because of this self—or§anization, Aug; cluster has been used in
several applications.'”™'*® Single crystal studies and proper
mass spectral characterization of this particle have not been
reported yet, which makes the existence of this species
controversial. However, the formation of Augg core has been
proven by mass-spectrometric analysis of thiolated Ausg

34,169,170 . ! .
analogues. Several microscopic studies have shown
the structural details of Augs and its monodispersity.'”" ™"
Recently, the Palmer group has probed the structure of
Schmid’s Augs cluster, using direct atomic imaging techni-
174,175 . .
ques. Based on aberration-corrected scanning trans-
mission electron microscopy (STEM) combined with multislice
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[AuyAg,Cl,(PMePh),]s*

Figure 3. (a) Crystal structures of AuyL[P(C¢H,-p-Cl);], cluster
(phosphine groups have been omitted for clarity). Only gold atoms are
numbered, although not sequentially as all the atoms in the cluster
including ligands are counted. Reprinted with permission from ref 129.
Copyright 1970 Royal Society of Chemistry. (b) Molecular structure
of the [Auj;(PPhMe,),,C1,]** ion. For reasons of clarity, the carbon
and hydrogen atoms on the phosphine ligands have been omitted.
Reprinted with permission from ref 130. Copyright 1981 Royal Society
of Chemistry (c) Perspective view of the [AuyAg,Cl,(PMePh),]s"
cluster ion. Phosphine substituents and bonds to the central atom are
omitted for clarity. Key to atoms: gold, fine speckling; silver, course
speckling; phosphorus, no pattern; chlorine, herringbone. Reprinted
with permission from ref 131. Copyright 1996 Royal Society of
Chemistry. (d) Schematic view of the growth of shell structure of
clusters: Initially a single atom is surrounded by 12 other atoms to
form a 13 atom core—shell M,; cluster. Then, 42 atoms can be densely
packed on the surface of 12 atoms to produce a two-shell Mg; cluster;
in a similar fashion, a shell of 92 atoms can form over the second shell
to generate a three-shell M,,; cluster and this series may continue.

simulation of STEM images, they predicted that 42% of the
clusters present on the TEM grid possess a hybrid structure
(composed of icosahedral, cuboctahedral, and ino-decahedral
shapes) and the remaining 58% are amorphous in nature. These
reports suggest that the Schmid synthetic route'’® does
produce the Aug(PPh;);,Cly cluster along with a few other
clusters, composed of 35—60 Au atoms.

The most interesting aspect of clusters such as Au,; or Aug;
is the unique full shell structures which explain their stability.
The expression “full shell cluster” refers to a particle composed
of a central atom that is surrounded by individual shells of
atoms, eventually resulting in perfect geometries. The
icosahedral geometry is a perfect example of this kind. The
general rule for construction of such clusters is the number of
atoms in the cluster = 1+ Y.(10n* + 2), where the summation
runs over all the shell numbers (n = 1, 2, ...) in the cluster. A
schematic is given in Figure 3d to understand the formation of
such shells. Au,; cluster (n = 1) has been described as a one-
shell cluster where a central atom is coordinated to the
remaining 12 atoms which form the first shell. More details
about the phosphinated gold clusters can be found in Table SI.
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1.4. Brust Synthesis and Beyond: Monolayer Protected
Nanoparticles

Two different approaches, namely bottom up and top down,
have been followed to synthesize noble metal nanoclusters.

In the bottom-up approach, nanoclusters are synthesized
from metal ion precursors by reducing them in the presence of
suitable ligands. It is the most efficient way to nucleate clusters,
and most importantly, nucleation can be controlled by varying
the quantities of the ligands and reducing agents or by varying
the solvents. Aqueous and organic soluble clusters can be
produced using this approach. Synthesis of noble metal
nanoclusters got a new direction after the easy and effective
method developed by Brust et al.'”” in 1994. The Brust method
is an example of the bottom-up approach to synthesize organic
soluble metal nanoparticles as well as nanoclusters. The
procedure followed a two-phase synthetic protocol in which
water and an organic nonpolar solvent (mainly, toluene) were
used as the two phases. The metal precursors were first
dissolved in an aqueous solution and then phase transferred to
the organic solvent using phase transfer reagents such as
tetraoctylammonium bromide. Finally, organic protecting
ligands and reducing agents were added to the mixture to
obtain nanoclusters. Perala and Kumar'’® have tried to explain
the mechanism of this method. According to them, phase
transfer of chloroauric acid to the organic phase in the presence
of the phase transfer catalyst (PTC) occurs through the
following equation:

H*AuCl, (aq) + (Ry),N*Br (toluene)

= (Rg),N"AuX, (toluene) + HX(aq) (1)

Since the extent of substitution of CI~ by Br™ is not known,
X represents both Cl and Br. Then the reduction of Au(III) to
Au(I) by thiol was believed to occur through the following
equation:

(Rg),N*AuX, (toluene) + 3RSH — —(AuSR),—

+ RSSR + (Rg),N" + 4X~ + 3H" )
At this stage, it was believed that the toluene phase contains
PTC, dialkyl sulfide, Au(I)SR polymer (n is the number of
AuSR monomers) and AuX,”, either complexed with PTC
cation or excess RSH depending on the ratio of the ingredients.
In the final step, the reduction of Au** or Au’ to Au’ happens
by borohydride according to the following equation.

—(AuSR),— + BH,” + RSH + RSSR — Au,(SR),  (3)

(Rg),N"AuX,” + BH,” + RSH + RSSR — Au,(SR),
(4)

Now, for the cluster case, depending on the ratio of Au, thiol,
and sodium borohydride, the x and y values change (please
note that reactions 2, 3, and 4 are not balanced reactions;
impurities such as other clusters or some thiolates are also
present in the final product for reactions 3 and 4, which were
generally removed during the purification step). In most of the
cases, some Au(SR) polymer remains as staple motifs such as
Au,(SR); or Au(SR), in the cluster structure, which suggests
that they get restructured during the cluster growth and only
the remaining gold species are reduced to the zero oxidation
state.
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Nanoclusters of different sizes and of different noble metals
(Au, Ag, Pd, etc) can be synthesized easily using this
method 170179182

Among the monolayer protected metal nanoclusters, gold
has been studied extensively because of its high stability under
ambient conditions. From the early reports, it was believed that,
in the Brust protocol, an [Au(I)SR], polymeric compound is
formed during the reduction of Au(Ill) to Au(I) in the
presence of alkanethiol (RSH). But recently, Goulet and
Lennox'* have revised the view of the Brust method from an
analysis of 'H NMR data. According to their suggestion, in a
one-phase method, Au(I)thiolate is likely to be the precursor,
but for the two-phase Brust method, Au(I)—tetraoctylammo-
nium halide complex [TOA][MX,] is the main precursor rather
than the [Au(I)SR], polymers before the reduction. The same
was suggested by Li et al.'** through their detailed Raman and
NMR analyses. These revised views help understand the
mechanism of this method.

In one-phase Brust—Schiffrin method, a polar solvent such as
methanol or THF was used as solvent. Several modifications of
this method have appeared, mainly by controlling different
parameters such as temperature, solvents, concentration of each
reactant, reducing agents, etc, to get highly monodispersed
nanoclusters. Zhu et al. have synthesized Au,;(SR),¢ cluster just
by tuning the stirring rate and controlling the temperature.'®
Wu et al. have introduced a facile single-phase (using THF)
method to synthesize Au,s(SR),s cluster by “size focusing”.'*°
For water-soluble gold clusters, metal ions are first reduced to
Au(I) complex by water-soluble ligands which is followed by
reduction using suitable reducing agents. In most of the cases,
sodium borohydride (NaBH,) has been used as the reducing
agent.187

In the top-down approach, the nanoclusters are synthesized
from bigger nanoparticles by either core etching or size
reduction. Initially, a metal nanoparticle is synthesized which is
then treated with extra ligands or metal jons to form
nanoclusters. Duan and Nie'*® in 2007 showed that
polyethylenimine (PEI), a first generation dendrimer, could
be used to synthesize nanoclusters from dodecylamine capped
organic soluble metal nanoparticles. The synthesized cluster
was identified as Aug from electrospray analysis, and the cluster
was found to be highly luminescent. Qian et al."*’ in 2009
synthesized Au,; nanorods and nanospheres from polydis-
persed phosphine protected nanoparticles through a thiol
etching procedure. As mentioned above, along with ligands,
metal ions have also been used as etching agents. Lin et al."”?
have shown that, when didodecyldimethylammonium bromide
(DDAB) stabilized nanoparticles were treated with Au
precursors (HAuCl, or AuCly), a transparent solution was
formed. A subsequent phase transfer and ligand exchange by
dihydrolipoic acid (DHLA) resulted in the formation of red
luminescent gold clusters.

1.5. Evolution of New Synthetic Methods at the Ultrasmall
Regime

Apart from this traditional solution phase synthesis, several new
protocols such as interfacial synthesis,'”"”" carbon monoxide
(CO) directed method,'”* solid-state route,'®***71?3719¢ et
have been proposed lately as alternative approaches to
synthesize atomically precise nanoclusters. A perspective article
by Udayabhaskararao and Pradeep™ summarizes the advance-
ments in the synthesis of noble metal nanoclusters. A brief
synopsis of all the synthetic routes is presented in Table 1.
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Table 1. Different Routes Used for the Synthesis of Nanoclusters

method
example ref
top down alloying (Cu,Auys_,)SRys (n = 1=5), AuyPd(SR) 5, AupyPt(SR) s 17, 197199
AgzAug(H,MSA)
etching ligand induced Auys(SG),g 200
temperature induced Ag@MSA and Au@DT 201, 202
other Ag,;(H,MSA), and Agg(H,MSA), 14
ligand exchange Au,,Pd(DDT_,SBB,), Au,s(DDT,5_,SBB,) 12
bottom up  Brust method Auy(SCgH 3) 15 Augs(SCrg)sn 34, 180
modified Brust method Augg(SCiHays )y Augg(PET),, 203, 204
photoreduction Ag@SG, Ag@PAMAM 21, 205
microwave assisted Ag@L-SG 206
radiolytic approach Ag™ and Ag** 207, 208
microemulsion Ag,QCs 209
technique
sonochemical synthesis Ag@PMAA 210
electrochemical Cu@TBAN 211
synthesis
template mediated thiols and amines AuysSG g Ag.y s@DHLA 200, 212
proteins Ag s@BSA, Au,;@BSA, Au@NLF 32,213, 214
polymers Ag@LA-PEG 215
gels Ag,@SG 216
DNA Ag@DNA 217
dendrimers Ag@PAMAM 210
solid state route Agy, Ay Agss, Agisy, Pty Cu@PET 16, 36, 37, 193, 195, 218
high temperature route ~Ag5(SG)40 11
slow reduction method Au(SG) 219

other solution phase

Ag44(4'FTP)30: AgM(MBA)so; AgM(SePh)so, AgsPd4(SePh)1z

30, 44, 196, 220222

Box 1. Important Pointers in Monolayer Protected
Nanoclusters

Some of the landmarks in the science of these materials are
listed as follows: 1969—1981: Synthesis of cluster compounds
such as Au,,"** and Au,;"*" occurred. 1994: Brust—Schiffrin
developed two-phase methods for the synthesis of monolayer
protected gold nanoparticles.'”” 1996: Whetten group ex-
plored the gold nanocrystal’s core sizes by laser desorption
mass spectrometry.””” 1997: Cleveland and Landman
developed a structural model for gold clusters.””*™>*° 1997—
2000: Whetten and Murray groups started exploring the gold
cluster chemistry.”””**® 2005: Tsukuda group identified
Au,SGg through mass spectrometry.””” 2005: Kimura
group made enantiomers of nanoclusters.”*” 2006: Hakkinen
developed the “divide and protect” concept.”’’ 2007:
Jadzinsky et al re{ported the first crystal structure of]
Au;,(SR)4. 2008:" Murray and Jin groups reported the
crystal structure of Auys(SR);s.">*' 2009: Ying group
synthesized a highly fluorescent protein protected gold
cluster.”"? 2009—2010: Many synthetic routes were used to
make clusters such as the “solid state route”’ to synthesize
silver clusters. 2013: Bigioni and Zheng groups determined the
crystal structure of Ag,,(SR)5.""*** 2015: Bakr group found
the crystal structure of AgZS(SR)lg.46 2015: Pradeep group
developed a nomenclature for clusters.””” 2016: Cluster
chemistry was being developed; clusters react in solution
between each other, conserving the structural motif, just like
molecules.”*?
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2. MONOLAYER PROTECTED CLUSTERS

Synthesis and characterization of monolayer protected gold
clusters has become one of the prime interests of materials
chemists. Although there have been several reports on
phosphine protected gold clusters, very few reports existed
with thiol protection in the early days of these materials
(1990—2000s). In the following sections, we will mainly discuss
the thiol protected clusters which have been synthesized and
characterized during this period.

2.1. Entry of Mass Spectrometry to Noble Metal
Nanoparticles and Identification of Clusters

Emergence of mass spectrometry (MS) as a principal tool of
characterization of monolayer protected clusters is largely due
to the versatility of soft ionization tools. Ionization of clusters
directly from solution and from solid state by electrospray
ionization and matrix assisted laser desorption ionization
(LDI), respectively, have increased the power of mass
spectrometry. Coupled with the capability to do analysis of
extended mass ranges and additional capabilities such as
fragmentation, mobility separation, and surface induced
dissociation, MS can provide more information. Mass
resolution has also changed tremendously in the recent past
with new instrumentation touching numbers of the order of
50 000 (m/Am). This makes it possible to assign mass peaks to
unique products in view of the specific isotope patterns of
various entities.

MS played an important role in identifying and under-
standing gas phase clusters. Fullerene familzf is the classic
example here which includes Cg4y and Cy,.' Several metals
such as alkali, alkaline earth, and transition metals have been
studied in the gas phase.”* > In most of the cases, a
discontinuous variation in intensity at N = 2, 8, 20, ..., 92 atoms
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Figure 4. (a) Scheme of Au@SG cluster synthesis. (b) The PAGE shows nine isolated bands that were subsequently extracted in water.
Corresponding photographs of all the cluster solutions are shown in (c). Reprinted from ref 229. Copyright 2005 American Chemical Society. (d)
Photographs of the reaction mixture at different times during the synthesis of Au,5(Cys),q in the presence of CO. Inset shows the UV/vis spectrum
of Au,s(Cys),g cluster. Reprinted from ref 192. Copyright 2012 American Chemical Society.

has been observed, which might be because of the high stability
of these clusters.”*” Silver clusters with odd numbers of atoms
are more intense as compared to clusters with even numbers of
atoms. The former (2, 8, 20, ...) has an even number of valence
electrons which results in spin pairing, and this enhances their
stability as opposed to the latter which has an odd number of
valence electrons.''”**” Several molecular clusters have also
been studied intensely by mass spectrometry.”****

Along with gas phase clusters, mass spectrometry has given
important directions to analyze noble metal cluster systems,
prepared in solution.”*” The Whetten and Murray groups
initiated early studies to identify such clusters using mass
spectrometry and other characterization techni-
ques.”*¥**7H 72 Whetten et al.”*® showed a series of clusters
with molecular mass starting from 27 to 93 kDa in thiol
protected Au clusters. Based on the core size from TEM
analysis and mass spectral characterization, they assigned
clusters to be composed of 140—459 gold atoms. LDI MS
was used mainly to identify the core mass. Clusters of core
masses 5.6, 14.0,** 22,0, 28.0,*"' 29.0,** and 66.0 kDa***
are known from their reports. In most of the cases, clusters
were alkane (butane, hexane, octane, or dodecane) thiol
protected. The effect of chain length on cluster properties was
also studied extensively by Whetten and colleagues.”*® Some
reports on gold clusters protected with glutathione,***
functionalized alkenethiols,””***” or tiopronin®*® are also
known. Among the clusters reported during those early years
[1990s], only a few were tentatively assigned. The cluster of
core mass 29.0 kDa was suggested to have a composition of
AU 146(SR)s0_g0- " Schaaff et al. assigned the 5.6 kDa (core
mass) cluster as Au,g(SG);s, and subsequently several reports
came from the same group on the same cluster.”””**’ Later,
Negishi et al.”* reassigned the cluster as Au,5(SG);g in 2005
which is now one of the most studied clusters. Similarly,
Murray’s initial reports of Auyg(SR),, clusters™~>>* were later
corrected as Auys(SR),s. Among the clusters reported so far,
most of them have been assigned based on mass spectrometry,
either by electrospray ionization (ESI) or matrix-assisted laser
desorption/ionization (MALDI) MS (Table S1). Detailed
discussion of these clusters is presented in section 3.3.1.
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2.2. Other Molecular Tools

Other than mass spectrometry, several new molecular tools to
characterize these clusters in more detail have been introduced
by several research groups. Because of their distinct optical
properties and photoluminescent nature, scientists started
looking at these particles as molecules. Thus, optical spectros-
copy became the immediate tool to understand the electronic
structure of these clusters.””>**7**/**32% Thig investigation
was also influenced by the fact that optical absorption
spectroscopy is one of the most important methods for
characterizing plasmonic nanoparticles. Distinct differences
between these two categories of nanosystems are clear from
such investigations. We will come back to this topic later in the
text. Fluorescence spectroscopy has provided a new direction to
the investigations which showed that these clusters can emit
from the visible to the near-infrared (NIR) region, depending
on their core size.”*”*>’ Energy gap between the highest
occupied and lowest unoccupied molecular orbitals (HOMO
and LUMO) and other features of the electronic structure have
also been probed electrochemically using cyclic voltammetry
(CV) or differential pulse voltammetry (DPV) experi-
ments.”***7>*" Along with characterization, isolation of
such clusters is also important and polyacrylamide gel
electrophoresis (PAGE) has been introduced for separating
clusters of different sizes.”””**»*** PAGE requires two kinds of
gels: a stacking gel and a separating gel. Mostly acrylamide and
bis(acrylamide) have been used in different weight percentages
to create these gels. Normally, the sample solutions are loaded
onto the stacking gel and then eluted for a long time at a
constant voltage to get sufficient separation. The clusters are
separated based on their size and aqueous soluble clusters;
especially ligands with carboxylate functionality work well for
PAGE separation. Separation can easily be observed by looking
at the gels with different colors which are then cut and
extracted in appropriate solvents to get the purified cluster. For
organic soluble clusters, chromatographic techniques such as
high performance liquid chromatography (HPLC),'>*****® gel
permeation chromatography (GPC),'”’ size exclusion chroma-
tography (SEC),”” and thin layer chromatography (TLC)>**®
work well. More details about a few important techniques along
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with their recent advancement have been mentioned in section
3.

3. TOWARD ATOMIC PRECISION: GOLD CLUSTERS

Starting from Faraday’s colloidal gold to particles synthesized
through the Brust method, monodispersity has been improved
tremendously. While several examples of such clusters are
known today, it is not possible to discuss the synthesis of all of
them in great detail in this review. To illustrate the case of gold
clusters and highlight their essential characterization,
Auys(SR)g is considered as a representative system and a
brief description is given below.

3.1. Synthesis and Separation of Au,s(SR),g Cluster

Monolayer protected gold quantum clusters and the evolution
of their electronic, optical, and chemical properties as a function
of the core size has led to new avenues in the field of cluster
chemistry.”®” To develop the chemistry of these new
nanosystems, there is indeed a need for novel procedures to
synthesize such classes of materials with high purity. Several
attempts have been made to create highly monodisperse
particles of desired size (which are often treated as nanoclusters
or nanomolecules) by optimizing the synthesis conditions such
as solvent, gold-to-thiol ratio, temperature, reducing agent,
etc.”® Chemical reduction of Au(l) ions in the presence of
thiols is the usual trend for synthesizing such clusters. The very
first report of glutathione (SG) (a tripeptide composed of
glycine, cysteine, and glutamic acid) protected stable gold
cluster came from Schaaff et al.”*” in 1998. These authors
prepared polymeric Au(I)SG in solution which was later
reduced in a MeOH/H,0 medium using NaBH, as the
reducing agent. A mixture of solvents was used to control its

size. They successfully isolated the 10.4 kDa cluster compound
which was initially assigned as Au,s(SG);s based on ESI MS
analysis. After that, Negishi et al.”*" in their procedure reduced
the Au(I)—SG polymer in ice-cold condition which resulted in
a mixture of glutathione protected gold clusters (a schematic of
the process is illustrated in Figure 4a). Initially, six clusters were

Box 2. Synthesis of Au,s(SR),; Cluster

About 2 mL of 50 mM HAuCl,-:3H,0 in THF was diluted to
7.5 mL using THF. About 65 mg of TOAB was added to this
solution and stirred at 1500 rpm for 30 min at room
temperature. The initial yellow color of the solution turned
deep red during stirring. About 0.5 mmol of pure thiol was
added at a stretch while stirring at the same speed. The deep
red color slowly turned to yellow and eventually became
colorless after about 45 min. After stirring further for 2 h, 2.5
mL of ice-cold aqueous NaBH, (0.2 M) was added in one
shot. The solution turned black immediately, and stirring was
continued for 5—8 h depending on the ligands. A continuous
monitoring of the UV/vis spectra is needed. Once the Au,
cluster has formed, all features will be prominent and optical
spectra will not change over time. The solution was rotary
evaporated and precipitated with methanol (~4 mL), washed
repeatedly with the same, and dried (three times, until the
smell of thiol was completely gone). This gives the purified
and dried Au,; cluster which can be stored in a refrigerator (4
°C). With this methodology all alkanethiol and 2-PET
protected Au,s cluster can be synthesized.

isolated and assigned with approximate compositions. Later in
2005,”*° nine such clusters were isolated through PAGE
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Figure 5. (a) Optical spectra of all nine isolated clusters in Figure 4b. Reprinted from ref 229. Copyright 2005 American Chemical Society. (b)
Kohn—Sham (KS) orbital energy level diagram for the model cluster Au,s(SH) ™. Each KS orbital is drawn to indicate the relative contributions
(line length with color labels) of the atomic orbitals of Au(6sp) in green, Au(Sd) in blue, S(3p) in orange, and others in gray (those unspecified
atomic orbitals, each with a <1% contribution). The left column of the KS orbitals shows the orbital symmetry (g, u) and degeneracy (in
parentheses); the right column shows the HOMO and LUMO sets. (c) Theoretical absorption spectrum of Au,s(SH);s”. Inset shows the
experimental absorption spectrum of Au,5(PET) g cluster. Peak assignments: peak 1 atl.8 eV, peak 2 at 2.7S eV, and peak 3 at 3.1 eV. Reprinted

from ref 41. Copyright 2008 American Chemical Society.
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separation (photograph provided in Figure 4b). After the
separation, individual bands were cut and in the above study
each one was extracted in water (photographs of the cluster
solutions are given in Figure 4c). The corresponding clusters
were assigned to Au;o(SG)yp, Auis(SG)is Au(SG)ys
Aup(8G)16 Aty (SG)i7 Auys(SG) s Auyg(SG)ao, Auss(SG)ay
and Au;(SG),, using ESI MS. Interestingly, the Au,s(SG) ¢
cluster reported by Schaaff et al.”*” was comparable and was
reassigned here as Au,s(SG),q. This first report of a precisely
assigned and isolated Au,5(SR);5 led to a revolution centered
around this cluster. The main drawback of the above-
mentioned two synthetic routes is the low yield of the product
formed. Zhu et al,'® by using the Brust protocol with
phenylethanethiol (PET), demonstrated that an increased yield
is achievable by a kinetically controlled synthesis for
Au,s(SR)s. Since this report, several other methods have
been discovered to obtain good yield and highly pure
Auy(SR)g clusters (see Table S1 for more details). Yu et
al.'”? synthesized the Au,5(Cys);s cluster in large scale through
a new CO-directed route, where CO has been used as the
reducing agent. Photographs of the reacting solutions at
different times are shown in Figure 4d. Several other clusters
have also been synthesized using this m(=.thodology.262 They
have also developed the NaOH-mediated NaBH, reduction®®’
and protection—deprotection method*** for the synthesis of
thiolated Au,; nanoclusters. Limited examples of Au,s(SR)q
cluster synthesis have been discussed in this section, but it is
important to note that there are several reports on this topic
alone.

3.2. Evolution of the Electronic Structure

The distinct electronic structures of atomically precise clusters
merge into the continuous bands of metallic particles.
Absorption spectra resemblin% molecules have been seen in
various well-defined clusters.” In order to observe such
teatures, isolation studies of clusters have been performed from
the very early period of cluster science. An expanding array of
materials has confirmed the convergence of molecular bands to
plasmonic features in a size dependent fashion, the threshold of
which varies with the metal. While the changes have largely
been seen in optical absorption, very few studies have observed
a similar trend in photoluminescence. In many such studies,
optical peak shifts tending to the NIR are seen, yet the
disappearance of emission and shift into infrared are not
observed.

3.2.1. Optical Spectroscopy. A usual characteristic of
monolayer protected ultrasmall metal clusters (with diameter
<22 nm) is an exhibition of prominent quantum confine-

ent,**¥727242,243,266267 Therefore, optical spectroscopy is the
best tool to identify nanoclusters. The appearance of step-like
features (there may not be distinct steps all the time; rather
they may look like peaks) with spectral broadening in their
absorption profiles due to a molecule-like HOMO—-LUMO
transition and absence of the plasmon resonance confirms the
formation of such species. Conversion of the electronic band
structure to distinct energy levels leads to well-defined optical
bands,”*****?*® which can be seen in the optical spectra shown
in Figure Sa of the PAGE separated bands shown in Figure 4b.
Clear absorption onsets appear in the 400—1000 nm range for
these nine clusters, which are marked by downward arrows in
Figure Sa. The onsets are followed by humps (upward arrows
in Figure Sa) that show a gradual blue shift with a decrease in
size. A series of peaks with composition corresponding to
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[Au,(SG),,—xH]*~ were observed in negative ion ESI MS.”*’
The optical spectrum of Au,s(SG),g cluster (number 6 in
Figure Sa) shows multiple features. The Aikens group has
explained the origin of the optical spectrum through time-
dependent density functional theory (TDDFT) calculations
considering Au,5(SH)5~ as a model system.”' The correspond-
ing Kohn—Sham molecular orbitals (MO) and atomic orbital
(AO) contributions are presented in Figure Sb. All the
characteristic transitions are marked.

The calculated optical spectrum (Figure Sc) matches with
the corresponding experimental one (inset of Figure Sc),
especially in the spectral shape. The first excited state at 1.52 eV
(peak 1) corresponds to a HOMO to LUMO transition (Figure
Sb) which is essentially an intraband (sp to sp) transition. The
nature of the electronic energy levels is understood from the
calculations. The peak at 2.63 eV (marked as “2” in Figure Sc)
arises from mixed intraband (sp to sp) and interband (d to sp)
transitions (Figure 5b). The peak at 2.91 eV (marked as “3” in
Figure Sc) arises principally from an interband transition (d to
sp). Several other techniques also help in understanding the
optical confinement of nanoclusters. The existence of gold-core
and semi-ring gold state (see below) has been demonstrated
through ultrafast optical measurements.”**™>"* Miles et al.””*
have reported temperature dependent electrochemical proper-
ties of quantum-sized clusters, from which they claim that the
HOMO-LUMO energy gap increases with decrease in
temperature. Shibu et al.”’> have shown the temperature
dependency of photoluminescence of Au,s(SR);s cluster
(discussed in detail in section 3.2.2). Although many research
groups have tried to investigate the origin of the optical
properties of metal nanoclusters, some questions regarding the
electron—phonon interactions, coupling of gold core states with
the semi-ring states, nature of excitation states, etc., still remain
unanswered. Devadas et al.”’® have tried to answer these
questions from temperature dependent optical measurements
of Au,(SR);s and Auz(SR),, clusters. For most of the
nanocluster report, wavelength is converted to energy while
plotting. These nanoclusters show bands over a broad spectral
window which appear like a hump. Thus, it is difficult to
distinguish between two humps or peaks, which makes the
above transformation useful. It simply uses”’’

E = hc/2 (8

However, it is not enough to make a proper plot in energy
units. It must be noted that the signal values recorded by a
spectrometer are really values per unit wavelength or per unit
energy. As wavelength and energy are inversely related, the
intervals in terms of wavelength are not evenly sized across the
energy spectrum. If the recorded signal is represented as a
function f(1), then the energy conversion yields

f(B) dE = f(4) d4 (6)
Combining eqs 5 and 6, we get
f(E) = f(A)(dA/dE) = f(4)(d/dE)(hc/E)
= —f(4)(he/E?) ()

The factor (hc/E*), known as the Jacobian factor, is used to
scale the signal values along with wavelength conversion
[wavelength (in nm) = 1239.8/(energy (eV)]. Normally, it is
plotted by multiplying the absorbance value with the factor 1/
W2, where W is the value in electronvolts corresponding to the
wavelength in nanometers.
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Coming back to the absorption spectrum of the Au,s(SR);g
cluster,””® the peak maximum at 1.81 eV is shifted to 1.90 eV as
temperature decreases from 323 to 78 K. A new vibronic
feature is also noticeable: the single peak at 1.81 eV (at 323 K),
which corresponds to the HOMO—LUMO transition for the
Au,(SR),; cluster, resolves into two peaks with peak maxima at
~1.67 and ~1.90 eV at lower temperatures. Three main points
could be confirmed from this study: (i) the absorption maxima
shifted to higher energies, (ii) the absorption feature became
sharper and new peaks emerged, and (iii) the oscillator strength
increased significantly with a decrease in temperature.
Experimental results fitted with models suggested that the
nanocluster had significantly larger phonon energy due to the
semi-ring gold, one of the structural units of the cluster (more
details about the semi-ring have been explained in section
322).

An important difference among the three classes of noble
metal nanoparticles is their difference in optical absorption
spectra. In fact, this is an immediate aspect of comparison, as
the spectra are easily measurable in any laboratory. This is
illustrated with Figure 6, where the optical absorption spectra of
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Figure 6. UV/vis spectra of three different kinds of particles: (a) 25
nm Au@citrate particles, (b) 3 nm Au@DDT MPC, and (c)
Auys(PET),s clusters, respectively. Several differences are seen
between clusters and nanoparticles (and MPCs). Extinction (label
on the right) is applicable for (a) and (b).

three different particles are compared. The first one is the
standard citrate protected gold nanoparticles in water. The
other is MPC of 3 nm diameter, protected with DDT. The last
is Au,q(PET);s. While the first one has a sharp absorption
attributed to plasmon resonance, the second one shows the
same with significant broadening. The last one shows optical
absorption features just like a dye molecule, but completely
different from a nanoparticle. This difference holds good for a
majority of gold clusters, while for silver, some clusters also
show one prominent feature, slightly distorted with shoulders,
but quite different from the plasmon excitation.

3.2.2. Photoluminescence. Photoluminescence, another
distinct property of nanoclusters,””®*”* arises because of the
transition between the HOMO and LUMO of the
clusters.”*”** The luminescence from the bulk metals or
metallic particles is very inefficient because of the fast
nonradiative relaxation due to their continuous band structure.
However, it is possible to increase the quantum yield by
decreasing the particle size, as the density of states decreases
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with the number of atoms in the cluster and this results in a
larger gap between the adjacent energy levels for electrons and
holes. Photoluminescence of nanoclusters also depends on local
environments such as the protecting ligands and solvents.
Even though some of the gold clusters do not show visible
luminescence under UV light exposure, they can show emission
in the NIR region. Bigioni et al.>> in 2000 have shown the
emission of Au,s(SR);s clusters whose quantum yield (QY=
(44 + 1.5) X 107°) was found to be S orders of magnitude
more than that of bulk gold. This exceptionally large QY was
attributed to intraband (sp to sp) transitions. Different possible
excitations and emissions for Au,s(SR),g are depicted in Figure
7a.””® The cluster shows two distinct features (see Figure 7b): a
strong emission (QY = ~1 X 107) in the NIR region and a
weaker emission (QY = ~107°~1077) in the visible region
which was further supported by steady state luminescence
experiments.”** The origin of fluorescence of Au,s(SR)jg
cluster can be explained from its structure. The Au,s(SR)g
cluster can be viewed as a core—shell structure where the core
consists of 13 gold atoms (Figure 7a) and the shell is the semi-
ring made of Au,(SR); staples (detailed structure will be
explained under section 3.3). This semi-ring is responsible for
the fluorescence properties of Au,s(SR),g clusters. Wu and Jin
have shown the effect of different ligands on the fluorescence
properties of Au,s(SR),g clusters.”®' According to their report,
the surface ligands can influence the fluorescence of clusters, in
two different ways: (i) ligands to the metal cluster core charge
transfer (ie, LMCCCT) through the Au—S bonds, and (ii)
direct donation of delocalized electrons of electron-rich atoms
or groups of the ligands to the metal core. The high QY of
glutathione protected cluster compared to organic thiol
protected cluster is attributed to the presence of more
electron-rich atoms (O, N, etc.) or groups (—COOH,
—NH,) which facilitate the LMCCCT. A report of Wang et
al. also supports the role of ligands in the origin of fluorescence
of Au,5(SR),s clusters.”® Along with a solution phase study,
Shibu et al.>”>*** have examined the solid state emission of the
Au,5(SG),g cluster in a range of temperatures of 80—300 K
(Figure 7c). The emission (a broad peak around 670 nm)
intensity gradually increases with increase in temperature, and a
strong enhancement occurs after 160 K. No change in the peak
position confirms that the structure of Au,s(SG), cluster is
intact. In contrast to the Au,s(SR) g cluster, Au;5(SR),, exhibits
a different behavior at very low temperatures. van Wijngaarden
et al. have performed a solution phase temperature dependent
study of Au;g(SR),, clusters.”®* At 4 K, multiple bands exist as
fine structures, which overlap at higher temperatures and form a
broad peak. At higher temperature, the energy difference
between the emission bands is decreasing which increases the
overlapping possibility to form a broad peak. Such broad

emission features are normally seen for metal quantum
31,150,187,285—302
clusters.

3.3. Understanding the Composition, Structure, and
Properties

A molecular system is understood entirely using several
complementary tools. Mass spectrometry is one of the ways
of understanding such a system, although this has been the
single most important technique in this category of materials.
The ligand shell required molecular techniques to characterize
the functional groups, intercluster interactions, solvation shells,
and changes in the media. These studies have revealed a wealth
of information.
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Figure 7. (a) Schematic of the Au,; cluster and the energy diagrams which show the corresponding excitations and emissions. Reprinted from ref
273. Copyright 2010 American Chemical Society. (b) Excitation and emission spectra of Au,s(SR),4 cluster protected with glutathione (red trace)
and hexanethiol (black trace), respectively. Reprinted from ref 249. Copyright 2002 American Chemical Society. (c) Temperature-dependent solid-
state emission of Au,5(SG),s. Reprinted with permission from ref 275. Copyright 2009 World Scientific Publishing.

3.3.1. Advanced Mass Spectrometry. Researchers have
shown the effectiveness of mass spectrometry to characterize
clusters.” It can give information about the core size as well as
the ligand composition. Various advanced mass spectrometric
techniques (e.g, MALDI TOF MS and HRESI MS) have been
used to understand the molecular formulas of purified clusters.
The earliest example of MALDI MS analysis of Au,s(SR)q
cluster was by Schaaff et al.”*” A molecular peak around 10.4
kDa was assigned to an isolated glutathione protected gold
cluster, though an accurate composition was not established.
The exact composition was later found by Negishi et al.”*’ via
ESI MS measurements. They identified all nine isolated clusters
based on their peak positions (Figure 8a) and isotopic
distributions (Figure 8a, right panel). The clusters (1-9)
were assigned as Au;o(SG)jp, Au;5(SG)i3, Au(SG)iy
Aup(8G)16 Aty (SG)i7 Ays(SG) s Auyg(SG)ag Auss(SG)ay
and Aus(SG),, respectively. The calculated spectrum of
Auyg(SG);4 has also been plotted for band 6 in Figure 8a to
illustrate that the assignment done by Schaaff et al”*’ was
incorrect. This work by Negishi et al.”*” was the first report of a
complete ESI MS assignment of a series of glutathione
protected clusters. As depicted in Figure 8a, the negative-ion
ESI mass spectra of 1—9 have a series of peaks corresponding
to the formula, [Au,(SG),,—xH]*", where n, m, and x represent
the numbers of gold atoms, GS ligands, and dissociated
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protons, respectively. The right panel of Figure 8a shows the
deconvoluted mass spectra of Au,(SG),, derived from a series
of multiply charged peaks. Among 19, fractions 2—7 are single
clusters with precise size as can be seen from the mass spectral
data. Compound 6 with corresponding mass of 10437 Da has
been assigned as Au,5(SG),5, which was previously assigned as
Auyg(SG),¢ (10415 Da).

In general, ESI MS works well with aqueous soluble gold
clusters as they are easily ionizable, but for organic soluble
clusters, this technique is not well-suited. In the recent past,
several new methodologies have been implemented to
overcome these problems. Researchers have shown that
ionization efficiency can be improved by adding external
ionizing agents such as cesium acetate (CsOAc).33 Ligand
exchange with an ionizable ligand is another way to obtain good
mass spectral features.’”*** Negishi et al’® introduced an
oxidation (by Ce(SO,),) or a reduction (by NaBH,) process to
improve the ionizing capacity by enhancing the charge state of
the Au,s(SR);s cluster (see Figure 8b). The origin of magic
stability of Au,s(SR),s cluster came out of the mass spectral
study. The spectra were measured for monopositive and
mononegative ions generated from neutral Au,s(SR),5 cluster
(Figure 8c). It can be noticed that ESI MS in the negative mode
shows a single peak corresponding to [Au,s(SC¢H3)15]” and,
interestingly, the positive mode also shows the
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Figure 8. (a) ESI mass spectra of isolated clusters, 1—9, prepared in a synthesis. Left and right panels are the parent and deconvoluted spectra of the
same, respectively. Red trace shows the corresponding calculated spectra for Au,(SG),, clusters with the corresponding n—m values. Reprinted from
ref 229. Copyright 2005 American Chemical Society. (b) Scheme of positively and negatively charged Au,s(SR),q cluster synthesis from neutral

Au,(SR) 4 cluster. (c) Positive and negative mode ESI mass spectra of [Au,5(SC¢H3) 5],
~/*. Reprinted from ref 305. Copyright 2007 American Chemical Society. (d)

respectively). The notation (n, m—/+) represents [Au,(SC¢H,3),,.]

[AHZS(SC6H13)18]+I and [Auzs(sceHla)ls] (1; ', and 2,

Positive mode MALDI MS data of Au,s(PET),; cluster. Inset shows the expanded spectrum plotted with the calculated one (blue trace). Reprinted

from ref 306. Copyright 2008 American Chemical Society.

« , »

[Au,s(SC4H,3) 5]~ peak (marked by “+” sign to refer to the
positive mode) with the counterion, TOA*. The positive mode
mass spectrum of the [Au,(SC¢H,;)15]” cluster shows the
corresponding composition along with a possible dication,
while the neutral species does not show any prominent feature
in either of the two modes as expected from its charged state.
Even after implementation of all the methodologies to improve
the ionizing efficiency, all clusters do not ionize by electrospray.
For such cases, MALDI MS is a good option but it requires a
suitable matrix to get mass spectra at good resolution. Weak
organic acids such as sinapinic acid, cinnamic acid, etc., were
usually used as matrixes, but they were unable to prevent
fragmentation of clusters.

In 2008, Dass et al.’* illustrated the suitability of trans-2-[3-
(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile
(DCTB) as a matrix, particularly for Au,s(PET);s clusters
(Figure 8d). A comparison of the mass spectral quality of
Au,(PET) g clusters using a range of matrixes showed that a
much better resolution was achieved with this DCTB matrix.
DCTB ionizes the molecule by electron transfer, whereas other
organic acids do the same with proton transfer, which is the
main reason for its high effectiveness for Au clusters. Following
these reports, several groups have shown the extreme capability
of MALDI MS using DCTB as the matrix.>”***%73%

8220

Mass spectrometry of clusters has advanced tremendously in
the recent past. Precise mass assignment is possible for almost
any cluster system now. Excellent ways of ionization without
fragmentation, enhanced resolution at high masses, extremely
high transmission, and high sensitivity have all contributed to
the advancements. Coupled with ion mobility analysis and MS/
MS, new properties of these clusters are being discovered
today. To appreciate the power of new mass spectrometry, we
are presenting the ESI MS of Au,s(PET);; (a) and
Ag,s(DMBT), (b) in Figure 9. The spectra are remarkably
clean with no additional peaks except that of the molecular
ions. The molecular ions show well-defined isotopically
resolved peaks, fully in agreement with the theoretical
spectrum. The isotope structures are due to C, S, and H in
the case of Au,s(PET)s while for Ag,s(DMBT)q all the
elements contribute to the structure. Luo et al. were able to
trace all the stable intermediate species from reduction of
Au(D)thiolate to evolution of Au,s(SR);g clusters by high
resolution electrospray ionization mass spectrometry.

3.3.2. MS/MS and Related Studies. Tandem mass
spectrometry or MS/MS is the best analytical technique for
understanding the fragmentation pattern of ions. Even though
this technique has been used for a variety of biological samples,
e.g. proteins of similar masses, it has not been explored much in

the context of atomically precise clusters. Fields-Zinna et al.*'*
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Figure 9. HR ESI mass spectra of Au,s(PET);s” (a) and
Ag,)s(DMBT)5~ (b) clusters. Insets show the expanded views of the
molecular peaks plotted with the corresponding calculated patterns. It
may be noted from inset of (b) that intensity oscillations are
reproduced exactly as predicted. Reprinted with permission from ref
310. Copyright 2016 Nature Publishing Group.

performed the very first tandem mass spectrometric analysis of
Auy5(SR),g cluster. They conducted the low energy collision-
induced dissociation tandem mass spectrometry (CID MS/
MS) study of mixed ligand (phenylethanethiolate (—PET) and
methoxy penta(ethylene glycol) thiolate (—SPEG)) protected
Au,; clusters. The spectrum showed the generation of lower m/
z fragment ions (Figure 10a) derived from
[Na,Au,s(PET)3(SPEG),0]*" (m/z 2929). Several fragments
of the type AuL,, Au,L;, etc, were observed along with the
Au,L, fragment, which confirmed the occurrence of the semi-
ring rearrangements on the surface of the cluster. Analogous
fragments have also been observed for bigger clusters such as
Augg(SR),4 Aup(SR)g, etc, indicative of a similar surface

structure in these systems.’®> Ghosh et al.*'’ have shown a
detailed fragmentation pattern of Au,g clusters protected with
glutathione. Au;5(SG),,*~ was seen in the ESI MS as a main
peak, which was selected for the MS/MS study (Figure 10b) for
further fragmentation. Two types of losses were seen, mainly
corresponding to m/z 32.5 and 4.5 (actually 32.5 X 4 = 130 and
4.5 X 4 = 18, respectively). The m/z 130 losses were due to
fragmentation from the peptide ligand. Cleavage of the
Clutamic acid—Neysteine POnd generated two subsequent fragments
of masses m/z 130 (C;HgO3N) and m/z 176 (CsHgO;N,S).
The thiol containing fragment remained attached to the cluster
core, and the other fragment left was assigned as SGg.

Increase in collision energy leads to systematic fragmenta-
tion. Another type of loss corresponding to m/z 4.5 was due to
water (with 4~ charge), which suggested the existence of
glutathione as an anhydride on the cluster surface. Water loss
was seen only after the initial fragmentation from Au,5(SG),4*".
Thereafter, with increase in collision energy, water loss
occurred from a series of fragments. Interestingly, all the
major ions formed in the gas phase contained eight electrons
(including the ligand and the metal core) which are needed for
a closed shell configuration. This report points to a high
stability of these ions in the gas phase.

Ion mobility mass spectrometry (IMS) is an advanced
technique for understanding the structural details. In general,
IMS separates ions based on their size, and more accurately
based on the collision cross section. Similar to liquid
chromatography, here, too, smaller ions that undergo more
collisions elute faster than larger ions. For nanosystems, it has
been used mainly to understand several aspects of their
fragmentation pattern and size distribution of gold nano-
particles. IMS also helps in understanding the fragments
generated from them such as Au,(SR), which are often seen in
the mass spectrum of Au,s(SR);s. The same has also been
found in the cases of Ausg(PET),, and Aug(PET),, clusters.
But, no such species has been found as a staple from the crystal
structure, which suggests that this fragment is generated under
the mass spectral conditions. Fields-Zinna et al. have shown the
formation of such a tetrameric ion in tandem mass
spectrometric conditions from Au,s(SR),; clusters.’'” Through
this technique, it is possible to reduce such fragmentation
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Figure 10. (a)ESI-QQQ-MS/MS spectrum of PEGylated Au,; sample (in methanol with excess NaOAc) after fragmentation under CID conditions.
Brackets and arrows indicate AuyLy, species, where L is the distribution of ligands (SC,Ph and SPEG) in which SPEG is more prominent. Reprinted
from ref 312. Copyright 2009 American Chemical Society. (b) MS/MS spectra of [Au;gSG,,]*" cluster with increasing collision energy (from
bottom to up). The label n represents the number of glutathione ligands fragmented, and p represents the number of water losses. Inset at the
bottom shows the characteristic cleavage of a bond in glutathione. Reprinted from ref 219. Copyright 2012 American Chemical Society.
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Figure 11. Crystal structures of Auyg(SCeHy )iy (a), Auy(TBBT)ys (b), [Aup(SCeHyy)iel™ (), Auyy(SAdm)ys (d), Auyg(PET)ys (e),
[N(CsHy;)4][Aups(PET) 5] (£), Auyg(TBBT) (g), AusS(S--Bu);g (h), Augs(SPh-tBu)y, (i), Ausg(PET),, (])r Auyg(0-MBT),, (k), Aus,(TBBT);,
(1), Aug,(TBBT),, (m), Auygy(p-MBA),, (n), Aujso(p-MBT)s, (0), and Au,33(SPh-tBu)s, (p) clusters, respectively. In some cases, the complete
ligand structure is not shown. In such cases (b, ¢, f, g i, j, n, 0), only Au and S atoms are shown. Reprinted from refs 15, 41, 204, 317, 318, 320, 321,
and 323—325. Copyright 2008, 2010, 2013, 2014, 2015, and 2016 American Chemical Society. Reprinted with permission from refs 43 and 316.
Copyright 2012 and 2015 John Wiley & Sons. Reprinted with permission from refs 45 and 322. Copyright 2007 and 2015 American Association for

the Advancement of Science.

which results in increase in intensity of the low intensity peak.
Angel et al.>'* have shown ion mobility MS/MS studies of
Au,s(PET) 4 cluster. From this IM-MS/MS study, it is possible
to distinguish between the fragments of the outer protecting
layer, made from six [~SR—Au—SR—Au—SR—] “staples”, and
the Auy; core. Several fragmentation patterns with predominant
loss of Au,(SR), species were seen along with the other smaller
fragments such as Au(SR),”, Au,(SR);-, Au;(SR),”, and
Au,(SR)g™.

3.3.3. Single Crystal Studies. Even though there are a
number of reports of atomically precise gold clusters based on
mass spectrometry and other characterization techniques, only
some are available with single crystal structure. Crystal
structures of only 15 clusters, namely Auz(SR),>"*"°
Auzo(SR)16;317 Auz3(SR)15;318 Au24(SR)16)319 Auzs(SR)ls;lsAl
Auzs(SR)20»320 AusoS(SR)ls:321 Au36(SR)24)43 Au38(SR)24,204
Au40(SR)24,322 Ausz(SR)32:322 Au92(SR)44;323 AuIOZ(SR)MJ4S
Au,30(SR)so,°>* and  Auy3;3(SR)s,°>° with complete thiol
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protection (Figure 11) have been identified up to the end of
October 2016. There are a few other reports of gold clusters
with phosphine®**™*** or mixed ligands*>*” (phosphine and
thiols) protection, but in this section we will only discuss the
complete thiol protected gold clusters. Unlike inorganic
clusters,”™ obtaining a single crystal structure of protected
noble metal clusters is very difficult primarily because of
stability and sensitivity issues. The crystallization methodology
and solvents also play important roles in forming diffractable
crystals. For most cases, the vapor diffusion method works well,
but concentrated cluster solutions are required for this case and
the clusters must be highly pure.

The earliest report of a single crystal structure of a thiolate
protected cluster is of Au,q,(p-MBA),, made by Jadzinsky et
al.** in 2007. The chiral nature of the cluster was also revealed
by the crystal structure. In 2008, the Murray'® and Jin*' groups
reported the crystal structure of Auys(PET);s clusters which
consisted of an icosahedral core, encapsulated with six
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Au,(SR); staples. Later in 2010, the total structure of
Ausg(PET),, was solved by Qian et al.”%* It is composed of a
bi-icosahedral core with three Au(SR), staples and six Au,(SR);
staples. The same structure had been predicted earlier in 2008
by Pei et al.”*" through DFT calculations using the “divide and
protect” concept.”®’ To construct the structure, the thiolate
protected nanoclusters were divided in groups of [Au],,,[Au-
(SR),],[Au,(SR);],, where a, a’, b, and ¢ are integers. In this
formulation, [Au],,, represents the gold core which satisfies
the condition that the number of core “surface” Au atoms (a’)
equals the sum of end points of the staple motifs (2b + 2¢); b
and ¢ are numbers of different types of staple motifs. That is,
each of the core surface Au atoms is protected by one end point
of the staple motif. This strategy was implemented based on the
reported crystal structures of [Au,s(SR);5]™ and Au;p,(SR) 4,
which can be represented as [Au],;,[Au,(SR);]s and
[Au)30,40[Au(SR),];5[Au,(SR);],, respectively. Therefore, for
Ausg(SR),,, the parameters a, a/, b, and ¢ must satisfy the
following conditions: (a + a’ + b + 2¢) = 38, (2b + 3c) = 24,
and a’ = (2b + 2c). Based on these, the possible combinations
are (i) [Aul,,54[Au(SR),]1,, (ii) [Aulsip,[Au-
(SR),Jo[Auy(SR);15, (i) [Aulyp0[Au(SR),]s[Auy(SR)s],,
(iv) [Au]s, s[Au(SR),]5[Au,(SR)3]6, and (v)
[Au]g,16[Au,(SR);]s- Band gap analysis and a comparison of
the calculated UV/vis spectra with experimental data predicted
combination iv as the preferred structure for Auyg(SR),,. The
Augg(SR),, cluster is also chiral because of the specific
arrangement of the staples, which will be discussed later in
greater detail.

In general, the single crystal data suggests that most of the
nanoclusters have a core—shell structure (Figure 11). The core
is composed of 15, 13, 20, 28, 23, and 79 atoms for Auy;, Auyg,
Auyg, Auyg, Augg, and Auyg, respectively (the structural
information about the new clusters such as Aujg Au,g, Au,,
Augg, Auyg, Aus,, Aug;g, and Au,s; are described in Table 2). In
each case, the core is surrounded by a shell, which is composed
of two types of staple motifs: Au(SR), and Au,(SR);. In smaller
clusters such as Au,s(SR)g, the latter one is predominant, but
in larger clusters, e.g. Au;(,(SR)4, the Au(SR), motif
dominates. In a few cases (e.g, Auy; and Au,g clusters)
bridging —SR motifs are also present in their structure.
Typically, the Au—Au bond distance average varies between
2.95 and 3.0 A in these clusters. These structural illustrations
help us understand atomically precise gold clusters in a much
deeper way. More details are provided in Table 2. Recently,
Azubel et al.**' have determined the structure of AugNP at
atomic resolution by a new approach employing aberration-
corrected transmission electron microscopy with minimal
electron dose and with electron density mapping. Li et al
have shown such a possibility for Au,s and Auy, clusters to
understand their size and shape.”*” The structure obtained for
the 68 atom cluster was correlated with DFT calculations. The
68 gold atoms are described as a 13-atom cuboctahedron (with
an atom in the center) surrounded by 24 atoms extending the
fec-like framework and by an additional 31 atoms deviating
from fcc packing. Unlike the case of Auyg,, this cluster was
found to be less symmetric. This technique opens up another
way to look at the structures of clusters as structure
determination through SXRD has not been an easy task so
far. More detail structural analysis of various gold clusters can
be found in the recent review article by Jin et al.°

3.3.4. NMR Spectroscopy. NMR spectroscopy has been
used to investigate the structural stability of monolayer
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protected gold clusters. Parker et al.’** have shown electron
self-exchange dynamics of nanoparticle-coupled
[Au,s(PET) )"~ by NMR line broadening. From the crystal
structure analysis, it has been observed that Au,s(SR),g cluster
has Au@Au,,@Au,, type structure,”’ where the first shell (shell
1) surrounds the central Au atom to form an Au,; kernel that is
further encapsulated by another shell (shell 2) of Au,, atoms. In
this cluster, two types of thiolate binding modes were
identified: (I) 12-SR ligands which join the Au shells 1 and
2; (II) 6-SR ligands located on the Auy, shell 2. To determine
which of these thiolate binding modes is more stable, Jin’s
group™>* performed an NMR study focusing on the oxidation
resistance and thermal stability of the Au—S bond. In this
experiment, Au,s(SG);s was systematically oxidized using
Ce(SO,), and a time dependent NMR was measured.
Assignments of all the peaks have been mentioned in another
report.”*> Protons attached with C7 atom of the ligand split
into two parts (because of chirality®*”) to form a doublet at 3.6
and 3.8 ppm corresponding to a-H of thiolate binding mode I
and another doublet at 3.3 and 3.4 ppm corresponding to a-H
of thiolate binding mode II. The ratio of mode I to mode II is
2:1. Upon addition of Ce(SO,),, the doublet at 3.3/3.4 ppm
was broadened and was almost lost after 6 h, which suggests
that binding mode II is comparatively weak and is attacked first
by the oxidant. In contrast, the doublet at 3.6/3.8 ppm
remained unaffected even after S days, from which it can be
concluded that binding mode I is much stronger than binding
mode II. Thus, with an NMR study, one can correlate the
structural stability in terms of Au—S bond strength under an
oxidative atmosphere. The effect of charge state on NMR of
Au,s(SR) 4 cluster has been demonstrated by Venzo et al.'**

Although this review is focused on thiolated clusters, it is
important to mention that P NMR is also very useful in
structural analysis of phosphinated gold clusters.*****” Clayden
et al.>*® have shown the importance of high resolution solid and
solution state *'P NMR to understand the dynamics of
phosphinated gold clusters. There are several such reports
where *'P NMR and 'H NMR have been used as character-
ization tools, and many of them are tabulated in Table S1.

3.3.5. Other Spectroscopies. Among other spectroscopic
techniques, infrared spectroscopy has mostly been used to
understand the binding mode of the thiol group in metal
nanoclusters and nanoparticles. The most common feature is
the disappearance of S—H vibrational band to confirm that the
binding of ligand occurs through the sulfur atom. In general,
other features of IR spectra of the clusters tend to be identical
with those of the corresponding free ligands. Farrag et al.**’
demonstrated that Au,(PET)s showed a distinct shift of the
aromatic C—H stretching band (appearing at 3000—3100
cm™") compared to the free PET ligand. This unusual shift of
the C—H stretching band from 3030 to 3100 cm™" to below
3000 cm™" was attributed to an electronic interaction of the
aromatic rings of the ligands with each other or with the gold
core. But other PET protected Au;g and Au,y, clusters showed
the same features as seen for the PET ligand (except the S—H
band). This was possibly due to an increase in the cluster size,
which prohibited the close proximity of the ligands.

Dolamic et al.>*® carried out far-infrared spectroscopic
studies of a few well-defined thiolate (2-phenylethanethiolate)
protected gold clusters, such as Au,s, Ausg, Auy,, and Auyy,. The
spectra showed characteristic features for every individual
cluster, but the differences were very small. Quantification of
monomeric and dimeric staple units was not possible as there
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was no systematic variation, but the conformation of phenyl-
ethanthiolate could be predicted. The band at 490 cm™ is
associated with an out-of-plane vibrational mode of the phenyl
moiety coupled to a C—C—S bending mode, which is an
indication of the anti conformation of phenylethanethiolate.
Crystal structures of Au,s(PET);g and Ausg(PET),, show the
presence of 14:4 and 14:10 anti:gauche conformations,
respectively. Mostly, anti conformation of the S—C—C phenyl
unit has been observed for all the cases. Few units with gauche
conformation were also noticed which lead to a shift of this
band toward lower wavenumbers. Bands at 210—280 cm™’
region have been assigned to Au—S$ vibrations. Parker et al.**’
have found the Au—S vibrational band near 290 cm™" for the
Au,s(PET),s~ cluster from Raman spectroscopy. The band
shows a lower energy shift by 24 cm™ for the neutral Au,g
cluster. Varnholt et al.**' have investigated the influence of
thiolate ligands on the Au—S vibrations and the effect of cluster
size for a series of clusters such as [Au,s(PET)]”",
Auy(CamS),s (CamS = 1R4S-camphorthiol), Ausg(PET),,,
Auyy(PET),y, and Auyyy(PET ).

Considering the molecule-like nature of these atomically
precise gold clusters, their electrochemical properties are
interesting topics to explore, and voltammetry is a powerful
technique to investigate the HOMO—LUMO gap or electron
transfer in such systems."”**>**> The difference between the
first oxidation and reduction potentials of a cluster is
considered as the HOMO—LUMO gap.' Band gaps of several
gold clusters such as Au,5(SR);g (~1.65 V), Auss(SR),, (1.2
V), and Au,(SR), (0.74 V) have been measured electro-
chemically.>******3*> The Murray group has studied these
extensively starting from 2004."*%****** From the square wave
voltammetry analysis (SWV) of Au,s(SR);s, four peaks at
—2.09 V (R1), — 0.44 V (O1), — 0.08 V (02), and 0.66 V
(03) [vs Ag/Ag'] have been found which are due to
Auzs(SR)ls_/z_; Auzs(SR)lso/_; Auzs(SR)18+/0; and
Au,(SR),g**/* couples, respectively. R1, O1, 02, and O3
correspond to reversible reduction peak 1 and reversible
oxidation peaks 1, 2, and 3, respectively. The Lee group has
shown the electrochemical properties of Au,g clusters in which
the water-soluble 3-mercaptopropylsulfonate protected Au,g
clusters were phase transferred to different organic media and
the solvent dependency was studied electrochemically.’*’
Depending on solvent polarity, the HOMO—LUMO energy
gap varies from 1.39 to 1.66 V. In another report, they made
different mixed ligand protected (phosphine and thiols)
bicosahedral Au,g clusters and found that the electrochemical
and optical properties are drastically different from the
complete thiol protected Au,s clusters.””’ Utilizing these
electrochemical properties, this cluster has been made in
ionic liquid form which shows effectiveness in glucose
sensing."'48

Several other spectroscopic techniques such as magnetic
circular dichroism (MCD),>**™*" electron paramagnetic
resonance (EPR),””7>>* extended X-ray absorption fine
structure (EXAFS),***7%% Mossbauer,*®* % X-ray diffraction
(XRD),%7 magnetophotoluminescence spectroscopy,368 etc,,
have also been used for detailed understanding of the structure
of atomically precise gold clusters, and a comprehensive list can
be found in Table S1. A recent example of the power of EXAFS
was shown by Yamazoe et al,**” where hierarchy in the bond
stiffness in clusters such as Au,(PET),s Auss(PET),4 and
Au, 4, (PET)g, has been measured successfully. They found that
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the Au—Au bonds have different stiffnesses depending on their
lengths.

3.4. Other Gold Clusters

There are several reports of other gold clusters besides the well-
defined clusters mentioned above, and in most of the cases, the
composition was identified using mass spectrometry. It is
important to mention here that as Au,s(SR),4 cluster has been
explored in much greater detail than any other one, it has been
considered here as a representative of atomically precise
clusters. Several clusters have been tabulated in Table S1 with a
brief description. Along with thiol protection, protein protected
$2,55,370—400 213 401

nanoclusters such as Au@BSA,”” Au@lysozyme,
etc., are also known and most of them are highly luminescent in
nature. For these systems, the number of metal atoms has been
found from MALDI MS data after subtracting the protein mass
(more details about protein protected cluster can found in
section 7). There are a few clusters which do not have well-
defined mass spectra, but they have step-like optical
f 402405 406—408 409 410
eatures. Selenolate, tellurolate,”~ DMEF, hos-

hine 157/160,161,163,164,176411-413 _ 414-417 1 418421
phine, polymer, kyne,
mixed-ligand,"”*” etc.,, protected clusters have also been
reported by various research groups.

4. ATOMICALLY PRECISE SILVER CLUSTERS

Even though gold and silver belong to the same group of the
periodic table, they show distinctly different properties in many
cases. Compared to gold, silver in zerovalent state is much
more reactive and easily oxidizable, making it difficult to
explore its clusters in greater detail.* The Dickson group has
studied extensively fluorescent silver clusters made under
dendritic and DNA templates.””*~**” The Pradeep group has
tried to examine the chemistry of silver clusters using mass
spectrometry and other characterization tools.'"”'*'**” Other
groups such as those of Bigioni, Kitaev, Bakr, etc, are also
working on silver clusters.>”*******? Crystal structures of a
few mixed ligand protected silver clusters have been solved,””*’
but well-defined mass spectra were missing for a few years.
Crystal structures of the highly stable Ag,(SR); cluster
(initially known as intensely and that of broadly absorbing
nanoparticles (IBAN))*° with diverse ligands and
Ag,s(SR) ;™ cluster have been determined, which has
enhanced our understanding of Ag cluster systems." It is to
be noted that Ag,,(SR);, was initially synthesized by Bakr et
al.*% and Agys(SR) 5 was reported earlier by Cathcart et al.*>'
and Chakraborty et al.*'®

4.1. Early Synthesis of Silver Clusters

Even though there were several attempts to make atomically
precise silver clusters with the protection of different
ligands,"””*°~** in those early days none of them had
detailed mass spectral data. Mrudula et al. measured the
molecular mass of a 7 kDa cluster using MALDI MS, but it was
not enough to identify the system precisely.'”’ Wu et al.**®
have shown the very first ESI MS analysis of a monolayer
protected silver cluster, whose precise composition was
determined to be Ag,(DMSA),. It was synthesized using
AgNO; in a suitable solvent where ligand with an effective ratio
(normally 1:N with respect to silver, where N = 2, 3, 4, §, ...,
10) was added and the mixture was cooled in an ice bath
(Figure 12). Then the required amount of NaBH, in an ice-
cold solvent was added to reduce the metal, and the solution
was stirred continuously for a few hours. Cluster formation was
observed clearly by a color change, monitored with UV/vis
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Figure 12. Photographs of Ag,(DMSA), cluster synthesis. From left to
right: (a) ethanol solution of AgNOs, (b) 4 h after the addition of
DMSA, and (c) 12 h after addition of NaBH,. Reprinted from ref 455.
Copyright 2009 American Chemical Society.

spectroscopy. The cluster was purified by precipitation, and the
precipitate was further extracted by a suitable solvent to get the
purified cluster. Following this report several new method-
ologies have been developed to synthesize atomically precise
silver clusters. Some of them will be discussed in section 4.2.

4.2. New Routes for Silver Clusters

Similar to gold clusters, various synthetic methodologies have
been implemented for the synthesis of monolayer protected
silver clusters and most of them have been discussed in the
perspective article.*® Recently, the Pradeep group developed
two new routes for synthesizin§ atomically precise clusters. The
first one is a solid state route,”’ where a solid silver precursor
was taken in an agate mortar and ground well, then the
corresponding thiol was added, and the mixture was ground for
a few minutes (Figure 13). This results in a change in color that

Figure 13. Photographs representing the changes during cluster
synthesis (a—c) through a solid state route. (a) Silver nitrate taken in a
mortar; (b) solid thiol was added and ground well followed by the
addition of solid NaBH,; (c) The mixture was stirred well and
extracted in ethanol. Reprinted from ref 37. Copyright 2010 American
Chemical Society.

confirms the formation of thiolate. Then solid NaBH, was
added and grinding was continued for a few minutes, which was
followed by the addition of ethanol. Ethanol serves two
important roles here: first, it helps to reduce the metal by
providing a limited supply of water which controls the size of
the cluster and, second, it washes out the excess ligands, as
normally clusters are insoluble in ethanol. The mixture was
then centrifuged well for a few minutes and the precipitate
containing atomically precise clusters was extracted in
appropriate solvents. Several clusters such as Ag,’’ Ags,”
Ag,,,”° and Ag,s,'° have been synthesized using this procedure.

The second synthetic procedure follows a high temperature
route.'' The corresponding silver precursor and ligand mixture
were stirred for a few minutes at 70 °C, and then the required
amount of formic acid was added. Here, formic acid was used
instead of the traditional reducing agent, NaBH,. The
temperature was kept constant throughout the reaction. The
color changes from light yellow to reddish brown in 3 h, which
confirms the formation of the cluster. The slow reducing
capacity of formic acid and high temperature control the cluster
size. Similarly, Zheng et al. synthesized luminescent silver

8226

clusters under boiling water condition.*® Chakraborty et al.
have reported the synthesis of silver clusters using sunlight in a
gel cavity.”' Here, the gel cavity controls the size of the cluster
formed by sunlight mediated reduction. Bakr et al.**°
synthesized intensely and broadly absorbing nanoparticles
(IBANs), mentioned previously, which showed molecule-like
optical absorption features. The cluster was formed using a
solution phase route, in which a silver salt solution was reduced
in the presence of the capping ligand, 4-fluorothiophenol
(4FTP). Briefly, 4FTP was stirred with a silver precursor
(4FTP:Ag = 2:1) in N,N-dimethylformamide (DMF) for 15
min. Then a solution of NaBH, in DMF (NaBH,/Ag = 4:1)
was added to the reaction mixture. The color of the solution
changed to brown and darkened further with time. Initially,
plasmonic nanoparticles were formed which showed an
absorption band at 450 nm. Stirring was continued for 4 h,
then a small volume of water was added, and the reaction
mixture was left in the freezer (—4 °C) for several days. Under
these conditions, the plasmonic feature changed to a new
molecular peak with five intense and four broad bands.
Ag29(BDT)12457 and the “golden silver” nanoparticle,
Agzs(DMBT)18,46 have been synthesized through a one-step
solution phase route using methanol-DCM solvent mixture.
Several other methodologies are now available for synthesizing
atomically precise silver clusters, and a brief description of each
one is given in Table 1.

Box 3. Synthesis of Ag,,(FTP);, Cluster through the “Solid
State” Route

About 20 mg of AgNO; and 12 mg of PPh,Br were ground
thoroughly in an agate mortar and pestle for 5 min. About 76
4L of 4-fluorothiophenol was added to it in one shot, and the
mixture was ground for about 3 min more. Dry NaBH, (45
mg) was added and the mixture was ground until the pasty
mass became brown in color. This was extracted with 7 mL of]
dichloromethane and kept undisturbed at room temperature
until UV/vis spectra showed all the characteristic features of]
Ag4(SR);0 cluster. Then it was purified by repeated
precipitation using methanol. Finally, the cluster was extracted
in DCM. Using this technique, 4-FTP, 3-FTP, and 2-FTP
protected clusters can be synthesized.

Purification is the key step for synthesizing atomically precise
silver clusters. A convenient way to purify the material is to
precipitate them using methanol (in aqueous or organic
media). Similar is the case for the solid state route where
washing with solvents such as ethanol/methanol serves the
purpose of cleaning.”” Kumar et al."* have shown the separation
of glutathione protected silver clusters using PAGE, and 16
discrete bands were isolated with distinct UV/vis features. In a
recent report on Ag,,(MBA);, cluster synthesis, protonation is
identified to be important for purification, as MBA in thiolate
form is not soluble in DMF.** Therefore, in order to extract the
cluster in DMF in pure form, protonation is necessary. In
another report on the Ag,(4-FTP),, cluster, a two-phase
(methanol-DCM) method has been used first to synthesize
the cluster and, after the synthesis, the cluster then goes into
the organic (DCM) layer.””* Careful removal of the aqueous
layer and subsequent washing generated the purified cluster.

4.3. Well-Defined Mass Spectral Characterization

As discussed in section 3.3, mass spectrometry is an ideal tool
to identify the precise composition of quantum clusters. As
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Figure 14. (a) MALDI MS spectra of Ag;s,(PET)g, cluster taken at threshold laser power. DCTB was used as the matrix. Reprinted from ref 16.
Copyright 2012 American Chemical Society. (b) The HRESI MS of Ag,,(SR)s, cluster (black trace) protected with p-fluorothiophenol. Blue trace is
the calculated spectrum of the corresponding cluster. Reprinted with permission from ref 30. Copyright 2012 Royal Society of Chemistry. (c) and
(d) represent the ESI mass spectral data of Ag,o(BDT);, and Ag,s(DMBT),; clusters. Insets in both show the expanded views of the molecular
peaks along with the calculated patterns. Reprinted from refs 457 and ref 46. Copyright 2015 American Chemical Society.

silver has two isotopes, namely, 107 and 109 in a 50:50 ratio,
we expect the MS peaks of silver clusters to be more complex
and broader than the corresponding gold clusters (having one
isotope '”’Au). Ag nanoclusters are highly fragile under the
mass spectral conditions, so getting well-resolved mass spectra
is a challenging task and most of the time only fragments are
observed. As mentioned earlier, Ag;(DMSA), cluster is the
earliest example of a Ag nanocluster whose composition was
determined precisely via MS.*> Several silver clusters have
been identified by the Pradeep group using mass spectrome-
try.""'*'*37 MALDI MS can also be a good tool when used
with a suitable matrix to identify the molecular peak, but the
peak for Ag nanoclusters appears much broader than that for
the corresponding gold clusters. As a result, it is difficult to
predict the precise composition using MALDI MS. For this
reason, the silver clusters reported by Mrudula et al.'”" showed
a broad peak centered at m/z 7 kDa, but could not be assigned
to a specific composition. The Ag;s,(SR)4, cluster'® was found
to have a sharp molecular peak at m/z 24 610 (Figure 14a) and
a full width at half-maximum (fwhm) of 1.3 kDa in its MALDI
MS spectrum. A dication at m/z 12 300 was also seen which
further supported the composition. Varying the laser intensity
led to systematic fragmentation of the cluster. Enhanced
stability of the system can be attributed to the presence of the
magic number of electrons (152 — 60 = 92) that results in a
closed shell electronic structure. Rao et al.>’ reported the mass
spectral identification of Agy(H,MSA), cluster synthesized
through a solid state route. Guo et al.”® have shown a series of
multiply charged peaks for the [Ags,(SG)0]1™ cluster with a
well-defined isotopic distribution. The compositions of
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IBANs™ were identified by Harkness et al.’® in 2012. Based
on isotopic distribution, the cluster was assigned as Ag,,(4-
FTP),,*". The experimental MS spectrum (Figure 14b)
matched exactly with that obtained from calculations, and its
peak resolution was ~0.25 mass unit. The extreme stability of
this cluster is due to its closed shell configuration ((44 — 30) +
4 = 18 electrons). The corresponding selenolate analogue of
Ag,, cluster also showed clear isotope distribution in its ESI
mass spectrum, for the 2—, 3—, and 4— ions.>® Recently
discovered Ag,o(BDT),, and Ag,s(DMBT),; clusters show
clean and high resolution mass spectra as presented in Figure
14, parts ¢ and d, respectively.

Along with ESI MS, Wu et al.*** performed MS/MS analysis
of Ag,(DMSA),, wherein they selected the dianion, [Ag,L, —
3H + 2Na]*>™ (m/z 759.57) as the parent ion whose
fragmentation was analyzed with increase in collision energy.
At low voltage (10 V), the parent ion loses a neutral fragment
through C—S bond cleavage. At high voltage (25—40 V), the
rest of the ligands disintegrate, but one S atom from each ligand
continues to be linked to the cluster core to form Ag,S,”. At a
still higher voltage, smaller fragments such as AgS,” and AgS,
were observed. The presence of four valence electrons was
confirmed from this study, which explains the stability of such a
cluster.

In order to fragment ions of such high masses and multiple
chemical bonds, collision induced dissociation is inadequate.
The energy imparted in collision with gas phase partners is not
enough to cause fragmentation. In this context, surface induced
dissociation has been found to be a useful method. Here,
collision of the ions with a solid surface is used to impart the
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Figure 15. Optical micrographs of typical crystals of M,Ag,,(p-MBA);, ((a) episcopic and (b) diascopic illumination), Ag,,(4-FTP),,(PPh,), (c),
Ag,5(BDT),(TPP, (d), Ag,s(DMBT),s” (PPh,)* (e) and [Ags,(SPhMe, )5, (PPh;)]** (f) clusters, respectively. Reprinted with permission from refs
44 and 222. Copyright 2013 Nature Publishing Group (for (a), (b), and (c)). Reprinted from refs 457 and 46. Copyright 2015 American Chemical
Society (for (c) and (d)). Reprinted from ref 459. Copyright 2016 American Chemical Society (for (f)).

required activation energy. An early example of this has been
demonstrated recently for the Ag;;(SG),Na,” cluster.**®
Unprecedented charge stripping of the ion from —3 to —2 to
even —1 was seen at 40 V laboratory collision energy. Several
fragments due to AgSG, Ag, and SG losses were seen with
increasing collision energy.

4.4. Single Crystal Studies

Because of the reduced stability, aerial oxidation, and less purity
of silver clusters, formation of diffractable crystals is difficult for
silver clusters. A few reports are known for mixed ligand
(phosphine and thiol) and complete thiol protected silver
clusters. Optical microscopic images of crystals of a few
reported silver clusters are presented in Figure 15. More details
about the unit cells and structural details are presented in Table
3. Yang et al.”” reported the single crystal structure of a mixed
ligand protected Ag, cluster (Figure 16a) in 2012. In the
subsequent year, the authors also resolved the structures of Ag
and Ag;, clusters (Figures 16b,e) protected by mixed ligands.*’
As can be seen from Figure 16a, the Ag;,(SC4H;F,),,(PPh;)s
cluster contains an octahedral Ag¢** core which is encapsulated
by eight cubically arranged [Ag"(SC¢H,F,),PPh;] in a
tetrahedral fashion that shares one corner (ie, SC¢H;F,”)
between them. Another important characteristic of this cluster
is that all the thiolate ligands bind to three Ag atoms and no
staple motifs are found unlike in the case of gold clusters (i..,
Au(SR), or Au,(SR);). Crystal structures of Ag,, clusters
protected with p-mercaptobenzoic acid and p-fluorothiophenol
have also been solved (Figures 16fg). Single crystal structures
suggest the existence of a hollow cage core and completely
different type of staples surrounding the core (different from
other staples reported so far for both Au and Ag clusters).
The hollow cage containing 12 silver atoms arranged in an
icosahedral fashion is surrounded by 20 silver atoms to form a
keplerate structure with a total of 32 silver atoms. The Ag,,@
Ag,, core is further encapsulated with six Ag,(SR); staples
octahedrally. The average Ag—Ag bond distance in the core is
much shorter than in the bulk, suggestive of strong Ag—Ag
metal bonding in the cluster. The crystal structure of a dithiol
protected silver cluster, Ag,o(BDT),(TPP), [BDT, benzene-
dithiol; TPP, triphenylphosphine] has been solved (Figure
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Box 4. Crystallization of Ag,,(MBA),, Cluster

First, the cluster has to be purified by repeated protonation
and precipitation steps using citric acid and toluene,
respectively. Then the cluster is extracted in HPLC grade
distilled DMF (without even traces of water). Note that the
cluster concentration should be high (>50 mg/mL). This
purified cluster is then kept under an argon atmosphere
(should have an outlet) for solvent evaporation at low
temperature (around 20 °C). After 2—3 days, crystals appear
as dark brown diamond shaped objects, which can be seen by
optical microscopy.

16d)."” Interestingly, the cluster has an icosahedral core similar
to Au,s(SR),g which is protected with a shell consisting of
Ag4S,4P,. There are two types of silver atoms in the shell.
Twelve silver atoms connected with the 12 surface silver atoms
(as four Ag;S¢ crowns) of the core giving rise to four
tetrahedrally oriented trigonal prisms. The remaining four silver
atoms face capped the core at four tetrahedral positions (as four
Ag;S;P). The “golden silver” Ag,(DMBT),; cluster has a
structure similar to that of Au,s(SR)g, i.e. an icosahedral core
containing a central Ag which is then surrounded by six
Ag,(SR); motifs (Figure 16c). Very recently, Alhilaly et al. have
discovered an unusual box-shaped crystal structure of
[Age,(SPhMe,);,(PPh,),]** cluster.*” The nonspherical
shape is because of its electronic instability as it is a 32
electron system which does not have a closed shell electronic
structure. Yang et al. in their recent report solved crystal
structures of plasmonic twinned silver nanoparticles with
molecular formulas [Ag;;5(SR)44Cl3Ago 45]” and
[Ags74(SR),13Br,CL ], respectively.460 These are the largest
thiolated metal nanoparticles solved so far by single crystal
studies.** Ag3s and Ags,, clusters can be described as 5-fold
twinned cores enclosed within related structurally distinctive
Ag—SR complex shells. The former one consists of a
pentagonal bipyramidal core of 54 Ag atoms, whereas the
latter one has an elongated pentagonal bipyramidal core (ino-
decahedron) with 207 Ag atoms.” ? Such 5-fold twinned metal
cores have been seen for a few gold clusters such as Auy, " and
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Figure 16. Crystal structures of Ag,,(SC¢H;F,),,(PPhs); (2), Ag,(DPPE),(SCeH,F,) 4 (b), Ag,s(DMBT) 3~ (PPh,)* (c), [Agy(BDT),c] TPP, (d),
[Ag3z(DPPE)5(SC5H3F2)24] 7 (e), Na4Ag44(MBA)3o (), Ag44(4'FTP)3o(PPh4)4 (g)’ [Ag57(SPhMez)3z(PPh3)s]3+(h); Ag136(SR)64C13Ag0A45_ (i), and
Agy74(SR)13Br,Cl, (j), respectively. In (a), only the Ag core and S atoms are shown. For (i) and (j), left and right sides represent the top and side
views, respectively. Reprinted with permission from refs 39 and 40. Copyright 2012 and 2013 Royal Society of Chemistry (for (a), (b), and (e)).
Reprinted with permission from refs 44 and 222. Copyright 2013 Nature Publishing Group (for (f) and (g)). Reprinted from refs 457 and 46.
Copyright 2015 American Chemical Society (for (c) and (d)). Reprinted from ref 459. Copyright 2016 American Chemical Society (for (h)).
Reprinted with permission from ref 460. Copyright 2016 Nature Publishing Group (for (f) and (g)).
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Figure 17. (a) MALDI MS spectra (collected in positive mode) of silver clusters prepared in solution. The spectra show a series of clusters with peak
maxima ranging from 10.2k to 70.9k. Almost all of them (except [vi] and [vii], which have some other features with reduced intensity) show sharp
single features which confirm the formation of one dominant cluster in each case. The fwhm varied from 1.5 to S kDa. The peaks (from bottom to
top) were assigned as Agss(PET)s; [i], ~Agys(PET )y [ii], ~Agi14(PET),s [iii], Agis2(PET)go [iv], ~Agra(BBS)7 [v], ~Ags;(PET) s [vi], and
~Ags30(PET) g, [vii]. (b) UV/vis spectra of clusters with wavelength on the x-axis. From bottom to up: Ag,, [i], Agss [ii], ~Agys [iii], ~Ag.4 [iv],
Agys, [v], ~Agyg, [Vi], ~Agyys [Vil], ~Agss, [viii], and AgNPs [ix]. The spectra show multiple features up to [iv] (namely, eight bands for Ag,,, two
energy bands for Aggs and ~Ag,,4, and three for ~Ags). But from [v] to [ix], only a single plasmon-like feature was observed with a small blue shift
(i.e., at higher energy). All the spectra have been shifted vertically for clarity. Reprinted with permission from ref 194. Copyright 2014 Royal Society
of Chemistry.

Au,;0.”** More information about the crystal structures of silver temperature dependency of the Au,;(SR),g cluster in terms of
clusters is presented in Table 3. its optical and photoluminescence properties. Thermal
4.5. Thermal Stability of Silver Clusters desorption of monolayer protected gold clusters results in the
Thermal stability of monolayer protected clusters is an formation of alkyl disulfide in the gas phase and gold in the
important property to explore. We have already discussed the solid state.*”’ The Au—S bond in several self-assembled
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Figure 18. (a) Chromatograms of PdAu,,(SC,H,;s),5_,(SBB), (n = 6—16) at different gradient programs. (b and ¢) Comparative MALDI mass
spectra in negative mode (b) and chromatogram (c) of PdAu,,(SCi,H,s)15_,(SBB), (n = 6—16) obtained using a gradient program [40],
respectively. Reprinted from ref 12. Copyright 2013 American Chemical Society.

monolayers was seen to be stable even at temperatures in the
range 100—150 °C.*27%% This stability has also been observed
for silver clusters.”*® Remya et al.**" illustrated the thermal
stability of atomically precise silver clusters protected with
glutathione. With increase in temperature, the clusters
underwent thiolate desorption as well as heterolytic bond
cleavage, resulting in the formation of Ag,S nanoparticles at 80
°C. The cluster initially dissociates into thiolates (AgSR) which
can have the following two possible cleavage mechanisms.

2R-S—Ag — 2Ag + R—S—-S—R (8)

2R-S—Ag — 2Ag,S + R-S-R )

Out of these, reaction 9 was seen thermodynamically
favorable as AH is more negative.*’ It is interesting to note
that this is much lower than the temperature (~200 °C)
needed for traditional Ag,S nanoparticle synthesis. The
mechanism of formation of Ag,S nanoparticle by this route
and its detailed characterization have been explored. The S—C
bond cleavage, as revealed by mass spectrometry, in silver
clusters is somewhat unusual because Ag—S cleavage is
expected in view of its lower bond energy. In another study,
Bakr et al.**’ have shown nonplasmonic to plasmonic
transformation of monolayer protected silver clusters
(IBANS) at ~90 °C. Several factors such as heat, light, etc.,
affect the stability of silver clusters, as silver is easily oxidized
under these conditions. In view of this, thermal desorption of
monolayers results in unprotected clusters, which have been
used for catalysis. It is a standard practice to store such clusters
in argon or nitrogen atmosphere in a refrigerator.

4.6. Emergence of Metallicity in Silver Clusters

The plasmon resonance which is defined as a strong collective
oscillation of electrons™” is responsible for the optical features
and colors of noble metal nanoparticles. Several techniques
such as photoelectron spectroscopy, conductivity, etc., are used
to understand the emergence of metallicity in bare metal
systems. Chakraborty et al. have demonstrated the emergence
of metallicity in monolayer protected silver clusters through
optical spectroscopy.194 A systematic appearance of a plasmon-
like optical absorption feature as a function of cluster size was
observed in these systems. A wide range of clusters, namely
Ag44(4'FTP)30;30 Agss(PET)s,, "1'3X875(PET)40;11
NA8114(PET)461 Aglsz(PET)so:lé "’Agzoz(BBS)m;
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~Ag»3(PET),4s, and ~Ag530(PET)100468 were prepared and
characterized using MALDI MS (Figure 17a)."”* Up to ~Ag114
multiple features were seen in the UV/vis spectra of the
clusters. For Ag;s, and clusters larger than that, the plasmonic
feature corresponding to a single peak at ~460 nm evolved
pointing to the emergence of metallicity in clusters composed
of ~150 metal atoms (Figure 17b)."* For silver clusters,
metallicity has been seen at about 60 atoms (in unprotected
clusters) in photoelectron spectroscopic studies, as mentioned
by Taylor et al.**” These photoelectron spectroscopic studies
are generally discussed in the light of initial and final state
effects.*® Systematic shift of the 4f binding energy has been
observed in supported gold clusters, but no such effect was
observed in supported silver clusters.*”” The “spherical shell
model”'** suggests that the change in ionization energy as well
as the increased width of the photoelectron spectra is
proportional to 1/R, where R is the radius of the cluster.
However, naked clusters have been used in all of these
photoelectron spectroscopic experiments, whereas this study
has used monolayer protected clusters with distinct cores of
smaller dimensions. Clusters with different ligands such as BBS
also showed this, which implies that “the emergence of
metallicity” is independent of the functionality of the thiol
ligand."”*

5. CHEMISTRY OF CLUSTERS

Additional functionalization of the shell (ie., ligands) of the
monolayer protected clusters can introduce new and diverse
properties in such systems which may be important in different
applications. Some of these aspects are described below.

5.1. Ligand Exchange

Ligand exchange is the most suitable and convenient way to
incorporate desired properties such as FRET, chirality, etc., in a
given monolayer protected noble metal cluster.”*>*"°~*"* The
sole idea of ligand exchange is to keep the cluster core intact
while modifying the shell. This strategy was originally utilized
by the Hutchison group*”**”* to replace the phosphine ligands
of undecagold clusters by thiolate without changing the core
size. The Pradeep group has also shown several exchange
possibilities and incorporation of diverse properties in the Au,g
cluster.”®**7>%7% However, ligand exchange can result in an
increase of the core size as was demonstrated by Shichibu et
al.*”” for Au,; cluster; whose ligand exchange led to the

DOI: 10.1021/acs.chemrev.6b00769
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Figure 19. (a) Scheme of the intercluster reaction to yield alloy clusters. (b) Negative ion mode MALDI MS spectra showing time dependent
changes in the reaction mixture of Au,s(FTP),s and Ag,,(FTP)s after 1 (i) and 3 h (ii) of the reaction. [Au,,_ Ag (FTP),,] are fragments from the
alloy clusters due to the loss of Au,(FTP),. Reprinted from ref 233. Copyright 2016 American Chemical Society. (c) (i) Minimum energy
configuration of the adduct, Au,s(PET);s—Ag,s(DMBT),; (II-I) upon intercluster reaction. Dashed lines show the shortest distances found
between atoms in the staples of the two clusters which are marked with letters A—D on I and E—I on II The hydrogen atoms are omitted from the
ligands for clarity. Color code for the atoms: Au (red), Ag (green), S (yellow), and C (blue). (ii) Full range ESI MS spectrum of the mixture of
Ag,s(DMBT) 4 (I) and Au,s(PET) ¢ (II) at molar ratio (L:II) of 0.3:1.0 measured immediately after mixing. Inset a’ shows a feature due to the
dianionic adduct, [Ag,sAu,s(DMBT) 4(PET),5]*>" formed between I and IL Theoretical (blue) and experimental (red) isotope patterns of the
adduct features are given in the inset b’. Reprinted with permission from ref 310. Copyright 2016 Nature Publishing Group.

formation of the most stable Au, cluster. Niihori et al.'* have
shown the precise isolation of ligand exchanged clusters taking
PdAu,,(SR),s as an example. Each individual species of
composition PdAu,,(SR;);5_,(SR,), (n =0, 1, 2, .., 18) was
isolated using gradient HPLC. The corresponding chromato-
grams are displayed in Figure 18a. The mobile phase was
systemically varied from pure MeOH to THF. The numbers 10,
20, 30, 40, and S0 in Figure 18a refer to the time (in minutes)
taken for the mobile phase to become 100% THEF, starting from
pure MeOH. The corresponding mass spectral feature (Figure

8232

18b) also shows an envelope similar to that of the HPLC
chromatogram (Figure 18c). Each of these clusters was isolated
and characterized using MALDI MS. Recently, the authors have
carried out an extensive study of the separation and isolation of
alloy clusters, such as Au,,Pd(SR;)s_.(SR;), and Au,,Pd-
(SR,)15_.(SeR,), (SR,, SR, = thiolate; SeR, = selenolate).”**
Precise isolation after ligand exchange reaction opens up the

possibility of individual structure analysis of clusters.

DOI: 10.1021/acs.chemrev.6b00769
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5.2. Ligand Conjugation

Ligand conjugation creates new properties such as fluorescence
resonance energy transfer (FRET) in the cluster system.
Muhammed et al.*’® incorporated the dansyl group in
Au,s(SG),s cluster through ligand conjugation, which led to
the observation of FRET in the conjugated cluster. Au,5(SG);s
shows an emission at 585 nm (corresponding to an excitation
of 535 nm), which overlaps with the emission band (peak
maximum at 505 nm) of the dansyl chromophore. As a result,
excitation of the dansyl group at 303 nm generates FRET. A
systematic quenching of dansyl’s emission and increase in
emission intensity of Au,s(SR);g cluster suggests FRET, and it
is generated through the energy transfer from the dansyl
chromophore to the Au,s(SR);s cluster. A glutathione
protected silver cluster has been functionalized with graphene
through ligand conjugation.”® This interesting behavior of
ligand conjugation presents the probability of a new class of
quantum cluster systems.

5.3. Intercluster Reactions

Krishnadas et al.>>’ have shown mass spectrometric inves-
tigations of intercluster reaction between Au,s(SR);3 and
Ag,(SR); (a schematic of which is shown in Figure 19a) for
the first time creating alloy clusters. Under ambient conditions,
these clusters undergo spontaneous reactions in solution to
form alloys, preserving the M,; and M,, nuclearity. The
product peaks were distributed mainly in two regions: one near
Au,(PET) g peak regions (group I) and the other one near
Ag,(FTP);, peak regions (group II). HRESI MS of the
reaction mixtures with different cluster ratios show (Figure
19b) different branches of peaks (in the group I regions). Two
kinds of mass difference, corresponding to 89 and 99 Da, were
seen which are due to exchange of Ag—Au and (Au—PET)—
(Ag—FTP), respectively. Based on the HRESI MS data, the
series of peaks in group I were assigned with the general
formula, AuZS_xAgx(PET)ls_y(FTP)y. With increase in the
concentration of Ag,(FTP);, in the reaction mixture,
incorporation of more Ag and FTP ligands in Au,s(PET);s
was noticed. Inclusion of Ag was seen from 1 to 13. Metal
inclusion alone is noticeable when same ligands are used for
both clusters. MALDI MS data of the reaction products
between the FTP protected Au,s and Ag,, cluster are presented
in Figure 19¢, which clearly confirm the formation of
Au,s_ Ag (FTP)g clusters. Silver inclusion of 1-S atoms
(Figure 19b,i) and 1—13 atoms (Figure 19b,ii) were seen after
1 and 3 h of reaction, respectively. Interestingly, after 24 h of
reaction, Ag inclusion of up to 17 atoms was noticed. This
report shows the role of metallic core and the surrounding
monolayers in determining the chemistry of these clusters.
Zhang et al.*’”” have shown that Ag migration takes place
between Ausg(PET),, and doped Ag,Ause_(PET),, clusters in
solution. Collisions between the reacting clusters are the reason
for such a migration.

In a recent report, Krisnadas et al. have found that the
reaction of Au,s(SR);s cluster with corresponding silver
analogue, Ag,s(SR)s, produced (Figure 19¢,i) Ag,Au,(SR)s
clusters (n = 1—24; m + n = 25), keeping the structure intact.’'”
This is basically a substitution reaction where one cluster
converts to another without changing the structure, as both
Au,5(SR);s and Agys(SR);g have the same structure. A
dianionic adduct, which was believed to be the earliest
intermediate in such reactions, has been detected in electro-
spray ionization mass spectrometry (inset of Figure 19¢;i).
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Formation of such an adduct is highly unlikely considering the
negative charge of clusters, but in this case, the charge is well
dispersed which does not create significant repulsion between
each other. The van der Waals attractive forces between the
alkyl/aryl groups in the staple motifs are responsible initially
(Figure 19¢;ii) for the formation of such adducts as confirmed
form the molecular docking simulations. These two reports of
intercluster reactions suggest that clusters can be treated exactly
like molecules; they can exchange atoms without structural
deformation. Baksi et al. discovered the gas phase dimer of
Au,s(SR),s using ion mobility mass spectrometry.480 Such
transient species are shown to be important in explaining the
chemical reactivity between clusters.

6. ALLOY CLUSTERS

Bimetallic nanostructures,*®’ especially clusters, are of tremen-
dous interest, particularly in the field of catalysis, because of
their distinct properties from their corresponding monometallic
counterparts.”*> Doping can also improve the cluster stability.
The very first example of an atomically precise bimetallic
cluster, PdAu,,(SR),s, was synthesized by the Murray group,’*®
which was further examined by the Negishi and Tsukuda
groups' " in greater detail. Negishi et al. performed the
HPLC technique to isolate the cluster with high purity.'”®
Figure 20a shows the MALDI MS of the isolated PdAu,,(SR);5
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Figure 20. (a) Negative-ion MALDI mass spectra of fractions 2 (Auy
cluster) and 3 (PdAu,, cluster) separated by HPLC. Reprinted with
permission from ref 198. Copyright 2010 Royal Society of Chemistry.
Inset shows the recent crystal structure of Au,,Pd(PET),,. Reprinted
from ref 484. Copyright 2016 American Chemical Society. On the
right side, (b), (c), and (d) are the crystal structures
[Au;3Cuy(PPhy)¢(SPy)s]” (Py = 2-pyridyl), PdAgy,(2,4-SPhCly)s
and [Ag,Au,,(SR);,](BPh,),, respectively. (b) Reprinted from ref
488. Copyright 2013 American Chemical Society. (c) Reprinted from
ref 489. Copyright 2015 American Chemical Society. Reprinted with
permission from ref 490. Copyright 2015 American Association for the
Advancement of Science.

cluster and its monometallic analogue Au,s(SR);g, which differ
by 91 mass units. From a detailed structural analysis, it was
inferred that the Pd atom sits in the central position of the
icosahedral core and that the alloy cluster has an enhanced
stability compared to the Au,s(SR),g cluster. The position of
Pd was further confirmed from the recent crystal structure of
Au,,PA(SR);; cluster (inset of Figure 20a)."*" Similarly, Ag,"*
Cu, 7% pt, ' Cd," and Hg19 doped Au,; and alloy clusters
of three different metals, with the general formula
MlAngu24_x(SR)18487 (where M = Cd, Hg), have also been
reported by different research groups.””’ A few examgles of
alloys of other stable gold clusters, such as Auy*”>* and

DOI: 10.1021/acs.chemrev.6b00769
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Auyy, " are also there in the literature. Udayabhaskararao et
al."” synthesized the Ag.Aug alloy cluster from Ag, ¢ clusters on
successive addition of Au’* solution. The alloy showed
enhanced luminescence, both in the solution and in powder
form. The excitation and emission features changed from 670
to 390 nm and from 770 to 650 nm, respectively relative to the
monometallic clusters. Similarly, differences in the absorption
features are also expected. Biltek et al. proposed a structure for
the bimetallic Ag,Ni,(DMSA), cluster using calculations.*”
Yang et al. reported the crystal structures of three alloy clusters,
Au;3Cu, (x = 2, 4, 8), and for x = 2, the structure has been
presented in Figure 20b.**® The structure contains an Au,;
icosahedron which is passivated by six PPh; and six 2-
pyridinethiolates. Each Cu is coordinated by three pyridyl
groups and they are face-capped. Au;,Ag;,(SR); has a
structure similar to the Ag,,(SR);, cluster with 12 gold atoms
replacing the silver atoms in the hollow cage,””* whereas the
recently discovered Ag—Cu alloy cluster [Ag,sCuy,(SR),,]*
has a two-shell Ag,@Ag,, core protected by four nearly planar
Cu,(SR)¢ moieties.””® Recently, crystal structures of alloys of
Agys(SR), with Au,*® Pd (Figure 20c),"* and Pt**’ have been
revealed. These heteroatoms are present at the center of the
icosahedra, forming a general M@Ag;,@Ag;,(SR) 5 structural
configuration. Bootharaju et al. have shown unusual metal
exchange pathways for MAg,,(SR)¢ clusters (where M = Pd,
Pt).*”” The central Pd atom of [PdAg,,(SR),s]*~ cluster was
replaced by Au during the metal exchange process to produce a
bimetallic [AuAg,,(SR) 5]~ cluster along with a minor product
of [Au,Ag,3(SR)s]”, whereas the central Pt atom remained
intact in [PtAg,,(SR) 5]~ clusters.””” In this case, the incoming
gold replaced the noncentral Ag atoms to form trimetallic
[Au,PtAg,, .(SR);5]>~ NCs, with x = 1—2. Wang et al. have
reported the single crystal structure of [Ag,sAu,4(SR);,]-
(BPh,), (Figure 20d) which also shows enhanced catalytic
activity.””’ The structure can be represented simply as Ag,@
Au @A @AZ,4AU(SR)3,. This is the very first alloy cluster
with gold and silver coexisting on staples. Similarly, a recent
report of [AugAgs(C=CPh),,Cl,]Cl cluster can be presented
as Aus@Au;s@Ag3Au;@Au,,. """ More information about
alloy clusters reported so far is given in Table 4.

7. PROTEIN PROTECTED CLUSTERS

Similar to several ligands, proteins can also act as stabilizers and
a few proteins also have the added advantage of reducing
power, using which they can reduce the precursor metal ions of
Au, Ag, Cu, etc. Even though formation of nanoparticles
through proteins was easy and efficient, controlling the size to
make atomically precise nanoclusters with proteins was not
attempted until 2009. Xie et al. have succeeded in synthesizing
atomically precise Au, cluster within the bovine serum albumin
(BSA) template.”'* The synthetic methodology was very simple
which involved the mixing of Au®* ion precursor with the
protein at alkaline pH.213 Under basic conditions, aromatic
amino acids present in the BSA donate electrons to reduce the
gold ions while cysteine residue takes the place of the stabilizer
to form the Au nanocluster. Comparing the mass of Au@BSA
cluster and that of BSA protein alone through MALDI MS, the
number of Au atoms in the cluster can be calculated. From the
mass spectral analysis, the number of Au atoms inside a BSA
protein was found to be 25.”"* Much higher QY (6%) was seen
for this Au,;@BSA cluster in comparison to the thiolated Au,;
cluster.”"? After the pioneering discovery of this green route,
many reports with new synthetic routes started evolv-
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ing,*%390398,3037306 Bepecially, using7 BSA, several atomically

precise clusters such as Aug@BSA,””" Au,s@BSA,*"" Auy@
BSA,”" Ags@BSA,>” Ag ;@BSA,”* Ag;@BSA,’” etc,, have
been made ’’?3%%3963993037305  Dyifferent proteins such as
lysozyme,éml"ﬂo_512 lactotransferrin,>***”"*'3 ingulin,>'*>'°
pepsin,”'® trypsin,”'” etc, have been used as scaffolds to
synthesize a variety of metal and alloy nanoclusters. Chaudhari
et al. have tried to understand the evolution and growth of
nanoclusters inside protein templates using MALDI MS
analysis.””' They have also investigated the kinetics of the
cluster growth by monitoring the fluorescence intensity.”'* Size
evolution of protein protected clusters has also been
investigated by small-angle X-ray scattering (SAXS).”"” Because
of their biocompatibility, they have been used in several
applications and many of them have been discussed in the
application section,”’%?7%3%03063055207522 Moy review  ar-
ticles™>*>*>°***** and book chapters’>*> including some
from the present authors have covered this topic in detail.

8. OTHER PROPERTIES

Along with their unique optical and photoluminescence
characteristics, monolayer protected clusters exhibit some
other properties such as two-photon absorption, optical
nonlinearity, magnetism, etc. These are briefly discussed in
sections 8.1 and 8.2.

8.1. Two-Photon Absorption

Optical nonlinearity is a remarkable property”’”*’~>%" of

noble metal clusters. The nonlinear optical (NLO) properties
include two-photon absorption (TPA),”**>** two-photon
fluorescence (TPF), and second/third harmonic generation
(SHG/THG).”®* The simultaneous absorption of two
photons (of identical or different frequencies) in order to
excite a molecule from the ground state to a higher energy
electronic state is often known as TPA. Ramakrishna et al.””*
observed a similar phenomenon for Au,s(SR)s clusters. This
cluster can be useful for two-photon imaging with infrared light
as it has reasonable luminescence efficiency (~2.5 X 107*) in
the NIR region. Figure 21a shows the corresponding optical
spectrum of Au, cluster protected with hexanethiol (taken in
hexane solvent). As discussed earlier, it consists of several bands
starting from the ultraviolet to the visible region with a
maximum near 675 nm. Excitation at 1290 nm from the output
of an optical parametric amplifier results in emission with a
maximum at 830 nm (Figure 2la). Slope from the
corresponding pump-power dependency plot (Figure 21b)
gave a value of ~2 which indicates that it is a two-photon
excited emission. Using H,TPP in toluene as standard, the TPA
cross section for Au,s(SR)g cluster was measured to be 2700
GM, which is superior to many other NIR emitting organic
chromophores. The study also revealed that emission in the
visible region (maximum at 510 nm) is also a two-photon-
absorption phenomenon (Figure 21c,d). Patel et al.>**
determined a large two-photon cross section value of ~5000
GM for three water-soluble silver clusters emitting at 660, 680,
and 710 nm, respectively. Two-photon excited fluorescence
from a DNA-templated Ag nanocluster has been reported by
Yau et al.**® Upon excitation of 800 nm, the cluster exhibited
an emission at 630 nm with a two-photon-absorption cross
section of ~3000 GM.

It is important to mention that, in most of the cases, the
multiphoton absorption and emission of nanoclusters have
been investigated at single wavelengths, which presents only a
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Figure 21. (a) Optical absorption of Au,5(SR),¢ cluster and two-photon emission spectrum after excitation at 1290 nm. (b) Power dependence of
the fluorescence obtained at 1290 nm suggesting it to be a two-photon process. (c) Two-photon excited fluorescence spectra of Au,s(SR);g at
different pump powers after excitation at 800 nm and (d) power dependence of the emission at 510 nm. Reprinted from ref 534. Copyright 2008

American Chemical Society.

fragmentary image of the NLO properties. Recently, Olesiak-
Banska et al.>>> have investigated third-order NLO properties
of Auys(Capt),s clusters by the Z-scan technique with
femtosecond laser excitation in a broad range of wavelengths.
They have also listed a summary of NLO properties of gold
nanoclusters reported so far.”**

8.2. Magnetism

Single gold atoms (adsorbed on a support or in gas beams) are
paramagnetic, whereas bulk gold is diamagnetic.”>* The
paramagnetism is due to the unpaired 6s electron of gold.
Such paramagnetism and its evolution from single gold atoms
to metallic nanoparticles are of potential interest and
importance in the understanding of the magnetic nature of
gold. Hori et al.>”” reported size dependency of magnetism of
gold nanoparticles; they claimed that thiol suppresses magnet-
ization. In 2005, Crespo et al. showed the magnetism in
thiolated nanoparticles of 1.4 nm.>**

Similarly, the magnetic nature of gold clusters, especially
when they are atomically precise, needs to be investigated. Zhu
et al.”>” found reversible switching of magnetism in
Auy(PET) ¢ cluster. The EPR spectra of microcrystalline and
frozen solutions of [Au,s(SR);4]° cluster showed an § = 1/2
signal, which suggests that each cluster has one unpaired spin.
The EPR signal disappeared upon the reduction of the cluster
to its negative charge state, [Au,s(SR),] ™. Interestingly, the
signal could be switched back when the negatively charged
cluster was oxidized using H,0,, to return back to the neutral
cluster. Thus, paramagnetism could be switched on and off just
by changing the charge state of the cluster (Figure 22). The
origin of this magnetism was explained by DFT calculations,
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which revealed that the unpaired spin resides in the HOMO
that has a distinct p-like character (Figure 22). This switching
property of the Au,s(SR);s cluster can therefore be used as a
paramagnetic probe. Negishi et al.>*” investigated a series of
atomically precise clusters of general formula Auy(SG),,, where
(N, M) = (10, 10), (15, 13), (22, 16), (22, 16), (25, 18), (29,
20), and (39, 24), by studying them via X-ray magnetic circular
dichroism. The magnetic moment was found to increase with
increase in the cluster core size. The hole created by Au—S
bonding was more responsible than the quantum size effect of
gold clusters, for the spin polarization phenomenon. McCoy et
al>*® have shown that chemical oxidation can lead to
superatom paramagnetism in Au;p,(MBA),, cluster. The
superatom electron configuration of Au,y,(MBA),, cluster is
(18)* (1P)® (1ID)™ (28)* (1F)™ (2P)° (1G)'™. Addition or
removal of electrons from these superatomic orbitals can make
the superatom a paramagnet.

9. APPLICATIONS

The unique optical and luminescence properties of noble metal
nanoclusters make them highly appropriate for various
- (541,542 . 543,544 :
applications such as sensing, catalysis, optics,

50 : . 3,53,35,162,298,510,545—548

imaging,” and biolabeling. Mathew and
Pradeep’’ have addressed the applications of noble metal
nanoclusters in detail in their review article. Some specific
examples are explained below.

9.1. Sensors

Sensing of different molecules or biomolecules or ions
including hazardous ions (such as Hg*") using nanomaterials
have now become an interesting topic in materials

DOI: 10.1021/acs.chemrev.6b00769
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Figure 22. (a) Reversible conversion between neutral and anionic
Au,(SR) ¢ nanoparticles. (b) DFT-calculated Kohn—Sham orbital
energy level diagrams for neutral and anionic nanoparticles,
respectively. (¢, d) Views of the Kohn—Sham HOMO for
[Au,s(SH),5]° at LB94//XR/TZP level of theory. The HOMO
possesses two lobes and exhibits distinct P-like character. Image d is
rotated relative to (c) to show one of the lobes (contributed by three
Au atoms in the icosahedral shell). Color code: purple, Au; yellow, S;
white, H. Reprinted from ref 352. Copyright 2009 American Chemical
Society.

. 5,547,549—551
science.>*¥%75497551 Noble metal nanoclusters have also begun

to play an important role in this regard.*'***”**>5%% In most of
the cases, luminescence quenching is primarily utilized. Mathew
et al.>>* developed a novel sensor based on a hybrid material,
composed of two systems, namely, gold mesoflowers and BSA
protected Ags clusters. Here, too, the sensing indicator was the

change in the color of luminescence. Initially, fluorescent
isothiocyanate (FITC) was coated on the gold mesoflowers,
which resulted in bright green luminescence. Further
functionalization with Ag;;@BSA cluster on the Au@SiO,—
FITC mesoflowers produced red luminescence (Figure 23a).
Upon exposure to Hg®* or TNT (trinitrotoluene), the red
luminescence was quenched and a green luminescence,
characteristic of the underlying FITC, appeared. In some
instances, sensing is based on fluorescence enhancement
(details are given in Table S). Most of the literature on sensors
is focused on the detection of Hg*" and Cu?** ions. For example,
gold clusters have a strong tendency to sense Cu®’, as can be
seen from the case of Au,s clusters reported by Shibu et al.>>
This cluster was fabricated with chitosan to make a composite
whose intense red luminescence (Figures 23b,c) was quenched
upon addition of Cu®* or on dipping the composite in Cu®*
solution.”®” The composite film exhibited visual sensitivity to
Cu®, up to 1 ppm (Figure 23d), below the permissible limit
(1.3 ppm) in drinking water (by the Environmental Protection
Agency (EPA)). Although the limit of detection for toxic metal
ions reached below the parts per billion level in a few
reports,”'"** the underlying mechanism was not identified.
The luminescence and optical properties of noble metal
nanoclusters are highly sensitive to the local environment and
depend on the interaction with external analytes, which makes
these clusters act as “turn-off’ or “turn-on” sensors.”’ Since
these clusters have a core—shell geometry, the analyte can
interact with the metal atoms in the core as well as with the
ligands forming the shell. There are three types of primary
interactions between metallic core and analytes, namely (i)
analyte induced metal core decomposition, (ii) deposition of
analyte on the metal surface, and (iii) metallophilic interactions.
Interaction with the shell can take place by (i) an enzymatic
reaction, (ii) incorporation of recognition moieties, or (iii)
analyte induced aggregation.”” As an example, a mechanism has
been outlined to describe the interaction of Hg®* with
luminescent silver clusters.”'® It was proposed that the
interaction is induced by the ligands that contain thiol moieties.
Because of the soft—soft interaction with S, Hg** initially gets
attached to the ligand and then sits on the silver surface where

490 nm

Yxcitation

4cmx4cm

100 ppb 50 ppb

FITC
Ag,s@BSA

Analyte
(Hg?* or TNT)

1ppm  5ppm 50 ppm

Figure 23. (a) Schematic of different analytes sensing by Ag, cluster coated gold mesoflower. Reprinted with permission from ref 554. Copyright
2012 John Wiley & Sons. (b and c) Photographs of Auyg cluster incorporated film under white light and UV light, respectively. (d) Dependence of
Cu®* concentration on luminescence quenching. Reprinted from ref 552. Copyright 2012 American Chemical Society.
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Table 5. Sensing Properties of Metal Clusters

sensed metal ion/

property with which sensing was

sensor type cluster core protecting ligand molecule done sensing limit ref
chemical sensor  Ag, glutathione Hg* absorption and fluorescence 1 ppb 216
quenching
Agys lipoic acid Hg* fluorescence quenching 107°M 212
Au, BSA Cu* fluorescence quenching 5% 10° M 520
Aug GSH and cyclodextrin Cu** fluorescence quenching 1.3 ppm 552
Au, lipoic acid Hg™ fluorescence quenching 5x107°M 294
Ag, denatured BSA Hg* fluorescence quenching 1x 107 M 557
Augg BSA Cu** fluorescence quenching 15X 107 M 507
Auyy_s glutathione Cu?* fluorescence quenching 8.6 X 107 M 558
Au, 11-mercaptoundecanoic Hg** fluorescence quenching 55X 107° M 559
acid

Au, lysozyme Hg* fluorescence quenching 3xX 1072 M S11
Au, thiolate a-cyclodextrin Hg* fluorescence quenching 49 x 107" M 556
Au, lysozyme Hg** fluorescence quenching 1x 107 M 510
Au, BSA Hg** FRET 1X107°M 560
Au, BSA Hg™ fluorescence quenching 5%x107°M 561
Au, glutathione Cu** fluorescence quenching 3.6 X 10°° M 562
Ag, polymethacrylic acid Cr* fluorescence quenching 1x 107 M 563
Aug BSA Ag" fluorescence enhancement 1X107M 504
Au,g glutathione Ag' fluorescence enhancement 2x 107 M 504
Au, BSA CN™ fluorescence quenching 2x 107 M 564
Agy glutathione S fluorescence quenching 2x 1077 M 302
Au, oligonucleotide Hg™ fluorescence quenching 5% 10° M 565
Au, BSA Hg™ fluorescence quenching 80 nM 521
Au, cysteine As* fluorescence quenching 537X 10 ° M 566
Cug and Cuyy BSA Pb** fluorescence quenching >20 ppm 522
Ag, polymethacrylic acid Cu** fluorescence quenching 8§Xx 107 M 567
Au, NIf Cu** fluorescence quenching 10 ppm 214
AgAu BSA AP fluorescence quenching 0.8 X 10 *M 568
biological sensor Au, PAMAM higG turn-off fluorescence mM to nM 569
Ag, DNA miRNA turn-off fluorescence 0.5 x 107 M 570
Au, MUA PDGF AA turn-on fluorescence 05x107°M 571
Au, S-mannose Con A turn-off fluorescence 75 X 1072 M 572
Au, mannose Tg turn-on fluorescence 48 x 1072 M 573
Au, S-mannose Tg turn-on fluorescence 90 x 1072 M 574
Au, and AuNPs mannose, anti-Tg Tg turn-on fluorescence 65 (£16) X 107°M 573
Au, glutathione GST-tagged proteiens  naked eye detection 750 X 107° M 575
Au, protein A hlgG turn-on fluorescence 10 X 107° M 576
Ag, DNA-Apt thrombin turn-off fluorescence 1x107°M 577
Ag, DNA human Braf oncogene  turn-on fluorescence 10 X 107° M 217
~Agi DNA DNA turn-on fluorescence <1x10°M 578

it oxidizes Ag(0) to Ag" ion. In the process, Hg*" gets reduced
to its metallic state and forms an alloy with the silver core,
which has been probed by TEM and PXRD. Details of the
limits of sensing of several ions are listed in Table S.

9.2. Biological Applications

Because of the nontoxicity of gold particles, they have been
extensively used in various biolo%ical applications®”” such as
biolabeling,”® cancer treatment,”*"*** drug screening,”** drug
delivery,™" %% o 3>305347385 7587 Gilver clusters are mostly
toxic for biological applications, as silver ions leach into the
cells and kill them completely above a threshold. Hence, they
can only be used for limited imaging purposes and for their
antibacterial activity. Below is a discussion of a few biological
applications of gold and silver clusters.

9.2.1. Biolabels. Cysteine with its thiol functionality can
easily coordinate with gold because of the strong binding
between gold and sulfur. This strategy has been used for
biolabeling as some proteins contain this amino acid residue

8238

and, therefore, can easily get attached to the cluster core. Many
examples of this kind are reported in the literature. For a
detailed discussion, the readers may refer to the book chapter
by Ackerson et al.’** Another property of gold nanoclusters
that has been used for biolabeling as well as bioimaging is
fluorescence. Liu et al. have shown that insulin encapsulated
highly red luminescent Au nanoclusters can be used for
fluorescence imaging (Figure 24a).”'* The initial target was to
check the cytotoxicity, for which C2C12, a mouse myoblast cell
line, was used as a test candidate. The uptake efficiency of
insulin—Au nanoclusters for C2C12 cells served as a biomarker
to distinguish the differentiated versus undifferentiated C2C12
myoblasts. The cells with suitable treatment were imaged under
a confocal microscope to examine the uptake of the insulin—Au
nanoclusters after 2 h of feeding. Color processing of the
obtained image was further carried out to make each
compartment more distinguishable. The corresponding image
is shown in Figure 24a, which clearly shows that the intense red

DOI: 10.1021/acs.chemrev.6b00769
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10 pm 10 pm

10 ym 10 ym

Figure 24. (a) Microscopic observation of internalization of insulin—Au nanoclusters. Differentiated C2C12 myoblasts were treated with insulin—Au
nanoclusters for 2 h. (i) Cell nucleus stained with 4’,6-diamidino-2-phenylindole (DAPI, blue). (ii) Actin fiber stained with Alexa Fluor 488
phalloidin to confirm the cell boundary (green). (iii) Insulin—Au nanoclusters exhibit red luminescence. (iv) Fluorescence image overlay of the three
images. Reprinted with permission from ref 514. Copyright 2011 John Wiley & Sons. (b) Typical FLIM images of HeLa cells with internalized Au
nanoclusters at four different temperatures. Reprinted with permission from ref 589. Copyright 2013 John Wiley & Sons. (c) Bright-field (j, iii) and
corresponding fluorescence microscopy (i, iv) images showing the interaction of FA-conjugated Au nanocluster@BSA with different types of cell
lines. Left panel (i and ii): images of folate-receptor-positive KB cells with FA-conjugated Au nanocluster@BSA incubated for 24 h; right panel (iii
and iv): images of folate-receptor-negative mouse fibroblast L929 cells with FA-conjugated Au nanocluster@BSA incubated for 24 h. Reprinted with
permission from ref 507. Copyright 2010 John Wiley & Sons.

fluorescence of insulin—Au nanoclusters overlap with that of 9.2.2. Biomedical Targeting. Integrating biocompatibility,

the fully differentiated C2C12 mouse myoblasts in the stability, low toxicity, and specificity of targeting desired organs

cytoplasm. and cells in a material or molecules is a great challenge in

Shang et al.”* demonstrated gold nanoclusters as biomarkers biology. Gold clusters have shown their effectiveness in this
548 591

for temperature sensing in human cancer cells. Incubation was field, too.” Sun et al.”” have shown a controlled assembly of

paired gold clusters within an apoferritin reactor which can be
used for in vivo kidney targeting. Gold clusters were assembled
at the ferroxidase active sites of ferritin heavy chain. These
assembled clusters did not lose their intrinsic fluorescence
property, but rather underwent an enhancement. As a result,
these assemblies can also be used for in vitro and in vivo
imaging. Several other groups have used luminescent gold
nanoclusters as an effective targeting tool in biological

done with Au nanoclusters in a serum-free cell culture medium
for 2 h. Appreciable amounts of Au nanoclusters were observed
inside HeLa cells. Then, using a temperature controlled sample
stage, the temperature of the environment of the HeLa cells
was varied. Lifetime maps were calculated and are shown in
Figure 24b, which provides clear evidence that the long
fluorescence lifetime components in the range of 600—1000 ns

arise from the internalized Au nanoclusters rather than from the applications,>**545:5%2

cellular autofluorescence. Muhammed et al.>**”” have shown 9.2.3. Other Biological Applications. Noble metal
the biolabeling application effectively for BSA protected gold nanoclusters have been used in several other biological
clusters and the thiolated Au,; cluster. This gold nanocluster applications such as gene delivery,593 imaging,su"59 595
(BSA protected) is highly luminescent in the pH range 2—12, antibacterial activity,”*® etc.”*® In most cases, gold clusters
which makes it a good staining agent for cell imaging. It has two have been chosen because of their high biocompatibility and
advantages over quantum dots: low cytotoxicity and high low cytotoxicity, but silver shows higher antibacterial property

than gold.21 Silver ion leaching is the main reason behind their

photostability. As certain cancerous cells (such as oral, ovarian,
antibacterial nature.

and breast) are enriched with folic acid (FA) receptors and they

can internalize FA conjugated molecules, gold clusters have 9.3. SERS

beens 9f(1)1nctionalized with FA by EDC coupling of FA and Surface enhanced Raman spectroscopy (SERS) of noble metal

BSA.™" This biolabeled nanocluster has been used for cancer nanoparticles,”’~*°" superlattices, or other nanostructures have

cell imaging, and it has been found that it can be an effective been studied extensively and various reports exist in the

tool to identify cancer cells as the bright red luminescence literature, but such reports are rare for ultrasmall nanoclusters.

(Figure 24c) appears only for clusters treated with cancer cells. Chakraborty et al. have shown SERS from an atomically precise
8239 DOI: 10.1021/acs.chemrev.6b00769
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Ag5,(SR)4o cluster.”” Several analytes such as crystal violet

(CV), R¢G, and adenine were used, and they exhibited effective
SERS on Ag;s,(SR)4, substrate with an enhancement factor of
the order 10°. For CV, the lower detection limit was 107> M.
The cluster was drop cast on a glass slide, which was then used
as the SERS substrate. Plasmon-like optical features, crystalline
nature (of the individual nanoclusters and their assembly), and
the absence of visible luminescence are the main reasons for
this enhancement. It is noteworthy that this cluster can also be
coated on cotton and paper, and simultaneously its SERS can
be measured. Unprecedented enhancement of Ags,(SR)g
suggests a significant cost-saving associated with the use of
these materials in comparison to typical silver nanoparticle
systems composed of thousands of atoms.

9.4. Catalysis

Because of their high surface area, nanomaterials have proved to
be effective in the field of catalysis.()o‘g_643 Additionally, noble
metal nanoclusters have unique core—shell structures and
nonmetallic electronic properties which make them even more
attractive and promising in this area.”****> Nanoclusters of size
1-2 nm exhibit strong quantum confinement effects that are
important for nanocatalysis. With precise composition and well-
defined structures, it is indeed possible to correlate the
structural properties of these atomically precise entities with
their catalytic properties. It is also possible to determine the
active sites for the catalytic activity, which is important to
explore the chemistry of a catalyst. Among the noble metals,
gold shows enormous catalytic activity. Following the work by
Haruta et al.”***"” on ultrafine gold particles smaller than 10
nm, several studies investigated the catalytic activity of

01d.°*®°*? The area has been reviewed previ-
ously, 259/644650-654

The novelty of such nanoparticles or nanoclusters lies in two
major factors: (a) high enhancement in efficiency due to high
surface to volume ratio and (b) extreme control over selectivity
by specific active sites. In general, there are two kinds of noble
metal particle catalysts: unsupported (Figure 25a) and

O\&‘ f&\o co.
0, g :t y

Oxide support

a) [} b)
R, |
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o 0
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0, R,
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O
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Heterogeneous catalysis

Figure 25. Schematic representation of homogeneous and heteroge-
neous catalysis by gold cluster. (a) Oxidation reactions catalyzed by
Au@PVP clusters. (b) CO oxidation by Au,s cluster supported on a
CeO, surface.

supported (Figure 25b). We will describe them briefly here,
although there are several review articles focusing on the
catalytic activity of noble metal nanoclusters.”*”%>>%% To
design a novel nanocluster catalyst, it is important for the
cluster to have an exposed metal surface. As these clusters are
usually protected by ligands, choosing an appropriate ligand is
the key factor; the ligands will protect the cluster while allowing
the exposed metal surface to interact with smaller molecules.
Tsukuda et al.”*® have shown that gold clusters stabilized with

8240

polyvinylpyrrolidone (PVP) have high catalytic activity. From a
detailed structural analysis using FTIR, XPS, and XANES, it
was found that these clusters were negatively charged. Thus,
PVP not only acts as a stabilizer but also modulates the
electronic structure that affects the catalytic activity. Several
oxidation reactions have been studied using these PVP
protected gold clusters”™® whose details are summarized in
Table 6.

Supported heterogeneous catalysts have essentially two
components: an active nanocluster and a support.”>” Usually,
metal oxides or other powders are used as supports. Anchoring
the cluster on its surface to prevent sintering during catalysis is
the main role of the support. The preparation of such catalysts
involves saturation of the metal oxide powder (support) in a
cluster solution, followed by drying of the material and
calcination at 350—1000 °C.*” At this high temperature, the
protecting ligands get removed from the cluster system and the
bare clusters supported on the metal oxide are ready for
catalysis reactions. Such supported catalysts have shown high
catalytic activities for a range of oxidation and epoxidation
reactions, as listed in Table 6.°°” Turner et al.®® illustrated the
catalytic activity of Augg cluster for the selective oxidation of
styrene by dioxygen. They proposed that initially the gold
entities dissociatively chemisorb O, to yield O adatoms, which
trigger the subsecguent catalytic chemistry. Au;,,°°’
Au,, 0002063 Agrg °* etc, also show catalytic activities
under different conditions and for different reactions. Xie et
al. developed Au,; and PdAu,, cluster based catalysts supported
on multiwalled carbon nanotubes (Figure 26).°* Their study
shows that single Pd atom doping can significantly improve the
catalytic performance. Two possible mechanisms have been
suggested for the Pd induced enhancement of catalytic
performance. One could be the creation of highly active
reaction sites by the Pd atom on the surface of Au,,, and the
other is the activation of Au sites by Pd induced modulation of
the electronic structure. Both of these mechanisms are well
supported, with two other reports for the case of Pd
incorporated gold particles® and Au incorporated Pd
nanoparticles,**® respectively. But here authors support the
later one based on DFT structure analysis. As Pd atom was
located inside the Au icosahedron, DFT study predicts®®’ that
electron transfer occurs from Pd to Au. Therefore, based on
this structural model, Au sites in PdAu,,@CNT are more
negative than Au,@CNT.

Electron transfer from Pd for the case of PdAu,,@CNT
helps to activate the oxygen more effectively, which results in
increased catalytic performance compared to Au,;@CNT.
Different groups®*°**7*° have addressed several such
examples of catalytically active gold clusters in various articles
and reviews, and a brief summary is listed in Table 6.

9.5. Solar Cells

Metal nanoclusters can also serve as effective Ehotosensitizers
that can be used for designing solar cells.”” Chen et al**
named such solar cells as metal cluster sensitized solar cells
(MCSCs). A glutathione protected gold cluster has been used
as a sensitizer. The cluster shows bright orange luminescence
(emitting at 600 nm), and it has an absorption feature near 400
nm. First, the mesoscopic films of TiO, were cast on fluorine-
doped tin oxide (FTO) glass electrode, which was then
immersed in the gold cluster solution for 48 h. Then the gold
cluster modified TiO, electrode was sandwiched with a Pt-
deposited FTO counter electrode. Co(bpy);(PFs),/Co-
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Table 6. Catalytic Performance of Selected Clusters”

cluster average size type of catalysis support type of catalytic reaction ref
Auys(PET);g, Augg(PET),,, Auyy(PET)g 1-2 nm homogeneous  — styrene oxidation, hydrogenation 655
of aldehydes and ketones
Au@PVP ~1 nm homogeneous  — alcohol oxidation 414—416
Cu@(PAMAM—OH) 1.2 + 0.3 nm homogeneous ~ — hydrogenation of carbonyl and 677
olefin groups
Au,(PET) g ~1 nm homogeneous  — hydrogenation of cyclic ketone 678
Au,s(PET) 4 ~1 nm homogeneous  — hydrogenation of aldehydes and 645
ketones
AuAg@PVP 1.3-2.2 nm homogeneous  — alcohol oxidation 679
Auy;Cly(PPh;)g, Auyg(PET),q, Augs(PPhy),Clg, 0.8—1.7 nm homogeneous  — electroreduction of O, 680
Auy40(S(CH,)sCH;)s3
Au,(SG) g ~1 nm homogeneous  — electrooxidation of ascorbic acid 681
Au,s(PET) g ~1 nm homogeneous  — electroreduction of CO, to CO 662
Au@PoPD ~3 nm homogeneous  — aerobic oxidation of alcohols 682
Au@THPC 2.0 £ 0.3 nm homogeneous  — aerobic oxidation of alcohols 683
Au@PS 1-2 nm homogeneous  — aerobic oxidation of alcohols 684
Au@PAA-1 24 + 0.7 nm homogeneous  — aerobic oxidation of alcohols 685
Au@Poly(EOEOVE) <4 nm homogeneous  — alcohol oxidation 686
Au@PNIPAM 2.6 £ 1.0 nm homogeneous  — aerobic oxidation of alcohols 687
Au@PVP - homogeneous  — N-formylation of amines 688
Au@PVP 1.3 nm homogeneous  — oxygenation of benzylic ketones 689
Au@PVP 1.3 nm homogeneous  — oxidation of organoboron 690
compounds
Au@PVP 1.3 nm homogeneous  — intramolecular addition of alcohols 691
to alkenes
Au@PVP 1.3 nm homogeneous  — intramolecular addition of 692
toluenesulfonamide
Au@PVP 1.3 nm homogeneous  — intramolecular addition reactions 693
of primary amines
Auyg(PET),, 1.1 nm heterogeneous  CeO, CO oxidation 694
Au,? 1-6 nm heterogeneous  TiO, CO oxidation 695
Au,s(SR) " ~1 nm heterogeneous  HAP styrene oxidation 696
Au,,(SG),, <2 nm heterogeneous ~ HAP cyclohexane oxidation 672
(m, n) = (10, 10), (18, 14), (25, 18), and (39, 24)"
Auyg(PET),, ~1.1 nm heterogeneous  TiO,, Fe,03, and  oxidation of sulfide to sulfoxide 697
CeO,
Au_,,” ~0.5 nm heterogeneous  FeOOH CO oxidation 698
Au,,,(PET) " 1.67 + 02 nm  heterogeneous  CuO-mSiO, CO oxidation 699
Au,s(PET) 4 ~1 nm heterogeneous  TiO,, Fe,03; and  CO oxidation 23
CeO,
Pt,Au,,(SC,H,) s ~1 nm heterogeneous  TiO, styrene oxidation 199
Pd,Au,,(SC,H,) 5" ~1 nm heterogeneous  CNT alcohol oxidation 663
Au“@TPPb 0.8 + 0.3 nm heterogeneous  mSiO, alcohol oxidation 700
Augs(PPh,),,Clg ~1.4 nm heterogeneous  SiO, styrene oxidation 660
Au,(PET) 4 ~1 nm heterogeneous  CeO, homocoupling of aryl iodides 701
Au,s(SR) g ~1 nm heterogeneous  TiO, photocatalytic degradation of 702
methyl orange
Ag; o(H,MSA), <1 nm heterogeneous  SiO,, TiO,, reduction of nitrophenol 664
Fe,03, and
ALO;

“It is important to mention here that in many cases, the actual cluster is almost completely inactive. Only after removal of ligands shell, they will be
active for catalysis. Such clusters where the ligand shell is removed are labeled with a. “The nature of the cluster core may be affected by ligand

desorption.

(bpy);(PFg); was used as an electrolyte in the experiment. The
photocurrent action spectrum shows the maximum incident
photon to photocurrent efficiency (IPCE) of MCSC to be 70%
(Figure 27) in the range 400—425 nm, which is relatively higher
than the IPCE of glutathione protected Au,g cluster (5—15%)
reported by the Tatsuma group.””*”** The high IPCE value in
the 400—425 nm region indicates the high efficiency of this
system to convert the absorbed incident photons into electrical
energy. Its quantum efliciency was closer to the IPCE value
(80%) of a comparative quantum dot solar cell (QDSC)
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consisting of CdS/ZnS modified TiO, electrode (Figure 27).7%
The maximum power conversion efficiency (#7) of MCSC was
in the range 2.03—2.36%, similar to the value (2—3%) reported
for QDSC.”"”7% The effectiveness of these MCSCs is because
of the higher HOMO/LUMO energy gap and stronger
interaction with TiO,, which allows substantial electron
injection. The role of Co(II)/Co(IIl) was to deliver a steady
photocurrent. Recently, Abbas et al. have explored the cluster
size effect on solar cell performance by selecting four differently
sized gold clusters such as Au;o_1,(SR)jo_12 Auys(SR)y3,
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Reprinted from ref 663. Copyright 2012 American Chemical Society.

Aus(SR),,, and Au,s(SR),s respectively. Among them,
Au,5(SR),, shows a conversion efficiency of 3.8%.”%”"'" This
highlights the possibility of utilizing noble metal nanoclusters as
sensitizers because of their wide range of photoabsorption
capacity covering the entire visible window.

10. NEW MATERIALS

Nanomaterials in conjunction with other materials can give
exotic properties. In this context, clusters embedded in soft and
inorganic materials are a new addition. Attachment of clusters
to nanoparticles has led to enhancement of the luminescence
and associated properties of metals. Such properties in the
context of mesostructures have enabled the development of

fast-responding single particle sensors. Composite materials
with graphene, gels, proteins, and oxides are known with
varying properties from antimicrobial to catalytic effects.
Current achievement in the area suggests the expansion of
these materials into biological applications’'' and water
purification.”'>”"?

10.1. Graphene Composites

After Cg, and nanotubes, graphene is perhaps the most exciting
analogue of carbon, and it has been intensely explored in the
recent past.”'*~7'® Creation of new materials using graphene is
a fascinating area of research, and several nanocomposites have
been made with graphene to incorporate diverse properties in a
single system.”"” Chandrasekar and Pradeep’* have illustrated
the possibility of synthesizing a composite of graphene and
silver clusters through covalent linkages (Figure 28a).
Graphene, which contains carboxylic acid groups, was further
functionalized to form thiolated graphene that was used in a
ligand exchange reaction to generate the composite. The
composite was purified by the phase transfer method. The
optical properties of the composite exhibited the features of the
cluster as well as graphene. Interestingly, the cluster
fluorescence was only quenched when a high concentration
of the thiolated graphene was used for the exchange process. A
variety of nanocomposites can be generated by varying the
functional groups, length, and properties of the linker
molecules. Such composites can be used in several applications
such as bioimagin%,717 biosensors,”'® antibacterial activity,513
etc. Wang et al.”"” have shown the use of a transferrin
functionalized gold cluster—graphene oxide nanocomposite for
bioimaging of cancer cells (Figure 28b). In this system,
transferrin acts as a reducing agent as well as a functional ligand
for targeting the transferrin receptor. We believe that several
such new materials can be developed in the future having
implications in diverse fields.

10.2. Other Composites

Boron nitride sheets have drawn significant attention because of
their graphene-like 2D layer structure. They also have high
temperature stability, high mechanical strength, low dielectric
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Figure 27. (a) Schematic view of the working principle of a metal cluster sensitized solar cell. (b) IPCE spectra (external quantum efficiency) of
photoelectrochemical cell using photoanodes composed of (i) TiO,—Au,—SH cluster, (ii) TiO,—CdS/ZnS, and (iii) TiO,. Traces i and iii were
recorded using 0.22 M Co(bpy);(PFy),, 0.033 M Co(bpy);(PF¢);, 0.1 M LiClO,, and 0.5 M 4-tert-butylpyridine in acetonitrile as electrolyte and Pt
deposited on FTO as counter electrode. Trace ii was recorded using 2 M Na,S and 2 M S in H,O as electrolyte and Cu,S-RGO film deposited on
FTO as counter electrode. Reprinted from ref 24. Copyright 2013 American Chemical Society.
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Figure 28. (a) UV/vis spectra of freshly prepared Ag nanoclusters in aqueous phase (brown trace), graphene—GSH (orange trace), and GRN—Ag
nanocluster (violet trace). Inset i shows the photographs of the composite in water (left) and phase transfer to organic medium (right) under visible
and UV light, respectively. Inset ii is the scheme of composite formation. Reprinted from ref 54. Copyright 2012 American Chemical Society. (b)
Schematic of transferrin functionalized gold nanocluster—graphene oxide nanocomposite (i). Corresponding emission spectrum and photographs
under visible and UV lights are given in (ii). Fluorescence imaging of HeLa tumor bearing mice (iv) and normal nude mice (iii). Reprinted from ref
717. Copyright 2013 American Chemical Society.
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Figure 29. (a, b) TEM images of Ag,,@Te NWs at different magpnifications. Ag,,(SR);, aggregates on the NW surface upon exposure to the electron
beam are seen as nodules in (b). (c) Schematic illustration of the aligned NW assembly. Processes involved during the assembly formation are
shown. (d) TEM image of the monolayer assembly formed at the air—water interface in the case of pristine Te NWs. A schematic of the oriented
monolayer of Te NWs is shown in the inset. (e) TEM image of the crossed assembly formed with Ag,,@Te NWs for the same NW concentration as
the pristine Te NWs. Schematic illustration of the crossed bilayer structure of the assembly, seen as a woven NW pattern in the TEM image, is
shown in the inset. (f) Expanded view of the marked region in (e) showing uniform inter-NW distances (~3.4 nm) for both the layers. Reprinted
with permission from ref 721. Copyright 2016 John Wiley & Sons.

constant, and high thermal conductivity. Combining these Such composites can also be useful in drug delivery and
properties of BN sheets with those of gold nanoclusters could diagnosis. George et al”>” made a luminescent chitosan
lead to new composite systems with a potential for different composite of gold cluster encapsulated in cyclodextrin for
applications. Yang et al.”'” prepared such composites by specific detection of Cu?* ion. Mathew et al.”>* incorporated 15
dispersing exfoliated BN sheets in poly diallyl-dimethylammo- atom BSA protected silver cluster on a silica coated gold
nium chloride (PDDA) and then decorating the PDDA—BN mesoflower, which was then used as a fluorescence probe for
sheets with orange luminescent gold nanoclusters (GNC). This sensing TNT. Details of these two systems have been discussed
composite was then used to immobilize antibody conjugates previously in section 9.1. Liu et al.”*’ simultaneously
(Ab,) to fabricate PDDA—BN—GNC—Ab2 bioconjugates used determined ascorbic acid, dopamine, and uric acid via a
as fluorescence probes to detect interleukin-6 (IL-6). The graphene—multiwall carbon nanotube—gold nanocluster com-
PDDA—BN—GNC—ADb2 composite was then used as a biolabel posite modified electrode.
for immunosensing using ITO chips. The limit of detection was In a recent report,”' Som et al. have created Ag,—Te
found to be as low as 0.03 ng/mL. nanowire (NW) composite materials which formed highly
8243 DOI: 10.1021/acs.chemrev.6b00769
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organized crossed bilayer assemblies at the air—water interface
(Figure 29).7*"

Cluster attachment to the NWs was confirmed by electron
microscopy studies of the Ag,,@Te NWs (Figure 29a,b). It is
very difficult to identify individual Ag,,(SR), clusters (as they
do not produce enough contrast) in standard electron
microscopy on a thick Te NW surface. However, existence of
the cluster can be probed through TEM as high energy electron
beam irradiation creates aggregation (Figure 29b). The cluster
composite shows unusual orthogonal bilayer assembly at the
air—water interface (Figure 29¢,e). Note that only Te NWs
show single layer assembly under the same condition (Figure
29d). This assembly has been directed through hydrogen
bonding between the protecting ligand shells of Ag,,(MBA);,
cluster anchored on NWs. Ag,, cluster layers remain
sandwiched between two of the neighboring NWs at a constant
distance which is dictated by the core size of the Ag,,(SR)5
cluster (Figure 29f). On the other hand, orientation of the
ligands in the space dictates the interlayer geometry. MBA
protected Au,g, cluster anchored on Te NWs also shows a
similar assembly. Such bilayer assembly of the composite
materials can be used for strain sensing.

11. OPTICAL CHIRALITY

Chirality has become an intensive research topic for nanoscale
materials.””*~"** In clusters of the kind discussed here, chirality
could arise because of the following four reasons: (i) ligands
arrangement on the cluster surface, (i) cis/trans isomerism in
the bridged Au—S rings, (iii) inherent chirality of the cluster
core, and (iv) chiral thiolate ligands.”** Apart from the last one,
which is investigated for several nanoparticles, others are
important topics to explore and not many reports exist on
them. Strong chiroptical properties of gold nanoclusters were
observed first by Schaaff et al.”*’ Since then several examples
have been reported.”’**%**726=730 Qptical chirality is
typically probed with circular dichroism (CD)>**#0%72772%731
and sometimes with vibrational circular dichroism
(VCD),””*”** along with NMR spectroscopy. Detection of
the differential absorption of left- and right-circularly polarized
light by a chiral sample is the basic principle of CD, whereas
VCD is sensitive to the absolute configuration as well as the
conformation of a chiral molecule in solution. Normally, achiral
molecules or racemic mixtures do not show any VCD activity
as, without a chiral environment, the two enantiomeric forms of
the chiral conformation are equally abundant.”** To explain the
optical activity of these molecules, several models such as chiral
footprint model,”*””** intrinsic core chirality,73’4’73’5 etc., have
been proposed. Au,,” and Augg have been proposed to have
inherent chiral cluster cores,'”*’*~7** but it is very difficult to
explore with CD as the structural distortion from symmetry is
very small to be detected. X-ray diffraction and microscopic
techniques”*~’** are very helpful in such cases; e.g. chiralities
of Au;p,(SR),,* and Auy,(SR),, ** were seen through XRD.
Auyg(2-PET),, cluster is an example of clusters which show
ligand arrangement induced chirality. Ausg(SR),, " is a prolate
shaped cluster containing a face fused bicosahedral Au,;
core.® This core is further protected by six Au,(SR); and
three Au(SR), staple motifs. The bare core exists in Dy,
symmetry, and the staples arrange in a chiral fashion to adopt
D; symmetry which leads to chirality in the system because of
their orientation.”” The enantiomers can be separated through
HPLC and examined by CD spectroscopy as seen in Figure
30.* Similar enantiomeric separation was reported for Au,y(2-
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Figure 30. Crystal structure of the left-handed enantiomer of
Auyg(PET),,. (a) Top view of the cluster; (b) side view; (c) schematic
representation highlighting the handedness of the cluster. The inner
triangle represents the top three core atoms binding to the long
staples. The arrows represent long staples, and the outer triangle
represents the core Au atoms binding to the “end” of the staple. This
representation is a top view along the C; axis, and the two triangles are
not in one plane. (d) Top view in space-filling representation mode,
(e) side view in space-filling representation mode. (f) CD spectra of
isolated enantiomers 1 (black) and 2 (red) and the racemic
Auyg(PET),, (blue), respectively. Reprinted with permission from
ref 20. Copyright 2012 Nature Publishing Group.

PET),,”*" and Au,s(TBBT),, (TBBT = 4-tert-butylbenzene-
thiolate)**® by chiral HPLC. For Au,y,(PMBA),,, the
enantiomers were enriched during phase transfer with a chiral
ammonium salt as phase transfer agent.”*> Chirality can also be
induced to an achiral cluster through ligand exchange with
chiral ligands.”** Yao et al.”**’*" achieved chirality in
monolayer protected silver clusters by introducing chiral thiols.
Dolamic et al. have shown that an intrinsically chiral gold
cluster, Auyg(2-PET),, (2-PET = 2-phenylethylthiolate), can
transfer its handedness to an achiral molecule (2-PET)
adsorbed on its surface.”*® The cluster enantiomers show
strong vibrational circular dichroism (VCD) signals in
vibrations of the achiral adsorbate which could be due to the
chirality transfer from the cluster to 2-PET.”*® The chirality in
2-PET arises because of the mirror symmetry breaking, which
favors one enantiomer of a transiently chiral molecule. Such
chirality transfer can play an important role in enantioselective
chiral catalysis.

12. SIMILAR STRUCTURES

Confinement in the subnanoscale occurs in several other
systems. While similar structure exists in a range of materials
such as zeolites, clathrates, metal organic frameworks (MOFs),
etc, molecular clusters of similar nature exist in a few
chemically similar systems. Metal hydrides are important
analogues, hydrides can exist at the center of such metal
clusters. A related category of materials exhibiting molecular
cluster behavior is semiconductor quantum dots.

12.1. Hydride-Rich Silver Clusters

Generally these thiolated clusters are synthesized using a
chemical reduction method in which the metal precursors,
thiol, and NaBH, are mixed. It is important to see whether
hydride ions can exist in the final clusters. To the best of our
knowledge, there is no report in the literature on hydrido—gold
clusters stabilized by thiol as it is extremely difficult to probe
them with spectroscopy, but a few studies on Au(I)—hydrido
complexes are known.”*””* In the case of silver clusters, there
are some reports of hydrido compounds stabilized by chalcogen
donor ligands. These are believed to be intermediates in the
formation of noble metal nanoclusters.
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Figure 31. (a) Ag;H core of the cluster disordered in two orientations (50% each). (b) Molecular structure of [Ag,;(u,—H) (Se,P(OPr),),] (30%
thermal ellipsoid) with isopropyl groups omitted for clarity. Reprinted from ref 751. Copyright 2013 American Chemical Society. (c)
Characterization of [Ag;sH,4(TPP);0]?* cluster. (i) Positive-mode ESI mass spectra of the cluster. Inset ii shows the corresponding UV/vis spectrum
along with a photograph of the cluster in MeOH. Inset iii shows an expanded view of the molecular peak plotted with the corresponding simulated
spectrum (red trace). Reprinted from ref 752. Copyright 2016 American Chemical Society.
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Figure 32. (a) Absorption (black trace), excitation (blue trace), and emission (red trace) spectra of the [Ags,S;3(SBu');,](BF,), cluster. Inset shows
the corresponding photograph under visible and UV light. (b) Crystal structure of the silver sulfide cluster: (i) centrosymmetric structure of the
cationic part of [AgS;3(SBu®)3,](BE,),, (ii) [Agi4S3] core configuration, and (iii) Ags(SBu')s, shell structure. The [Agy,S;3] core and the tert-
butyl groups have been omitted for clarity, and the artificial large purple sphere shows the inner space occupied by the [Ag;,S,3] core. Color legend:
orange, Ag (core); green, Ag (shell); purple, $%; yellow, S (thiolate); gray, C. Reprinted from ref 761. Copyright 2010 American Chemical Society.

Liu et al.”>' have shown an example of such intermediate
silver clusters, Ag,(H)[E,P(OR),]s, which can transform to
nanoparticles later. Crystal structures of such hydride clusters
have been solved with different ligands (E = S, Se and with
different R). The cluster exhibits a tricapped tetrahedral Ag;,
skeleton, which is inscribed within an E,, icosahedron
constituted by six dialkyl dichalcogenophosphate ligands in a
tetrametallic-tetraconnective (4, §,) bonding mode (Figure
31). In general such clusters are synthesized by the reduction of
the precursor using NaBH,.”>»”>* The presence of a central
hydride was probed by 'H, *H, and ' Ag NMR spectroscopies.
Similar structures have also been found for Cu,”>>~"*” and they
are used for H, production using solar energy.”>® Very recently,
Bootharaju et al.”>> have synthesized three new hydride-rich
silver clusters, namely [Ag;sH,;((TPP),,]*",
[Ag,sH,,(DPPE),J**, and [Ag,¢H,,(TFPP),;]*, using hydrides
and different phosphines having single or multiple binding sites,
such as triphenylphosphine (TPP), 1,2-bis-
(diphenylphosphino)ethane [DPPE], and tris(4-fluorophen-
yl)-phosphine [TFPP], respectively. NaBH, was the source of

hydride for all these clusters. The numbers of free electrons for
these hydride-rich clusters have been calculated in the same
way as mentioned in section 1. Hydrides are considered as
electron withdrawing ligands (similar to thiols), and therefore,
the numbers of free electrons for the above-mentioned three
clusters ([AglsHlé(TPP)10]2+; [Agstzz(DPPE)s]3+; and
[AgyHy,(TEPP) ;1) are 0 (18 — 16 — 2), 0 (25 — 22 —
3), and 2 (26 — 22 — 2), respectively (note that phosphines do
not enter into the free electron count). The third one
completes the electron-shell closing rule which explains its
stability, whereas for the first two cases stability comes from the
geometry. All of these clusters have distinct optical features (an
example is given in Figure 31, for the Ag; cluster) and the first
two cluster solutions have a unique green color similar to the
“green gold” compound by Crasto et al.”>’ The cluster
assignments were done based on the HRESI MS data (Figure
31c) where the molecular peak comes with good isotropic
distribution. Discovery of such hydride-rich metal clusters
shows that smaller ligands can also act as protecting ligands,
and many clusters can be revisited to see the existence of
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Figure 33. (a) MALDI mass spectrum of MBT-protected Pt nanoclusters in negative ion mode, obtained for DMF-protected Pt nanoclusters by
ligand exchange with MBT. Inset shows the extended mass spectrum of Pt;(MBT), along with the corresponding calculated spectrum. Reprinted
with permission from ref 775. Copyright 2010 Royal Society of Chemistry. (b) Excitation (dashed line) and emission (solid line) spectra of yellow-
emitting Pt nanoclusters. Inset shows the photograph under UV irradiation (4 = 366 nm). Reprinted from ref 776. Copyright 2012 American

Chemical Society.

hydride in the clusters, as in most of the cases NaBH, was used
as the reducing agent. Buckart et al’*’ have shown an
anomalous behavior of hydride in the case of gas phase gold
clusters where hydride mimics gold. However, one should not
get confused in making the electron count, considering the
electrons of hydride, as chemistry in the solution phase and
chemistry in the gas phase are completely different. Also, while
dihydrogen was the source of hydrogen in the gas phase,
borohydride was the only source of hydride in the solution.

12.2. Silver Sulfide Clusters

Monolayer protected silver sulfide clusters are another class of
materials which have properties similar to those of the noble
metal nanoclusters. Although very few articles are reported in
the literature on this specific topic, these systems can give a
deep insight into the metal sulfide chemistry. These materials
are the smallest versions of quantum dots. They are atomically
precise, while such characterization is usually not possible for
quantum dots. Li et al.”®" deciphered the single crystal structure
of an atomically precise silver sulfide nanocluster,
[Ag,S15(SBu");,](BF,),, which also exhibited luminescence.
The cluster was synthesized by heating three components:
AgBF,, H,NNH,, and AgSBu" The thiol acts not only as a
protecting agent but also as a source of S~ by the cleavage of
the —C—S bond.”®" The cluster displayed unique UV/vis
features (bands in the UV regions and a low energy band at 543
nm) along with a sharp emission at 621 nm (when excited at
497 and 591 nm) (Figure 32a). The single crystal data
suggested that the cluster possessed a core/shell geometry. It
can be seen from Figure 32b that the core is made up of 14 Ag*
ions and 13 sulfur ions. Eight of the 14 Ag" ions form a cubic
structure, with the remaining six Ag" ions positioned at the
center of the tetrasilver square faces (Figure 32bii). Out of the
13 sulfur atoms, one is at the center of the core and the
remaining 12 are located on the 12 edges. This core is further
surrounded by a Ag,s(SBu');, shell.”®' The Ag* in the shell can
be classified into 36 surface ions and 12 subsurface ions. The
thiolates can coordinate to three surface silver atoms or to one
subsurface and two surface silver atoms. In another work, Li et
al.”®” have reported a nest-like structure for the
[Ags3S;(SBu’) 4(CF;CO0)(NO;)(CH;CN),](NO;) cluster.
Some of the other known examples of silver sulfide clusters
are A856512(5But)20];763 [Ag70S20(SPh),5(dppm) o]j
(CF3C02)21764 [Ag123535(SBut)50 , °s
[Ag2625100(SBut)éz(dPPp)6]r764 [Ag3205130(SBut)60(dPPP)12];766

1
7

8246

[Ag3445124(SBut)96]:765 [Agaszs128(StC5H11)96];766 and

[Ag400S185(S'CsH 1) 114].7%® Recently Maniju et al. have reported
49 5 y ) p

a highly luminescent Aggésemsls cluster which shows Hg**

detection at 1 ppb level.””’

13. ATOMICALLY PRECISE Pt AND Pd CLUSTERS

So far, we have discussed mainly thiolated gold and silver
clusters. In this section we will briefly describe nanoclusters of
other noble metals such as Pd’®® and Pt.'”* Very few reports
can be found for these metal nanoclusters. Their reduced
stability (compared to gold) in the zero oxidation state makes it
difficult to synthesize and characterize them. It is important to
mention the early work of the Dahl group’®~"”" on carbonyl
protected Pd and Pt clusters, but in this section we are focusing
largely on thiolated clusters. Apart from Pt and Pd clusters, only
two reports exist for another noble metal, namely Ir.””>””?

13.1. Platinum Clusters

Synthesis of monodispersed Pt nanoparticles began with the
report of Kimura and Chen in 2001.”* Kawasaki et al.”’
demonstrated the first surfactant-free solution phase synthesis
of highly stable Pt nanoclusters. High temperature reduction in
DMF was the key factor that led to the generation of this
cluster. The assignment, Pt;(MBT), was made from the
MALDI MS data of the ligand exchanged (with 2-mercapto-
benzothiazole) cluster which showed an intense peak at m/z
2140. The experimental spectrum matched exactly with the
corresponding calculated one (Figure 33a). Two other peaks
seen on either side of the main peak were assigned as
Pt,(MBT), and Pt,(MBT),, respectively. Le Guével et al.””®
synthesized glutathione protected yellow emitting Pt nano-
clusters, which showed emission at 570 nm (Figure 33b).
Tanaka et al. used mercapto acetic acid protected blue emitting
platinum nanoclusters for bioimaging of HeLa cells.””” In the
experiment, they labeled the cluster with chemokine receptors
in living HeLa cells through a conjugated protein bound
antibody. Yuan et al.””’ have demonstrated that reversible
phase transfer can lead to blue emitting Pt nanoclusters. They
also showed the effectiveness of this method for other metals
such as Au, Ag, and Cu.””” Chakraborty et al. have synthesized
atomically precise blue emitting platinum clusters through the
solid state route.'”> Mass spectral (both ESI and MALDI MS)
characterization yielded an assignment of Pt;;(BBS)s, where
BBS refers to 4-tert-butylbenzyl mercaptan. The cluster was
blue emitting with a QY of 3 X 107°, which is much smaller
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(D3-3)-(PET),,(SMe),,-auro-25
aspicule(1-)

([D1-D6]-3)-(PET),,(SMe),,-(i,5,6,D3-2,D4-4)-
pentapalladoauro-25 aspicule(1-)

Figure 34. (a) Borromean rings diagram of Au,s(SMe)s. The core Au atoms are numbered from 1 to 12, and the staple atoms are numbered
clockwise from the end of the staple, from 1 to S. The lines that join core Au atoms on opposite ends of the same staple are shown by the green lines.
The staple directions are labeled by the six staple locants D1 to D6, marked in red. Inset i shows a 3D visualization of the ring structure of the core
and staples of Au,5(SR) ¢ aspicule, with each (AugSg) ring consisting of two coplanar staples and the core atoms that are bonded to these staples. See
that there are three distinct, interconnected AugSg rings in green (x axis), blue (y axis), and red (z axis). The R group used here is CH;. Inset ii shows
a close-up of the numbering scheme of the core atoms marked on the edge projection of the core icosahedron. Modifications of Au,s(SMe),; with
ligand and metal atom substituents for the following cases: (b) a single bridging ligand (PET) exchange and (c) six bridging ligands and five metal
(Pd) atoms exchanged (which is at present a hypothetical structure). Taken from ref 232. Copyright 2015 American Chemical Society.

than the cluster reported by Tanaka et al.””” Besides the above-
mentioned cases, there are also reports of other platinum
nanoclusters.””5~754

13.2. Palladium Clusters

For palladium, most of the reports are on nanoparticles, with
TEM as the main characterization technique.”**~"** In many
cases, the Pd nanoparticles were seen to have completely
different structures than Au or Ag NPs.”*”°° An unusual
sulfidized Pd layer was seen in between metallic core and
thiolated shell. Corthey et al.”*® have explained the possible
reason for such PdS layer formation in thiolated Pd
nanoparticles. According to them, initial Pd(0) clusters, formed
due to the reduction of Pd(II) species, are likely to be
responsible for the S—C bond cleavage which leads to the
formation of adsorbed sulfide. Once such a PdS layer formed,
the clusters are still active for the adsorption of thiolate
moieties but cannot decompose further, which results in the
formation of PdA@PdS@SR type of nanoparticles. However, not
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many reports of Pd nanoclusters are there today to conclude
the presence of such a PdS layer in between the metallic core
and thiolate ligands. In 2001 Zamborini et al.””’” synthesized
alkanethiolate protected Pd clusters and compared their
reactivity, electrochemistry, and properties to those of the
corresponding monolayer protected gold clusters. Their
significant difference from Au MPCs drew the interest of

798 .
1.7% characterized

other groups to work in this area. Negishi et a
thiolated Pd clusters via mass spectral analysis. Two major
peaks corresponding to Pds(SCsHs;)10 and Pd;o(SCigHzyy)1n
were seen in the MALDI MS spectrum using anthracene as the
matrix. The average cluster core diameter was found to be ~1
nm, consistent with the formula Pd,(SR),, where m = 0.6n.”"*
From the optical spectrum a band gap of ~2 eV was observed
which showed the emergence of nonmetallic properties as a

. . 798
result of size reduction.
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14. NAMING AND STRUCTURAL UNDERSTANDING

The discussion presented suggests that cluster systems behave
as (a) molecules with (b) constituent units such as ligands and
cores retaining their limited individualities while (c) the
integrated entity behaves as an independent molecular unit in
properties and functions. The most important single aspect that
comes out of these studies is that clusters of this type are
molecules-in-molecules and each of the constituents is essential
for the integrity of the whole. They may be regarded as
molecules protected with molecules. A detailed analysis of
clusters was made by Natarajan et al. to suggest the compound
name aspicule for this class of systems which is derived by
combining the Greek root word aspis meaning “shield” with
cule of “molecule”, meaning “shielded molecule”, reflecting their
chemical, physical, and material character.”** This name is
suggested with the realization that, without a proper name, the
variety and complexity of chemistry being evolved cannot be
captured. Imagine, for example, ligand exchange changing the
composition of the cluster. With multiple ligands being
exchanged at specific locations, there is a need to indicate the
binding sites. Some of these clusters may be isomeric in terms
of their positions. In order to name different isomeric structures
uniquely, a systematic way of drawing these structures is
needed. A set of rules for naming the clusters is essential. Such
naming systems have been introduced already for fullerenes and
boranes.

Aspicule nomenclature has been proposed for the three most
common gold clusters, Au,s(SR);s, Auzs(SR),, and
Au,4,(SR) 4, which may be extended further for other clusters.
The structure of an aspicule may be represented as three
concentric shells of atoms: (i) the protective shell of ligand R
groups, (ii) an intermediate mantle, and (i) the inner metal
core. The most common geometry for the inner core is
icosahedral due to its high stability. They have simplified the
structural representation in the form of a diagram (Figure 34a)
with unique positional labels (locants) for (i) the core atoms,
(ii) the staples, (iii) the ligands, and (iv) the staple metal atoms.
Among the several possible structural representations and
labeling schemes for Au,;, a simple topological representation
was found based on a projection of the three-ring structure of
Auys(SR),g, with all of the essential atoms and the octahedral
symmetry as depicted in Figure 3Sa.

For developing the aspicule nomenclature these four points
were taken care of: (i) symmetry, (ii) universality and ability to
describe the structure and/or modifications of any aspicule, (iii)
resemblance to IUPAC nomenclature, and (iv) simplicity,
enough to use and remember, even for such complex structures.
The name for Au,s(SMe),s according to the “aspicule
nomenclature” is 18(methylthiolato)-auro-25 aspicule(1—) or
(SMe),g-auro-25 aspicule(1—), in its condensed form.
Auy5(SMe),(PET),, based on the locants of Figure 34b,
which has the PET ligand exchanged at the bridging position 3
on the D3 staple, is (D3-3)-(2-phenylethanethiolato),17-
(methylthiolato)-auro-25 aspicule(1—) or, in its condensed
form, (D3-3)-(PET);,(SMe),,-auro-25 aspicule(1—). Here D3-
3 corresponds to the ligand exchanging position. Similarly, an
alloy cluster such as Au,oPd;(SMe),(PET)s can have its
aspicule name (Figure 34c) as ([D1-D6]-3)-hexa(2-
phenylethanethiolato),dodeca(methylthiolato)-(i,5,6,D3-2,D4-
4)-pentapalladoauro-25 aspicule(1—) or, in its shorter form,
([D1-D6]-3)-(PET)4,(SMe) 1,-(i,5,6,D3-2,D4-4)-pentapalla-
doauro-2S aspicule(1—). As can be seen, a variety of isomers for
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Figure 35. Plot of number of ligands with respect to the number of
metal atoms for gold and silver clusters reported so far. Inset shows the
same plot for clusters with crystal structures.

various ligand and metal positions are possible, and they can be
presented and labeled. A recent report of Au,s dimer and its
associated isomers*®” can easily be explained with this model
structure.

15. FUTURE PROSPECTS

The evolving interface of nanoparticles and clusters is being
enriched by a large variety of molecular species with chemical
diversity. Looking into the future, several avenues of
unprecedented growth are evident. In the following, we
attempt to capture some of these exciting areas.

15.1. New Synthetic Methodologies

Even though a wide series of gold clusters with different
nuclearities have been synthesized so far (Figure 35), reports
on silver clusters are limited and the list is just a handful for
other noble metals. Significant improvement in synthetic
methodology is needed in order to create variety in noble
metal cluster science. It can also be extended to other metals
such as Cu”'"7*%7%77%1 4nd Fe.*”> Choice of ligands can solve
the problem in many cases as can be seen in the recent reports.
Tuning the thiol and phosphine ratios, use of carboxy and other
oxy ligands for metals like Cu and Pd, use of hydride as ligand,
etc., are important to consider.

15.2. Ligand Induced Properties

The metallic cores and the ligands, in part, add specific
properties to the cluster system. Several of these properties are
complementary, although integrated phenomena based on
individual properties have not been explored adequately. The
only phenomenon explored to some extent is FRET, which has
been demonstrated in a few cases, in both ligand and protein
protected clusters. Moving beyond, integration of other
properties of the ligand and the core, enhancing electrical
conductivity, magnetism, optical absorption, thermal conduc-
tivity, and catalysis may be explored.

15.3. Alloys

While early science of the complexity of the cluster core in
terms of alloying is available, integration of cluster nuclei
producing more complex multicluster systems is yet to evolve.
One such possibility is cluster dimers and polymers which
constitute new forms of architectures with unprecedented
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diversity. Such cluster building blocks may present new
paradigms in materials science.

15.4. Hydride-Rich Clusters

Recently, isolation of several hydride-rich metal nanoclusters
has shown that smaller ligands like H™ can also serve as
protecting agents. In all of these cases, H™ comes from the very
common reducing agent NaBH,, which suggests a new
direction of revisiting many of the clusters to check the
existence of hydride in them. Such clusters may be possible
with other metals, too. It will be interesting to have hydride-rich
clusters as a potential candidate for hydrogen storage, although
this appears to be an expensive and “heavy” proposition right
now. Note that mass storage efficiency here is much lower than
in materials such as magnesium hydrides.

15.5. Cluster Composites

The interface of inorganics and organics through clusters is
another fascinating area. While there are many bioconjugates,
the inherent advantages of clusters with luminescence, catalysis,
and functionality, along with reduced sizes, provide new
capabilities for chemical interactions, and the composites can
access much smaller volumes than hitherto accessible by
nanoparticles and can report on the events in the vicinity with
better spatial accuracy. We hope that such new reports will
change our understanding of biosystems significantly. In the
case of inorganics, cluster conjugates with graphene and
graphene analogues will be a new direction to pursue. Noble
metal clusters can be conjugated with 2D chalcogenides and
other quantum structures, using molecular linkers. These
conjugate systems are likely to be novel ways of imparting
properties to 2D sheets. The materials science of such
conjugates will be a new direction forward. Some early
directions in this context are available.”*

15.6. Computational Approaches

The complex architecture being evolved will require new
computational approaches. Early signs of such studies in
cluster—virus interaction are seen in the recent past.803 Precise
understanding at still larger length scale may be feasible. Such
studies are expected to point to newer interfaces in cluster
science. Computations are essential to understand the events in
clusters such as the early stages of intercluster reactions, which
are impossible to capture today with the current level of
instrumentation.

15.7. Stabilizing Cluster Luminescence

An important aspect of clusters is their luminescence. However,
clusters have reduced stability. As a result, there is a need to
protect them with appropriate shells with suitable functionality
which allows their penetration into biological and other
environments such as polymers, ceramics, etc. A possibility is
silica protection, which has been examined some time ago.*”*
However, such studies have not been continued. Properties get
enhanced in confined environments, and this needs to be

exploited.
15.8. Crystallization

Molecules of the kind described here have a distinct well-
defined core with a precise number of ligands. There are plenty
of clusters in terms of both gold and silver which have been
reported recently. Among them, only a few have crystal
structures. Therefore, it is important to develop new strategies
to obtain crystals of most of the clusters. This is necessary for a
detailed understanding of their structure, bonding, and
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properties. A comparison of the clusters reported so far and
available crystal structures are presented in Figure 35. Gold and
silver follow a similar trend, with a few exceptions. It is clear
that there is ample room to discover new structures and the
associated properties. One aspect requiring systematic inves-
tigation is the ease of forming crystals of the same core with
chemically similar ligands. Multiple properties of ligands can be
considered. Chemically constrained ligands such as calixar-
enes®”™*"7 have been considered with multiple thiols.
Nonplanar thiols, dithiols, and such other systems will be of
use in this context. New crystallization strategies such as
electrocrystallization reported recently®”® may be extendable to
other clusters.

Cluster crystals as materials have not been examined. While
crystal structures have been looked at, studies have not gone
beyond to determine the properties of crystals such as electrical
conductivity, optical properties, temperature, pressure effects,
etc. A rich area of cluster materials is yet to be explored.

15.9. Intercluster Reactions

Spontaneous reactions involving metal and ligand exchange and
the new examples of isomorphous transformations’'’ between
clusters suggest that many new examples of this science are
possible. In this process, it may be possible to create completely
new clusters. Transformation of clusters from one to the other
presents new examples of chemistry at the nanometer length
scale. It is likely that these reactions produce new examples of
nanochemistry.

15.10. Cluster Assembled Solids

Ligand protected clusters can be brought to the gas phase from
solution, and they can be flown through in a gaseous stream.
This suggests that protecting ligands can be removed, at least in
some cases by thermal or photochemical processes. The
resulting naked clusters could be new reagents as they are
atomically precise and, in most cases, they will have only one
type of cluster in comparison to many nuclearities that are
formed in thermal or other evaporation processes. This naked
cluster based synthesis of advanced materials would make the
synthesis of cluster assembled porous solids possible. As
clusters of this kind can be controlled by appropriate charges,
their deposition can be controlled with electrical or magnetic
means, allowing patterning. These cluster assembled films may
be useful in creating photonic materials.

15.11. Clusters as New Molecules

The science of clusters is becoming analogous to that of
molecules. Intercluster chemistry has shown several examples,
and they suggest that the science of clusters is similar to that of
simple molecules. Clusters with their cores and ligands act as
single entities in these transformations. This new category of
chemistry is distinctly different from that of the ligands and the
cores which have been probed in more detail. Expansion of the
area involving new clusters and reaction conditions will open
up new areas of science. Ultimately these explorations could
lead to new rules of cluster chemistry analogous to molecular
science.

Applications of clusters in terms of sensors, solar cells, and
bioimaging have appeared. However, potentially useful
technologies which could impact industry have not come yet.
These may happen, however, by combining properties of
clusters with other novel materials such as 2D sheets,
nanoparticles, and quantum dots.
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In closing, it is clear that exploration of the science of clusters
is expanding chemistry, materials science, and nanoscale
phenomena. The properties of these systems will take their
applications to biology, sensors, catalysis, and several areas of
materials technology. Their emerging phenomena require new
experimental and theoretical tools for detailed understanding.
New synthetic chemistry is needed to discover unknown cluster
systems. On the whole, a bright future is visible; some of the
excitements on the horizon are likely to happen in the areas
listed above, although we are aware that predictions are likely to
reflect personal preferences.
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ABBREVIATIONS

AAS atomic absorption spectroscopy

AFM atomic force microscopy

Apt-thrombin 27-Nt DNA aptamer

BSA bovine serum albumin

CD circular dichroism spectroscopy

Con A concanavalin A

COsy correlation spectroscopy

cv cyclic voltammetry

DFT density functional theory

DLS dynamic light scattering

DNA-apt DNA aptamer-templated

DPV differential pulse voltammetry

DSC differential scanning calorimetry

EIND-SH 1,1,3,3,5,5,7,7-octaethyl-s-hydrindacene-4-thio

ESI MS electrospray ionization mass spectrometry

ET energy transfer

EXAFS extended X-ray absorption fine structure

FTIR Fourier transform infrared spectroscopy

GST glutathione S-transferase

HAADF high angle annular dark field

hlgG human immunoglobulin G

HPLC high pressure liquid chromatography

MALDI MS  matrix assisted laser desorption ionization mass
spectrometer

MUA 11-mercaptoundecanoic acid

NMR nuclear magnetic resonance spectroscopy

OoSwv Osteryoung square wave voltammogram

PAGE polyacrylamide gel electrophoresis

PAMAM poly(amido) amine

PDGF AA  platelet-derived growth factor AA

PDOS projected densities of states

PET 2-phenylethanethiol

PL photoluminescence spectroscopy

SAXRD small angle X-ray diffraction

SAXS small angle X-ray scattering

SEC size exclusion chromatography

SEM scanning electron microscopy

STM scanning tunneling microscopy

TDDFT time dependent density-functional theory

TEM transmission electron microscopy

Tg thyroglobulin

TGA thermogravimetric analysis

TOA tetraoctylammonium bromide

UV/vis ultraviolet—visible spectroscopy

XANES X-ray near-edge absorption

XRD X-ray diffraction
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NOTE ADDED IN PROOF

Literature through December 2016 has been considered.
Certain new developments of 2017 are also mentioned. As
our review was getting ready for submission, a new review
appeared (ref 6). We direct the readers to this review for a
discussion of gold clusters, their structures, and additional
discussion on future possibilities in this field.
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