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Abstract

During the last few decades, noble metal nanoclusters (NCs) have become an
exciting building block in the field of nanoscience. With their ultrasmall size
that ranges between 1 and 2 nm, NCs fill the gap between atoms and nanopar-
ticles (NPs), and they show significantly different physicochemical properties
compared to their bulk counterparts, such as molecule-like HOMO-LUMO
discrete electronic transitions, photoluminescence, etc. These properties made
NCs potential candidates in various applications, including catalysis, chemical/
bioimaging, biomedicine, sensing, and energy conversion. Controlling the size
of NPs, which usually exhibit a degree of polydispersity, has been a significant
challenge for nano-scientists. However, metal NCs with atomic precision pave
the way to accurately fabricate NPs based on an atom-by-atom assembly. This
Perspective is directed to the community of nano-scientists interested in the field
of NCs and summarizes the most commonly used synthetic routes of atomically
precise metal NCs. Moreover, this Perspective provides an understanding of
the different techniques used to control the size of metal NCs with insights
on switching the surface ligands from phosphine to thiol. This Perspective
also explains the role of physicochemical parameters in different synthetic
routes such as high-temperature route, CO-directed route, solid-state route,
ligand-exchange-induced size/structure transformation (LEIST), etc. We finally
give a brief outlook on future challenges of currently used synthetic routes with
some suggestions to improve them.
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1 | INTRODUCTION

Nanomaterials are exciting building blocks of modern
science and technology owing to their particular size-
dependent properties.!'! Noble metal nanoparticles (NPs)
have evolved significantly (particularly in terms of sur-
face modifications!?!) after the pioneer studies of Fara-
day’s “colloidal gold.”!*! Controlling the size of NPs is very
important to understand the mechanistic details of their
interesting properties. Diverse methodologies have been
developed to synthesize NPs of controlled sizes.!*] Metal
nanoclusters (NCs) represent a class of sub-nanometer
sized metal nanomaterials, which in many cases have a
precise number of metal atoms protected with a precise
number of ligands and molecule-like properties.|°! They
bridge the gap between discrete atoms and plasmonic
metal NPs.[2] Their particular photo-physical properties
and precise molecular formula make them different from
plasmonic NPs and quantum dots. Several ultra-small NCs
have already shown their potential role in a wide range
of applications such as sensing, catalysis, drug delivery,
imaging,!°! and even as transistors.!°!

NCs in the condensed phase was first introduced in the
1970-80s with the report of several phosphinated gold NCs
such as Auyy,l7! Auys, 8] Augs!®! etc. The research on most
of these phosphinated NCs was limited to the synthesis
and characterization, except for a few assembly-related
properties of Auss NCs.['] The trend of ligands employed
for the synthesis of NCs shifted towards thiolated ligands
following the Brust-Schiffrin method, as thiols bind more
strongly to noble metals such as Au and Ag than phos-
phines or other functional groups. Functionalities present
on thiols can control the atomicity in NCs. For example,
AUy, (SR)44 (R = residual group) NCs can only be synthe-
sized through mercaptobenzoic acids.!"! This is not always
true for other NCs. For instance, Au,s(SR);g, or Ag4(SR)3
NCs can be synthesized with a wide variety of alkyl chains
R, as well as with different selenols. The physicochemical
parameters employed during the synthesis procedures
also allow for great control over the NCs’ atomicity. Many
other synthetic routes have been developed by tuning
such parameters, for example, a high-temperature route,
[12] carbon monoxide (CO)-directed route,!3! solid-state
route,!'*! ligand-exchange-induced size/structure trans-
formation (LEIST),!"®] etc. Apart from thiols, different
biomolecules such as DNA, proteins, or peptides can also
be utilized as protecting agents.[sa] For instance, tripeptide
glutathione has been used by Whetten et al. to synthesize a
series of gold NCs that were identified by laser desorption
ionization mass spectrometry.'! Later, Negishi et al.
introduced polyacrylamide gel electrophoresis (PAGE)
to isolate such glutathione-protected gold NCs. They
characterized them through high-resolution electrospray

ionization mass spectrometry (HRESI-MS).l'’I Dickson
et al. worked extensively on DNA-protected, highly fluo-
rescent silver NCs (Ag NCs).!"8! Xie et al. showed for the
first time that Au NCs could be made in bovine serum
albumin (BSA) template without any external reducing
agent.[lg] Pradeep et al. developed a solid-state route to
synthesize a wide variety of atomically precise Ag NCs and
other metal NCs.['*20-24] Apart from synthesis, Jin et al.
devoted their work to understand the crystal structures
of NCs and their structure-property relationship.!*>>25-311
many review articles are focusing on the structure, prop-
erties, and applications of metal NCs.[>32] In this short
perspective, we will highlight the mechanistic details of a
few common chemical routes used in the synthesis of such
atomically precise NCs. The perspective will also explain
recent advancements in understanding the mechanism of
NC synthesis and future challenges.

2 | DIFFERENT SYNTHESIS ROUTES
OF NCS

As NCs, with a diameter of about 1-2 nm, fall in the size
regime between atoms and NPs, two general synthetic
methodologies, namely, “top-down” and “bottom-up,”
can be utilized for the synthesis of metal NCs (a schematic
diagram is illustrated in the TOC image).l**! In the first
approach, bigger NPs or NCs are etched by employing
either extra ligands!**! or by heating.['*3*! For the latter
case (second approach), metal precursors are chemi-
cally reduced in the presence of protecting ligands to
synthesize NCs of specific atomicity. A wide variety
of synthetic methodologies that follow the bottom-up
approach have been reported, such as the Brust-Schiffrin
two-phase method, **! modifications of the Brust-Schiffrin
method, 2] size focusing methodology,*’] CO-directed
synthesis,[* slow reduction techniques,*®] protein-
mediated synthesis, %] etc. In all these synthetic routes,
different physico-chemical parameters of reaction con-
ditions such as the concentration of reactants, pH and
temperature of the solution, stirring speed, reducing agent,
among others, play an effective role in controlling the
atomicity of the synthesized NCs. In this short perspective,
selected methodologies utilized to synthesize several noble
metal NCs starting from classical phosphinated NCs!5%40]
to recent CO-directed synthesis!**!] will be discussed.

2.1 | Classical synthetic routes:
phosphinated NCs

In general, phosphinated gold NCs have been synthe-
sized using a two-step approach. First, a gold-phosphine
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complex is synthesized as a precursor, which is then chem-
ically reduced using different reducing agents such as
NaBH,, B,Hg, etc. to get Au NCs of various sizes. The
main disadvantage of these phosphinated NCs is their
large size distribution. Contrary to phosphine ligands,
diphosphine ligands are better in narrowing down the sizes
of the obtained NCs.[*?IThe synthesis parameters such
as stirring rate,!*3] temperature,!**] reducing agent,[*7>4%]
solvents[*°l etc. have a strong influence on controlling the
size of the obtained NCs. Several phosphines protected
gold NCs with core sizes composed of 2, 3, 4, 5, 6, 7, 8, 9,
10, 11, 13...39...55, etc. gold atoms have been successfully
synthesized.[5] For instance, Auss(PPh;);,Cls NCs were
synthesized by reduction of AuCIPPh;, which was initially
synthesized by the following reaction (Equation 1);

MeOH
HAUC, + 2P(CgHs), + H,0 —  AuCIP(CgHs),

+3HCI + OP(CgHs), Q)

using gaseous diborane (B,Hg) in nonpolar solvents (e.g.,
benzene, toluene) at high temperature (60 °C).[! Here,
B,Hg acts as a reducing agent, and it binds with triph-
enylphosphine (PPhj) to form a Lewis acid-base adduct
(BH;-PPhj3), which is important to control the size of
the NCs.[%#%2] However, single super-crystals of this NC
have not been obtained so far. The absence of well-
resolved mass spectral data and crystal structure informa-
tion makes the presence of this molecule a controversial
one. The initial assignment, [Aus5(PPhs);,Clg], was pro-
posed based on molecular weight determination and ele-
mental analysis. The existence of several other derivatives
such as Auss[(By,Hy; S)(N(octyl)y); 115 Cle, 11 Auss(Tg-0SS-
$)12Clg,1*P] [(T5-08SS-S = (cyclopentyl);SisO;,(CH;),S],
etc., supports the proposed composition. Another way to
get phosphinated NCs of specific atomicity is by conver-
sion of other NCs. For instance, Au;; NCs were synthesized
from Au,(dppm)(NOs), [¥/Such conversion of Au, to Auy;
NCs can be attributed to the better structural stability, as
the 13 metal atoms form a perfect icosahedron structure
(one of the platonic solids).

2.2 | The Brust-Schiffrin method and its
modifications

The synthesis direction of NCs has moved to the next
level with the evolution of thiolated gold NCs due to the
stronger affinity of gold atoms to sulfur than phospho-
rus. The preparation of thiolated monodisperse NPs in the
1980s and early 1990s has been challenging until Brust
et al. introduced a two-phase method to produce narrow-
sized NPs in 1994. [47] In this breakthrough method, the
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metal precursor (e.g., HAuCl,) was first dissolved in an
aqueous solution and subsequently phase transferred to
the organic phase (mainly toluene) using tetraoctylam-
monium bromide (TOABr). During the phase transfer,
negatively charged AuCl,~ gets exchanged with the more
hydrophilic Br~. The aqueous layer is then removed, and
thiols and reducing agents are introduced into the organic
phase (toluene) to obtain monodisperse NPs. Two steps are
employed in the Brust method, which is, i) the phase trans-
fer of metal precursor (Equation 2) and ii) the reduction of
the phase-transferred metal ions (Equation 3).

AuCl,” (aq) + N(CgH;), " (tol)

= N(CgH;5), "AuCl,~ (tol) )

mAuCl,  (tol) + nCy,H,5SH (tol) + 3me™

=4mCl™ (aq) + (Au) (C;,H,5SH), (tol)  (3)

Many reports have addressed the detailed mechanism
of this synthetic methodology!*®! and finding the main
precursor of this reaction was a great challenge. It was
initially assumed that thiol takes the leading role in
reducing Au(III) to Au(I), and the Au(I)thiolate was the
main precursor.!”! However, Goulet and Lennox[*%?] in
2010, have shown that before the addition of borohydride,
thiol solely reduces [AuX,]™ to [AuX,]~, which acts as the
main precursor and an Au-thiol bonding was not formed.
Later, Li et al.l*] claimed that the precursor in the Brust-
Schiffrin two-phase method is either a TOA™[AuX,]|
complex when [RSH]/[AuX,]” < 2 or a mixture of the
TOA*[AuX,]” complex and the Au(I)thiolate polymer
when [RSH]/[AuX,]~ > 2. Recently, Booth et al.[*]
investigated the detailed mechanism and reaction inter-
mediates through an electrochemical process summarized
in Figure 1. They suggested that the Brust-Schiffrin
two-phase method involves four steps; in the first step,
AuCly,” ions in the aqueous phase brought into contact
with tetraoctylammonium bromide (TOA ' Br~) present in
toluene, which facilitates the gradual transfer of AuCl,~
ions into the organic phase via an ion pair process. Then,
the halide ion exchange between AuCl,” and TOA*Br~
takes place in the organic layer leading to the formation of
AuBr,". A partial reduction of the newly formed Au(IIT) in
the organic phase into Au(I) (i.e., from AuBr,~ to AuBr,")
is then achieved through the addition of alkanethiols
(RSH). Finally, an aqueous solution of Na*BH," is added
to the organic AuBr,~ solution, whereby the BH,™ ions
brought to the organic phase by the excess TOA" ions
remain in the solution. The complete reduction of Au(I)
to Au(0) occurs in the organic phase by means of BH,~
leading to the formation of Au NPs in the organic phase.
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FIGURE 1 Brust—Schiffrin’s two-phase method of NPs synthesis: In the illustration, the aqueous phase is drawn as blue and the toluene
phase as yellow. Step 1 is the Au(III) phase transfer. Step 2 shows the halide ion exchange process. Step 3 shows the addition of alkanethiol,
causing a reduction to Au(I). Step 4 is the phase transfer process occurring upon the addition of NaBH, leading to NPs formation. Taken from

ref.,1*5¢] Copyright 2017 American Chemical Society

However, the proposed mechanism does not fully apply
to the formation of NCs as the applied synthetic method
results in polydisperse NPs from which atomically precise
NCs can only be isolated via a post-synthetic treatment.
Numerous modifications of the original Brust-Schiffrin
method have been developed in the last few years to obtain
atomically precise NCs. For example, miscible solvents
such as tetrahydrofuran (THF) were utilized to address the
solubility issue of thiol and gold precursors: this method
became known as the “one phase method.” Following this
approach, Wu et al. synthesized Au,s(SR);5 NCs.[*72 Mod-
ifications of Brust-Schiffrin methods were also made by
controlling the kinetic parameters (such as stirring rate)
or changing the temperature. By employing these syn-
thetic parameter modifications, Jin et al. synthesized Au,s
NCs.[*3] Following Brust-Schiffrin’s two-phase and one-
phase methods, several NCs of different atomicity were
synthesized.[**>°051] Size focusing is another modification

strategy that has been widely applied as a post-synthetic
treatment in the two-phase method to synthesize stable
NCs. Chen et al.l*?] showed that various magic-sized NCs
could be obtained by introducing isomeric methylben-
zenethiols in size focusing reaction (Figure 2). More details
about size focusing strategies can be found in a review arti-
cle by Jin et al.[?7?]

2.3 | Solid-state and paste-based routes

Many synthetic routes have been dedicated to the syn-
thesis of Au NCs. However, the synthesis of atomically
precise Ag NCs was quite challenging as Ag is more prone
to oxidation under aerobic conditions. In 2009, Pradeep
et al. invented a new method to synthesize Ag NCs which
is entirely based on a solid-state approach, and after that,
the methodology has been named solid-state route.!'*]
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FIGURE 2 Modified Brust—Schiffrin method of NCs. Two-step size-focusing synthesis of different magic-sized nanoclusters using three

isomeric thiol ligands: p-MBT, m-MBT, and o-MBT. Taken from ref.[2] Copyright 2015 American Chemical Society

In brief, it involves three steps: First, a mixture of silver
nitrate (s, solid) and thiol (s) was ground in a mortar
using a pestle (Figure 3). At this step the reaction took
place at the interface of these two reactants due to their
strong affinity to each other and polymeric thiolates were
formed. Second, sodium borohydride (s) was added, and
the mixture ground well, which resulted in the formation
of a brownish-black powder. In the third step, water was
added slowly to complete the reduction process. After
that, as-synthesized NCs were purified by precipitation
with ethanol and a re-extraction process. Chakraborty
et al. extended the methodology using liquid thiols, which
lead to the discovery of many atomically precise Ag
NCs.[208,20¢,20d,21.22] {Jsing 2-phenylethanthiol (PET) as
a ligand, Ags,(PET),, can be prepared?’] and in this
case, instead of water, ethanol was added in the 3™ step,
which impacted the reaction in two ways; i) controlling
the size of the NCs by supplying a limited amount of
water present in it, and ii) washing out the excess ligands
during the centrifugation. In a similar approach, Bhattarai
et al. have synthesized Agyy(SR);y NCs starting from
the thiolate-paste with 89% vyield, as demonstrated in
Figure 3B.[53] Unlike the solid-state route, this paste-based
method offers the advantage of eliminating the exposure to
volatile and hazardous ligands such as phenylethanethiol,
benzenethiol, benzeneselenol, etc. Several other thiol-

stabilized NCs such as, Agy(SR);.!"] Ag,(SR)5.[%)
Ag44(SeR)3,120¢] Agss(SR)y,[#] Agi5(SR)g0,12%!
Pt;;(SR)g,!?!!  Cusg(SR),51294)  etc. were synthesized
following the solid-state route.

2.4 | CO-directed route

In most of the NCs synthesis routes, sodium borohydride
is used as the reducing agent. However, strong reducing
agents like borohydride make it challenging to trace the
intermediates formed during the synthesis of NCs. This is
mainly because the reduction kinetics are much faster, and
the lifetimes of many intermediates also become too short
to be tracked. Slowing down the growth kinetics would
be an ideal strategy to understand the mechanistic details
of NCs’ formation. Mild reducing agents such as sodium
cyanoborohydride,** formic acid,!'*! etc. were used in
many cases for the synthesis of NCs, but the detailed mech-
anism of NC growth could not be investigated. Xie et al.
introduced another mild reducing agent, namely, carbon
monoxide (CO), to synthesize Au NCs (Figure 4A).3] 1ts
reducing capability was already utilized to synthesize vari-
ous noble metal NPs, especially in gold (Au) and platinum
(Pt) systems.*!] The tremendous catalytic efficiency of Au
in CO oxidation reactions was extensively researched and
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FIGURE 3 Solid-state route of NC syntheses. A, Photographs (I-IV) representing the solid-state route to synthesize Agy(SR); NCs. Other
microscopic and spectroscopic characterizations are presented in V-VIIL Taken from ref.,'*] Copyright 2010 American Chemical Society. B,
Step-wise synthesis of Ag,,(SR);, NCs using paste-based method originating from the “solid-state route.” Taken from ref.,[! Copyright 2017
American Chemical Society
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was ascribed to the strong interaction and affinity of Au
towards CO.[32! This unique interaction, which is absent
in borohydride reduction routes, makes CO an important
and efficient reducing agent in the synthesis of Au NCs.

Moreover, as a gaseous reducing agent, CO can quickly
be released, and as a result, it has been considered
a “green” reducing agent. In a typical synthesis of
Au,5(Cys);3 NCs, aqueous HAuCl, and cysteine (Cys) solu-
tions were mixed under vigorous stirring (Figure 4A) at
basic pH.!"*] Afterwards, the reaction vessel was saturated
with CO, and the reaction mixture continuously monitored
using spectroscopy and mass spectrometry to address the
reaction mechanism and track the intermediates.

In 2014, Xie et al. probed the formation mechanism
of Au,s(m-MBA);g NCs synthesized through this CO-
directed method, which occurs through the transforma-
tion of Au(I) complex precursors to [Au,s;(SR);g]™ by
the mild CO-mediated reduction as demonstrated in Fig-
ure 4B.1*] The Au(I)-thiolate complex precursors, as well
as all the stable NC intermediates formed throughout the
synthesis route, were identified (Figure 4C), and their
stabilities were explained based on the number of free
electrons. The kinetics of such a CO-directed route was
found to be highly pH-dependent,*> which can be easily
explained from the following equation of the reduction of
Au(I)-thiolate complexes by CO (Equation 4).

2Au(I) — SR + CO + 2H,0 — 2Au” + 2RSH + CO;*~

+2H* 4)

The reduction kinetics increase as the initial pH rises,
resulting in increased atomicity of the obtained NCs.!>%]
With this methodology, several NCs such as Aujg_j;,
Au;s, Augg, Auyy, and Auyg can be synthesized by vary-
ing different reaction parameters!>>! For more information
about the CO-directed synthesis route of NCs; readers are
referred to a perspective article on the CO-directed route
by Chen and Xie.[*°

2.5 | Protein-directed methods

In addition to the synthesis routes mentioned above, var-
ious bio-inspired synthetic routes have been reported to
synthesize fluorescent metal NCs.[5] For instance, Xie and
coworkers used BSA to synthesize red fluorescent Au NCs
inspired by the naturally-occurring biomineralization pro-
cess in various living organisms./"°! In their work, Xie et al.
showed the capability of BSA molecules to sequester and
entrap Au ions (Au’"), forming a BSA-Au(I) complex. The
reaction pH was then elevated above the pK, value of
their tyrosine residues (i.e., above 10), which facilitates the
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reduction of the Au(I) complex in situ. Within 12 hours,
highly stable Au NC@BSA composed of 25 gold atoms was
subsequently formed (Figure 5A). The as-synthesized red
fluorescent Au NCs showed a quantum yield (QY) around
6% and exhibited excitation and emission maxima at 480
and 640 nm, respectively. In addition to their biocompat-
ibility, BSA endowed the Au NCs with various surface
functional groups that facilitate the post-synthetic surface
modification, allowing for functionalization with different
surface ligands tailored for other applications.

The bioinspired work of Xie and coworkers paved the
way for synthesizing other metal NCs using the BSA
molecule as a reducing and protecting agent. For instance,
Mathew and coworkers reported the synthesis of highly
fluorescent Ag NCs composed of 15 Ag atoms confined in
a BSA scaffold for the first time.[**"! Given the fact that
Ag NCs are more reactive than their Au counterparts,
they are more prone to self-aggregation and tend to form
polydisperse NPs rendering them non-fluorescent. The
confinement of such NCs in a preformed cage of BSA
provides excellent stability of the as-prepared Ag NCs.
In that work, Mathew et al. were able to synthesize the
BSA-protected Ag;s NCs that showed broad absorption
features with an emission maximum at 685 nm and a flu-
orescence QY of 10.71%. The formation of the Ag;; @BSA
NCs follows the same biomineralization process mech-
anism involved in forming Au,s; @BSA NCs reported by
Xie et al.,['] where Ag ions got entrapped by BSA, which
subsequently reduced at elevated pH into Ag;s@BSA NCs
after the addition of NaBH, (Figure 5C). Furthermore, it
has been shown that by controlling the amount of added
NaBH,, the emission of the NCs could be tuned from
green (Ag-BSA conjugate) to red (Ag;s@BSA NCs) as
demonstrated in Figure 5C. Despite relatively high QY of
the protein-protected NCs (~15%) compared to those of
the thiol-protected NCs, it is still by far lower than those
QY values reported for well-established chromophores
(~ 95%).1%] In an attempt to synthesize protein-protected
Au NCs with high QY values, Mohanty!* and coworkers
used a mixture of proteins to prepare Au NCs with a QY
of 42.4%. This work illustrated that in the presence of a
mixture of lysozyme (Lyz) and BSA, a BSA-Lyz adduct is
formed, and Au* ions could be reduced into Au* by the
aromatic amino acid residues. The subsequent elevation
of pH to 12 by adding NaOH allows for the complete
reduction of Au™ into Au® NCs within 12 hours (Fig-
ure 5B). Mohanty et al. showed that under such reaction
conditions, Au NCs could be either formed inside the BSA
molecule. Then Lyz tends to form an aggregate with the
BSA-protected Auszgs NCs, or the NCs formed freely in the
solution and then got protected by both proteins.!>*!

The mixed protein-protected Au NCs (~Auzs@BSA-
Lyz) showed high QY values (~42.4%) and exhibited 3- to
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the 4-fold enhancement of the fluorescence intensity com-
pared to NCs prepared using individual proteins, namely,
~Au;,@BSA and Au,,@Lyz, respectively. [/ This appar-
ent increase in the fluorescence intensity is attributed to
the inter-protein Forster resonance energy transfer (FRET)
process between the FRET donor (protein mixture) and the
FRET acceptor (Au NCs); this phenomenon is supported
by the proximity of BSA and Lyz to each other around the
Au NCs core.

2.6 | High-temperature routes

Although the formation of various metallic NCs at rel-
atively high temperatures has been shown to proceed
through an etching process of the preformed NPs (top-
down method),22120] the direct synthesis of atomically
precise NCs starting from their metallic salts (bottom-
up technique) is challenging as their synthesis is quite
sensitive (the growth kinetics of NCs is much faster
at elevated temperature) and usually takes place in
low-temperature conditions. In 2012, Chakraborty and
coworkers!'>° reported for the first time the synthesis
of glutathione (GSH)-protected Ag NCs using a high-

temperature synthesis route. In this work, the reducing
power of formic acid was activated at 70°C, which thereby
became capable of reducing Ag ions into Ag®, giving rise
to glutathione-protected Ag NCs (Figure 6A). The reaction
completed within 3 hours and the as-synthesized ultra-
small red-fluorescent NCs (0.85 nm) were shown to be
composed of 75 Ag atoms protected by 40 glutathione lig-
ands (~Ag;5(SG)4o) and exhibited excitation maxima at
360, 400 and 430 nm as well as an emission maximum
at 670 nm. The occurring decomposition of formic acid at
high temperature was believed to proceed via the following
reaction (Equation 5):

HCOOH - CO, + 2H™" + 2e~ (5)

The pH of the mixture changes from 5.8 to 2.4 during
the course of the reaction, which validates the above
decomposition mechanism. Zheng and coworkersl'?d]
also reported the synthesis of ultra-stable and fluorescent
Ag NCs through a similar high-temperature synthesis
route. They showed that the delicate control of the Ag
NCs’ structure could enhance their QY as well as their
stability in aqueous solution, which is of great impor-
tance for Ag NCs due to their susceptibility to oxidation
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in aqueous media.l*! The high-temperature route
overcomes the energy barrier of the redox reaction of
Ag(1)/Ag(0) and thereby facilitates the reduction of Ag
(I) ions into Ag (0) core atoms driven and protected by
GSH. Furthermore, the elevated temperature is crucial for
thiol etching (NC digestion process) as well as the con-
densation of the Ag(I)-thiolate complexes on the surface
of the in situ formed NCs.'>!] These Ag(I)-thiolate
complexes form a shell around the NCs core and
are responsible for the oxidation resistance as well as the
thermodynamic stability of the as-synthesized Ag NCs.
Moreover, the high-temperature route offers large-scale
synthesis of high-quality Ag NCs in a single batch (Fig-
ure 6B). The as-synthesized red-fluorescent Ag(0)@Ag(I)-
thiolate core-shell NCs are < 2 nm in size and exhibit a
featureless UV-vis absorption spectrum. Zheng and
coworkers suggested that this featureless spectrum is
similar to the aggregation-induced emission (AIE) in Au
NCs. The origin of fluorescence of such Ag NCs is majorly
due to the AIE of the Ag(I)-thiolate complexes on the
surfaces of the in situ generated Ag(0) cores. The oxidation
state was verified by X-ray photoelectron spectroscopy
(XPS), which showed that the predominant species of the
as-synthesized Ag NC is the Ag(I) (~54%). This is in agree-
ment with the high oxidation state feature exhibited by
AIE-type NCs due to the high metal(I)-thiolate proportion
of such NCs.["?d] Furthermore, the Ag NCs were shown

to be a mixture of three different NC species, namely
Ag10SGs, Ag1oSGg and AgySGs.

Many attempts have been made to enhance the fluo-
rescence of metal NCs, however most of those strategies
result in non-biocompatible NCs (due to ligands or sol-
vents), and hence they are not suitable for the biomedical
applications.[] In an attempt to address this issue,
Goswami and coworkers!®! reported the synthesis of
highly fluorescent Au NCs via the high-temperature route
spatially confined in biocompatible polymeric nanogel
matrix. The Au NCs reported in this study take the
advantage of both, the highly fluorescent NCs synthesized
by the high temperature protocol as well as the large
surface area, biocompatibility, multifunctionality, and
stimuli-responsiveness of the nanogel. Under specific
pH conditions, an electrostatic interaction between the
negatively-charged COO~ groups of the Au(I)-SG complex
(GSH used as the thiolate ligand) and the positively-
charged H;N* of the water-soluble polymer chitosan
makes the subsequent self-assembly of the complex
resulting in formation of nanogel. Then, the Au(I)-thiolate
complexes are spatially confined within this nanogel
microreactor, a process that facilitates the rapid forma-
tion (only 6 hours, in comparison to 24 hours without
using the polymeric chitosan) of highly fluorescent
Au(0)@Au(I)-thiolate core-shell NCs (Figure 6C). The as-
synthesized orange-fluorescent Au(0)@Au(I)-SG NCs are
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~1.03 + 0.52 nm in size and exhibit excitation and emis-
sion maxima at 375 nm and 615 nm, respectively.l°'] This
high temperature microreactor-facilitated route of NC
formation offers large-scale production of high-quality Au
NCs. Furthermore, the enhancement of the fluorescence
of such NCs was ascribed to the strong coordinative bonds
between the COO™ groups of the Au(I)-SG complex and
the H3;N* of the chitosan rigidifying the Au(I)-thiolate
shell and in turn prohibiting the relaxation of the excited
NCs as well as the nonradiative decay processes. Goswami
and colleagues therefore ascribed such an enhance-
ment in the fluorescence of the as-prepared NCs to a
matrix-coordinate-induced aggregation effect.°']

2.7 | Ligand-exchange-induced
size/structure transformation (LEIST)

Since atomic precision and molecular purity are desir-
able physicochemical properties in many fundamental
studies and many promising applications,!%?! substan-
tial research efforts have been devoted to controlling the
atomic precision of NPs/NCs over the last two decades.[®*]
One of the widely established methodologies to achieve
atomic precision and molecular purity in nanochem-
istry is the size focusing technique, which involves two
steps, the kinetically controlled synthesis of different-
sized Au,(SR),, NCs with various stability properties, fol-
lowed by the thermodynamically driven ligand-induced
size-focusing/conversion process of the NCs mixture into a
single mostly-stable NC.I*7*%4] However, these techniques
vary somehow in their outcomes. Usually, they involve
complex interdependent variables that make control over
NC’s size and structure quite challenging. Recently, ligand-
exchange, which may be either partial or full and usu-
ally associated with NC core size change, has provided
a new tool for the post-synthetic fine control of NCs to
obtain a desired size/structure. For instance, Bootharaju
and coworkers!'"?! were able to post-synthetically con-
vert the Ag;s(GSH);g NCs into Ags,(4-fluorothiophenol);,
taking advantage of the ligand-exchange-induced resiz-
ing capability in an immiscible biphasic liquid system at
room temperature. This study has also shown that differ-
ent NC sizes other than the Agy,(4-fluorothiophenol);,
could be obtained by rationally selecting the incoming thi-
olated ligand during the ligand-exchange (LE) process of
Ag3s(GSH),5 (Figure 7B). Furthermore, Bootharaju et al.
showed that not only the LE process was able to convert
Ag3s(GSH)g into the larger Agyy(4-fluorothiophenol)s,
NCs but also was able to facilitate the reverse reaction and
convert the later NCs into the original Ags;s(GSH),g3 NCs
with a 50% yield (Figure 7B). It is worth noting that the
reverse reaction involves a size focusing step resulting in

a mixture of Ag;s(GSH)yg, Agz;(GSH),;, and Agz(GSH),,
NCs, which finally are converged to Ag;s(GSH);g NCs.
While the LE forward reaction of Agss NCs to Agy, NCs
proceeds very fast in a one-step process, the reverse reac-
tion of the LE process occurs slowly. It involves con-
verting the metastable NCs into single NC type via a
thermodynamically-driven mass transfer mechanism from
one NC to the other.

In 2012, Zeng and coworkers!'*’! also reported using
LE-induced NC size and structure transformation (LEIST)
to obtain different new Au NCs. In their work, they
showed the successful thiol-for-thiol thermal LE of
pure Au;g(PET),, NCs (PET = SC,H,Ph) with 4-tert-
butylbenzenethiol (TBBT) resulting in a shrinkage of
the original NCs size to Auss(TBBT),, (Figure 7A).
This process assists the high yield production of pure
Auzs(TBBT),, (> 90 %), which in turn facilitates the crys-
tallization of the LE product revealing their unusual FCC
crystal structure. To this end, the Auss(TBBT),4 NC was
the first to exhibit FCC kernel structure in the Au,(SR),,
NC family. In 2013, Zeng and coworkers®! showed
that the LEIST process of Ausg(PET),4 to Auss(TBBT),y
involves four stages (Figure 7A). Stage I: during which
partial LE takes place without any alteration in size, struc-
ture, or optical features of the original NCs, giving rise
to a mixed-ligand Ausg(TBBT)n(PET),4.,, Where n < ~12
(Equation 6).

Ausg(PET),, + nTBBT — Ausg(TBBT), (PET),, ,

+nPET (6)

Stage II: as time proceeds further, LE, as well as TBBT
incorporation on the NCs surface, takes place, which in
turn induces structural distortion of the original Ausg NC
(Augg* in the following equation denotes the distorted
structure), to accommodate more bulky TBBT, accompa-
nied by changes in their UV-vis spectral features (Equa-
tion 7).

Aug(TBBT), (PET),, , + TBBT

n<~12

— Auj(TBBT),(PET),,_, + PET (7)
n>~12

Stage III: during this stage, disproportionation reac-
tion takes place whereby the two released Au atoms
from Ausg(SR),4 during the size transformation/internal
reconstruction into Auss(SR),, are captured by another
Ausg(SR),4 and giving rise to Auyg(SR),4, note that two
more TBBT ligands are incorporated into the newly formed
NCs. As reaction proceeds, the proportions of Auszg and
Auy increase, whereas the proportion of Ausg decreases
(Equation 8).
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2Ausg(TBBT), (PET),, , + 2TBBT
— Aus(TBBT), (PET),,_, + Auy(TBBT), . ,(PET),,_,

®

Stage IV: after the completion of the disproportionation
reaction, a temperature-driven conversion of the remained
Auy(SR),6 to Ause(SR),, takes place (Equation 9) as well
as the excess TBBT-driven size focusing, which is accom-
panied by the high-yield formation of molecularly pure
Augzg(SR)y.

Augo(SR),; — Auzg(SR),, + 2Au° + 24u(I)SR  (9)

Despite the efficiency of the biphasic LE process
in the high-yield synthesis routes of molecularly pure
NCs, the underlying NCs resizing/restructuring mecha-
nisms induced by such routes remain unrevealed due
to the abrupt chemical transformation of the NCs, as
well as the biphasic nature usually encountered during
the biphasic LE process.[®! To address such limitations,

Bootharaju and coworkers! ®! designed a slow monophasic
LE reaction to track the structural transformation of hol-
low Agy4(SPhF);, NCs (SPhF: 4-fluorobenzenethiolate)
into the non-hollow Ag,s(SPhMe,);3 NCs (SPhMe,: 2,4-
dimethylbenzenethiolate) and vice versa (Figure 7C). The
LE pathway follows four stages which are quite sim-
ilar to the above mentioned four stages reported by
Zeng et al.[%]

In the first stage (Stage I, partial LE), 18 of the
incoming SPhMe, ligands replace 18 of the SPhF lig-
ands on the surface of Agy(SPhF);, NCs producing
Ag44(SPhF),,(SPhMe,);5 as the predominant LE prod-
uct. Other intermediate species have also been observed
but in low proportions. After 1 hour of the LE reac-
tion, equal proportions of Ag,,(SPhF),,(SPhMe,);5 and
Ag44(SPhF),(SPhMe,),q coexist in the reaction mixture as
the predominant products (Equation 10).

Aguu(SPhF), + n(HSPhMes)
— Agyy(SPhF),, , (SPhMe,), + n HSPhF ~ n <12

(10)
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(Stage II, nearly complete LE): after 2 hours of
the reaction, the Agy4(SPhF),(SPhMe,),q predominates
(Equation 11), which in turn induces structural distortion
of the original NCs driven by the increased steric hindrance
between the incoming bulky ligands.

Agy4(SPhF),,_ (SPhMe,), + HSPhMe,

n<l12

— Agu(SPhF),,_, (SPhMe,), +HSPhF  (11)
29>n>12

(Stage III, disproportionation): during which the
disproportional dissociation of Ag,(SPhF);(SPhMe,),
into Ag,s(SPhF),(SPhMe,);; accompanied by the release
of Ag,(SPhMe,), ;1 + Ag_n, Where n < 11 (Equa-
tion 12). The released fragments may be uptaken by
the remaining Agy(SPhF),(SPhMe,),q, giving rise to
a mixture of metastable larger intermediates such as
[Ags6(SPhF)o(SPhMe;, ), 1*~, Agys(SPhF);(SPhMe;)3]*,
and Ags,(SPhF),(SPhMe,),¢]%~.

Agy4(SPhF),(SPhMe,),, — Ag,s(SPhF),(SPhMe,), ,

+ Agn(SPhMez)n+1 + Ag19_n (12)

n<ll1

(Stage IV, size focusing): after 3-4 hours, the
metastable intermediates decomposed into Ag,s;(SPhF),
(SPhMe,),; driven by the size focusing process. Since
HSPhMe, ligands are present in excess in the reaction
mixture, the Ag,s(SPhF),(SPhMe,);; NCs are ultimately
transformed into the molecularly pure [Ag,s(SPhMe, );5]™
NCs (Equation 13) with a high yield (~80%).

[Ag,5(SPhF),(SPhMe,),,| + HSPhMe,

— [Ag2s(SPhMe,)s|  + HSPhF (13)

Furthermore, it has been shown that the reverse reac-
tion also involves four stages and occurs relatively fast
compared to the forward reaction, and the SPhMe, of the
Ag,s(SPhMe; )13 could be rapidly replaced with HSPhF
within 1 hour. The reverse reaction’s transformation pro-
cess involves the dimerization of the mixed ligand Agys
NCs into metastable Ags, intermediates, which undergo
a set of disproportionation reactions giving rise ultimately
to the [Agss(SPhF);,]*~ NCs. This study showed that
the chemical composition of the ligands, such as their
electron-donating/withdrawing capabilities as well as the
bulkiness of such ligands are predicted to play a crucial role
in determining the size and structure of the obtained NCs
during the LE process.

2.8 | Combination of both bottom-up and
top-down (CBBT) method

Although most of the NCs’ synthetic methodologies
involve either bottom-up or top-down techniques, both
might also take place in a single synthetic route. For
instance, Adhikari and Banerjee!%®! reported in 2010
the synthesis of fluorescent Ag NCs using the reduced
form of lipoic acid (dihydrolipoic acid, DHLA) as a lig-
and via bottom-up and top-down routes. Later, in 2012,
Muhammed and coworkers have explained the growth
process of such fluorescent AgNCs through a kinetic
model.l! In our recent report,!’% different stages of
the formation mechanism of such DHLA-protected Ag
NCs are explained step by step (Figure 8A-B). In this
study, we illustrated that the synthesis pathway of the
Agyo(DHLA);, NCs, which were first reported by Adhikari
and Banerjee,!%! can be divided into four stages. Stage
I involves reducing the lipoic acid into its reduced dihy-
drolipoic acid form via NaBH,-induced breakage of the
disulphide bonds. Stage II: shortly after the addition
of the AgNO; to the reaction mixture which contains
DHLA, the DHLA coordinates with the Ag(I), and subse-
quently, the Ag(I)-thiolate is formed, followed by Step III:
during which the formation of the bigger Ag NPs (bottom-
up route) takes place as became evident from the UV-Vis
absorption spectra as well as the dynamic light scattering
(DLS) data of the aliquots taken at this stage. Stage IV:
during which the formed Ag NPs are subjected to consec-
utive core-etching and size focusing processes induced by
surface ligands (top-down route) until reaching the most
thermodynamically stable Ag NC, which is Ag,o(DHLA),,
NCs. The as-synthesized red-fluorescent Ag NCs showed
the characteristic molecule-like UV-Vis absorption fea-
tures of Ag,o(DHLA),, NCs and exhibited excitation and
emission maxima ~425 nm and ~650 nm, respectively. The
HR-TEM images of the Ag,o(DHLA);, NCs showed that
they are 2.44 nm in size and revealed no larger NPs nor
any form of aggregation.%¢]

The nucleation and growth of these Ag,q NCs were
demonstrated by van der Linden and coworkers!”!
through mass spectrometry and X-ray absorption
spectroscopy (XAS) studies. Since the initial growth
and nucleation involved the formation of larger NPs, a
mass spectrometric analysis was not successful in cap-
turing the details of the first half, which is a bottom-up
process. Still, it was assumed that such NPs contain more
than hundreds of Ag atoms. In the second stage, during
the top-down method, the evolution of Ag,q NCs occurred
via Ag,s and Ag,q NCs, as suggested by the mass spectrom-
etry data (Figure 8C). The remarkable stability of Agyg
NCs (8e™ system, a close shell electronic structure) is the
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major driving force for this two-step synthesis. Extended
time-dependent information about coordination numbers
generated from X-ray absorption fine structure (EXAFS)
data (Figure 8D) shows the decrease in Ag-Ag and increase
in Ag-S coordination number over time, supporting the
two-step mechanism.

3 | SUMMARY AND FUTURE
PERSPECTIVES

Despite the excessive reports on the synthesis of noble
metal NCs, the detailed crystal structure has been only
solved for a few limited NCs, though. Structural analysis
of metal NCs can address many fundamental questions on
the origin of their unique properties. Therefore, the crystal-
lization of NCs is one of the major perspectives that need to
be pursued to unravel their in-depth-chemistry. The purity
and stability of NCs are found to be the most critical issues
for the crystallization process. Currently, there are many

reported approaches through which both the purity and
the stability of NCs can be improved, which will be dis-
cussed below.

Most of the highlighted synthesis approaches men-
tioned above, including the size-focusing and LEIST
methodologies, imply the reaction of a strongly binding
molecule with the in situ formed or existing noble metal
NCs. Thereby, molecules with a robust noble-metal-
sulfur bond, for example, [Au,(TPP),(SC,H,Ph)|*
complexes, are formed during the synthesis of
[Au,s(TPP),o(SC,H,Ph)sCL,]** NCs and released into
the solution.[”?] Other undesired inorganic residues are
large polydisperse NPs and are either formed during
the synthesis!”?! or present as the unreacted starting
material in a size-focusing approach. Moreover, the
size-determining organic ligands are prone to side reac-
tions with oxygen and other radicals, 7! resulting in,
for example, TPP-oxide formation!”! for the case of
[Au,5(TPP),o(PET)sX,]*" (X = CI or Br) NCs synthesis
and as their chemical structure is altered thereby resulting
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in additional byproducts to be removed after the NC
synthesis.

Several purification strategies were investigated and
applied to the as-synthesized NCs. These include sim-
ple approaches as there are extraction/precipitation
or filtration!”77] as well as instrument-supported
separation techniques, such as high-performance lig-
uid chromatography (HPLC)!”! or PAGE.I'®] These
instrument-based methods were initially used to separate
NCs with a narrow size distribution from a polydisperse
ensemble.l””l However, as the synthesis strategies for
noble metal NCs advanced which allowed for discrete NC
sizes to be synthesized, the application possibilities have
also widened, for instance, high-resolution separation of
NCs from ligand exchange or doping reactions,!”8! with
various atomically precise sizes, ligand compositions, coor-
dination isomers, and charge states became feasible.[”57°]
Many other separation techniques such as thin-layer
chromatography,!*°! size exclusion chromatography,!*! or
even analytical ultracentrifuge!®?] have been employed in
the purification process various NCs.

Despite the significant advances in HPLC, a thor-
ough purification evidenced by a combination of MS,
'H-, 3'P-NMR was targeted only in a limited number of
publications.[*°“%3] Most striking though is the missing
low m/z region in the mass spectra of NCs.[”>84-%] This
is, however, exactly the region where signals of small
inorganic byproducts such as Au,TPP,PET, Au,(SR)s,
Au(SR);, Ag(SR);, Ag,(SR)s et,c. can be seen.

The most commonly used purification strategy for
freshly synthesized atomically precise noble metal NCs
is to wash agglomerates with more polar and nonpolar
anti-solvents.!”®] This approach is utilized in Au NC sys-
tems with core sizes ranging from Au;; to Auss; It aims
to remove the unbound ligand molecules, ®*] phase
transfer agents as the tetraoctylamonium ion, small NCs,
and large polydisperse NPs. However, the success of such
washing procedures is highly dependent on the solubil-
ity of NCs, which is impacted by the hydrophilicity of the
surface-bound ligands and their charge state, as in the case
of organic-soluble NCs. This becomes evident from resid-
ual signals of tetraoctylamonium ions present in the NMR-
spectrum of [Au,s(TPP),o(PET)s]>" or of [Au,s(PET)5]"
and their absence in that of [Au,5(PET);]° NCs.[33:87]

Collectively, it becomes evident from the versatility
of the employed molecules in NC syntheses; real purity
can only be achieved with a combination of analytical
techniques. The importance of post-synthetic removal of
these residual molecules is as critical as challenging for
various reasons: the electronic and chemical properties
of NCs and their inorganic byproducts are similar as
their size only differs by several inorganic atoms and
ligand molecules, potentially resulting in undesired

interference on the applications level. They can play
a significant role in quenching of catalytic activity or
catalyst poisoning,/*®! or undesirably bio-conjugated to
a target instead of the NCs,[®"] or quenching the NCs’
fluorescence by a charge-transfer, or affect the charge
transport in NC based thin films.[®! So, such impurities are
becoming a big burden in pertaining novel applications of
these atomically precise NCs and improved purification
strategies need to be implemented for better applicability
as well as structure-property correlation.
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