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Nanoparticles (NPs) with atomic precision, known as nanoclusters (NCs), are an emerging field in
materials science in view of their fascinating structure—property relationships. Ultrasmall noble metal NPs
have molecule-like properties that make them fundamentally unique compared with their plasmonic
counterparts and bulk materials. In this review, we present a comprehensive account of the chemistry of
monolayer-protected atomically precise noble metal nanoclusters with a focus on the chemical reactions,
their diversity, associated kinetics, and implications. To begin with, we briefly review the history of the
evolution of such precision materials. Then the review explores the diverse chemistry of noble metal

nanoclusters, including ligand exchange reactions, ligand-induced structural transformations, and reac-
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tions with metal ions, metal thiolates, and halocarbons. Just as molecules do, these precision materials
also undergo intercluster reactions in solution. Supramolecular forces between these systems facilitate
the creation of well-defined hierarchical assemblies, composites, and hybrid materials. We conclude the
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1. Introduction

Richard Feynman’s historic Caltech address, There’s Plenty of
Room at the Bottom, in 1959, discussed the concept of nano-
technology which envisioned “maneuvering things atom by
atom”.! Development of atomically precise metal nanoclusters
may be viewed as a direction to create materials atom by atom.
The term ‘metal cluster’ was originally defined by Cotton in
1964 as “a finite group of metal atoms which are held together
mainly or at least to a significant extent, by bonds directly
between the metal atoms, even though some nonmetal atoms may
also be intimately associated with the cluster” to refer to coordi-
nation compounds.>* This term was also used in the early lit-
erature to refer to plasmonic noble metal particles consisting
of several hundreds or a few thousands of atoms, although the
term ‘metal nanocluster’ is nowadays used more appropriately
to refer to atomically precise, bare, or ligand-protected par-
ticles with a precise, molecule-like composition (M,L,; M =
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review with a future perspective and scope of such chemistry.

metal atom, L = ligands such as thiolate, phosphine, etc.) and
well-defined properties. Precision refers to structure as well,
both in the molecular form in the gaseous, solution and solid
states. Therefore, clusters in the context of this review may be
defined as “a finite group of atoms with precise composition and
structure, composed of two or more metal atoms held together by
chemical bonds between them, and the structure formed stands
protected or unprotected with ligands, with well-defined
properties.”

Electronic confinement of noble metals has been an impor-
tant subject matter of research in the past few decades.*® As
the particle size shrinks below ~3 nm to an intermediate size
regime, bridging the dimensions of molecules and condensed
matter, molecule-like properties arise in such materials.*’
Such molecular materials are called atomically precise noble
metal nanoclusters (NCs), which have precise composition,
structure, and unique properties.”"" Au;o,(p-MBA),4 nano-
cluster (p-MBA=para-mercaptobenzoic acid) was the first
reported single-crystal structure in the family of thiolate-
protected atomically precise nanoclusters,’* although
clusters such as AuyI[P(CeHyup-Cl)s]; (ref. 13) and
[Aus5(PPhMe;,);0C1>" (ref. 14) were known since 1970, with
other ligands. Since then, more than 250 nanocluster crystal
structures have been published.”'""®> Many more noble metal
nanoclusters with proteins,'®" DNA,**"*” poly(amidoamine)-
based dendrimers,”®?' and cyclodextrins®*>* are now
known.'! Today, atomic precision in assemblies is attainable
in several materials, such as metals, metal oxides, semi-

This journal is © The Royal Society of Chemistry 2024
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conductors, ionic compounds, and even rare gases.35 Carbon
clusters, such as Buckminsterfullerene or Cg,, are some of the
most popular clusters investigated so far.*®*” Molecular clus-
ters such as (H,O),3,4.. and (CH;0H),(H,0),,, where n, m =
1,2,3,..., and zero-dimensional (0D) particles of perovskites,
graphene, etc., are also gaining interest.*®*° In our latest book
we presented a comprehensive overview of noble metal nano-
clusters and their properties, with a compendium of all
reported clusters."® However, in this review, we will be focusing
on the thiolate and phosphine-protected nanoclusters in the
context of their chemical reactions.

Noble metal nanoclusters exhibit well-defined physical, chemi-
cal, and electronic properties.”'"*> Unique characteristic pro-

perties of nanoclusters include discrete electronic structures,**”
corresponding HOMO-LUMO transitions,”®™®  chemical
reactivity,'>>*>%*”°  photoluminescence®®® and intrinsic

magnetism.®**° Metal nanoclusters have attracted tremendous
interest from the scientific community due to their potential
applications ~ in  optoelectronics,”®”* sensing, %2747
bioimaging,®*7¢79%° catalysis,*** %% and others.”"

Today, the chemistry of well-defined monolayer-protected
nanoclusters is an active area of research. We present this review
as a mini guide to ligand-protected atomically precise metal
nanoclusters and their diverse chemistry (schematically rep-
resented in Fig. 1). To begin with, we trace the origin and land-
mark developments in nanocluster science. The article presents
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Fig. 1 Schematic illustration of the diverse chemistry of the ligand-pro-
tected atomically precise noble metal nanoclusters. Images under
assemblies are adapted with permission from ref. 275, 281, 278 and 285.
Copyright 2014 and 2018 John Wiley and Sons. Copyright 2014
American Chemical Society. Copyright 2020 The Royal Society of
Chemistry. Images under halocarbons are adapted from ref. 258 and
257. Copyright 2013 Royal Society of Chemistry. Images under supramo-
lecular are adapted from ref. 259 and 260. Copyright 2014 and 2018
American Chemical Society. Images under intercluster are adapted from
ref. 55. Copyright 2016 Springer Nature Group. Images under LEIST are
adapted from ref. 218 and 176. Copyright 2018 Royal Society of
Chemistry. Copyright 2020 American Chemical Society.
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the recent research on ligand-induced chemistry, intercluster &
interparticle reactions and their mechanism, thermodynamics,
kinetics, and implications. Knowledge of the precise chemical
reactivity of such nanoclusters gives a way to control their compo-
sition to form alloys and hybrid materials, and also for engineer-
ing their properties. Such new materials may find suitable roles
in photophysical, catalytic,c and optoelectronic applications.
Chemical reactions between nanomaterials of various types
provide new insights into the dynamics at the nanoscale.
Reactivity at the nanoscale is of importance to chemistry in
general, and to catalysis, functional materials, photophysics,
nanomedicines, sensors, and clean water, in particular.

2. Atomically precise noble metal
nanoclusters: the evolution

Size-dependent studies of colloidal silver particles in solution
using radiolytic and electrochemical methods by Henglein et al.
in the 1980s were among the earliest experiments using nano-
scale noble metals.®**® Haruta’s discovery, in 1989, of the cata-
Iytic activity of finely divided, nanosized gold particles supported
on oxide surfaces boosted research on noble metal NPs.*
However, most of the early insights into atomically precise metal
nanoclusters were derived from gas-phase investigations.

2.1. Insights from gas-phase studies

Gas-phase studies provided the first glimpses into the charac-
teristics of metal nanoclusters. Nanoclusters of alkali, alkaline
earth, and noble metals have been studied extensively since
the 1980s. Gas-phase investigations of metal nanoclusters
made extensive use of techniques like mass spectrometry, ion
mobility spectrometry, photoelectron spectroscopy, vibrational
spectroscopy, etc.”®’" Using mass spectrometry, Knight et al.
characterized sodium Na, (n = 4-100) metal nanoclusters in
the gas phase.”” The most abundant peaks observed corres-
pond to the nanoclusters with n = 8, 20, 40, 58, and 92.
According to the jellium model, the electrons in these nano-
clusters are distributed into discrete electronic shells, just as
in atoms. The numbers 8, 20, 40, 58, and 92 correspond to the
total number of valence electrons (3s') in these nanoclusters,
analogous to the valence shell electron configurations of noble
gases. The nanoclusters whose valence shell electron counts
fall in this series of ‘magic’ numbers are referred to as ‘magic
clusters’. The abundance of these nanoclusters in the mass
spectra is attributed to their stability gained from the com-
pletion of electronic shell structures, just like noble gases.
This is one of the reasons for the fact that ‘every atom counts’
in the case of atomically precise metal nanoclusters. Magic
nanoclusters of metals such as aluminum were also observed.
For example, Khanna et al., showed that Al;;~, which has a
magic number of 40 electrons, exhibits special inertness
towards gas-phase etching reactions.”>* Such nanoclusters
are also called ‘superatoms’, a term coined by Khanna et al. in
1995.% They also introduced the idea of using superatomic
nanoclusters as building blocks for nanocluster-assembled
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materials. The stability of gas-phase metal nanoclusters,
especially larger ones, depends on closed geometric shells as
well as electronic shells. In the gas phase, the geometry of the
nanocluster, rather than the electronic structure, determines
the stability. Due to the overlap of electronic bands, there is a
negligible change in electronic energy with the addition of
each new atom to the nanocluster. For example, positively
charged calcium nanoclusters in the gas phase such as Casgq,
Cay412, Caygss, etc., exhibit mass spectral abundance which is
ascribed to the successive addition of layers of atoms to form
stable geometries.”® Bare gold nanoclusters in the gas phase
have been investigated since the 1980s. Kappes et al. used ion
mobility (IM) measurements and trapped ion electron
diffraction®”®° in conjunction with density functional theory
(DFT) calculations in order to assign structures of Au,” (n <
13) nanoclusters®® and also suggested that planar to three-
dimensional transition in these nanoclusters occurs at n =
11.°% The structure of unprotected noble metal nanoclusters
deposited on surfaces has also been probed using techniques
such as scanning tunneling microscopy.'*'!

2.2. Atomically precise metal nanoclusters in solution:
phosphine- and thiolate-protected metal nanoclusters

Solution-phase nanochemistry of noble metals was accelerated
after the discovery of the Brust-Schiffrin method reported in
1994,'%2 wherein thiolates were used as protecting ligands with
limited information on the structure and composition of these
particles.

The earliest examples of atomically precise metal cluster
compounds studied in the solution phase were gold-phos-
phine coordination complexes, like Auy;(PPh;),(SCN); and
Au,;13(P(CgHy-p-Cl););. These compounds were synthesized in
1969 and 1970, respectively.'®'% Au;;X;[PR;], is the first
known crystal structure with an incomplete icosahedral core."
In 1981, Briant et al. reported the first[Au;;(PPhMe,);,Cyo]*"
nanocluster consisting of a perfect icosahedral core.'* Bigger
nanoclusters such as [Auzg(PPh;);,Clg|Cl, consisting of larger,
atomically precise Au cores were reported in 1992.'%* Schmid
et al synthesized the well-known molecule, Aus;s[P
(CeHs)3]12ClI6, in 1981, which attracted significant attention in
the community.'® The crystal structure of this nanocluster
remained elusive; however, insights into its structure came
from later studies.'® Though techniques such as fast atom
bombardment mass spectrometry (FABMS) were used to
analyze compounds such as [Pty(AuPPhj);0Ag;5Cly], etc.,"”
single-crystal X-ray diffraction was the major tool for probing
their compositions and structures. Extensive reviews are avail-
able on the single-crystal structure of atomically precise
nanoclusters.”' %8

Even though phosphine-protected noble metal nanoclusters
have been known since the 1960s as mentioned above, the big
leap in the field of solution-phase nanochemistry of noble
metals occurred only after the pioneering efforts of the
Whetten and Murray research groups on thiolate-protected
noble metal particles. In 1996, Whetten et al. were the first to
observe atomically precise compositions for thiolate-protected
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gold particles using mass spectrometry. Particles with such
compositions were referred to as ‘nanocrystal gold mole-
cules’.'® Murray et al. electrochemically observed a molecule-
like electronic structure for many such particles. In 2005,
Shichibu et al synthesized glutathione (SG)-protected
Au,5(SG)1g nanocluster via ligand exchange reaction of pre-
formed Au-phosphine nanoclusters.’'®*'*> In the same year,
Tsukuda et al. mass spectrometrically observed a series of glu-
tathione-protected gold nanoclusters with precise and mole-
cule-like compositions, such as Au;o(SG)ig, Auys(SG)is,
AU15(SG)1ay, AU(SG)is, AUL(SG)y7, AU,s(SG)is, AUze(SG)zo,
Au33(SG)az, and Auzg(SG),4 which were separated by polyacryl-
amide gel electrophoresis (PAGE).""® In 2006, Hikkinen et al.
proposed the ‘divide and protect’ structural model wherein
these nanoclusters were viewed as consisting of a discrete
metal core, protected by well-defined metal-ligand oligomeric
units."™* In 2007, Whetten et al. unambiguously assigned the
composition of the most popular nanocluster in this family,
Auys(PET);3 (PET = 2-phenylethanethiolate) (which was
wrongly assigned as Ausg(PET),, in earlier investigations)
through electrospray ionization mass spectrometry (ESI MS).
In 2007, Shichibu et al. synthesized a biicosahderal nano-
cluster, [Au,5(PPh3)10(SC,Hzn11)sCLJ*" (1 = 2-18) by the chemi-
cal reaction between [Au,;(PPh;)sCl,]" and n-alkanethiol
(C,Hyni1SH, n = 2, 8, 10, 12, 14, 16, and 18)."** This was the
first Au,s; nanocluster compound whose crystal structure was
resolved. Apart from thiolate and phosphinate monolayers,
anion templates, such as halides,''® sulfides,""” chalco-
genides,"'® and polyoxometalates,''®**° are becoming increas-
ingly prominent in the preparation of high-nuclearity atomic-
ally precise Ag nanoclusters."”’ Mass spectrometry, separation
techniques such as electrophoresis, size-exclusion chromato-
graphy (SEC), and single-crystal X-ray diffraction have made
tremendous contributions to the science of ligand-protected
noble metal nanoclusters.””'?>'** Recently, microelectron
diffraction has been used to resolve the structures of those
nanoclusters for which crystallization was difficult.'**'>
Computational methods have made significant contributions
to our understanding of the structures and properties of these
nanoclusters, complementing the experimental
apprOaCheS.9’41’47’50'126_129

2.3. Early insights into structures

The identification of atomically precise nanoclusters such as
Au,5(PET);g sparked extensive research into numerous nano-
clusters and their properties; however, the structures of these
early nanoclusters remained unknown for quite some time.
Therefore, these particles were called ‘monolayer-protected
nanoclusters’ (MPCs); the term was originally used to refer to
their larger (consisting of a few hundred metal atoms), plas-
monic counterparts wherein the protecting ligands were
assumed to be arranged in a uniform, 2D fashion, as in the
case of self-assembled monolayers (SAMs)'° of ligands on
metals. In 2007, Kornberg et al. were the first to resolve the
crystal structure of a thiolate-protected gold nanocluster,
namely Au;p,(MBA)y, (MBA = p-mercaptobenzoic acid).’**

This journal is © The Royal Society of Chemistry 2024
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Au;0,(MBA),, provided significant new insights into the struc-
ture of the ligands on the NPs. Au,,,(MBA),, consists of an
Au,o core protected by nineteen Au(SR), and two Au,(SR)s
units, often referred to as staple units. In 2008, the crystal
structure of Au,s(SR);g, one of the most popular members of
this family of nanoclusters,'*> was resolved independently by
Akola et al. and Heaven et al., which showed that it consisted
of an Au,; icosahedron protected by six Au,(SR); oligomeric
staples.”**** These findings proved that the structural
arrangement of protecting ligands on metal NPs can be com-
pletely different from that of SAMs. Recently, atomic precision
has been achieved in a larger size regime of nanoclusters
wherein plasmonic features start appearing. For example,
structures  of  AU,ye(SPh-tBu)gy,*>"3®  AUz6(SR)ss,™>""*38
[Ag374(SR)113Br2Cl,],"%° Augs;(SR)70, *® and Aupue(SR)go *** were
reported by different groups. There are also attempts to accu-
rately probe the composition of plasmonic NPs using mass
spectrometry.'***3

In the few past years, there have been immense advance-
ments in analytic instrumentation, making it possible to study
these precision materials in detail.*®*"***1¢1%” High-resolu-
tion mass spectrometry (HR MS) coupled with soft ionization
can precisely determine the composition of the core and
ligands as well as the charge states of the nanocluster.”>'*
Other advanced mass spectrometric (MS) techniques, like ion
mobility MS (IM-MS)*”'*'% and tandem MS (MS/
MS),'*134155 are becoming increasingly powerful to under-
stand the size, shape, and structural evolution. Single-crystal
X-ray crystallography has made it possible to resolve the struc-
tures of several thiol (-SR)-capped nanoclusters, like
AUZS(SR]187134 Auzs[SR)zoylss Auss[SR)24,157 Au40(SR)24,158
Ausz(SR)szylsg Au4o(SR)24,16O Au92(SR)44,159 Au102(SR)44,131
Au133(SR)52,161 Ag44(SR)3o,162 Agzs(SR]18,163 Agzq(SR)u,lM and
more. Furthermore, with the development of hyphenated tech-
niques, other inherent nanocluster properties, such as electron
affinity (EA), ionization energy (IE), electronic transitions, etc.,
are being studied in greater detail.”* A few of the milestones in
the development of noble metal cluster chemistry are briefly
presented in Fig. 2.

2.4. Structural models

Various models have been proposed to understand the struc-
ture and stability of these nanoclusters.”*"'*° When the
‘divide and protect model’,"** which was one of the earliest,
was put forward, no crystal structures were known for thiolate-
protected noble metal nanoclusters. In 2008, Hékkinen et al.
proposed the superatom complex (SAC), which was an exten-
sion of the superatom theory and was used in the case of gas-
phase metal nanoclusters, to understand the stability of
ligand-protected noble metal nanoclusters."*® In 2013, Cheng
et al. proposed the superatom network (SAN) model for some
of the thiolate-protected noble metal nanoclusters.’®® They
also proposed the superatom valence bond (SVB) model for
non-spherical nanoclusters such as Aug(SR),, for which the
ordinary SAC model cannot be used for explaining the stabi-
lity. In 2015, Natarajan et al. proposed a new structural model,

This journal is © The Royal Society of Chemistry 2024
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namely the Borromean ring model,'® for thiolate-protected
noble metal nanoclusters wherein these nanoclusters are
viewed as a single structural unit, i.e., interlocked oligomeric
metal-ligand rings in contrast to the ‘divide and protect
model” wherein nanoclusters possess a discrete core and
staple units. According to this model, Au,5(SR);s, for example,
is viewed as three interlocked Aug(SR)s rings surrounding the
central Au atom. For the first time, a systematic method of
precise naming of alloy nanoclusters and mixed-ligand nano-
clusters based on this model was proposed. In 2016, Xu et al.
proposed another structural model, namely the grand unified
model (GUM) that successfully comprehended the structures
of all the gold nanoclusters known by then.'®” Here, these gold
nanoclusters are viewed as built up from triangular and tetra-
hedral elementary building blocks. An interesting suggestion
based on this model is that the evolution of the gold cores in
these nanoclusters cannot be viewed simply as the addition of
an Au atom alone, but rather as built from these elementary
building blocks.

2.5. Properties of metal nanoclusters

Soon after the crystal structures of Auyg,(SR)s4 and Au,s(SR)s
were resolved, attempts to understand the structure-property
relations in these nanoclusters also commenced. For example,
distinct electronic absorption bands of Au,s(SR);s were
assigned to various electronic transitions within the molecular
orbitals derived from the metal atoms and the ligands.>*'*®
Several groups have studied the electrochemistry of various
metal nanoclusters'® and their alloys,"*"7" such as
Auy5(SR)1s, Auzg(SR)4, AUg7(SR)35, AU;02(SR)as, AU;44(SR)so,
Auz3;3(SR);9 AgAULs_«(SR)1g (X = 1-5), MyAuze(SR),4 (M = Pd,
Pt), etc., further establishing the molecule-like electronic struc-
tures of these nanoclusters.”’>'”> In 2008, distinct charge
states of Au,5(SR);3 were observed by a few research
groups.®®'3® Electron paramagnetic resonance (EPR) spec-
troscopy of Au,s(SR);s was also reported subsequently.®®
Photoluminescence in gold nanoclusters was first reported by
Wilcoxon et al. in 1998 "7* and subsequently by many other
groups.’®11H126:128  photoluminescence was observed from
protein-protected noble metal nanoclusters as well."> Nuclear
magnetic resonance (NMR) spectra of Au,;(SR),s were reported
by different groups.®””'”>'7® In 2010, the structure of
Aujg(SR),4, another popular member of the thiolate-protected
gold nanoclusters, was theoretically predicted by Lopez-
Acevedo et al.,** and its crystal structure was revealed in the
same year by Qian et al.’®” Chirality in thiolate-protected noble
metal nanoclusters was first reported by Schaaff and Whetten
in 2000."”7 In 2012, the first separation of enantiomers of
Aujg(SR),4 was achieved using chiral HPLC by Dolamic
et al.,'”® which was a significant step toward understanding
the chirality of nanoclusters. In 2015, the structural isomerism
in Augg(SR),, was observed by Tian et al'’® Infrared and
Raman spectroscopy of these nanoclusters were reported by
Dolamic et al. and Varnholt et al, in 2013 and 2014, respect-
ively, revealing the distinct vibrational features of the staples
of these nanoclusters.'®®'®! Whereas most of these advance-
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1857 Colloidal Au NPs by Michael Faraday
1959 Caltech address by Richard Feynman
1960 I —_—
1961 Coined the term “cluster” by F A Cotton
1970 J -
1969 Au,, (PPh,),(SCN), by Schmid ef al.
1970 Au, X,(PPh,), by Schmid ef al.
1980
1980 Colloidal Ag NPs by Henglein ef al.
1981 Au[P(CH,),],,Cl, by Schmid ef al.
1984 Na, NCs by Knight ef al.
1985 Discovery of C, by Kroto et al.
1989 Catalytic activity of Au NPs by Haruta ef al.
1990
1992 [Au,,(PPh,), C1|Cl, Zhang et al.
1994 Monolayer protected Au NPs by Brust—Schiffrin
1996 Mass spectra of Au,(SR), by Whetten ef al.
1998 Photoluminescence of Au NCs by Wilcoxon et al.
2000 Chirality of Au@GSH NCs by Whetten et al.
2000
2002 Electronic structure of Au,, NCs by Murray ef al.

Au,(SG),, by Shichibu ef al.
2005 S=——— Mass spectra of Au, (SG), series by Tsukuda ef al.
Divide and Protect concept by Hakkinen

2006 == Enantiomer of clusters by Kimura et al.
Assignment of Au, (PET), by Whetten er al.

2007 Biicosahderal NC, [Au,(PPh,), (SC H,, ,).CL]** by Schmid ef al.
Crystal structure of Au,, (p-MBA),, by Kornberg et al.
Crystal structure of Au,(SR),, by Murray and Jin

2008 Superatom complex (SAC) theory by Hakkinen ef al.
Molecule-like property of Au, (PET), by Zhu et al.

2009 Au@BSA NC by Ying et al.
Ag,(SR), by Bakr et al.

2010 Crystal structure of Au,(SR),, by Qian ef al.

2010 Crystal structure of Au,(SR),, by Desireddy e al.

2013 I Crystal structure of Au, (TBBT),, by Jin e al.
Superatom network (SAN) model by Cheng ef al.
EPR spectra of Au,(SR) , by Maran et al.

2012 Enantiomers of Au,,(SR),, by Dolamic ef al.

I Crystal structure of Ag, (SR),; by Bakr ef al.
2015 Borromean ring model by Natarajan ef al.
I LEIST method by Jin ef al.
2016 l Grand unified model (GUM) by Xu ef al.
2020 Anionic NC [B,,(CN), Ne| by Mayer ef al.
2020 B0
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Fig. 2 (A) A representative timeline of the evolution of nanocluster science. (B) A few notable mentions from the nanocluster timeline, namely (a)
mass spectra of Au,(SR),,, (b) mass spectra of Au,(SG),, series, (c) divide and protect concept as visualized from the difference in electron density
due to bonds, (d) Kohn—Sham (KS) orbital energy level diagram of Aus(SH)1g~, crystal structures of (e) Aujoa(p-MBA)44, (f) IN(CgH17)4l[Aus(SH)4gl, (9)
AJ44(4-FTP)30(PPhy)s, (h) Auzg(SR)24, (i) NagAg44(MBA)30, and (j) Agos(DMBT),g, and (k) Borromean rings diagram of Au,s(SMe);g nanocluster. Adapted
from ref. 3,199 b, 113 ¢ 114 50126 g 131 f 134 291 | 292 ;162 ;163 g | 166 Copyright 1996 John Wiley and Sons. Copyright 2005, 2006, 2008, 2010, and
2015 American Chemical Society. Copyright 2007 American Association for the Advancement of Science. Copyright 2013 Springer Nature Group.

ments were centered around gold nanoclusters, the search for
an atomically precise silver nanocluster was fruitful only in
2013 when Desireddy et al reported the structure of
Ag44(SR)30."°% Ag,5(SR)1s, which is structurally and composi-
tionally analogous to Au,s(SR);s, was discovered in 2015 by
Joshi et al.'® Clusters of other metals and alloy nanoclusters
composed of two, three and four elements have been
reported.'®'®> Apart from thiolates, a wide variety of ligands,
such as selenolates,'®™® tellurolates, alkynes,'®*®'®® car-
benes,'*° etc., have also been used as protecting ligands for
noble metal nanoclusters. For a comprehensive summary of
the advancements in the field of thiolate-protected noble

1450 | Nanoscale, 2024, 16, 1446-1470

metal nanoclusters, please consult several additional

references.”810-12,41,57,91,173,191-194

3. Chemical reactivity of ligand-
protected atomically precise metal
clusters

The molecule-like nature of the physical properties of these

nanoclusters is evident from the structural and spectroscopic
studies discussed above. Recently, we have shown that these
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nanoclusters exhibit molecule-like chemical reactivity as well.
In the following sections, we discuss different aspects of their
chemistry in detail.

3.1. Ligand exchange and ligand-induced transformations

Post-synthetic modification in particles is a versatile approach
for the transformation in atomically precise nanoclusters in
terms of compositional, morphological, and structural
changes. Reactions of nanoclusters with structurally different
ligands are another way to synthesize new nanoclusters.
Substitution or exchange of ligands is one of the earliest reac-
tions of such nanoclusters."

Over the past two decades, monolayer-protected metal
nanoclusters reacting with various ligands have produced
nanoclusters with novel physical and chemical properties.**®
Murray et al. performed the first of such ligand-exchange reac-
tions with thiol-protected gold nanoclusters.'®” Murray et al.
also studied the mechanism of these ligand-exchange reac-
tions in detail using mass spectrometry, NMR spectroscopy,
and electrochemistry.'®>'® The rate of such reactions depends
on the concentrations of both the nanocluster and the foreign
ligand. The electron-donating and withdrawing nature of the
functional groups on the ligands also governs the reaction
rates. Using electrochemistry, Parker et al. showed that the
electron-withdrawing ligands accelerate the exchange rate rela-
tive to electron-donating ligands."®® Murray et al. observed that
the ligand exchange is a second-order reaction.”’° Rate of reac-
tion is determined by the bonding of incoming and outgoing
ligands with metal, much like an associative mechanism.
However, the rate is independent of the size of the nano-
clusters. For example, both Aug(PET),; and Auy,(PET)s3
showed similar rate constants during ligand exchange using
various p-substituted aryl thiols.*** The understanding of site
selectivity and specificity of ligands in exchange reactions sig-
nificantly improved with the availability of single-crystal struc-
tures of nanoclusters.

When noble metal nanoclusters react with foreign ligands,
they undergo a transformation that leads to three types of
ligand-exchange products. These products can result in the
nanocluster with (i) retention of its structure and composition
upon exchange, (ii) alteration in geometry while retaining its
composition, or (iii) alteration in both structure and
composition.

The initial reports on ligand-exchange reactions indicate
that structure and composition of the nanocluster remain
unaltered in the process. Murray et al. extensively studied the
ligand-exchange reactions on Au,s(PET);s with different SR
(where, R = Ph-CH;, Ph-F, etc.), which resulted in
AU,5(SR)15_(SR'), series (x = 1-12).2°%?%*2% partial ligand
exchange was observed during the reaction of p-BBT (BBT =
bromobenzenethiol) with Auygy(p-MBA),, and Au,s(PET)g
which led to the formation of Auygy(p-MBA),(p-BBT), and
Au,5(PET),4(p-BBT),, respectively.’***°> In 2014, Abdulhalim
et al. reported the ligand exchange on Ag,,(4-FTP)3, (FTP =
fluorothiophenol) with various other aryl thiols such as MNBA
(5-mercapto-2-nitrobenzoic acid), 4-NTP (NTP = nitrothiophe-
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nol), and 2-NT (NT = naphthalenethiol) which resulted in the
formation of Ag,4(SR)z, (Where SR = MNBA/4-NTP/2-NT).>% A
second type of ligand exchange, referred to as ligand-induced
isomerization, was reported in 2016 by Jin et al. upon the reac-
tion of Au,g(CHT),, (CHT = cyclohexanethiol) with TBBT
ligand (4-tert-butylbenzenethiol), in which the structure of the
nanocluster changed while the composition remained
unchanged.?”’

In 2008, Shibu et al. came up with the first report on post-
synthetic modification of atomically precise Au,s nanoclusters
via ligand exchange reaction.'®® Performing a ligand exchange
with functionalized glutathione on the Au,5(SG),s nanocluster
altered its optical and photoluminescence properties. These
reactions have since found widespread application for modify-
ing the chemical and other properties of nanoclusters through
the introduction of new ligands to the parent clusters.
Recently, ligand-exchange-induced structure transformation
(LEIST) has become a rapidly developing technique in nano-
clusters. In such reactions, when a foreign ligand is intro-
duced, it can cause significant distortion of the core, resulting
in both structural and compositional changes within the nano-
cluster. In 2013, Jin et al. introduced the term LEIST when they
observed the transformation of Ausg(SR),4 to Auge(SR'),4 nano-
cluster through a ligand-exchange reaction. Jin et al per-
formed the ligand-exchange reaction on Ausg(PET),, with
excess TBBT (TBBT = 4-tert-butylbenzenethiol) under thermal
conditions, resulting in molecularly pure Au;s(TBBT),, in
excellent yield.”*® The process of ligand exchange brings about
a change in the structure of biicosahedral Ausg(PET),,, trans-
forming it into a truncated tetrahedral Auss(TBBT),, with an
FCC kernel. Interestingly, one of the first examples of an FCC-
structured Au,(SR),, nanocluster is Aus(TBBT),,. Zeng et al.
established the universality of the LEIST method by reacting
Au,5(PET);g with TBBT under thermal conditions, which led to
the formation of Au,5(TBBT),o."*® The Jin group’s discovery of
the LEIST method led to the synthesis of numerous new nano-
clusters.” Following this work, a large number of transform-
ations was studied by different groups, such as conversions of
Au,4(PPh;),Cl; to [Auys(SR)s(PPhs)ioXo]”",*"® Auys(SG)y; to
Auy6(S-Adm);5,>"" Augg(S-c-CeHpg)a to Auyy(S-Adm)gs,>" etc.,
which proved the method to be versatile for making new struc-
tures. Furthermore, similar structural changes were observed
in silver nanoclusters, and the mechanisms underlying these
changes were investigated in detail. Bakr et al. showed the
reversible conversion between Ag,s(2,4-DMBT),g (DMBT = di-
methylbenzenethiol) and Ag,4(4-FTP);, (FTP = fluorothiophe-
nol).?"* Upon reaction with 2,4-DMBT, Ag,,(4-FTP);, under-
went a disproportionation reaction to form smaller sized
Ag,5(4-FTP),(2,4-DMBT);; and bigger sized Agss_s0(4-
FTP), o(2,4-DMBT),; ,¢. After complete ligand exchange, other
less stable nanoclusters transformed to more stable Ag,s(2,4-
DMBT);g. On the other hand, the conversion of Ag,s(2,4-
DMBT);s to Ag44(4-FTP);, occurred via dimerization of
Ag,5(2,4-DMBT),s followed by a rearrangement pathway. A
similar mechanism was observed during the conversion of
Ag35(SG)1g to Agys(4-FTP)5.2"* Khatun et al. showed a distinctly
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different mechanistic pathway during the transformation of
Agso(2,5-DCBT)3, (DCBT = dichlorobenzenethiol) to Ags(2,4-
DCBT)30, Ags5(2,4-DMBT), 5 and Ag,o(1,3-BDT),,(PPh;), (BDT =
benzenedithiol) upon reaction with 2,4-DCBT, 2,4-DMBT and
1,3-BDT/PPh;, respectively (Fig. 3).”'® In the presence of
incoming thiol ligands, Agso(2,5-DCBT);, dissociated comple-
tely into smaller nanoclusters and thiolates instead of ligand
exchange. Then, these smaller nanoclusters and thiolates
recombined and rearranged to form the final product. The
nature of the thiolate ligand plays an important role in deter-
mining the structure and composition of the product nano-
clusters. Khatun et al. also reported the synthesis of MAg,4(1,3-
BDT);,(PPh;), from MAg,,(2,4-DMBT); via the LEIST method.
Recently, a phosphine-protected nanocluster Ag;s(PPh;);0H;
synthesized by Bakr et al. was observed as a very good precur