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Atomically precise alloy nanoclusters: syntheses, structures,
and properties

Xi Kang,»@b Yingwei Li,*¢ Manzhou Zhu,*2® and Rongchao Jin*¢

Metal nanoclusters fill the gap between discrete atoms and plasmonic nanoparticles, providing unique opportunities for
investigating the quantum effects and precise structure-property correlations at the atomic level. As a versatile strategy,
alloying can largely improve the physicochemical performances compared to corresponding homo-metal nanoclusters, and
thus benefit the applications of such nanomaterials. In this Review, we highlight the achievements of atomically precise
alloy nanoclusters, and summarize the alloying principles and fundamentals, including the synthetic methods, site-
preferences for different heteroatoms in the templates, and alloying-induced structure and property changes. First, based
on various Au or Ag nanocluster templates, heteroatom doping modes are presented. The templates with electronic shell-
closing configurations tend to maintain their structures during doping, while the others may undergo transformation and
give rise to alloy nanoclusters with new structures. Second, alloy nanoclusters of specific magic sizes are reviewed. The
arrangement of different atoms is related to the symmetry of the structures, i.e., different atom(s) are symmetrically
located in the nanoclusters of smaller sizes, and evolve to the shell-by-shell structure at larger sizes. Then, we elaborate on
the alloying effects in terms of optical, electrochemical, electroluminescent, magnetic and chiral properties, as well as the
stability and reactivity via comparisons between the doped nanoclusters and their homo-metal counterparts. For example,
the central heteroatom-induced photoluminescence enhancement is emphasized. The applications of alloy nanoclusters in
catalysis, chemical sensing, bio-labeling, and other fields are further discussed. Finally, we provide perspectives on existing
issues and future efforts. Overall, this Review provides a comprehensive synthetic toolbox and controllable doping modes
so as to achieve more alloy nanoclusters with customized compositions, structures, and properties for applications. This
review is based on publications available up to February 2020.

mechanical strength relative to iron. From iron to steel,
scientists have demonstrated that the improved oxidation
resistance of steel results from the compact film of Cr-based

1.1 Overview of alloying

In retrospect to the development of metallurgy, the material
properties of metals have fascinated human beings since the
Bronze Age. The new epoch began when mankind discovered
that mixing two (or more) different metals could produce an
alloy that was much stronger than the individual metals.

It has been more than 5000 years since the ancient work
on “alloying”, but this concept is still of critical importance in
modern metal industry for enhancing the performance of
metals. For instance, iron is prone to be oxidized (or rusted)
when exposing to an environment containing oxygen, water,
or salts. By contrast, alloying iron with a small amount of
carbon and chromium produces steel that exhibits highly
oxidation-proof surface; and hybrid steel displays much higher
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oxide which prevents the exposure of iron surface to the
environment, and the enhanced mechanical strength of steel
stems from the hardening agents within iron (e.g. carbon)
which prevent the movement of dislocations.

1.2 From bulk to nanoscale alloys

Aside from its ubiquitous use in industrial applications such as
manufacturing hybrid materials, the alloying strategy is now
displaying its indispensable value in nanoscience as well.1-12
The synergistic effects between metals have been extensively
applied in producing alloy nanoparticles with enhanced
properties relative to homo-metallic ones.*%13-21 Studies on
nanoparticels demonstrate that the size, shape, and
composition are the three major factors that are responsible
for the controllable properties of nanoparticles.>7,22-26

As for the size effect, Raman spectroscopy is enhanced
with the help of nanoparticles in which visible light can be
readily absorbed by stimulating LSPR (localized surface
plasmon resonance).?’-2° In the case of catalysis, it has been
well-established that the catalytic activity of metal
nanoparticles can be significantly enhanced by reducing their
size.243032 As for the shape effect, the catalytic selectivity is
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sensitive to the packing modes of the surface atoms, or the
different exposed facets (Miller indices {hkl}) of
nanoparticles.?223:333> A prototypical example is the highly
active Pt nanoparticles, whose {100} and {210} facets are most
active for H, or CO production.3637 Thus, it is of great
importance to control the size and shape so as to endow
nanoparticles with favorable facets for better catalytic activity
and selectivity. Besides, for metal nanoparticles with fixed size
and shape, mastering over the metal composition will enable
the manipulation of its physicochemical properties and
broaden the practicability in specific applications.>3844 In other
words, alloying nanoparticles from homo-composition to bi-
metallic or multi-metallic compositions will enrich their
physicochemical properties, and make them superior to their
homo-metallic counterparts in many cases. Alloying-induced
enhancement of properties was discovered back in the Bronze
Age. For instance, the platinum group metals (including Pt, Pd,
and Ru) are widely used in chemical catalysis as well as in
pharmaceutical, pesticide, and polymeric industries;*
remarkably, a practical catalytic system in these industries
often uses alloys of these metals as catalysts to achieve the
goal of “killing two birds with one stone,” i.e. enhancing the
catalytic efficiency, and in the meantime reducing the
producing costs.*> As evident from this example, the alloying
strategy is a promising approach for preparing novel
nanoparticles with enhanced properties for different types of
catalysis and many other applications.
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Scheme 1 lllustration of the scope of nanocluster science.
Metal nanoclusters bridge the metal complexes and plasmonic
metal nanoparticles.

Atomically precise nanoclusters as a special type of
nanoparticles provide great opportunities for researchers to
relate the properties to the well-defined structures, as single
crystals can be grown from such unique nanoparticles and the
crystal structure can be solved by X-ray crystallography (SC-
XRD).%¢-51 Of note, they are titled as atomically precise
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nanoclusters in order to differentiate them from the
conventional alloy nanoparticles.

(A) From the structural point of view, the unknown surface
structures and unclear metal-organic bonding modes of
nanoparticles limit the fundamental knowledge on the
structure-property correlations.*”4852 Nanochemists are often
frustrated by the notorious fact that no two nanoparticles are
the same, which precludes the studies on many fundamental
properties of nanoparticles. Benefited from their precisely
characterized structures, ultra-small nanoclusters (typically 1-3
nm in diameter, as depicted in Scheme 1) are capable of
providing an ideal platform for investigating the detailed
mechanism of structure-dependent properties at the atomic
|eve|;47'48'53'54

(B) From the size point of view, nanoclusters with 1-3 nm
diameter can be placed in between metal complexes and
plasmonic metal nanoparticles (Scheme 1). Indeed,
nanoclusters can serve as perfect models of nanoparticles and
establish the bridge from metal complexes to conventional
nanoparticles. For simplicity, we take Au-thiolate (SR)
complexes, Au,s5(SR)1z and Ags4(SR)3g nanoclusters, and large-
sized FCC nanoparticles as representatives for molecules,
nanoclusters, and nanoparticles, respectively. Compared to
conventional nanoparticles of which the surface structures are
unclear, nanoclusters can be characterized by single crystal X-
ray diffraction (SCXRD) and their surface structures have been
determined; for example, the thiolate-protected nanoclusters
comprise a polyhedral metal kernel and various protecting
metal-thiolate motifs.

(C) From the property point of view, strong quantum size
effects in nanoclusters are manifested in their chemical and
physical characteristics such as discrete energy levels of
electrons, multiple absorption bands because of molecular-like
electronic transitions, and so on.*-4? |t has been demonstrated
that a slight change in nanoclusters, e.g., adding/subtracting
one electron into/from the nanocluster template, will result in
a non-negligible disturbance on the electronic and geometric
structures, which further influences the properties
remarkably.46-49555¢  However, in regular nanoparticles,
addition or subtraction of a small number of metal atoms
might not make discernable differences. In addition, compared
with nanoparticles, smaller sizes of nanoclusters endow them
with higher specific surface areas, and consequently distinct
potential for applications in chemical sensing, biology, energy
conversion, catalysis, and so on.47:48:57-61

1.3 Atomically precise alloy nanoclusters

It is worth a note on the terminology. Doping was originally
used in the semiconductors, whereas alloying is used in
metallurgy. If one starts with a homometal nanocluster,
introducing one or more heterometal atoms is typically called
doping; that is, the starting nanocluster serves as the template,
and the doping process leads to one or multiple atoms of the
parent nanocluster being replaced by atom(s) of another metal,
with the resulting product called a “doped” nanocluster.
Alloying refers to the mixing of different metals in one cluster
framework. Alloy nanoclusters containing two or more

This journal is © The Royal Society of Chemistry 20xx
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different types of metal atoms do not necessarily correspond
to a parent (i.e. homometal) nanocluster.6? Thus, all doped
nanoclusters belong to alloy nanoclusters, and alloying is a
more general concept than doping. Nevertheless, in the
following discussions, “alloying” and “doping” are used as
interchangeable. “Doping” is more used in specific cases for
“one-on-one” replacement by heteroatom(s) in the parent
nanocluster.

For nanoclusters, we take advantage of their atomically
precise structures to understand the structure-property
correlations, which will guide researchers to customize new
nanoclusters based on the desired performance. As discussed
above, the size, shape, and composition of metal nanoparticles
are the three major factors responsible for the
physicochemical properties.>7?226 Nonetheless, mastering
over the shape and size of nanoclusters might not be enough
for elucidating the relationships between structure and
properties. Since adding/subtracting only one metal atom
into/out of a nanocluster often alters its properties, the
structure-property correlations would better be clarified by
specifying the metal and ligand types, the numbers of metal
atoms and ligands, and structural anatomy. Furthermore,
controlling over the composition of nanoclusters also changes
the chemical/physical properties.

Doping the homo-gold and homo-silver nanoclusters with
heteroatoms has been demonstrated as a versatile approach
to tune their physicochemical performances.?’*® Generally,
doping atom(s) into parent nanoclusters will enhance their
thermal stability and catalytic activity.®3%* In addition, the
electronic structure and optical properties of nanoclusters can
also be tailored by substituting with heterometals.®>71 Owing
to the homologous structures between the parent nanocluster
and its doped ones, insightful correlations between metal
compositions and chemical/physical properties can be mapped
out. Such a goal is however difficult to achieve for large-sized
metal nanoparticles due to the lack of information of atomic
sites and inhomogeneity;

It is inadequate to simply consider the “composition” of
alloy nanoclusters because their chemical/physical properties
are highly dependent on the position(s) that the heteroatom(s)
take in the alloy particle. Of note, the doping modes of
heteroatoms can differ from metal to metal due to their
different electronic and geometric features. Multiple doping
modes in the template, including the central doping, kernel’s
shell doping, and exterior motif doping, pose highly versatile
chemistry for the nanocluster materials (Scheme 2).

In the past years, some reviews related to the
development of nanoclusters have been published, including
those about controllable synthesis and purifications,>0.72-83

atomically precise structures and structural evolution
patterns,>>:84-109 structure-based chemical/physical
properties,>2°7-61,110-141  gnd  distinct property-dependent

applications.142:157 Besides these reviews, there are also some
overviews touching upon specific topics of experimental and
theoretical works.49,158-169

The main objective of this Review is to summarize the
research achievements and extract the fundamental principles

This journal is © The Royal Society of Chemistry 20xx
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of alloying in nanoclusters with a focus on the following
aspects.

(A) “Heteroatom doping patterns and structures of alloy
nanocluster” (Sections 2-6) are divided by different
nanocluster templates. Specifically, considering that the
doping mode varies by different heteroatoms and different
nanocluster templates, we divide alloy nanoclusters into five
categories, including alloying in homo-gold nanocluster
templates (Section 2), alloying in homo-silver nanocluster
templates (Section 3), alloy nanoclusters of specific magic sizes
(Section 4), alloy nanoclusters with multi-metallic compositions
(Section 5), and other alloy nanoclusters without specific
homo-metal template (Section 6). The alloying principles and
fundamentals are discussed in each section.

OOQ\(\Q
o2 «\9‘5
0\9‘ \“\0 Kernel
‘ Surface
Hybnd—type Doping

Heavily

Motif Doping

NANOCLUSTERS

Scheme 2 The doping tree of metal nanoclusters. Doping
heteroatom(s) into different templates follows distinct doping
modes, which increases the structural/compositional diversity
of metal nanoclusters.

(B) As alloying has been proved to be a versatile strategy in
improving their chemical and physical performances, alloy
nanoclusters constitute a platform for investigating inter-
metallic synergism at atomic level. Section 7 includes an
overview of their optical, electrochemical, magnetic, and chiral
properties, as well as their stability and reactivity. In addition,

atomically precise structure-property correlations are
summarized.

(C) Alloy nanoclusters exhibit largely improved
physicochemical performances relative to corresponding

homo-metallic nanoclusters, which benefit the applications of
cluster-based nanomaterials. The Section 8 discusses catalysis,
sensing, bio-labelling, bio-imaging, biomedicine, and energy
conversion based on alloy nanoclusters.

J. Name., 2013, 00, 1-3 | 3
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In the end, we provide perspectives and highlight the
challenges for future researches on alloy nanoclusters (Section
9). For instance, precise control over alloying sites, diversity in
atomically precise alloying processes, limitation for metal-
exchange in nanoclusters, and new applications for alloy
nanoclusters.

In summary, this Review summarize research progress in
the syntheses of alloy nanoclusters with controllable
compositions, X-ray crystallographic determination of doping
sites, and effects of doping on the optical, electronic, magnetic,
electrochemical and catalytic properties. Besides, the inter-
metallic synergies derived from alloy nanocluster systems are
discussed, which will guide researchers in designing new alloy
nanomaterials with tailored functionality.

2 Alloying in homogold nanocluster templates

The systems of homo-metal nanoclusters and their derivatives,
e.g. Au,s(SR)1g and M,Au,s5,(SR)1s (M = Ag/Cu/Pt/Pd/Cd/Hg)
nanoclusters, make it possible to map out the inter-metal
synergisms at the atomic level, which is of great significance in
the field of nanoscience. Understanding synergetic effects
would instruct the preparation of novel alloy nanoclusters with
tailored chemical/physical properties.

The synthetic methods of alloy nanoclusters can be mainly
classified into two categories: (i) chemical reduction of a
mixture of ligated metal complexes (such as Au-SR/Ag-SR
complexes); (ii) doping the homo-metal nanoclusters with
hetero-metal salts or complexes. For example, either co-
reducing Au-SR/Ag-SR complexes or doping Au,(SR),, with Ag-
SR generates Au,_Ag,(SR), alloy nanoclusters.

This section summarizes the alloying of heterometals into
gold nanoclusters, mainly including the icosahedral Au,s, the
bi-icosahedral Auss, the FCC/HCP Au nanoclusters (Auig, Auys,
Au,s, Ausg), the small-sized Au:PPhz nanoclusters (Aug.13:PPh;3),
the nanoclusters in the form of “cluster of clusters” (rod-like
Au,s, Ausy; and Ausg capped by PPhs), and the large-sized Auias
nanocluster. Of note, doping based on Au,s5(SR)1s, Auzg(SR)4,
and Au,s(PPh)1o(SR)sCl, templates is reviewed elsewhere when
this Review is under preparation.8!

2.1 Alloying in icosahedral Au,s(SR);g template

Since the early synthesis of Au,s(SR).5 in 1998 and successful
structural determination in 2008,170171.172 jt has stimulated
great interest because of its ease of preparation, high yield,
thermal stability, and versatile surface functionalization, as
well as broad applications.'6167 Au,5(SR);3 possesses an
icosahedral Auys kernel, which is protected by six SR-Au-SR-Au-
SR staple motifs in a quasi-octahedral symmetry.171172 This
nanocluster has acted as a template for diverse alloying works
and is perhaps the most widely studied system. So far, rich
types of hetero-metals, including Ag, Cu, Pt, Pd, Hg, Cd, Ir, etc.,
have been successfully doped into the Au,s(SR);s template
(Table 1), and several synthetic methods were developed,
including in-situ syntheses (co-reduction), doping of pre-

4| J. Name., 2012, 00, 1-3
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synthesized Au,s(SR):s (e.g., metal-exchange/anti-galvanic
reduction), inter-cluster reactions, and so on. Interestingly,
different alloying outcomes occur from these approaches. For
example, the Pd;Au,; or Pt;Au,, nanocluster can only be
prepared by in-situ synthesis via reducing Pd-SR/Au-SR or Pt-
SR/Au-SR complexes,®36* while Au,,lr3(SR);s can only be
prepared by inter-cluster reaction.73

Table 1 Alloy nanoclusters based on the Au,s(SR).g template.

Formula Measurement(s) Ref(s)
Au,s(SR)1g SC-XRD 171, 172
AUy Irs(SR)g ESI-MS 173
AUysxAg,(SR)1g (x ~6) | SC-XRD 66
AUysAg,(SR)1g (x ~20) | SC-XRD 177, 179

54, 65, 180-184,
Auys,A8(SR):1s MALDI-MS, 186-188,  189-

ESI-MS

195
Auys.,Ag,(SR)15,(SR’), | MALDI-MS 185
AUsAE,(SR)1g SC-XRD 184

67, 68, 174, 180,
AUysCU(SR)1g MALDI-MS 181, 187, 201,

202
Pt;Au,4(SR)18 ESI-MS 63, 196-198
Pt;AU4(SR)1s SC-XRD 207, 216, 222
Pd;AU4(SR):8 MALDI-MS 64,203, 204
Pd1Au4(SR)1s SC-XRD 210, 216
Pd;AUL(SR)16,(SR’), | ESI-MS 205
Au,4Cd1(SR)1g ESI-MS, SC-XRD 174,175,176
AU2HE1 (SR):8 ESI-MS 71

Fig. 1 Different synthetic methods of Au,s,Ag.(SR):s alloy
nanoclusters, including in-situ synthesis, Ag*-ion alloying,
metal exchange, anti-galvanic reduction, and inter-cluster
reaction.

This journal is © The Royal Society of Chemistry 20xx
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(a) Au,(SR),, (b) Heavily Doping "

A
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Ag-doped (AuAg),, Nanoclusters
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N

Au,, Kernel
Icosahedron

6 * Au,(SR),
Staple Motifs

Slightly Doping
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S-(AuCu),, Se-(AuCu),,  PdAu, PtAu,, Au,,Hg,
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Fig. 2 Doping sites of heteroatom(s) in Au,5(SR)1g template. (a) Structural anatomy of the Au,s(SR);5 nanocluster. Structures of (b)
Au,s,Ag(SR)1g nanoclusters with increasing doping degree. Of note, both “in-situ synthesis” (top) and “metal exchange”
(bottom) approaches can direct the synthesis of Au,s,Ag,(SR)1g alloy nanoclusters. Structures of (c) Au,s,Cu,(SR)1g and Au,s.
xCu,(SeR);g nanoclusters. (d) Other heteroatom(s)-doped Au,s,M,(SR):s nanoclusters, including Pd;Au,4(SR)1s, Pt1Au»4(SR)1s,

Auz4Cd1(SR)18 AuzsHE1(SR)1s, and Aup,lrs(SR)se.

Because of the different properties of hetero-metals,
different doping modes in the Auys(SR);s template are
observed, i.e., heterometals in different doping sites and
degrees of doping. The mono-heteroatom doping mode is
associated with Pt, Pd, Hg, and Cd,%3:6471.171-176 \while three Ir
atoms could be introduced into Au,s(SR).5.173 The Ag and Cu
dopants are more complicated. As for Ag-doped Mjs(SR)1s
nanoclusters, (i) the number of Ag heteroatoms in Au,5(SR)1g
can be easily controlled by regulating the Au/Ag ratios in
synthetic procedures;®566:174177.178 (jj) the incorporated Ag
heteroatoms can go from the icosahedral kernel to the
surface structure;’® that is, only the center Au is non-
swappable. As for Cu-doped M,s(SR);s nanoclusters, no
crystal structure of Au,s,Cu,(SR)1s has been obtained yet, but
it is evidenced by extensive experiments that Cu should
substitute the Au atom(s) on staple motifs. In this section,
doped nanoclusters based on the Au,s(SR);s template are
reviewed, including the synthetic procedures and doping
modes.

Au,s_Ag.(SR)1g alloy nanoclusters have been successfully
prepared via several methods (Fig. 1), including (i) in-situ
syntheses by co-reducing Au-SR/Ag-SR complexes;5566.177,180-
182 (ji) reactions between Au,s5(SR)1g and Ag* ions;183.184 (jii)
metal-exchange between Auys(SR)1g and Ag(l)-SR
complexes;18 (iv) anti-galvanic reaction (AGR) of thiolate-
protected gold and silver nanoparticles;86-188 (v) inter-cluster
reactions between Au,s(SR),g and Ag nanoclusters,189-193

This journal is © The Royal Society of Chemistry 20xx

Methods (i)/(ii): Early in 2010, Auys.,Agx(SR)1g hanoclusters
with continuously modulated x were synthesized, albeit with
different procedures — in-situ synthesis by Negishi et al.,%>
and reacting Au,s(SR);g with Ag* ions by Murray et al.183 The
structures of Au,s,Ag,(SR).s nanoclusters prepared by in-situ
synthesis with increasing doping degrees are shown in Fig. 2b.
The Ag-doping process and synergistic effect between Au and
Ag enable the doped nanoclusters to display differences and
tunability in optical and catalytic properties, as well as the
reactivity for ligand-exchange reactions, which are discussed
in Section 7.54181.194195 By concomitantly reducing the Au-SR
and Ag-SR complexes, the Xie group developed a series of
hydrophilic Au,s.,Ag, nanoclusters protected by mono- and
bi-thiolate ligands.182 In their work, the compositions of both
the Au/Ag kernel and the ligand shell could be tailored by
regulating the feeding ratios of Au/Ag precursors and
different ligands, which further enriched the functionalities of
alloy nanoclusters.182

Methods (iii): Bulk metals display galvanic-replacement
performance, which was utilized to prepare metal
nanoparticles with controllable sizes, shapes, and
configurations.196-198 For example, typical galvanic reactions
are as follow,

Ag NPs + HAuCl, (or Pt, Pd salts) — Ag/M alloy NPs

However, in the size regime of nanoclusters, different
alloying manners emerge due to the molecular behavior of
nanoclusters as opposed to bulk-metal behavior. It was

J. Name., 2013, 00, 1-3 | 5
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surprisingly found that ions of more active metals (e.g. Ag' or
Cu') can replace Au® atoms in the cluster to produce M° (Ag°
or Cu%) atoms.'86 To gain a deeper understanding on this
interesting behavior, the Zhu group developed a versatile
approach to synthesizing alloy nanoclusters containing both
high- and low-activity metals.}’4 With this “metal exchange”
method, doped M,s nanoclusters including Au;s.,Ag,(SR)1s,
Au,s,Cu,(SR)1s, Au»4Cdi(SR);s and  AuysHgi(SR)1s  were
obtained. The structure of Auys,Ag,(SR)igs nanoclusters
prepared by metal-exchange with increasing doping degrees
is shown in Fig. 2b. More significantly, “metal exchange” is
reversible in these alloy systems: i.e., Ag' can substitute Au®
atoms in Au,ys, and Ag® in Auys.,Ag, can be reversibly
exchanged back by Au', with the reaction equilibrium as:

Aus(SR)15 + X Ag(1)-SR = AUys.Agx(SR)1s + x Au(l)-SR;

A5, Ag(SR)1s + x Au(l)-SR = Aus(SR)15 + x Ag(1)-SR.

Considering that all these surviving nanoclusters exhibit
delocalized electron shell closing (DESC) of 8e (superatom
rule),’®® Wang et al. rationalize that the “metal exchange”
method should be associated with electron shell closing and
stability of the obtained alloy nanoclusters, but be less
related to metal activity.'’* Some follow-up works were
performed on simultaneously doping Ag and exchanging
foreign-thiolates into the Au,s5(SR):g nanocluster.185

Methods (iv): The Wu group presented an AGR strategy to
make alloy nanoclusters.184186,187,200 |n their works, the
reactions between Au,s5(SR);3 nanoclusters and Ag/Cu
nanoparticles introduced the heteroatoms into the Auys
template, which was an opposite process to the galvanic
reaction.®187 The concept of AGR is also exploited to
synthesize atomically precise Au,sAg,(SR)ig via the reaction
between Au,s(SR);s and AgNOs;, where the additional Ag
atoms are collocated on Au,s.184

Methods (v): Inter-cluster reactions were developed for
preparing alloy nanoclusters.17318%-193 The Pradeep group
meticulously explored the inter-cluster reactions between
Au,5(SR)1g and a series of Ag nanoclusters, such as Ag,s(SR)1s,
Ag44(SR)30, and Agsi(S;R)19(PPhs)s. For instance, reacting
Au,5(SR)1g with Agss(SR)3p produced Au,s,Ag.(SR)1s and Agss.
yAU,(SR)30 alloy nanoclusters (no exact relationship between x
and y).'® The inter-cluster reaction between Au,s(SR):s and
Ag,5(SR)1g not only generated Au,s_Ag,(SR)1s (x = 1-24), but a
dianionic adduct—Au,5(SR)13Ag,5(SR’);s—was detected as
well by the electrospray ionization mass spectrometry (ESI-
MS).1%0 Of note, regulating the feeding ratios of Au,s(SR)is
and homo-silver nanoclusters enabled controlling the Ag
doping degrees in final products.’®"1%3 Theoretical results
illustrated that (i) the Ag heteroatoms in Aujs,Ag,(SR)s
tended to occupy the sites on the icosahedral kernel’s shell,
and (i) the Au heteroatoms in Agss,Au,(SR);p would
substitute the Ag atoms in the icosahedral Ag;, kernel.191,192
In the follow-up work, Ir heteroatoms were doped into
Au,5(SR)1g  through an inter-cluster reaction between
Auys(SR)1g and Irg(SR)s nanoclusters.’’> DFT calculations
illustrated the optimal structure of Auy,Ir3(SR):g in which
three Ir heteroatoms were arranged triangularly with one Ir

6 | J. Name., 2012, 00, 1-3

at the center and the other two on the M3 kernel’s shell (Fig.
2d).173

Ag-doping: The structure of Au,s,Ag(SR)1g was
determined by Dass and co-workers in 2014.% Single-crystal
X-ray crystallography (SC-XRD) revealed a tri-stratified
arrangement—Au; @Aus 3Ags ;@6xAU,(SR); (Fig. 2b, upper-
middle). The center and the motifs are exclusively occupied
by Au atoms, whereas Ag heteroatoms selectively take the
twelve sites of the icosahedral kernel’s surface.®® However,
Ag dopants are later discovered not to be limited to the
kernel shell. By using cyclohexanethiol (HS-c-CsH11), heavily-
doped Au,s,Ag(SR)1g nanoclusters with average x = 20.45
were prepared.'’7172 The maximum number of Ag dopants
was determined to be 24 by ESI-MS analysis.1”7:17® SC-XRD
results suggested that, except the center Au atom, all the
other Au atoms in the parent Au,s could be substituted by Ag
(Fig. 2b, upper-right).

Both moderately-doped Ags;Au;153(SR)1s and heavily-
doped Ag,045AU455(SR)1g nanoclusters were prepared by an
in-situ procedure.®®177 Structurally, when protected by S-
C,H4Ph or SCy,Hys ligand, Ag heteroatoms are restricted on
the My, kernel shell.5>% Even with a large Ag/Au ratio in the
precursor, the obtained Au,s,Ag,(SR);gs nanoclusters can
hardly support more than twelve silver atoms in the
template.®®> By comparison, heavily-doped Au;Ag,4(SR)1s
nanoclusters can be achieved with the help of HS-c-CgH1;.177
Such a phenomenon was also observed in Au,s,Ag.(SR)1s
nanoclusters synthesized by metal-exchange metheds.17417°
Metal-exchanging of Au,s(S-C,H4Ph)is with Ag(l)-(S-C,H4Ph)
introduced up to 12 Ag atoms into the M,5(S-C,H4Ph) g
template.’’® By comparison, up to 19 silver atoms were
doped into Mys5(S-c-CgH11)18 by reacting Au3(S-c-CgH11)16 With
Ag(l)-(S-c-CgH11), and some staple motif sites were exclusively
occupied by Ag.17? All of these results indicate the important
effects of ligands on the doping processes.

Cu-doping: Au,s,Cu, nanoclusters can be synthesized by
in-situ synthesis,57:68,180,181,201,202 metgl-exchange,'’* and AGR
methods.'8” Ligand effects were also observed in Aujs.,Cu,
alloy nanoclusters (Fig. 2¢).67.8 The Au,s.,Cu,(SR):s showed a
spontaneous de-alloying process over time, and the initially
prepared bimetal nanoclusters would convert back to
Au,5(SR)1g (such a phenomenon was not observed in Ag-
doped M,;5).67201 For comparison, selenolate-capped Auys.
«Cu,(SeR);g nanoclusters exhibited high stability.®® Another
difference lies in the Cu doping number. As for Au,s_Cu,(SR)s,
a maximum of four Cu heteroatoms can be introduced;%7-20%
whereas in Au;s.,Cu,(SeR).g with selenolate, up to 9 Cu atoms
can be introduced (Fig. 2c).%8 It should be noted that no
structure of Cu-doped My is accessible so far. In order to
determine the preferential doping sites of Cu in the
Au,5(SR)1s template, several means have been performed, e.g.
DFT calculations, and EXAFS (extended X-ray absorption
spectroscopy).20%202 Specifically, DFT calculations suggested
that the optimal doping site in AuysCus(SR)1z is the
icosahedral surface. However, EXAFS results demonstrated
that the single Cu should occupy the staple site, i.e. Au,(SR)3
staple motifs.292 The discrepancy between DFT and EXAFS
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was explained in terms of the difference in the chemical
durability of the Cu dopant at various sites against
oxidation.202

Pt/Pd-doping: Mono-Pt- or Pd-doped M;Au4(SR)1s
nanoclusters were well-studied in the last ten years, mainly
because of their capability in tuning the
electronic/geometrical structures and chemical/physical
properties of Au,s(SR).5.6364203-222 Of note, doping a Pt/Pd
heteroatom into the Au,s(SR),s template was only achieved
by in-situ synthesis, and mass spectra demonstrated that only
one heteroatom was allowed in M,s no matter what Pd/Au or
Pt/Au ratio was,53203-208.214 which is different from the doping
of Ag and Cu. High-performance liquid chromatography
(HPLC) was exploited to separate/purify the prepared
M31AuU,4(SR)1g from its mixture with Au,s(SR)15.2°42%8 With the
pure M;Au,4(SR):s, changes on chemical/physical properties
introduced by the Pd/Pt-doping have been thoroughly
investigated, including thermal stability,?%* reactivity,29>206
catalytic performance,®364217-219 magnetism,?1® and excited-
state behavior?29221 (see more details in Section 7). In early
studies, several means, e.g. DFT calculations and EXAFS
measurements, were performed to determine the doping site
of Pd/Pt, and all evidence suggested the center
occupation.3:209,211-215 gych results also demonstrated that
the doped Pt/Pd would significantly affect the electronic
structure of the parent Au,5(SR):g nanocluster. Kwak et al.
presented the interconversion of Pd;Auys(SR);s or
Pt;Au,4(SR)1s between superatomic 6-electron and 8-electron
configurations ([M;Au»4(SR)15]° and [M;Au4(SR)15]%>, M =
Pd/Pt), and attributed the variations in electronic and
geometric structures to Jahn—Teller-like distortion of the 6-
electron nanoclusters,?!? which is reminiscent of a similar
effect in different-charged Au,s(SR)15% (g = -1, 0, +1).212 Sels et
al. investigated the structures of M;Au,4 nanoclusters co-
stabilized by mono-thiol and di-thiol ligands, indicating the di-
thiol would bridge the apex S and one core S of two adjacent
Au,(SR); motifs.213

The X-ray structures of Pd;Au,s(SR)1g and Pt;Auys(SR)qg
nanoclusters (both charge-neutral) were reported in
2016,210.216 fyrther verifying the center-doping mode of Pd/Pt
heteroatom in Au,s(SR)1s (Fig. 2d). SC-XRD suggested slightly
oblate My; kernels induced by Pd/Pt doping.210.216

In 2019, Tsukuda and co-workers reported the crystal
structures of negatively charged [Pt;Au,s(SR).g]” and
[Pt1Au,4(SR)18]%.222 Specifically, the stoichiometric production
of open shell [Pt;Au,4(SR)1g]” (7€) was achieved by reaction
between an equal amount of [Pt;Au,(SR)5]° and
[Pt1Au,4(SR)15]?%, that is, electron transfer from [Pt;Auys]? to
[Pt1AuU,4]%:

[PtiAu2,]% + [Pt1AU4]0 - [PtiAuz] + [PtiAuy,] 222

The reaction between [HM;Aug(PPhs)s]* (M = Pt/Pd) and
Au(l)-SC,H4Ph or Au(l)-C=CAr (Ar = 3,5-(CF3),Ph) offered
[M1AuU4(SCoH4PH)1g]°  (with @  (M3Auy,)®*  kernel) or
[M1Au4(C=CAr)5]>  (with a (MjAugp)*  kernel) alloy
nanoclusters.?2! [M;Au,4(C=CAr).g]?% is the doping counterpart
of the reported homo-gold [Au,s(C=CAr).g]".222 The larger
number of valence electrons in the (M;Aus,)* kernel
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protected by alkynyl was ascribed to the increase of
attractive potential owing to the stronger electron-
withdrawing nature of alkynyl relative to thiolates. Of note,
reacting HPt;Aug(PPhs)g with the Au(l)-S-c-CgHi; complexs
resulted in Pt;Au,4(S-c-CgH11)18, Whereas the addition of Au(l)-
S-c-CgH11 to HPd;Aug(PPh3)g yielded new Pd;Au,s(S-c-CgH11)17
with its structure being composed of a flattened (Pd;Auy,)®*
kernel, three Auy(SR), staples, one Au,(SR)s staple, and two
Aus(SR), staples.?23

Cd/Hg-doping: Aside from Pt- and Pd-doped M;Au,4(SR)1g
alloys, the single-heteroatom doping mode has also been
found in Cd- and Hg-doped M,5(SR):s nanoclusters.’%174.175
The doping site of the single Hg/Cd heteroatom is however
still controversial (i.e. staple site, icosahedral center or
shell).”%17> Interestingly, Au,4,Cd; can be transformed to
AuyHg; (within 1 min) after the addition of 1 eq. Hg?;
however, the reversible process was not successful.'’”> DFT
calculations showed that the reaction Cd;Au4(SR)1g + Hg?* >
Hg1Au,4(SR)1g + Cd?* was favorable (AG = -3.5 kcal/mol).17>

The number and location(s) of foreign-metal atom(s) in
the Au,5(SR)1s template aforementioned were determined by
mass spectrometry and SC-XRD. Maran and co-workers used
a combination of NMR, isotope analysis, MALDI-MS,
electrochemistry, and SC-XRD to analyze the alloying
positions and found that Pt or Pd heteroatom is at the center
of Au,s5(SR)15, whereas Cd or Hg heteroatom is doped into the
icosahedral kernel’s surface.l’® The alloying results are not
dependent on the thiols, the metal salts/complexes used in
the syntheses, or the synthetic methods.'7® Thus,
supplementary characterization along with SC-XRD is
required when determining the doping position(s) in alloy
nanoclusters when the electron-density difference between
Au and heteroatom(s), i.e. Pt/Hg, is very small. The X-ray
absorption spectroscopy analysis is quite conclusive.®3

Theoretical calculations: Many theoretical works have
been performed to obtain the information of (i) doping sites
and (ii) doping effects based on the Auys(SR):s
template.63,71,174,178,190,192, 211,225-231 Early in 2009, Walter and
Moseler reported the optimal structures of mono Ag-, Cd-, or
Pd-doped M5(SR)1g nanoclusters.??®> Considering that
[Au,5(SR)1g]” features a magic number of 8 free electrons
(superatom), Jiang and Dai surveyed many elements as
potential central doping atom candidates, and their results
indicated that the 8-electron count rule based on superatom
concept was powerful for M@Au,4(SR)157 predictions.?26 The
Hakkinen group presented that [PdiAu,s(SR)1g]> was a 8-
electron closed-shell species, whereas [Pd;Au,4(SR)ig]?
nanoclusters (-1 < z < +3) held holes in superatom 1P HOMO
manifold, indicating that the Pd dopant contributes no
electron to the delocalized electron density in the kernel.2?”
In the theoretical works based on Au,s_,Ag,(SR)1g nanoclusters,
it is demonstrated that the Ag dopants tend to maintain an
average distribution on the icosahedral surface—which
possesses the lowest thermodynamic energy and the highest
stability.178228230 |n 2018, a “thermodynamic stability model”
was proposed to explain the preference in heteroatom

J. Name., 2013, 00, 1-3 | 7



Plezse do nnt adiust margins

Review

doping position(s) by relating the metal core cohesive energy
to the shell-to-core binding energy.?3!

Collectively, a number of heteroatoms can be doped into
the Au,s(SR).s template with different doping degrees and
doping positions: Ag, Cu, or Ir follows a multiple-heteroatom
doping mode, whereas Pd, Pt, Cd, or Hg adopts the mono-
doping mode. The Pd or Pt takes the central position, and Ag,
Cd, or Hg prefers the kernel’s surface, whereas Cu might be
on the staple motifs. The different preferential doping
manners of heteroatoms could be caused by their different
electron configurations, atomic sizes, electronegativity,
surface energy, etc. Interestingly, different doping
approaches enable Auys,M,(SR):z alloy nanoclusters with
diverse doping degrees and doping sites. In addition,
different ligands of —SR might also have some important
influences on the doping manners. Another intriguing
phenomenon is that Pt- and Pd-doped M;Au4(SR)g
nanoclusters can only be prepared by in-situ synthesis
procedures. Future works should focus on the root that
causes such diversity, and mechanistic understanding on
alloying should still be pursued.

2.2 Alloying in bi-icosahedral Auzg(SR),4 template

As with Auys(SR)1g, Ausg(SR),4 is also one of the classical and
most researched nanoclusters owing to its high stability, rod-
shaped structure and intriguing properties, especially
chirality.?32-24> Although several other Ausg nanoclusters with
different capping ligands and structures have been
reported,?#6248 doping has only been accomplished on the
classical Ausg(SR),4 nanocluster (Table 2).

Table 2 Alloy nanoclusters based on the Ausg(SR),4 template.

Formula Measurement(s) Ref(s)
Ausg(SR),4 SC-XRD 232
AUsgAg(SR)1a MALDI-MS, ESI-MS 250-254
AUsgxABASR)a (x ~4) | SC-XRD 249
AU3g.CU(SR),q (x~1) | SC-XRD 255
Au3sCu1(SR)24 MALDI-MS 257
Pd,AUs¢(SR) 4 MALDI-MS, ESI-MS 258-260,262
Pt,Auss(SR),4 MALDI-MS 262

The homo-gold Ausg(SR),4 contains a bi-icosahedral Auys
kernel, which is capped by three monomeric Au(SR), staples
and six dimeric Au,(SR); staple motifs, Fig. 3a. Such a bi-
icosahedral kernel can be viewed as two icosahedral Aujs
kernels fused at a common Aus plane.

Ag-doping: The structure of Ausg.,Ag.(SR),s (average x =
3.96) is determined to be the same as its parent cluster.?4°
Although the MALDI-MS spectra indicated that up to 10 Ag
heteroatoms can be incorporated into the Ausg(SR)y4
template, no crystal structures of heavily-Ag-doped Auszs.
Ag.(SR),4 are accessible yet,>>%2>3 which might due to the
enhanced nanocluster surface flexibility along with the
increased Ag-doping degree.?>3 As for the doping modes, the
introduced Ag heteroatoms preferentially take the bi-
icosahedral kernel’s surface sites (Fig. 3a, bottom-left).
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Specifically, the Au/Ag exchangeable positions are located at
the middle three positions (the shared triangular plane), and
the top/bottom two triangles of the Au,; kernel, resulting in
AU, @AUL7.04A83.06@3xAU(SR),&6xAuU,(SR)3.24° The kernel shell
sites that can be doped with Ag might be related to the
different coordination, and Ag atoms tend to take the
positions which are more likely to transfer charge to staple
Au or S atoms.
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@ Au/Ag

@Au/Cu
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@ rt
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Pd,Au, (SR),,

Pt-doping

Pt,Au.(SR),,

Fig. 3 Doping based on the Ausg(SR),4 template. (a) Structural
anatomy of Ausg(SR),4, and corresponding Ausg yM,(SR)z4 (M =
Ag/Cu) nanoclusters. (b) Structures of homo-gold Ausg(SR).4
and proposed structures of corresponding Pd,Auss(SR),4 and
Pt,Aus6(SR),4 Nanoclusters.

The dynamic behavior for doping Ausg(SR),s into Agag.
Agx(SR)24 (SR = butanethiolate) in solution via adding Ag(l)-SR
complexes was investigated by Negishi et al.>>* Although ESI-
MS spectra suggested that the chemical composition of the
doped clusters remains unchanged after Agss, Ag(SR)1s
nanoclusters were obtained, continuously undergoing inter-
cluster metal exchange was still implied by HPLC results. The
frequency of the inter-cluster metal exchange was inversely
proportional to the standing time of reaction, while such a
phenomenon was absent if Agss,Ag.(SR),4 Nanoclusters were
directly synthesized (co-reducing Au-SR/Ag-SR complexes).
The reason for the inter-cluster metal exchange was
proposed to be the presence of structural isomers of Agsg
xAgx(SR)24-254

Cu-doping: With an in-situ two-phase ligand-exchange
approach, Ausg,Cu,(SR),4 (x = 1-6) alloy nanoclusters were
prepared and structurally determined.?*®> Of note, the
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stabilizer  in Ausg,Cu (SR)s is  2,4-DMBT  (2,4-
dimethylbenzenethiol), which is different from HS-C,H4Ph in
Auzs.Ag(SR)24.24° Interestingly, Cu heteroatoms are only
found in the six dimeric motifs to form -SR-M-SR-M-SR- (M =
Au/Cu) units (Fig. 3a, bottom-right). The different doping
modes of Ag (exclusively kernel shell doping) and Cu
(exclusively dimeric motif doping) probably result from the
different electronic structures of these heteroatoms, the
much smaller size of Cu compared to Ag and Au, etc. ESI-MS
suggested that up to six Cu heteroatoms could be doped into
the nanocluster template, with the strongest signal
corresponding to  CuzAuss(SR)y4. However,  SC-XRD
demonstrated an average 0.996 of Cu, which was much less
than the MS result,2>> which might be due to the less stability
of multi-doped nanoclusters as we observed in the case of
Au1g,Ag(SR)14. For the latter system, the initial MS spectrum
showed signals for Aui;4Ags and AujsAgs co-existent with
AuisAgs, but the former two components slowly faded out
during the crystallization process due to their lower
stability.2°6 Thus, a similar phenomenon might exist in Auzg.
xCU,(SR),4 nanoclusters as well. In terms of the doping effect
on optical properties, because Cu heteroatoms contribute
little to the frontier molecular orbitals of the nanocluster
according to DFT calculations, its optical absorption is similar
to that of homo-gold Ausg(SR),4.25°

Kazan et al. found that a Cu heteroatom can be captured
by Auszg(SR),4 onto its surface, producing Cu;Ausg(SR).4.2%7
HPLC was used to separate Cu;Ausg from the mixture, and the
circular dichroism (CD) spectrum of chiral Cu;Ausgs was
distinctively different from that of its Auss homologue,
revealing a variation in electronic structure due to copper
addition.?>” Such a metal-ion capture was also found in
Au,sAg,(SR)1g as mentioned in Section 2.1 [see the method
(iv)].284

Pt/Pd-doping: Mono-Pd or Pt can be introduced at the
center position of the icosahedral kernel in Au,s(SR).s (see
section 2.1). Similarly, center-occupation of Pd heteroatoms
in the bi-icosahedral kernel is theoretically suggested for the
alloyed Pd,Auzs(SR),s4 nanocluster.?®® Comparative tests
between homo-gold Ausg and doped Pd,Auss nanoclusters
demonstrated that Pd-doping had significant effects on the
electronic structure of Msg nanoclusters, which could further
enhance the chemical/physical properties, such as thermal
stability and surface flexibility.2>8262 Unfortunately, crystal
structures of M,Auszs(SR),4 (M = Pd/Pt) nanoclusters have not
been obtained, and thus, other means have been performed
to determine the doping sites of Pt/Pd dopants, including
theoretical analysis, XPS (X-ray photoelectron spectroscopy)
and EXAFS spectroscopy,?69-262 put all indicate the center-
doping mode in M,Aus6(SR),4 (Fig. 3b).260-263

Collectively, in the doped Mj3g(SR),4, the introduced Ag
heteroatoms are exclusively doped into the 9 specific sites of
bi-icosahedral kernel shell; whereas some of the motif Au
atoms can be replaced by Cu with the homo-gold kernel is
preserved. However, only slight Ag- or Cu-doping has been
achieved in Mzg nanoclusters. Information on moderately to
heavily-doped Ausg,M,(SR),4 nanoclusters is highly desired,
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which might provide an opportunity to further illustrate (i)
the gradual heteroatom doping processes and (ii) structure-
property correlations at the atomic level. Furthermore, there
are many relationships between Auzg(SR),4 and Auys(SR)qg in
terms of kernel configuration, motif structure, and the fusion
transformation;107.264 thus, it would be interesting to see if
the doped Mj5(SR),5 can fuse into Mzg(SR),4 in a similar way
as their parent clusters do.?®* Moreover, doping other
heteroatoms, e.g., Cd and Hg, into the Ausg(SR),4 template
has not been reported yet, and neither has the ligand study
been attempted. Considering that Ausg(SR),4 nanoclusters can
be prepared by different stabilizers (e.g., S-C,H4Ph, S-Ph, Se-
Ph,232:235.236 it remains unknown whether Ausg M,(SR),4 alloy
nanoclusters display ligand-dependent alloying behavior or
not. This deserves to be pursued in future work.

2.3 Alloying based on FCC/HCP Au templates

In sections 2.1 and 2.2, the doping modes in icosahedral
nanoclusters have been highlighted, and one would wonder
whether alloying based on FCC/HCP (FCC: face-centered
cubic; HCP: hexagonal closest packed) templates would be
different or not. In this section, alloying based on HCP
Au1s(SR)14, FCC Au,1(SR)1s, FCC Au,3(SR)1s, FCC Auss(SR)24
templates are highlighted. The doping mode indeed varies in
nanocluster templates of different structure types.

2.3.1 Alloying based on HCP Au;5(SR),4 nanocluster template

Auig(SR)14 contains a bi-octahedral HCP Aug kernel, which is
protected by three Au;(SR), motifs, one Au,(SR); motif, and
one Au(SR)s motif (Fig. 4a).26>2%¢ So far, two crystal
structures of Auis,Ag(SR)14 nanoclusters have been
reported: Au;sAgs(S-c-CeHi1)1a and AuysAgs(S-PhMe;)q4.298:267
These two Au;sAgs(SR)14 nanoclusters were obtained by
different synthetic methods: (i) Au;sAgs(S-c-CgHi1)14 was
prepared by combining in-situ synthetic and ligand-exchange
methods. Specifically, (AuAg),(SG), (H-SG = glutathione) were
initially prepared, and then the SG ligands were replaced by
S-c-CgH14 ligands via a two-phase ligand-exchange method;?¢”
(ii) the Au;sAgs(S-PhMe,)4s was produced by a metal-
exchange method, in which Aui5(S-PhMe,);4 was first
prepared by ligand-exchanging hydrophilic Au;5(SG)14 with
excess HS-PhMe,, and then Ag(l)-SPhMe, was added to the
solution of as-prepared Auig(S-PhMe;)14 to prepare the
alloy.2%®

Crystal structures of both Au;sAgs nanoclusters (capped
by S-c-C¢Hi; or S-PhMe,) demonstrate that the three Ag
heteroatoms locate at the center triangle of the Mg kernel,
i.e., the Aug kernel with Aus-Aus-Ausz constitution is doped
into an Auz-Ags-Aus constitution in Au;sAgs(SR).4 (Fig. 4a).
Although the final Ag doping numbers in crystal states for
both alloy nanoclusters and the kernel structures are the
same, some differences are apparent:
(i) The as-prepared products prepared by metal-exchanging
Auyg(S-PhMe,) 4 with Ag(l)-SPhMe; included Au;sAgs, Auy4Ags,
and Auj3Ags. But only Auj;sAgs survived after repeated
crystallization due to its distinctly higher stability.2>¢
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(ii) The atomic arrangements in the two Au;sAgs structures
are different, including the different kernel orientation and
the motif structure orientations. Such differences induce the
red-shifted optical absorption (by ~25 nm) and reduced
optical gap (by ~0.15 eV) when comparing the UV-vis spectra
of Au;sAgs(S-PhMe;)14 and AuisAgs(S-c-CeH11)14.267

(iii) Enhanced thermal-stability accompanied by Ag doping
has been proved in the Au;g(S-PhMe,)q4-to-AuisAgs(S-
PhMe;)14 doping process,?>® and the enhanced stability might
result from the Au-Ag inter-metallic synergism effects.
However, in the S-c-CgH,; stabilized system, the stability of
Aui;sAgs was much lower than the homo-gold Augg
nanocluster. DFT calculations were carried out based on the
displacement reaction of Au;g(S-c-C¢Hi1)1s + 3 Ag >
Au15Ag3(S-c-CgH11)14 + 3 Au. The calculated heat of reaction is
0.41 eV, demonstrating that Au;sAgs(S-c-CeHi11)14 displays
relatively lower stability than Au;g(S-c-CgH11)14.2%” Therefore,
the different thermal-stability observed in different thiolate-
stabilized Auig-Au;sAgs systems can be understood by the
ligand effect, which also induces slight structural changes and
optical absorption variations between the two Au;5Ag3(SR)14
nanoclusters.2>6

Ag Ag
Dopimgﬂo OﬂDoping

7
L"V‘J toes Au_-Au_-Au
Au,Ag,(S-¢-CH,,),, Staple Motif Kemel
Au, (S-Adm),
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Au,.Ag,(S-c-CH,.),, Au Ag.(S-Acfm)13

6 1

Fig. 4 Alloying based on the Aui;5(SR)4 template. (a)
Structural anatomies of Auig(SR)1s and Au;sAgs(SR)is
nanoclusters. (b) Ligand-exchanging induced size-growth
from Au.g(SR)14 to Au,1(SR);s or size-decrease from
Au17Ag1(SR)14 to Aui6Ag:(SR)13. Redrawn from ref. 271 with
permission from American Chemical Society, copyright 2018.
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The Ag doping process in hydrophilic Au;(SG)i4
nanocluster is remarkably different from that in hydrophobic
Auig(SR)14. Yu et al. reported an efficient synthesis of alloyed
Auig,Ag(SG)14 nanoclusters by the carbon monoxide (CO)
reducing method.258 The metal compositions of the final
doped products could be rationally tuned by adjusting the
Ag/Au ratio in the precursor. Specifically, (i) Auis(SG)14 was
prepared from the Au(l)-SG complex; (ii) up to six Au atoms in
the Aug kernel could be substituted by incoming Ag
heteroatoms when Au/Ag ratio = 0.5, and increasing the
Ag/Au ratio would increase the Ag doping number in Auis.
AgL(SG)14; (iii) when the Ag/Au ratio is over 0.75, no
M15(SG)14 Was generated, and only complexes were detected,
such as Au;Ag;(SG),, Au;Ag,(SG),, and AuzAgs(SG)s complexes.
Consequently, Yu et al. proposed that the center Aus triangle
was significant to maintain the M5(SG)14 nanoclusters, and
the template would collapse when more than six Au atoms
were substituted.?58 Moreover, it is proposed that hydrophilic
Auig(SG)14 should have an Ags-Aus-Ags sequence in the
kernel, %8 opposite to the Aus-Agsz-Ausz sequence in
hydrophobic M1g(SR)14. This work demonstrates once again
the ligand effect on the doping process.258

It is also possible to have Auig ,Ag,(SR)14 (x = 7). Molina et
al. theoretically explored the preferred Ag doping sites in
Au1s,Ag(SR)14 (1 < x < 10).2%° Specifically, the first three Ag
heteroatoms prefer to substitute the central Aus triangle,
consistent with the experiments.256:267 The fourth and fifth Ag
heteroatoms tend to occupy the separated locations in the
other two Aus plates on either side. When the Ag doping
number reaches seven, an Ags-Ags-AgiAu, kernel is obtained.
Then, all of the nine positions in the kernel will be replaced.
DFT calculations revealed that the synergistic effects between
Au and Ag disturbed the optical and chiroptical properties of
M1g(SR)14 nanoclusters, depending on the number of
incorporated Ag heteroatoms.26°

Doping Ag into Au;g(SR)14 would remarkably affect the
electronic structure of the nanocluster owing to the Au-Ag
synergetic effect,?®® which would further affect the
performance of nanoclusters in chemical reactions such as
the ligand-exchange process. Ligand-exchange on Auig(S-
CeH11)14 with 1-adamantanethiol (HS-Adm) produces an
Au,1(S-Adm)ys nanocluster, following a size-growth mode.270
Interestingly, Kang et al. demonstrated that the single-Ag-
doped Au;g nanocluster, i.e., Au;;Ag:(S-Ce¢Hi11)1s, would
profoundly change the outcomes, giving rise to AuigAg:(S-
Adm);3 with a decreased size (Fig. 4b).2’! The crystal structure
of AujeAg; exhibits an AugAg; kernel protected by one
dimeric and two tetrameric motifs. Such a comparison
illustrates that the Aus-Au,Agi-Aus kernel of Auj,Ag;
transforms into an Au;-Au,Ag;-Aus kernel in AujgAg;, and the
position of Ag atom maintains in this size-transformation
process.?’! In order to reveal the fundamental cause of the
differences in ligand-exchange processes, Vienna ab initio
simulation package (VASP) was employed to perform the
charge analysis on these two nanoclusters.?’! Results show
that the heterogeneous distribution of charge density around
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the Ag in Au;;Ag; comparing to that around the
corresponding gold in Au;g was proposed as the fundamental
reason.270.271

The Ag heteroatoms can also be used to bridge small
Au(l)-thiolate motifs of Au;5(SR)14, in which no Au atom in
Aui5(SR)14 is substituted.?’?273 Xie and co-workers reported
using Ag* to link Au(l)-SG staple motifs, producing Au;s@Ag
nanoclusters.?’2 The formation of large Au(l)/Ag(1)-SG staple
motif on the surface was suggested as the reason for
remarkably enhanced photoluminescence (PL) of Au;s@Ag
nanoclusters (quantum yield (QY) = 6.8%) via aggregation-
induced emission (AIE), compared to the weakly emissive
Au15(SG)14 nanocluster (QY = 0.37%). Such a method was also
exploited for tailoring the PL properties of Au;5(SG)i3 and
Au,5(SG)1s nanoclusters.?’? In their latter work, the excited
state dynamics of Au@Ag nanoclusters (including Au;s@Ag,
Aus@Ag, and Au,s@Ag) were studied by time-resolved
transient absorption and emission,?’> demonstrating longer
excited-state lifetimes than homo-gold nanoclusters.
Particularly, the 350 nm absorption was more pronounced in
Au@Ag nanoclusters, indicating the introduced Ag was on the
surface (doping Ag into the kernel would induce a significant
shift).273

Collectively, there are two alloying modes for Ag
heteroatoms to interact with the Au;5(SR)14 template: doping
into the kernel, and alloying with the motifs, which would
induce effects on electronic/geometrical structures, and
variations in physical/chemical properties (such as PL) of the
parent Auig(SR)14 nanoclusters. The Mg system is interesting
because its HCP kernel is rarely observed in metal-thiolate
nanoclusters,®®17 and the unusual structure might bring
about very different physicochemical properties which is
deviated from other structures (icosahedral, FCC, etc.).27427>

2.3.2 Alloying based on FCC Au;;(SR);5 nanocluster

There are two different structures for homo-gold Au,1(SR)s,
represented by Au,;(S-Adm).s and Au,;(S-Bu)s (S-IBu = tert-
butyl mercaptan). The Au,;(S-Adm);s is obtained by ligand-
exchanging Auig(S-CgH11)14 with HS-Adm, where the HCP Aug
kernel in Au;g(SR).14 was transformed to an FCC Au,g kernel
which is protected by a bridging thiolate, an Au(SR),
monomer, an Au,(SR); monomer, and an Aug(SR)y staple
motif (Fig. 5a).?’ By comparison, the Au,i(S-Bu)is
counterpart comprises an Aui, kernel, capped by 5 bridging
thiolates, two Au,(SR); dimers, and an Auz(SR),; staple motif
(Fig. 5b).276 Alloying has been successfully done on both Au,;
nanoclusters. Of note, another Au,; was also reported, i.e.,
Au,;S(S-Adm);s, but no alloying has been done yet.?77:278

So far, only two heteroatoms (Ag, Cu) have been doped
into the Au,i(SR);s template by in-situ synthetic
procedures.?’”7272 Zhu and co-workers prepared a group of
HS-tBu stabilized Au,1,M,(SR);5 (Fig. 5b), including Au,oCu4(S-
'Bu)is, Ag1AUL0(S-'BU)1s, Auz1Ag(S-Bu)is (x = 4-8), and Auy;.
xCU,(S-TBU)15 (x = 2-5). SC-XRD illustrated that the frameworks
of these nanoclusters are all alike to Au,,(S-‘Bu);s except the
Au,1,Cu,(S-tBu)is (x = 2-5) which is alike to Auy(S-
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Adm);5,27%276 demonstrating that more Cu dopants would
alter the structure of Au,i(S-'Bu)is. As to the slightly Ag-
doped Ag;Auy(S-'Bu)is, the single Ag atom binds to Au,(SR);3
staple motif. As the Ag-doping number increases, more
parent Au atoms on the kernel shell can be substituted, and
finally, the staple Au can be replaced, too (Fig. 5b, upper-
right).2’6¢ The Cu doping is more complicated: (i) when the Cu
doping number is 1, the configuration of Au,;(S-'Bu)is is
preserved, and Cu is arranged on the Au,(S-'Bu); staple motif
(Fig. 5b, marked in dark blue); (ii) more Cu dopants would
alter the structure of Au,;(S-'Bu)ys to that of Au,i(S-Adm)is.
Specifically, aside from the central Cu, two Au atoms on the
Aug(SR)s motif are completely substituted as well, while other
Au positions on Aug(SR)g are partially doped (Fig. 5b, marked
in dark green).?’¢ Optical absorption spectra of these S-'Bu
stabilized  nanoclusters show  characteristic  peaks,
demonstrating that alloying remarkably affects the electronic
structure and chemical/physical properties of these
nanoclusters.?76

Accessing a series of correlated bi-metallic nanoclusters
with different doping degrees and further revealing the
successive transformations are of critical importance for
gaining fundamental insight into the alloying mechanism. In
2018, Li et al. reported a series of correlated Au/Ag bimetallic
nanoclusters.?’? Based on the structures of these alloy
nanoclusters and correlations between structures and optical
absorption, the effects of alloying on the evolution of size,
structure, and optical properties were analyzed.?”®
Structurally, the incomplete cuboctahedral FCC kernel of
Au,1(S-Adm)s first transforms to a complete cuboctahedral
Aui,Ag;  kernel in the AuyAg:(S-Adm)is, then to an
icosahedral Au;gAgs kernel in AuioAgs(S-Adm)is, Au,s Ag(S-
Adm)is  (x  ~5.76), and Auy3,Ag(S-Adm)is (x ~7.44)
nanoclusters (Fig. 5c). Of note, the configuration of
Au,0Ag:(S-Adm)s is the same as that of AuypAgi(S-tBu)is
nanocluster.276.272 Significantly, (i) along with the increase of
Ag number in the cluster, the cluster size increased from the
size of 21-metal (with a 11-metal kernel) to 23-metal (with a
13-metal kernel), and meanwhile, the free electron number
increased from 6e to 8e; (ii) such transformations could be
controlled by controlling the ratio of Au/Ag in the
precursor.?’? Electron density accumulated on the center Au
atoms due to the large difference in electronegativity
between Au and Ag was rationalized to force an expansion of
radial metal-metal bond angles, which triggered the M;;-to-
M,3  configuration conversion (or cuboctahedral-to-
icosahedral kernel conversion).?”® As for the S-Adm stabilized
AgsAu.g, AgAUL3, (X ~5.76), and Ag,Au,s, (X ~7.44) adopting
the same configurations, the optical gap increased (from 1.31
to 1.37 and 1.46 eV, respectively) along with the number of
Ag doping.?’? This trend is consistent with the increased
HOMO-LUMO gap of doped Ag,Au,s,(SR):gs nanoclusters
relative to that of homo-gold Au,s(SR)15,%>177 which is caused
by the involvement of silver 5s and 5p orbitals in electronic
states.””
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In summary, the Ag and Cu heterometals have been P),][Cl]; (ii) Cd-doping derivatives: slightly-doped Au,s.

incorporated into the Au,;(SR);s (SR = S-Adm or S-Bu)
templates. The alloying mode varies by the different
dopants (Ag versus Cu) and ligands (S-Adm versus S-tBu).
Series of correlated nanoclusters are achieved, making
them different from the simple templated doping mode
(with the structure preserved) we discussed in Mjs(SR)g
and Mzg(SR),4. This will pave the way towards controllable
synthesis of alloy nanoclusters with atomic-level
capabilities.

2.3.3 Alloying based on FCC Au;3(SR);6 nanocluster

The FCC Auy3(S-c-CgH13)16 contains a cuboctahedron (Auss)
kernel, which is capped by two hub-like gold atoms, and
further protected by four bridging thiolates, two Au;(SR),
monomers, and two Aus(SR); trimers.?80 Up to now, three
types of heteroatoms (M = Ag, Cd, Cu) have been doped
into the Au,; template. The alloying degree (or the doping
number) of each heteroatom can be controlled via
regulating the M/Au ratio in in-situ synthetic procedures, or
the amount of M-SR complexes reacting with the pre-
synthesized Au,3(SR)16. More than 10 derivatives have been
obtained on the basis of Au,3(SR):s (Fig. 6),17°:194,200,281-283
including (i) Ag-doping derivatives: slightly-doped Au,s.
«Agx(SR)1s (x ~0.87), moderately-doped Au,s.,Ag.(SR)1s (x
~4.49), heavily-doped Au,s,Ag(SR)1s (x ~19.4), Ag-
doped/ligand-exchanged Auy4.,Ag(SR)20 (x ~1), and Ag-Au-
Cl treated [Au,1(SR)12(P-C-P),][AgCl,] and [Au,:(SR).,(P-C-
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xCdx(SR)16 (x ~2.3), Au/Cd alloy AuyoCds(SH)(SR):s and
Au1oCd,(SR)16, and Cd%* or H,0, oxidization-induced
transformation into Au,g(SR),0; (iii) Cu-doping derivatives:
slightly-doped  Auy3,Cu,(SR)1s (x ~1.66). Of note,
accompanied by the doping process, the cluster
constitution can be maintained or altered, depending on
the method, the quantity or the ligand of heteroatom
comp|exes_179,194,200,281-283

Altering the homo-gold precursor to Au/Ag = 1/0.07
produced slightly-doped Au,3,Ag,(SR)1s, in which the
Au,3(SR)16 template was maintained.28! Structurally, four Au
sites, two on the kernel shell and the other two bridging the
Aui; kernel and motifs, can be substituted. The largest
occupancy of Ag at each position is only 31.5%. Based on
this alloy nanocluster, Li et al. demonstrated a site-specific
“surgery” on the surface motif via a two-step metal-
exchange process, causing the “resection” of two surface
Au atoms without altering the other parts of the initial
Au,3(SR)1s nanocluster.?8! Specifically, the Au,3(SR);s was
first alloyed into the slightly-doped Au,s.,Ag,(SR), and
then reacted with Au,Cl,(P-C-P) complex (P-C-P =
Ph,PCH,PPh,) to produce homo-gold [Au,:(SR):>(P-C-P),]*
(counterion: [AgCl,]).2%1 In another work, [AgCl,]” was
substituted by CI,'°* and these counterions indeed affect
the assembly of such nanoclusters and charge-transport
properties.194.281
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Fig. 6 Alloying based on the Au,3(SR),s template. Crystal structures include Au,s ,Ag,(SR)1s (x ~0.87), Au,sAg(SR)1g (x ~4.49),
Auys.,Agx(SR)1s (x ~19.4), [Auz1(SR)12(P-C-P),][AgCly], [Auz1(SR)12(P-C-P),][Cl], ligand-exchanged Au,4,Ag.SR)0 (x ~1), Augs.
XCUX(SR)ls (X ~166), AUzoCd4(SH)(SR)19, AUzg(SR)zo, AU23_XCC|X(SR)16 (X ~ 23), and Aulngz(SR)le. of note, some in this figure are not
alloy nanoclusters (e.g., Au,g(SR),0, Au,1(SR)12(P-C-P),), but they were synthesized in the presence of heteroatoms (e.g., Cd, Ag).

In contrast to the slightly-doped Au,3.,Ag,(SR)16 (x ~0.87),
increasing Ag-doping would transform M,; into Auss.
«Agx(SR)1g with moderate doping (x ~4.49), i.e. the size of the
nanocluster increased from M,s; to M,s5.281 All Ag heteroatoms
were on the icosahedral kernel shell.?81 More Ag doping
resulted in heavily-doped Au,s,Ag,(SR):s (x ~19.4), in which
only the center cannot be occupied by Ag heteroatom due to
the electronic effect. Collectively, a continuous Ag-doping
system is established: Auy3(SR);e —> slightly-doped Auys.
xAgy(SR)16 (x ~0.87) - moderately-doped Aus,Ag,(SR)1s (x
~4.49) > heavily-doped Au,s,Ag,(SR)1s (x ~19.4).179,280.281 A
noticeable conversion in cluster size/configuration occurs (i.e.,
from M3 to Mss) when the doped Ag increases from ~1 to ~4.
This case is also used to support the Mjy; to My
transformation we discussed in section 2.3.2 that partial
electron transfer would happen from Ag to Au to cause
electron density accumulation on the central Au to trigger the
structural transformation.?”®

Ligand-exchange on slightly-doped Au,s,Ag.(SR)1s (X
~0.87) with HS-CH,Ph-tBu gives rise to Auy;,Agx(SR)0 (X
~1).282 Similar to the Agy3 > Auys,Ag, process, the size-
growth process was observed in Au,s,Agy > AUy, ALy, even if
the driving forces in these two reactions are different —
doping effect versus ligand effect.179282 The ligand exchange
induced Au,; = Au,, transformation was reported before.?84
The obtained Auy;,Ag,(SR),0 contains a Mg kernel that is
capped by four Au4(SR)s tetramers, and only three special
kernel positions can be occupied by Ag atoms.282

This journal is © The Royal Society of Chemistry 20xx

Controlling the ratio of Au/Cd in the syntheses of Au/Cd
alloy nanoclusters enables control of the composition and
size. Li et al. successfully reconstructed the surface structure
of Au,3(SR)16 by Cd alloying.?8® A low Au/Cd ratio in the
precursor only introduced some Cd heteroatoms without
altering the Au,3(SR).¢ template, i.e., Auy07Cd,3(SR)16. At a
high Au/Cd ratio, Au19Cd,(SR)1¢ Was obtained, representing a
size decrease (M,3 > M,q). Structurally, the cuboctahedral
Auys kernel of Au;9Cd,(SR)46 is the same as that of Au,3(SR)46.
However, the two adjacent gold atoms on the motif in
Au,3(SR)1¢ coalesced and were occupied by one introduced
Cd heteroatom, creating a “paw-like” Cd(SR); motif.28 In all,
the surface reconstruction induced by Cd doping is as follows,
Au,3(SR)1s > slightly-doped Auy3,Cd,(SR)1s (x ~2.3) >
Au;9Cd;(SR)1s.

Au,3,Cd,(SR)16 and Au19Cd,(SR);¢ nanoclusters were
obtained via an in-situ synthetic procedure. Interestingly,
some unexpected phenomena occurred by reacting
Au,3(SR)16 with Cd(SR), complex or Cd(NO3), ions (AGR
reaction).2° Adding Cd(SR), to Auy3(SR);s solution
transformed Au,s to Au,oCd4(SH)(SR)19, and the introduced Cd
heteroatoms were at specific positions in both staple motifs
and kernel.?2%° In comparison, the addition of Cd(NO3), ions
would transform Auy3(SR)16 into a larger
nanocluster—Au,s(SR),0—by oxidation.?? It should be noted
that Higaki et al. earlier reported the transformation from
Au,3(SR)1s to Au,g(SR),o by H,0, oxidation.?®> Tang et al.
found that this growth could also be promoted by photons
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with energy higher than the HOMO-LUMO energy gap of
Au,3(SR)16.2%% It is worth noting that light was also found to
promote the one-electron oxidation of Au,s(SR)1ig” to
Au,s(SR)1g%.2%7 The photoinduction pathway could be
exploited in future work.

Aside from Ag and Cd, Cu alloying based on the Au,3(SR);6
template has also been achieved by the metal-exchange
strategy.?®3 Very few Cu heteroatoms could be exclusively
introduced into the staple motifs of Au,s3 with the
composition as Au,q.34CU; 66(SR)16. INcreasing the quantity of
Cu dopants would cause the decomposition of the
template.?83

Overall, Au,3(SR);¢ has emerged as one of the most
versatile templates to “absorb”, “eliminate” and
“accommodate” atoms upon alloying with heteroatoms such
as Ag, Cd, and Cu. The number of heteroatoms in these Auys-
based alloy nanoclusters is controlled by (i) different M/Au
ratios in the in-situ synthetic procedures, (ii) different hetero-
metal complex/Au,; ratio. The structure of Au,z maintains in
the case of slight-doping; however, overdosing heteroatoms
transforms Au,; into other sizes/shapes. From this viewpoint,
the transformation point (or the extreme that maintains the
Auys configuration) is of great significance for thoroughly
grasping the alloying mechanism in FCC structures.

2.3.4 Alloying in FCC Ausg(SR),4 nanocluster template

Auszg(SR),4 contains an FCC Au,g(SR)1, kernel, which is capped
by four Au,(SR); staple motifs (Fig. 7a).288-2%C Since structural
determination in 2012, many works have been reported on
Auzs nanoclusters, including controllable syntheses,?81-295
structure transformations,292-294,296,297 property
investigations,?°82%° and alloying. Besides, two other types of
Auzgs nanoclusters, i.e., Auzg(SR)sClyy (with a different
structure) and Ausg(PhC=C),4) were also reported.300,301

The Ag and Cu have been introduced into the Auszg(SR)y4
(SR = S-Ph-1Bu) template.39230> By altering the Au:Ag ratios in
the precursor, Dass and co-workers found that up to 8 Ag

heteroatoms could be incorporated into Auzg(SR),4.3%2 In 2019,

Sakthivel et al. reported the X-ray crystal structure of Ause.
¥Ag,(S-Ph-1Bu),4.3°3 SC-XRD revealed a composition of
Ausz 17A8; 83(S-Ph-1Bu),4 with 2 Ag heteroatoms doped on the
28-atom FCC kernel and 0.83 Ag distributed over metal atoms
on the staple motifs (Fig. 7b).303

Auze,Cu,(SR),4  nanoclusters were prepared and
structurally determined.3%> Compared with Ag-doping in the
Ausze,Agx(SR)24 (X = 1-8), the number of doped Cu (x up to 3) is
even smaller. Besides, Cu was also observed inside the FCC
Au,g kernel of the Ausg(SR),4 template (Fig. 7c), and a total of
14 sites could be substituted.30>

Ag- and Cu-doping have been accomplished in the
Auzg(SR),4 template. Both Ag and Cu heteroatoms can be
doped in staple motifs, and can also substitute the surface
atoms in the FCC part of Ausg(SR),4. General speaking, doping
in FCC Au nanoclusters (Au,s, Ausg, etc.) is quite challenging.
This can be understood by their unique electronic structure
being very different from the superatom ones such as
M,5(SR)18, Mas(SR)30, etc. For FCC nanoclusters, a superatom
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network model is proposed, in which multiple 4-center-2
electron tetrahedral Au; units can be found.306:307
Experimental work also identified Au, features.?°® Thus, it
might be very hard to break such electronic structures, hence,
doping such FCC nanoclusters has met with difficulties;
otherwise, structural transformation would be inevitable.

(a) 4*Au,(SR),
Staple Motif
K e

Ag<=+

24 . %A
FCC kernel _i

Au,,(SR),,

(SR),,

Fig. 7 Doping based on the Auss(SR),4 template. Structural
anatomy of (a) Auszs(SR),4 nanocluster, and (b) Ag- or (c) Cu-
doped Ause.M,(SR),4 counterparts.

2.4 Alloying in small-sized Au:PPh; nanocluster template

Early research on phosphine-protected gold nanoclusters
includes Aug, Auj;, Aujs, and other sizes.#7:93:103.308 Typijcally,
these small-sized nanoclusters adopt an incomplete or full
icosahedral configuration. Here, we briefly summarize alloys
based on Aue, Au;y1, and Au;3 nanoclusters.

Aug(PPhs)g is one of the earliest studied small-sized gold
nanoclusters.309-313 Crystal structures of Aus demonstrate the
Specifically,
[Aug(PPh3)g]3* with a crown-like structure is crystallized in the
presence of [PMo01,040]3>~ counter-ions; while a butterfly-like
configuration can be observed when the Aug nanocluster is
evaporated in the presence of CI- or NO3™ counter-ions.312313
The presence of a Pd source in the synthesis results in
[Pd;Aug(PPh3)g]?*.314-316 The central Au atom in the crown-like
Aug is substituted; however, whether the Pd;Aug is butterfly-
like or not is not known yet (Fig. 8a). The Tsukuda group gave
some reasons: First, DFT calculations demonstrated that the
energy differences between the crown- and butterfly-like Aug
nanoclusters were comparable to those between crown- and
butterfly-like Pd;Aug counterparts, i.e., the relative stability
was not the reason. Second, the temperature-dependent
Debye-Waller factors illustrated that the bond strength in

reversible isomerization of this cluster.
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crown-like Pd;Aug was much stiffer than that in crown-like
Aug. Third, the natural bond orbital analysis revealed that the
stiffer Pd-Au and Au-Au bonds in crown-like Pd;Aug relative to
the corresponding Au-Au bonds in crown-like Aug originated
from the increase in the ionic nature (Pd®-Au®*) and the
decrease in electrostatic repulsion between the surface Au
atoms in Pd;Aug nanocluster, respectively.316

Besides the enhanced metal-metal bonds in Pd;Aug
relative to those in Aug, the Pd-Au synergetic effects will also
regulate the electronic/geometrical structures and
chemical/physical properties. Pd doping into Aug alters its
structure, especially the ligand arrangement;3'’ thus, the
collision cross section (CCS, evaluated using the ion mobility
mass spectrometry) values of these two nanoclusters are
different: the CCS value of Pd;Aug(PPhs)s is 422 A2, much
smaller than that of the Aug(PPhs)s (442 A2).317

In 2018, Takano et al. doped a hydride (H") into the Aug or
Pd;Aug cluster surface, and then reacted the H-Aug or H-
Pd;Aug cluster with Au(l)-Cl (Fig. 8b).31831% The (H-Aug)?** was
converted to superatomic Au;;3* in the presence of Au(l)-Cl,
via the Au;g?* superatom.318 A sharp difference in the same
procedure was observed when the interstitially doped H-
survived during the sequential addition of Au(l)-Cl, and the
(H-Pd;Au40)3* was the only product.3?° These opposite Au-
addition results between (H-Aug)** and (H-Pd;Aug)*
nanoclusters further demonstrate that the doping effect
induced by the Pd would significantly affect their behaviors in

the bottom-up synthetic procedure (i.e., Au-addition process).

Similar to the Pd doping process, a single Pt atom was
doped into the center of the Aug cluster.320.321 Two situations
can be observed from Pt/Pd doping: (i) only a single Pt/Pd
heteroatom can be doped; (ii) the doped Pt/Pd heteroatom
occupies the center in Aug. Of note, this is exactly the same as
what is observed in other mono-Pd/Pt-doped homo-gold or
homo-silver nanoclusters (e.g., PtiAuy4(SR):1s, PdiAu4(SR)1g
see Section 2.1, and Pt;Ag4(SR)1s, and Pd;Agy4(SR):s see
Section 3.1). Such characteristics might originate from the
differences in electronic structures (outermost electronic
configuration) between Au/Ag and Pd/Pt atoms.

Auq; and Augs are the other two small-sized, phosphine-
protected nanoclusters that have been successfully
alloyed.322331  Based on these two templates, alloy
nanoclusters of Pd/Au, Pt/Au, Ag/Au, and Cu/Au have been
prepared.332-33% By simultaneously reducing Au(PPhs)Cl and
Pd(PPhs3); complexes, Kurashige and Negishi reported
PdiAuy(PPh3)sCl, (Fig. 8c).332 The stability of Pd;Aui, was
much higher than Au,;;, but no structure of Pd;Au;q was
obtained. The Pd;Au;g emitted at ~950 nm with a PL QY of
0.15% owing to the synergetic effect between Au and Pd,
while Au;; was non-emissive.332 Steggerda and co-workers

This journal is © The Royal Society of Chemistry 20xx
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reported the hydride-containing H-Pt/Ag/Au and H-Pt/Cu/Au
tri-metallic nanoclusters, with chemical formulas of [H-
Pti(X)1(AuPPhs)g]- and [H-Pti(X),(AuPPhs)s]- (X = AgNO; or
CuCl), corresponding to the Auip and Ausq, respectively.333334
Structurally, the single Pt atom occupies the center position,
and the Au, Ag, and Cu atoms are on the surface.333334

Different from the aforementioned phosphine-protected
alloy nanoclusters that were prepared by the in-situ synthetic
procedure, Copley and Mingos developed a metal-exchange
method to synthesize small-sized alloy nanoclusters.335336
Specifically, the reaction between Aui;(PPhs)io and Au(l) (or
Ag(l), Cu(l)) complexes generate Auy3(PPh3)sCly,
AgsAus(PPh3)sCly, or CusAug(PPhs)sCls (Fig. 8d).336 For these
M1z nanoclusters, Au atoms (or the introduced Ag/Cu
heteroatoms) on the surface could be divided into two
categories: (i) the 8 surface Au atoms (from the starting Auy4)
binding to PPh; that were originally on Au,;; (ii) the four M
atoms (M = Au/Ag/Cu) connecting to Cl ligands that are
concomitantly introduced to the Au;; system.336

Qin et al. obtained the crystal structure of
AgsAug(PPhs);Cl3.337 The AgsAug nanocluster possesses a
similar structure as that of Au;;, both having an 8e closed
shell electronic structure. Three Ag heteroatoms are found to
be on the surface and are bonded with the three chlorine
ligands.337

In 2017, Lv et al. theoretically investigated the alloying
effects based on the structure of Auj3(PPhs3)sCly
nanoclusters.33® DFT results illustrated that the Ag and Cu
heteroatoms prefer the surface sites, whereas the single Pd
tends to occupy the central position. By doping different
types of heteroatoms, the geometric structure and the
frontier orbitals of Aui; change in different ways. The Pd
doping leads to relatively longer metal-metal distances within
the icosahedron, while the bond lengths are significantly
shortened when Cu heteroatoms are incorporated. In
addition, theoretical energies between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) follow the order of Pd;Au;, <
AgsAug < Auz = CuzAug.338

Based on these phosphine-protected alloy nanoclusters,
one can conclude that the Ag/Cu alloying is (i) in multiple
number and (ii) surface-doping. By comparison, the Pd and Pt
follow a mono-doping and central occupation tendency. The
reason might be the difference in outermost electron
configurations between Au/Ag/Cu and Pt/Pd atoms, i.e.
Au/Ag/Cu (d%?) vs. Pd (d%%sP) vs. Pt (d'9) in the doped state.
Other alloying works based on small-sized phosphine-
protected Au clusters can be found in Ref. 93.
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Fig. 8 Alloying in phosphine-stabilized small-sized nanoclusters. (a) Aug(PPhs)g and Pd;Aug(PPhs)g nanoclusters with butterfly-like
or crown-like configurations (the structure of butterfly-like Pd;Aug is proposed). Redrawn from ref. 316 with permission from
American Chemical Society, copyright 2017. (b) H-Aug(PPhs)s and H-Pd;Aug(PPhs)s nanoclusters and the growth induced by the
addition of AuCl. Redrawn from ref. 318, 319 with permission from American Chemical Society, copyright 2018. (c) Structure of
Au11(PPh3)sCl; and proposed structure of its Pd;Auyo(PPhs)sCl, counterpart. (d) Auis(PPh,Me)gCl,, and its AgzAug(PPh,Me)gCl, and

CuzAug(PPh,Me)sCly alloy counterparts.

2.5 Alloying in cluster of clusters

Before the attainment of rod-like Au,s co-protected by
phosphine and halogen ligands, Teo and coworkers reported
rod-like Au,s.,M, nanoclusters (M = Ag, Pt, Pd) in the 1980s,
and they proposed a “cluster of clusters” assembly pattern
that generalized the structural- and size-growth mode based
on these alloy nanoclusters.33%345 The follow-up works
include the experimental formation of a relatively large
(Au13)ss assembled super-cluster and theoretical
investigations on the assembled linear or cyclic (Mi3),
nanoclusters.346-348 The synthesis and crystal structure of rod-
like [Au,s5(SR)s(PPhs).Cl,]%* (Fig. 9a) were reported by
Tsukuda’s group in 2007.3%° For the Mys rod cluster, because
the halogen-Ag bond is much stronger than halogen-Au (e.g.,
Ag-Cl bond energy of 314 + 21 KJ/mol > Au-Cl bond energy of
289 + 63 KJ/mol; and so are the M-Br and M-I bonds),3*° the
metal atoms that coordinate to the halogen atoms are all Ag
atoms. By comparison, Au atoms preferentially take the top
and bottom pentagonal positions that bond to the PPh;
ligands. Similar bonding modes have been observed in
halogen/phosphine co-protected Ms;; and Mz alloy
nanoclusters (vide infra). Introducing thiol into the Auj;
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solution successfully assembled the icosahedral building
blocks into an Auys nanocluster.3*® Structurally, two
icosahedral Auys building blocks are fused together by sharing
a vertical gold atom and are also linked by five thiolates (Fig.
9a). On a note, the halogen-protected rod-like Auys
counterpart (i.e., halogen replacing thiolate) has not been
experimentally available (see the [Au,s(PPhs).0Cl;]?*, Fig. 9a),
probably due to the less stable Au-halogen bonds. The
alloying nanoclusters for cluster of clusters are summarized in
Table 3. Several other works were reported for the rod-like
[Au,5(SR)s(PPhs)10X5]%* (X = CI/Br) nanoclusters,351-3%5 and the
chemical/physical properties were investigated, including the
ultrafast dynamics, optical and electrochemical properties.3°6-
359

Based on the “cluster of clusters” assembly mode, Teo
and co-workers reported a series of structures of Aui,Agis
nanoclusters co-protected by phosphine and halogen ligands
(Fig. 9b).360-365 Specifically, Ag atoms are at the top/bottom
apexes, the waist, and the shared vertex. By comparison, Au
atoms prefer to occupy the sites that are capped by
phosphine ligands, and the centers of the two icosahedra.
Interestingly, two types of waist-halogen protecting modes
are observed, labeled as X5 and Xg (Fig. 9b). As for the Xs
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mode, the formula is [Au;,Ag13(PPh3)X;]1%*, in which the waist-
Ag atoms are linked by five halogen atoms, with “one-to-one”
linking (Fig. 9b, upper-right).33 When six halogen atoms are
introduced to give rise to [Aui,Agi3(PPh3)Xg]*, the capping
mode at the waist positions is shown in Fig. 9b, bottom-
right.361,362,364,365 Jsing metal-organic frameworks (MOFs) as
size-selection templates, Zhu and co-workers obtained pure
[Au;,Ag13(PPhs)1oClg]* nanocluster via a one-step, in-situ
reduction method.3%¢ Nunokawa et al. replaced the halogen
ligands with NO3 and synthesized a charge-neutral
Auq,Ag;(PPhMe;)10(NOs)g (Fig. 9d), whose configuration is a
bi-capped pentagonal anti-prismatic cage with staggered-
staggered Ms rings (M = Au/Ag).36” The Auj;,Ag; nanocluster
exhibits an interpenetrated biicosahedron mode and
provides the missing link between icosahedral M3 and bi-
icosahedral Mjs nanoclusters, and hence useful insights into
the nanocluster growth.367

Table 3 Alloy nanoclusters of the “cluster of clusters” type.

Formula Ref(s)
[Auas(SR)s(PPhs)1oClp]** 349
[Au13Ag1,(PPhs)1X,]™ 360-365
[Auas.,Ag,(SR)s(PPhs);oCl,]** 368
[Auzs.«Cux(SR)s(PPh3)1Clo]* 375
[Pd;AuU,4(SR)s(PPh3)10Cl,]* 376
[PdyAuy3(PPhs)q0Bry]* 377
Pt,Ag,3(PPh3)10Cly 383
[Aui,Ag;(PPhMe,)]%* 367
[Cu3Aus4(SR)s(PPhs)13Sa]* 375
[Au1gAgio(p-TolsP)1Brys]** 386
Au15Agy0(PPh3)1,Cl1g 391-394

Inspired by the reaction of small-sized phosphine-
protected gold nanoclusters with thiols to generate the
homo-gold [Au,s5(SR)s(PPh3)1oCl;]%* nanocluster,3%° Wang et al.
introduced Ag-SR complexes into this size-growth process,
and was able to adjust the number of Ag heteroatoms doped
into the rod-like M,s template (Fig. 9¢).3%8 Two approaches
were developed: (i) doping the PPhs-capped gold
nanoclusters with Ag-SR complexes to generate [Aujs.
+AE(SR)s(PPh3)10ClL]%* nanoclusters with x < 12; (ii) metal-
exchanging the [Aui1(PPh3)sCl,]* with Ag-SR complexes to

generate [Au,s_,Agx(SR)s(PPhs)10Cl,]12* nanoclusters with x < 13.

SC-XRD results demonstrated that the shared vertex, the
waist, and the icosahedral centers were randomly occupied
by Au or Ag, but with a much higher Ag percentage for the x <
13 nanocluster.3%8 Significantly, in sharp contrast to the non-
emissive [Au,s(SR)s(PPhs)10Clx]%*, and the weakly-emissive
[Auzs,Ag.SR)s(PPhs)1oClL1%Y  (x < 12), the  [Augs.
+AgL(SR)s(PPh3)10Cl,]%* (x < 13) showed a 200-fold QY boost in
PL, illustrating the important role of the 13t silver in the
nanocluster.3%® Further theoretical work suggested that the
origin of PL boost lied in the nature of the first excited state
(S;) and its corresponding HOMO-LUMO transition, which
was significantly affected by the doping number and position
of Ag heteroatoms in the rod-like Au,s template.36® Ultrafast
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relaxation dynamics of these M,s nanoclusters were also
investigated for understanding the mechanism of the PL
enhancement,3’° which will be presented in Section 7.

Mattoussi and co-worker reported the synthesis of
functionalized Au/Ag alloy nanocluster by reacting the
Auy;(PPh3)sCl, with Ag(l)-SR complexes, where SR is short-
chain aliphatic monothiols, poly(ethylene glycol)- or
zwitterion-appended monothiols.3’! The optical absorption
and PL emission of the obtained Au/Ag nanoclusters were
very close to those of [Auys.,Ag(SC,H4Ph)s(PPh3)qCly %371

Because of the similarity in electronic structures of Ag and
Cu with Au (d'9s! configuration), the single-heteroatom
doping into gold nanoclusters is limited, that is, easily forming
a distribution of Cu or Ag dopants in Au, templates (see
section 2.3.1-2.3.4). Wang et al. put forward an alloying
strategy to shuttle a single Ag or Cu heteroatom into a
centrally hollow, rod-shaped [Au,4(SR)s(PPh3)10Cl,]%*
nanocluster, transforming it into Ag;Au,; and Cu;Auy, alloy
nanoclusters in a highly controllable manner (Fig. 9e/f).372
The hollow Au,,; rod (c.f. the center-filled Au,s rod) was
prepared by etching the [Au,s5(SR)s(PPh3)10Cl>]1%* rod with a
large amount of PPh3,373 with theoretical insight reported by
Goh et al.37 Furthermore, reacting this hollow Au,, with AuCl,
AgCl or CuCl salt produced “non-hollow” Au,s, AgiAuy,, and
Cu1Auy, rod, respectively.3’2 The introduced Ag heteroatom
occupies one apex site. Repeating the PPhs; etching and Ag
doping process generated Ag,Au,s, in which both apex sites
became Ag (Fig. 9e).

Compared to Ag doping, alloying the hollow Au,s with
CuCl was different. The mono-Cu heteroatom was selectively
doped into two different sites in the template with 30% of
apex-doping and 70% of waist-doping (Fig. 9f), that is, a
distribution of two configurations. This ligand-induced single-
heteroatom shuttling procedure provides a strategy to
control the doping number and the site of heteroatoms in
M,s rods.3’2 For comparison, multi-Cu doped [Auss.
«CU,(SR)5(PPh3)10Cl,]%* (x ~2.75) was later obtained,3”> in
which the Au,s,Cu, rods were prepared by doping PPhs-
stabilized gold nanoparticles with Cu(l)-SR complexes. SC-XRD
revealed that both the apex and the waist sites are partially
occupied with Cu/Au = 1:3 proportion (Fig. 9g).37°

An interesting phenomenon in the aforementioned Mys
rod nanoclusters is that the centers of icosahedrons are
always occupied by Au atoms in Ag or Cu doping, which
indicates the gold atoms at icosahedral centers are critical to
ensure the stability. However, Pd or Pt doping would take the
central site of the icosahedron, i.e. a Pt/Pd@Au/Ag mode (Fig.
9h). Negishi and co-workers reacted Au,.Pd, (n = 6-12; x = O-
2) with abundant thiol to assemble these small-sized
nanoclusters into a bi-icosahedral [Pd;Au,4(SR)s(PPh3).oCly]*
nanocluster in which one of the two icosahedral centers was
substituted by Pd.37® In another work, substitution of both
central Au atoms by Pd was accomplished.3”7 Considering
that alloying is capable of tailoring the electronic structure of
nanoclusters, Kang et al. introduced the Pd heteroatom into
the My template and successfully obtained the
electroneutral Pd,Au,3(PPh3),0Br; possessing unprecedented
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Au-halogen linkages.3”7 SC-XRD results suggested that the
two centers of Mj3 building blocks were occupied by Pd
atoms. By comparison, the absence of Pd sources resulted in
un-assembled Au;; nanoclusters. Hirshfeld charge analyses
implied that significantly reduced electronic repulsion
between two icosahedral units induced by the synergism
between Pd and Au metals promoted the assembly.3”7 Such

Journal Name

nanoclusters.3”7 With Pt or Pd heteroatoms in the center(s) of
the icosahedron(s), several other M,s nanoclusters with tri-
metallic compositions were also obtained and structurally
determined, including Pt;Agi,Aus,, Pt,AgisAuig nanoclusters
(Fig. 9h),378-381 which will be discussed in section 5. Besides,
based on the rod-like M,s template, the alloying effects on
geometric structures, electronic structures, optical properties

results expand the scope of linkage in rod-like Mys (such as PL and ECL) have been investigated.382-38>

VN
\z\’g ’A’X

W

Au,Cu, (30%) Au,Cu, (70%) Au, Cu,

OAU

@ A9
( lessAg/Au @ more Ag/Au

®cu
®rt @rd
®r @s @ Halogen

Fig. 9 Alloying based on the rod-like Au,s and cyclic/linear Aus;;zg templates. (a) Structural anatomy of rod-like
Au,5(SR)s(PPh3)10Cl, and proposed structure of [Au,s(PPhs)10Cl;]?* nanoclusters. (b) Structures of rod-like Au;,Agi3 nanoclusters
with two types of waist-halogen protecting modes (X5 and Xg, X = Cl/Br), giving [Au1,Ag13(PPh3)10X7]%* and [Au1,Ag:3(PPhs)q0Xs]*.
(c) Crystal structures of [Au,s.,Agx(PPhs)io(SR)sClb]%* nanoclusters. (d) Crystal structure of Aui,Ag;(PPhMe;)10(NOs)s. (€)
Mechanism of controllably injecting two Ag heteroatoms into rod-like Au,s via the hollowing-refilling sequence. (f) Doping a
single Cu heteroatom into rod-like Auys. (g) Crystal structure of [Auys..Cu,(PPhs);0(SR)sCl>]%* nanoclusters (x ~2.5). (h) Crystal
structures of rod-like Pd;Au,s, Pd,Au,s, PtiAu;,Ag1,, Pt,AuigAgss nanoclusters. (i) Crystal structures of linear Ags7(SR)10(PPhs)10Cl,
and cyclic CuzAuz4(PPh3)13(SR)6S, (M3y). (j) Crystal structure of cyclic Au;gAg,0(PPhs)12Clis (Msg).
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Nanoclusters with a cyclic M3; framework were also
reported in early work by Teo and co-workers. The structure
of AuigAgio(PPhs)1,Bri; comprises three Miz (M = Au/Ag)
icosahedral building blocks formed a cyclic assembly via
vertex-sharing.386 The Cu-doped M35, i.e.
CusAuzs(PPh3)13(SR)6S,, was also determined structurally,37>
which can be described as three icosahedral My building
blocks sharing three vertex Au atoms in a cyclic fashion (Fig.
9i). The three Cu atoms occupy the internal positions of the
cluster core, and interestingly, all Cu atoms are mono-
coordinated to the bare S atoms.3”> Compared with Ag-
alloying based on the Mj; template, Cu-alloying follows a
slight doping manner. It should be noted that linear
Ausz7(SR)10(PPh3)1oX; (X = CI/Br) was also structurally
determined,?®” and the related calculations as well as
applications were performed;38838 however, no alloying
work based on this linear nanocluster was reported. The
penta-icosahedral Augg is a cyclic assembly of five Auis
icosahedral via sharing five vertex Au atoms.3%0

Within the “cluster of clusters” frame, Msg nanoclusters
were structurally determined via cyclic assembly of three
icosahedral Mi3 building blocks via vertex sharing.391-3%4 The
metal compositions of these Msg are AuigAg,o; however, two
categories of the peripheral ligands were observed: 12
phosphines and 14 halogen ligands (i.e., Au;gAg,0(PPh3)1,Cl14),
or 14 phosphines and 12 halogen ligands (i.e.,
Au1gAg,0(PPh3)14Cly,). Fig. 9j exhibits the crystal structure of
Au18AE,0(PPh3)1,Cl14.392 The metal framework of
Au1gAg,0(PPh3)1,Cli4 contains a triangular tri-icosahedral core
plus two capping Ag atoms on the pseudo-3-fold axis. Of note,
the centers of three icosahedrons in Msg nanoclusters are
100% occupied by Au atoms.391-394

Taken together, under the concept of “cluster of clusters”,
the mono-icosahedral M3 unit has been alloyed, and larger
nanoclusters were also obtained via fusion growth, with bi-,
tri-, and multi-icosahedral structures. Three types of ligands
are commonly used for stabilizing the nanocluster: halogens,
phosphines, and thiols. Structurally, the rod-like (AuAg),s
nanocluster shows that Au atoms preferentially occupy the
top/bottom pentagonal sites that bind to the phosphine
ligands, whereas the Ag atoms are generally arranged at the
apex, the waist positions that link to the halogen or thiolate
ligands, and the shared vertex. Such arrangements are
proposed to be a result of the stronger bonding of Au-P than
Ag-P, so is Ag-Cl (or Ag-Br) vs. Au-Cl (or Au-Br). The center of
each icosahedral building block can be replaced by Pt/Pd. Of
note, the central Pt/Pd doping is similar as alloy nanoclusters
based on Au,s(SR)1g, Ag>5(SR)1s, and Ausg(SR),4 templates that
possess icosahedral M3 units. Assembling more icosahedral
M3 building blocks would generate Msg, M35, and Msg alloy
nanocluster with different assembly patterns (linear or cyclic
assembly), or vertex-sharing modes. However, alloying works
based on larger-sized templates (e.g. cyclic Augy) are still
absent, which requires future efforts. The different size may
induce different doping modes and alloy structures.
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2.6 Alloying in Au44(SR)eo Nanocluster template

Au144(SR)eo is one of the most important nanoclusters that
have long been attractive to researchers. Although its
molecular formula was determined by mass spectroscopy a
decade ago, the crystal structure remained mysterious for
another decade.3%>-400 Determination of the precise structure
of Auia4 is of great significance to evaluate the alloying modes
as well as the alloying effects. Several approaches including
DFT calculations and TEM (transmission electron microscopy)
were performed to predict the structure of the Auy44(SR)g0.%°"
403 |n 2018, Wu and co-workers unraveled the X-ray structure
of this long-pursued nanocluster.*?* It was found to exhibit a
tetra-stratified arrangement: Auj(kernel, M-L1) @Augy(15t-
shell, M-L2) @Augy(2"-shell, M-L3) @Auszo(SR)eo(surface, M-
L4). The average Au-Au bond length in M-L3 is about 2.884 A,
which is close to that of bulk Au, indicating that this
nanocluster exhibits some metal character; however, other
Au-Au bonds are much shorter, demonstrating the non-metal
character of this nanocluster. In this context, the Au;44(SR)go
nanocluster is in a transition state between nanoclusters and
nanoparticles in view of chemical bonding.4%* Of note, at the
same time, the Wang group reported the structure of Auis
stabilized by C=C-PhF.%%> The two Aui44 nanoclusters display a
similar core structure but different arrangements of surface
ligands.

Prior to the Auya4 structure determination, three types of
hetero-metals have been introduced into the Auj44(SR)eo
template, including Ag, Cu, and Pd. Kumara and Dass
obtained a series of Aui44.,Ag,(SR)eo Nanoclusters by reducing
Au/Ag-SR precursors (SR = S-C,H4Ph, S-CgH3, S-C1,H55).4%8 The
value of x in Au144.,Agx(SR)eo could be controlled by regulating
the Ag/Au ratios. In general, the larger the Ag/Au ratio, the
heavier the Ag doping in the Aui4.,Ag, template. ESI-MS and
MALDI-MS results revealed that up to 60 Ag heteroatoms
could be introduced to the template.*°® Considering that the
maximum Ag-doping number was equal to the Au number in
the 2nd-shell (M-L3) of Au1(SR)eo, it was proposed that
doped Ag preferentially substituted the Au atoms in the 2nd-
shell.#% Of note, such a kernel-surface alloying mode of Ag
(i.e., Ag are doped to the outermost surface of the kernel) is
the same as that in Au,s(SR):g (section 2.1). Based on the
Aui44.,A84(SR)go With different x values, the Ag-doping effects
on optical absorption were experimentally and theoretically
studied.*%640% Collectively, although the crystal structure of
Au144.,A84(SR)go is Not accessible yet, all of the experimental
and theoretical results suggest the kernel’s surface doping
mode.*06-410 The Ag-alloying has also been accomplished in
Au130(SR)s0 and Aus,g(SR)g4 Nanoclusters, but the structures of
the alloying products remain un-determined.#11,412

In addition to Ag-doping, Cu and Pd are incorporated into
the Aui44(SR)6o template as well.#13-415 ES|-MS results revealed
that up to 23 Au atoms could be substituted by Cu.
Considering that (i) the occupation of Cu in the inner kernel
could avoid lattice mismatch due to the difference between
Au and Cu in terms of atomic radii, and (ii) Cu has a higher
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surface energy than Au, Dass and co-workers proposed that
the Cu heteroatoms were preferentially dispersed into the M-
L1 and M-L2 shells, which was also supported by the
maximum doping number of ~23.43 Molola et al.
theoretically investigated the Cu doping positions in the
Ma144(SR)eo template and reached the same conclusion.*4

The Dass group also introduced Pd heteroatoms into
AuU144(SR)60,%*® in which up to seven Pd could be doped.
Compared with the Ag- and Cu-alloying, the Pd-doping
degree is much slighter. Of note, except the Pd;Auss(SR),4
and Pd,Au,3(PPh3)0X; nanoclusters (sections 2.2 and 2.5)
that contain two icosahedral units, Pd,Auy44.,(SR)eo is the only
nanocluster that can be doped with multiple Pd.#1>

In all, Ag, Cu, and Pd heteroatoms can be introduced into
the Aui144(SR)so template with different alloying modes: (i) up
to 60 Ag heteroatoms could be doped; (ii) 1-23 Cu can be
detected in Aui44Cu,(SR)gp; (iii) only slight-doping for Pd is
achieved (up to 7). Of note, although some rational
predictions have been made on the alloying modes of Auiss.
xM,(SR)eo (M = Ag/Cu/Pd), their crystal structures are not
available yet. Thus, many questions still remain. Besides,
alloying Auy44(SR)gp With Pt, Cd, Hg has not been reported.
Finally, Auy44,A8x(SR)so With narrow range x values might be
achievable and would facilitate clear correlation between the
Ag-doping extent and effects on the properties.

Studying the alloying phenomena in the nanoclusters is of
great significance, which will provide important information
for alloying in regular metal nanoparticles (e.g., 5-100 nm).
The latter particles display metallic character, and galvanic
reduction is widely used for alloying. For instance, Au ions are
used to etch Ag nanoparticles (e.g., Au* + Ag® - Ag* + Au°),
but the reversible process cannot be implemented because
Ag is more active than Au.1®¢1%® However, when the size is
reduced, ultrasmall nanoparticles (e.g., nanoclusters) will
show non-metal character, thus anti-galvanic reaction seems
to occur. For example, Ag* can replace some Au® atoms in Au
nanoclusters (e.g., x Ag* + Auys(SR)1s > x Au* + Ag,Auys.
«(SR)1g).17* Such non-metal character is proposed to result
from the ultra-small sizes of these nanoclusters.

Many cases of large-sized gold- and silver-thiolate
nanoclusters with precise compositions, such as Aujss, AUyss,
Auzzs, Auas3,®®416426 and Agiss, Agisa, ABos Agsza, H27431
have been reported. Higaki et al. discovered a sharp
transition from nonmetallic Au,se to metallic Auy;9 with
nascent plasmon.>3417419 Byt the case of Ag nanoclusters
remains elusive. The multiple bands in the optical spectrum
of the Agise nanocluster indicates a molecular state, while
that of Ag-~,3p seems plasmonic,*?? i.e., the transition seems to
move to smaller sizes than the gold system. Thus, one may
expect that Ag alloying would alter the boundary between
nonmetallic and metallic state, which is worth studying
further.

3 Alloying in homo-silver nanocluster templates
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This section summarizes the alloying based on homo-silver
templates, including the icosahedral Ag,s, the icosaheral Agyo,
the hollow icosahedral Agss, and Ag,o/,: stabilized by S/Se
donor ligands.

3.1 Alloying in icosahedral Ag,5(SR):s template

The [Ag,5(SR)1g]” (SR = S-PhMe,) was synthesized and
structurally determined in 2015,%32 and this nanocluster could
be prepared by either directly reducing Ag-SR complexes, or
etching Agss(SR)3p (section 3.4) or Agse(SR)s, with HS-
PhMe,.#33434 |mportantly, Ag,s(SR);s is analogous to and
corresponds well with the Au;s(SR).g in terms of formula and
structure (Fig. 10). Accordingly, Ag,s(SR)1s, together with its
gold analogue, offers the first model to investigate the
fundamental differences between Au and Ag in chemical and
physical properties, as well as alloying behavior.#32 The
average M-M and M-S bond lengths in Ag,s are shorter than
those in Au,s. Some silver atoms on staple motifs show a us-
Ag bonding mode, i.e., each Ag atom links three adjacent
sulfur atoms on thiolate ligands. By comparison, each staple
gold atom in Au,s(SR).g displays a u,-Au bonding mode (i.e.,
linking with two S atoms exclusively).

Alloying based on the Ag,s(SR)1s template is summarized
in Table 4. The Pt or Pd heteroatom can be doped into the
Ag,s5(SR)1g nanocluster.*3® following the single- and central-
doping mode (Fig. 10), similar to the case of Pd/Pt doping
into the Au,s5(SR).5 template.?10216 However, the M;Ag,4(SR)1s
(M = Pt/Pd) displays a “-2” charge state, which is in contrast
with  the charge-neutral M;Au,4(SR)15.53%*  Although
[Pt,Ag,3(SR)15]> was detected by ESI-MS spectrometry, the
position of the second Pt heteroatom in the template is
unclear yet, and Pt,Ag,3(SR).s also exhibited a low stability
and would decompose during the crystallization process.

Table 4 Alloy nanoclusters based on Ag,5(SR)1s.

Formula Measurement(s) Ref
Ag)5(SR)1s SC-XRD, ESI-MS 432
Pd1Ag4(SR)1s SC-XRD, ESI-MS 435
Pt1Ag4(SR)1g SC-XRD, ESI-MS 435
Au1Ag24(SR)1s SC-XRD, ESI-MS 69

Au,Agrs(SR)1s ESI-MS 69

PtAUAE24(SR)15 (x = 1,2) ESI-MS 442
Pt;AUAZ24x(SR)1s (x = 6.4) SC-XRD, ESI-MS 378
Pt,Au10Ag13(PPh3)10Br, SC-XRD 378

Both Au,s and Ag,s fit the superatoms model. The
M@Au,, can have both “0” and “-2” charge states
corresponding to 6e and 8e, respectively.211.222 However, only
“-2” charge state is observed in M@Ag,,, indicating that the
closed electron shell must be fulfilled in the Ag,s system. The
Jahn-Teller effect is used to explain the drastically changed
HOMO-LUMO gaps observed in 6e M@Au,,, resulting in the
splitting of the originally triply degenerated 1P orbitals.?!* We
suppose that Pt/Pd doping into Ag,s would not interrupt the
degeneration of its 1P orbitals, making it hard to remove
electron(s) from the closed shell. The difference between
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Au,5(SR)1g” and Agys(SR)1g” could be due to the much stronger
spin-orbit coupling in gold.

A galvanic metal-exchange strategy has been devised to
synthesize mono-Au doped Au;Ag,4(SR):s nanocluster (Fig.
10).%° Specifically, reacting Ag,s(SR)1g with Au(PPh;3)Cl leads to

one Au in the center of the icosahedral kernel. By comparison,

in-situ co-reducing the Ag/Au precursors produced a mixture
of AgasAu,(SR)1s, Wwhere x = 1-8.5° The non-centered Au were
proposed to be onto the icosahedral kernel shell, and these
M,s with more than one Au atoms would decompose in re-
crystallization processes, leaving mono-doped Au;Ag,4(SR)1s.
Bakr and co-workers proposed the single Au doping
mechanism — the introduced Au* ion was first reduced to
AuC by the Ag® (Ag* was formed at the same time) and then
AU® substituted one of the M3 kernel-surface silver atoms.
The Au heteroatom at the surface site might not be
thermodynamically favorable, thus, it diffused into the center
of M3, and pushed the central Ag atom to the icosahedral
surface concomitantly.®®

Based on water-soluble Ag,s(MHA);3 (MHA = 6-
mercaptohexanoic acid), Zheng et al. reported the real-time
monitoring of the dynamic Au-heteroatom diffusion into the
Ag,5(MHA)g by in situ UV-vis absorption spectroscopy, ESI-
MS, and MS/MS techniques.*3® Specifically, to the aqueous
phase of Ag,s, an equimolar of Au-MHA complex was added,

Au,Ag,.(SR),,

Pd Agz4(SR)

Pt,Au, Ag,,(PPh

2)1oBT
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producing the mono-Au doped nanocluster; that is, this
alloying process is a stoichiometric reaction. Because the
hydrophilic Ag,s(MHA);s could be directly ionized, it is
possible to do real-time monitoring of the alloying process.*3®
Besides, real-time MS/MS was performed to monitor the
fragmentation patterns of Au;Ag,4(MHA)g during the alloying
process. The combination of real-time experiments and DFT
calculations demonstrated that the mono Au-alloying process
underwent three steps: (i) substituting one Ag atom in the
Ag>(MHA); motif by an Au heteroatom,; (ii) diffusion of the Au
heteroatom into the Ag;, kernel shell; (iii) diffusion of the Au
heteroatom to the center of the icosahedral kernel.43®

The  combination  of  Agss(SR)is, Pt1Ag,4(SR)1s,
Pd;Ag,4(SR)1s, and Au;Ag,4(SR)1g nanoclusters (with the same
structure but different central atom) is consistent with the
common behavior that atoms with higher electronegativity
(Au =2.54, Pt = 2.28, Pd = 2.20 vs. Ag = 1.93) tend to take the
inner position(s), which concentrates the electron density in
the center and stabilize the structure. Besides, based on the
M1Ag,4(SR)1s, chemical/physical properties have been
thoroughly investigated, including thermal-stability,®® optical
absorption and  emission,59437-43%  catalysis,**°  and
electrochemical properties,**? which will be discussed in
Section 7.

AulAg24(S F{)‘IB AU)AQZS—X(SRLB

I
| _
| =
| = Au
I = Pt
I
I - Pd
| = AU
6 * Ag,(SR), | - s
Staple Motif/
= ¢
= Br

Fig. 10 Alloying based on the Ag,s5(SR)1s template. Nanoclusters obtained based on alloying Ag,s include the central-doped
AuU1Ag,4(SR)1s, Pt1Ag24(SR)1s, and Pd;Ag,4(SR)1s, the icosahedral kernel shell-doped Ag,sAu,(SR):1s, PtiAu,Ag,,(SR):1s, and
Pt;Aug 4Ag17.6(SR)1g nanoclusters, and the shape-altered Pt,Au;0Ag13(PPhs)10Br; nanocluster.

Considering that the central Pd/Pt heteroatom in
M,s(SR)1s (or Ag-Pd/Pt inter-metallic synergetism) would
remarkably affect chemical/physical reactity in chemical
reactions compared to the parent Ag,s(SR)1s nanocluster, Zhu
and Bakr groups have investigated the Au doping process
based on Pt;Ag,4(SR)1s and Pd;Ag,4(SR)1g nanoclusters,378442

This journal is © The Royal Society of Chemistry 20xx

resulting in tri-metallic nanoclusters, including
Pt1AU,Ag2,(SR)1s, Pt1AU6.4A817.6(SR)1s, and
Pt,Au;0Ag13(PPhs)10Br; (Section 5). When reacting with Au(l)-
PPhs, the central Pd atom in Pd;Ag,4(SR)1s Will be substituted
by Au, and bi-metallic Au;Ag,4(SR)1g nanocluster is obtained
(Fig. 10, top-left).442
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In summary, Au, Pt, and Pd heteroatoms have been
doped into the Ag,s(SR)1g template with different modes: (i)
Pd and Pt heteroatoms are doped at the center, which is the
same as in the Au,s5(SR).s template; (ii) Au heteroatoms can
occupy the central position as well as the sites on the
icosahedral kernel shell in the trimetallic system. Of note, the
M1Ag,4(SR)1s (M = Ag/Au/Pd/Pt) nanoclusters are of great
significance in terms of structure-property correlations at the
atomic level. Potential future work on alloying based on
Ag>s(SR)1g may include: (i) exploiting other types of
heteroatoms, such as Cu, Hg, Cd, Ir, which have been
accomplished in Auys(SR).g, but not in Ag,s(SR).s yet; (ii) the
ligand effect requires further understanding as the ligands
(e.g., HS-C,H4Ph) used to prepare Au,s,M,(SR);s cannot be
used to obtain Ag,s,M,(SR).s, and vice versa. The specific
“ligand-cluster matching” is quite intriguing and there is
much room for future work.

3.2 Alloying in Ag-based cluster of clusters

Rod-like Ag,s nanocluster is hard to be prepared due to the
relatively low stability. By contrary, a class of Ag nanoclusters
co-protected by hydrides and phosphines ligands emerge,
such as AgigHi16(PPh3)io, AgasH22(DPPE)g, and AgysHzx(TFPP)13
(DPPE = 1,2-bis(diphenylphosphino)-ethane, TFPP = tris(4-
fluorophenyl)phosphine).#*3 Bootharaju et al. introduced Pt-
source to the synthesis of Ag;gH16(PPhs)19 Nanocluster, and an
assembled bi-icosahedral Pt,Ag,3(PPhs)1oCl; nanocluster was
generated.3® Structurally, two Pt;Ag,, icosahedrons are
connected via sharing a vertex Ag atom, and the Pt,Ag,; is
capped by five bridging and two terminal Cl and ten PPh;
ligands. Electronic structure simulations further
demonstrated the enhanced stability of center-doped Pt,Ag,s3
nanoclusters over parent Ag,s.383 Kang et al. extracted the
single icosahedral Pt;Agy, structure from the bi-icosahedral
Pt,Ag,; nanocluster.*** Considering the remarkable influence
of the size on optical properties (mainly on optical energy
gaps), they exploited the concept of de-assembly on Pt,Ag,;
nanocluster to render a blue-shift of the PL emission as well
as an enhancement in PL QY. The bi-icosahedral Pt,Ag,; was
split by a two-step ligand-exchange procedure. Firstly, ligand
exchanging Pt,Ag,s with HS-PhMe, ligands transformed the
rod-like nanocluster into spherical Pt;Ag,4(SR)1g. In this step,
the Pt;Ag;; monomer was further capped by six Ag,(SR);
staple motifs, resembling Agos. Then, bis-
(diphenylphosphino)-methane (DPPM) was used to etch the
Pt;Ag,4 and the icosahedral Pt;Ag;, kernel was extracted out,
which was finally protected by five DPPM and two thiolate
ligands.444

Other alloy nanoclusters based on the assembly of
icosahedral M3 unites (linear/cyclic) are generalized here as
well. Yang et al. reported the structure of tri-icosahedral
Pt;Agss nanocluster.**® The combination of Pt;Agy,, Pt,Agys,
and Pt3Agss nanoclusters creates an intriguing nanosystem
that implying the size-property correlations at the atomic
level.383444445 Assembly of two Mj; icosahedrons generates
M,s bi-icosahedral nanocluster via single vertex sharing. The
assembly between three of more icosahedrons rationally

22 | J. Name., 2012, 00, 1-3

gives the corresponding tri-, tetra-, and multi-icosahedral
nanoclusters. Of note, two assembled architectures are
proposed: linear assembly and cyclic assembly. For instance,
self-assembly of three Pt;Au;, (Mj3) icosahedral building
blocks generates cyclic Pt3Agss, and the central Pt atom in
each icosahedral kernel maintains. With the incorporation of
the gold heteroatoms, a tri-metallic Pt3Aui,Ag,1(PPh3)1,Clg
nanocluster maintaining the cyclic M3 framework was
obtained. Of note, the number of introduced gold atoms was
the same as that of the PPhz ligands, and SC-XRD
demonstrated that Au atoms were at the peripheral sites
(linking the PPh; ligands) of the cyclic nanocluster.#4>

3.3 Alloying in Ag,9(S2R)12(PPh3),; templates

There are two types of Ag-based Mg
templates—Ag;9(SaR)12(PPhs)s and Agyo(SR)1s(PPhs)s (SR =
1,3-benzene dithiol; SR = S-Adm).446-44% Doping based on the
Agy9(S2R)12(PPh3); template (Fig. 11a) is reviewed in this
section; while that on Ag,9(SR).15(PPhs), will be discussed in
section 4.4.

Ag,9(S;2R)12(PPhs)s has an icosahedral Agy; kernel, which is
protected by an Agis(S;R)12(PPh3); cage (Fig. 11a). This
Ag16(S2R)12(PPh3), cage is composed of four Ags(S;R)s motifs
and four Ag-PPh; units. Each pair of Agz(S;R)s motifs shares a
S,R ligand, and thus, the total number of dithiolates is 12.
Alloying nanoclusters based on the Agy9(S;R)12(PPhs)s
nanocluster template are reviewed in Table 5. Besids, several
works have been reported on the geometric/electronic
structures and optical properties of Ag,o(S,R)12(PPhz),.#50-463

Table 5 Alloy nanoclusters based on Ag,9(S;R)12(PPh3)s.

Formula Measurement(s) Ref(s)
Ag19(S,R)12(PPh3)s SC-XRD, ESI-MS 446
Au1Ag2s(S2R)12(PPhs)s SC-XRD, ESI-MS 70
Ag29.xAUL(S;R)12(PPh3)4 ESI-MS 70
Ag17Cu15(S:R)12(PPh3)s SC-XRD, ESI-MS 468
Au1Ag1,Cu,5(S;:R)12(PPhs)s SC-XRD, ESI-MS 468
Pt1Ag,8(S2R)12(PPhs)4 SC-XRD, ESI-MS 464,465
Pd1Ag2s(S:R)12(PPh3)s ESI-MS 461
Ni1Ag28(S2R)12(PPhs)s ESI-MS 461

Mono-Pt-doped Pt;Ag,s(S,R)12(PPhs), was prepared via an
in-situ or a ligand-exchange approach.*644%5 However, the in-
situ synthesis produced a mixture of Ag,s and Pt;Ags,
whereas ligand-exchange by etching Pt,Ag,3(PPhs)1oCl, with
H,S,R generates the highly pure Pt;Ag,s(S;R)12(PPhs)s (Fig.
11b).464 Pt;Ag,5(S:R)12(PPhs)s can be prepared by ligand-
exchanging Pt;Ag,s(SR)1s(PPhs)s with H,S,R as well.*6> DFT
calculations demonstrated that the central Pt remained in the
transformation process, and the corresponding ligand-
exchange process just extracted an icosahedral Pt;Ag;, from
the bi-icosahedral Pt,Ag,3 nanocluster and capped this kernel
with new Ag-S,R-PPh; staple motifs.*®* Besides, the crystal
structure of Pt;Ag,3(S;R)12(PPhs), also identified the center-
doped Pt heteroatom.*®®> The PL intensity of
Pt;Ag,s(S,R)12(PPh3)s exhibited a ~2.3-fold enhancement

This journal is © The Royal Society of Chemistry 20xx
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relative to the parent nanocluster.*%* Besides, the PL QY of
Pt;Ag,58(S,R)12(PPh3)s (1.5%) could be further boosted to
17.6% (~11-fold enhancement) when the nanoclusters are
wrapped by tetraoctylammonium (TOA) counter-ions.*®> TOA
counter-ions are proposed to occupy a large surface volume
on the nanocluster and make the ligand shell more rigid,
resulting in much higher PL in the Pt;Ag»s(S;R)12(PPh3)s@TOA
composite material.*6>

Bakr and co-workers changed the mono-metallic Ag-S,;R-
PPh; precursor to bi-metallic Ag/Au-S,R-PPh; precursor, and
obtained the gold-doped Ag,q.,AUL(S:R)12(PPh3)s (x = 1-5)
nanoclusters.”® Of note, accompanied by Au-doping, the PL
intensity of Agyg.,Au, displayed a maximum of 26-fold
enhancement (see details in Section 7).7 Determining the
precise positions of the introduced gold heteroatoms within
Ag9.xAU(S,R)12(PPh3), is vital to correlate the structure with
the changes to the optical properties. MS results
demonstrated that the maximum Au-doping number was
five; however, only the crystal structure of mono-Au-doped
AuiAg,s was determined, indicating that the Au was at the
center of the icosahedral kernel (Fig. 11c). Several means
were performed to determine the precise doping positions of
the rest Au heteroatoms.”0466:467 |t was found that the 3P
NMR (nuclear magnetic resonance) results of Ag,g,Auy
displayed a systematic shift in P signals with an increasing
amount of Au-doping.”®

Theoretical predictions of Au-doping mode based on the
Agy9(S2R)12(PPh3), template were performed to understand
the molecular and physical origins of the doping-induced PL
enhancement.*%6467  The Hakkinen group theoretically
predicted the most favorable doping sites of Au heteroatoms
by exploiting DFT and linear-response time-dependent DFT

@ Ag,(S,R),,(PPhy, ©)

Ag,4(S,R),(PPh;),
Cage

Icosahedral
Ag,, kernel

Agze Ag17CU12

AuAg, Cu,,
Fig. 11 Alloying based on the Ag,s(S;R)12(PPhs); template. (a) Structural anatomy of Ag,o(S;R)12(PPhs)s. (b) Nanocluster
transformation from Pt;Ag,s(SR)13(PPhs)s to Pt;Ag,s(S2R)12(PPhs)s, or from Pt;Ag,s(PPhs)ioCl; to Pt;Agys(S2R)12(PPhs)s. (c) Doping
1-5 Au heteroatoms into the Ag,9(S;R)12(PPhs), template. (d) Doping process from Ag,9(S;R)12(PPhs)s to Agi7Cu12(S;:R)12(PPhs)s,
then to Au;Agi6Cu1,(S2R)12(PPhs)s, corresponding Agi,(S;R)12 and Cui,(S;R)1, cage structures, and the C; symmetry of the Mg
template.
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(LR-TDDFT) methods.*%¢ An enhancement in the electronic
transitions at ~450 nm indicated the formation of Au-PPh;
bond in  AuAg9.x(S2R)12(PPhs)s, which agreed with
experiment.’%466 |n addition, the formation of Au-P bonds
prevented the nanocluster from degradation, since the Au-
PPh; bond was stronger by 0.4 eV than Ag-PPh; bond.*%¢ By
comparison, Xie et al. computationally explored the
electronic and geometric structures of Agyg and Agyg.,Auy (X =
1-5) nanoclusters in the Sy and S; states.*®” DFT calculations
also proved that the enhanced PL intensity and thermal-
stability resulted from Au substitution. Specifically, (i) the
relativistic effects of the introduced Au played a significant
role in enhancing the PL intensity, which was more obvious
when increasing the Au number to 3-5; (ii) the newly formed
Au-Au bonds resulted in the enhanced thermal-stability of
Agso.Auy relative to Ag,q.4%7

The Cu-doped M,o(S;R)12(PPhs)s nanoclusters were also
controllably synthesized and structurally determined.46®
Involving Cu in the precursor during the preparation of
Agy9(S:R)12(PPh3); resulted in the Agi7;Cui»(S;R)12(PPhs)s
nanocluster, while reducing the Au/Ag/Cu-based precursor
gave rise to Au;AgiCui»(S;R)12(PPhs)s (Fig. 11d). Besides,
metal-exchanging Agi7Cu1,(S;R)12(PPhs)s with Au'(PPh3)Cl also
produced the same Au;Agi6Cus5(S;:R)12(PPh3),.468 Structurally,
the introduced Au is preferentially incorporated at the center
of the icosahedral M;3 kernel, whereas Cu heteroatoms are
arranged in the metal-S,R motifs, converting the previous
Ag1,(S:R)12(PPh3), cage into a novel Cui,(S;R)12(PPhs), cage
(Fig. 11d).¢® All the nanoclusters in the M;g(S;R)12(PPhs)s
family contain four C; axes that all pass through the M-PPh;
units (Fig. 11d).468

© Kernel Au-doping  Veitex-site Au-doping

N 2
C, axial symmetry

0
Ad,,(S.R),, Cu,,(S,R),,
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Hydrophilic Ag,g nanoclusters are prepared by hydrophilic
dithiols. Several works have been reported in terms of
preparations (syntheses and purification), properties
(isomerism, stability, and luminescence), and applications
(antibacterial and antifungal) so far.#6®473 DFT calculations
demonstrated that hydrophilic Ag,s possessed similar
structures as Ag»o(S;:R)12(PPh3)s.4’3 In 2018, the Mattoussi
group reported Ag,q,Au,(DHLA);, nanocluster (DHLA =
dihydrolipoic acid) with a 6-fold enhancement in PL
compared with its Ag,q counterpart.*’4 Such an Au-doping
induced PL enhancement agreed with the phenomena in
hydrophobic  Ag,o,Au, nanoclusters.’? Besides, the
hydrophilic M,g(DHLA),, is only capped by the dithiolate
ligands, which is consistent with M,g(S;R)1, obtained by an in-
situ synthesis in the absence of phosphine source.70446
Furthermore, owing to the terminal acid group of the DHLA
ligand, further functionalization has been performed on these
hydrophilic nanoclusters.*74

Collectively, Au and Pt has been successfully doped into
the icosahedral My; kernel of Ag,9(S,R)12(PPhs)s, but crystal
structures of Ag,q.,Au,(S;R)12(PPh3)s (x > 1) are still needed as
there is inconsistency in theoretical predictions. The boost in
PL based on doping is intriguing and worth further studies,
and understanding the significant role of the central
heteroatom in the frontier orbitals requires more
experimental and theoretical work.

3.4 Alloying based on icosahedral Ag,4(SR)s30 nanocluster

The Agaa(SR)30 was first synthesized in 2009,47> and is one of

the most studied silver nanoclusters protected by all thiolates.

In the following years, several works were reported focusing
on the large-scale synthesis,*76481 ligand engineering,*’%
478,481-485 ge|f-assembly, 483486488 gnd alloying. The structure of
Ag44(SR)30 was determined in 2013,476477 revealing an
icosahedral Agi, kernel (hollow, c.f. the centered icosahedral
M3 kernel discussed before) capped by an Ags,(SR)3p cage
(composed of a decahedral Ag,, and six Ag,(SR)s motifs) (Fig.
12a). The Zheng group reported several structures of Agy,
and Au,,Ags; protected by different thiolate ligands, including
S-PhF, S-PhF,, and S-PhCF3.47748% SC-XRD results of Aui,Ags,
demonstrated that Au heteroatoms formed an Au;, kernel
shell (Fig. 12a, bottom).*”7 Theoretical calculations also
demonstrated the preferred kernel occupation by the
introduced Au heteroatoms.477490.491 Specifically, the relative
energy was the lowest when 12 kernel sites were completely
occupied by Au.*?° Based on the Agss(SR);30 template (SR = p-
MBA, p-mercaptobenzoic acid ligand), Bigioni and co-workers
investigated the full range alloying of Au,Ag44.(SR)30
nanoclusters (0 < x < 12).%92 DFT calculations also provided
insights into the Au/Ag composition-dependent electronic
structures and chemical properties (especially reactivity).492

This journal is © The Royal Society of Chemistry 20xx

Besides doping into the M, icosahedral kernel, Au
heteroatoms are also found to substitute the Ag atoms in the
six Ag,(SR)s motifs.*?3 Based on the [Ag4a(SR)30.Cl]* (SR = p-
MBA) template, Xie and co-workers presented a delicate and
well-controlled surface metal-exchange reaction, which used
the Au(l)-SR complexes to precisely substitute the initial Ag(l)-
SR surface motifs to obtain Ags;Aui>(SR)3. Different from
[Au1,Ag3:(SR)30]*  with  a  kernel-doping mode, the
configuration of [Ags,Aui,(SR)30]* could be viewed as
Agq,(kernel) @Ag,o(middle shell)@6xAu,(SR)s(surface motif)
(Fig. 12a, bottom-right).*?3 Theoretical calculations suggested
that the thermodynamically less favorable Ag@Au core-shell
configuration was kinetically stabilized by the decahedral Ag,q
shell, which further prevented inward diffusion of the surface
Au heteroatoms. Owing to the synergism between Au and Ag,
[Ags,Au15(SR)30]* displayed an enhanced thermal-stability
relative to [Agas(SR)30]*, and did not decompose for more
than 30 days at room temperature or more than 2 hours at
1500C.4°3

The Xie group reported another inward diffusion process
in which a single Au atom goes from the staple motif to the
kernel’s shell, and finally to the center of Ag,s.*3® We also
note that both [Au, @Ag3,(SR)30]* and
[Ag1,@Ag50AUL,(SR)30]* have the same formula but with
different configurations as reported,*’74%3 and their
absorption spectra are very similar to each other. Thus, it is
still an open question why the Au atoms would stop moving
inside in the case of Ags..8?

In summary, based on the Ags4(SR)30 hanocluster, several
alloying achievements have been reported: (i) Au;,Ag3,(SR)30
nanoclusters (stabilized by different thiolate ligands) are
obtained; (ii) the syntheses of full range doped Au,Agss.(p-
MBA)3;, nanoclusters (x = 1-12) are developed; (iii) two
different Au-doping modes are observed: kernel doping
mode and motif doping mode; (iv) size-growth from
Ag44(SR)30 to Agso(SR)30(DPPM)s and then metal-exchange led
to AuAgs0x(SR)30(DPPM)s. The [Agasa(SR)30]* (18 e) and
[Ag25(SR)1g]” (8 €) nanoclusters are both considered to be
superatoms.*3>477 The [Ag,5(SR)1s]” has a center that can be
replaced by group-10 elements when one more electron is
trapped on the cluster to maintain the 8 e electron
configuration. But [Agsa(SR)30]* does not have a center and
already has a charge state of -4. The 18 e superatom
configuration of this template might restrict heteroatoms
from doping, especially as they might break the 18e
electronic structure. As [Au,5(SR)15]” (8 e) can be altered to 7
e and 6 e with partially occupied superatom orbital by
oxidation or Pt/Pd doping,211:222494,495 jt would be interesting
to use alloying to reveal more cases with different
superatomic HOMO and LUMO.
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Fig. 12 Alloying based on the Ags4(SR)3p template. (a) Structural anatomy of Ags4(SR)s30, and its Au-doped Aui,Ags3,(SR)3g alloy
nanoclusters. (b) Size-growth from Ags4(SR)30 to Agso(SR)30(DPPM)g, and further metal-exchanging to Au,Agso..(SR)30(DPPM)g (x

~5.34).

3.5 Alloying based on icosahedral

nanocluster

Agso(SR)30(DPPM)s

Zhu and co-workers reported the syntheses and crystal
structures of Ags0(SR)30(DPPM)g and its
Au,Ags0_x(SR)30(DPPM)s alloy counterpart.*®® The Agsy was
obtained by a seeded growth method based on Ags4(SR)30.
Structurally, the icosahedral Ag;, kernel was retained in the
transformation process, and the new Agso nanocluster shows
a structure of an Agi,(kernel)@Ag,o(middle shell)@Agg(shell

linker)@Ag,,(surface) configuration (Fig. 12b).4%6
Furthermore, the Agsy nanocluster could be alloyed by
templated/galvanic metal-exchange to a

Au,Ags0-x(SR)30(DPPM)¢ homologue. SC-XRD demonstrated
that the introduced Au heteroatoms could substitute Ag
atoms in the kernel. This kernel-alloying mode is the same as
in Au;,Ag3,(SR)3p, albeit only partial kernel sites can be
replaced.?’7#% The crystal structure and ESI-MS determined
the average value of x as 5.34. Owing to Au-doping and Au-Ag
intermetallic synergism, the AU,Ag50-x(SR)30(DPPM)g
nanoclusters exhibited enhanced thermal stability and PL
intensity compared with that of the parent Ags,.4%°

3.6 Alloying in Agyo/>1 nanoclusters stabilized by S/Se donor
ligands

Liu and co-workers reported Ag,o and Ag,, nanoclusters and
their alloys, all being stabilized by S/Se donor ligands (Fig.

This journal is © The Royal Society of Chemistry 20xx

13).497-502 The Ag,:{S,P(O;Pr),}1» (S-Ag,; for short) comprises
an icosahedral Agjs kernel capped by eight additional Ag
atoms. This Ag,; framework is further capped by twelve
dithiophosphate ligands.*®” By reducing the S-Ag,; with
NaBH,, one silver atom could be eliminated, generating
{Ag,0{S,P(O;Pr),}1> (S-Agyo for short) containing an intrinsically
chiral kernel.*®® In follow-up works, the initial S donor ligands
on S-Agyo and S-Ag,; could be replaced by Se donor ligands,
and Ag,0{Se,P(0O;Pr),}1 (Se-Agy,o  for short) and
Ag,:1{Se,P(OEt),}:» (Se-Ag,; for short) were prepared and
structurally determined.*®® Of note, the structures of Se-Ag,,
and Se-Ag,, display large differences when compared to S-
Agyo and S-Ag,; (Fig. 13). Thus, these four nanoclusters are
closely related: S-Ag,o, S-Ag,1, Se-Ag,o, and Se-Ag,,.

Alloying was performed based on these four homo-silver
nanoclusters.*¥-502 The Au-doping on S-Ag,;, Se-Ag,, and S-
Ag,o produces S-AujAg,o, Se-Au;Agy,, and S-Au;Agio,
respectively.#?®5% |n the alloying process from Se-Ag,; to Se-
Au;Ag,o, the configuration was maintained with the central
Ag substituted by Au. As for the S-Au;Ag,, and S-Au;Agio
nanoclusters, in addition to the center replacement by Au,
slight structural distortions were observed in the motif
structures. Such a center-Au doping phenomenon is
reminiscent of the Au-doping in other Ag nanoclusters, e.g.
Agys(SR)1g  and  Agyo(S;R)12(PPhs)s with icosahedral Agis
kernels.
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Fig. 13 Au-alloying based on the Ag,o/Ag,; templates. Structures of Se-Ag,1, S-Agy1, S-Agyo, and Se-Ag,o hanoclusters, and their
corresponding doped Se-Au;Ag,o, S-Au;Ag,0, S-Au;Ag;g, and Se-AusAgig nanoclusters.

By comparison, the Au-alloying mode based on Se-Ag,,
was different — the result was a multi-Au-doped Se-AuzAgig
nanocluster.5%! The cluster size increased from Myg to My in
this alloying process, and a large structural transformation
was found. Specifically, the “spherical” Se-Ag,, is altered into
a “tetrahedral” shape. The Au atoms were arranged into
different sites in the icosahedral M3 kernel: one Au occupied
the center, and the other two were on the kernel shell.50t
Collectively, the mono-Au-doped counterparts of S-Agyo, S-
Ag,;, and Se-Au,; were successfully prepared without
structural transformation, while Au-alloying on Se-Agy
output Se-AusAg;s nanocluster. Thus, the mono-doped Se-
Au;Ag.q and its structure could be the next synthetic target.

In 2019, the Liu group reported the direct syntheses and
structural determinations of two dithiolate-protected Pd/Ag
nanoclusters — Pd;Ag,0{S,P(O"Pr);}1 and
PdgAg14(S){S,P(0O"Pr),}1,.59% The preparations could be
controlled by altering the Pd/Ag ratio and reaction times.
Structurally, Pd;Ag,o{S,P(O"Pr),};» is an 8e superatom
isoelectronic to [Ag,1{S,P(O'Pr),}1,]*, and comprises a Pd;Ag,
icosahedral kernel capped by an Agg{S,P(O"Pr),},, shell. The
twelve S,P(O"Pr), ligands are equally distributed in three
layers (top, middle and bottom) along a pseudo-C, axis.’%3
The structure of PdgAgi4(S){S,P(O"Pr),}1, exhibits a sulfide-
centered S-PdgAg, rhombohedron surrounded by 12
additional Ag atoms with Sg symmetry. Of note,
PdgAg14(S){S,P(O"Pr),}1, is the first reported alloy nanocluster
with an octahedral hexa-palladium(0) kernel embodied within
a silver(l) cluster.593

Pt1Ag,0{S,P(OPr),}1, has also been reported.5%* The metal
framework contains an icosahedral Pt;Ag;, kernel, which is
capped by eight Ag atoms, giving rise to a Pt;Ag,, of idealized
C, symmetry. The Pt;Ag,, is further stabilized by 12 S,P(OPr),
ligands.>®* Furthermore, by slightly altering the synthetic
route, two “cluster-of-clusters” type Pt/Ag alloys were
obtained, namely, [Pt,Ag33{S,P(OPr),}17] and
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[Pt3Ag44{S,P(OPr),},,. The three Pt-alloyed nanoclusters
(Pt;Agy0, PtyAgss, and Pt3Agys) contain 8, 16, and 22 free
electron counts, respectively.>%* The crystal structures reveal
that their inner kernels (Pt;Ag1,, Pt,Ag,3, and Pt3Agss) can be
visualized as consisting of one, two and three Pt-centered
icosahedral Pt;Agi,, respectively. In Pt Agss and Pt3Agy,
nanoclusters, the Pt;Ag;, units are vertex-shared and
assembled linearly, which are isolobal to N, and I3,
respectively.504

Collectively, the Au-alloying has been achieved based on
both Ag,o and Ag,; nanoclusters stabilized by S/Se donor
ligands. As for the Ag,; template, the central Pd- and Pt-
doping processes were accomplished. The surface structure
formed by Ag and S/Se donor ligands is different from that in
Agys(SR)1g although their superatomic configurations are
similar.

4 Alloy nanoclusters of specific sizes

Besides the above-mentioned alloy nanoclusters based on
templates, several special alloys have been reported with
specific magic-size kernels, such as Ag,sCu;, and Ags,Cd;,
with tetrahedral Ag,s kernel; Au;3Cu,, Au;3Cus and Auq3Cug
nanoclusters with icosahedral Auy; kernel; Au;,Cus;, Auq4Cus,,
Au;6Cuz; and Au,5Cus; nanoclusters with icosahedral Au;,
kernel; Pt-centered Pt;Ag,s and Pt;Ag,s nanoclusters; and
M;Cu;, nanoclusters. In this section, these alloy nanoclusters
are highlighted. Most of these alloy nanoclusters share one
thing in common: the minority atom(s) are symmetrically
arranged in the structure, e.g., at the centre, or mounted at
equal positions on the surface of the kernel.

4.1 Nanoclusters with tetrahedral Ag,s kernel

Yan et al. reported the crystal structure of

[Ag,5Cu1,(SR)24]*, which was the first Ag/Cu nanocluster with
structure solved (Fig. 14a).>% The high yield and stability of
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this alloy nanocluster were proposed to result from its 20-
electron count. Structurally, Ag,sCu;, contains a three-
concentric shell structure:
Ags(kernel) @Ag,4(shell) @4xCus(SR)g(motifs). The
arrangement of Ag(inner)@Cu(surface) is proposed to result
from the activities of the two metals, i.e. Ag is more inert and
thus goes to the kernel, whereas Cu is more active and thus
preferentially resides in surface motifs for wrapping the Ag
kernel.>% Interestingly, Ag,sCu1>(SR),4 is in @ “-4” charge state
and has a chiral metal framework with T symmetry; thus, the
contains an FCC Ag,s and HCP Ag-Cu interface. The
Ag,3Cu1,(SR),4 prepared using achiral counter-ion, "BugN, is a
racemic mixture, hence no CD signal. By altering the achiral
counter-ion to chiral quaternary ammonium salts, such as N-
benzylcinchonidinium chloride (BCDC) or N-
benzylcinchoninium chloride (BCNC), counter-ion-pairing
enantioseparation and direct asymmetric synthesis have
been put forward for in-situ preparing chiral nanoclusters.>0>

(a) Agzacu12(SR)z4

R—(Agéu)m

(AgCu),, in T,
b
(0) Ag,,Cd. (SeR).,
v AR S AR

IR
¥/

Se-Ag
bonding

4*Ag,Cd (SeR),

Ag,, kenel
Ag,,Cd,,(SeR),,

Fig. 14 (a) Structure of Ag,sCui>(SR),4 and its twisted kernel
structure. Redrawn from ref. 505 with permission from

This journal is © The Royal Society of Chemistry 20xx
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American Chemical Society, copyright 2016. (b) Structural
anatomy of Ags;,Cdi»(SeR)ss. Redrawn from ref. 506 with
permission from American Chemical Society, copyright 2019.

Bootharaju et al. reported Cd-alloyed Ags,Cd1,(SePh)ss —
which consists of an Ag,s kernel stabilized by four
Ag,Cds(SePh)s motifs (Fig. 14b).>°¢ The Ag,s kernel contains
an innermost Ag, tetrahedron, which is encapsulated by four
Ags facets; and this configuration is the same as that in
Ag,sCuy,.°% Besides, in the Ag;Cds(SePh)s motif structure,
each Cd atom tetrahedrally coordinates with four SePh
ligands, and three of the Se atoms in the CdSe, tetrahedra
bind to the Ag atom on the top to form an AgSes cap-like
structure, giving rise to Ag;Cds(SePh)s motif structure. The
four Ag,Cds(SePh)y motifs cap the four Agg kernel facets with
a one-on-one mode via Se-Ag linkages. The absorption
spectrum and electronic structure of this cluster are well
consistent with those from DFT calculations.>%

4.2 Nanoclusters with centered icosahedral Au,; kernel

The Zheng group reported a correlated series of Au/Cu alloy
nanoclusters with Aui3Cu, (x = 2, 4, 8) compositions.>%” By
engineering the peripheral ligands (mainly by introducing the
N coordination sites), different numbers of Cu heteroatoms
were arranged onto the surface of the icosahedral Aujs
kernel (Fig. 15a). Specifically, when the Au/Cu nanocluster
was co-stabilized by PPh3 and Spy ligands (Spy = 2-pyridyl),
Auy3Cu;,(PPh3)e(Spy)s was generated (Fig. 15a, left). The two
Cu heteroatoms were at the two ends on the cluster surface.
Changing the capped ligands to PPh,py and SPhiBu produced
Auy3Cuy(PPh;,py)s(SPh'Bu)g (Fig. 15a, middle). A regular
tetrahedron was formed via linking the four Cu atoms, which
encircled the icosahedral Au;; kernel. In addition,
Auy3Cug(Spy)1, emerged with Spy ligand only (Fig. 15a, right)
and the overall structure was in an irregular manner with C;
symmetry.>%? Of note, all of these Cu atoms display a us
binding mode: each Cu atom links to three gold atoms on the
icosahedral Au;; kernel shell and another three atoms in the
ligands (N or S).>%7

Due to the different Cu alloying modes and Cu numbers
among these Au/Cu alloy nanoclusters, each nanocluster
shows different optical absorption although they share the
same Aujz kernel.>®” This is can be understood by the fact
that the Cu atoms or Cu-containing motifs are directly
mounted on the Auis kernel via Cu-Au bonds (2.75-3.05 A),
thus, Cu would be more significantly involved in the frontier
orbitals and accordingly change the electronic states. A
similar phenomenon is also observed in other Au/Cu alloy
nanoclusters with Auys kernels (vide infra), but the change in
motifs far away from the kernel would have less influences
(see section 4.3).
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Au, Cu,(PPh.).(Spy),

Au,,Cu,(DPPP),(SR),

3

ARASTN
“F‘V‘i

AU14CU32(S R)sz

Au Cu_(SR),,

Fig. 15 Structures of Au/Cu alloy nanoclusters with icosahedral Au;3/Au;, kernels. Crystal structures of (a) Aui3Cuy (x = 2, 4, 8), (b)
Au13Cu,(DPPP)3(Spy)s, (€) Au13Cus(PPh3)e(S-CH4Ph)s, (d) AuisCus(PPhypy)s(SePh), () AuisCuiy(SR)zo, and (f) Auiz.,Cusa(SR)sos2q (0
=0, 2, 4, 6) nanoclusters.

Deng et al. changed the PPh; ligands in the preparation of

Au13Cu>(PPh3)e(Spy)s nanocluster to 1,3-
bis(diphenyphosphino)propane  (DPPP), and obtained
Au3Cu,(DPPP);3(Spy)s  (Fig.  15b).°°®  The  phosphine

coordination sites on these two nanoclusters were the same
(6 total). When the achiral DPPP ligands were replaced by
chiral (2r,4r)/(2s,45s)-2,4-bis(diphenylphosphino)pentane
(BDPP) ligands, two optically pure enantiomers Au;3Cu,(2r,4r-
BDPP);3(SPy)s and Au,3Cu,(25,4s-BDPP)3(SPy)s  were
synthesized.>08

In 2019, Zhou et al. reported a new Au;3Cu, nanocluster
co-protected by PhC,H4-SH and PPhs ligands, formulated as
Au13Cu,(PPh3)g(S-CoH4Ph)g  (Fig. 15c¢).>%° Although the Cu
heteroatoms are fixed by Cu-S interactions in
Au43Cu,(PPhs3)g(S-C,H4Ph)g, rather than Cu-N interactions in
Au13Cu;y(PPh3)e(Spy)s, both Au;3Cu, nanoclusters contain the
same icosahedral Au;; kernel.597:50% Sych surface differences
between the two nanoclusters induce tremendous changes in
optical absorption.5%?

Based on the Au;3Cu4(PPh;py)4(SR)s nanocluster, Song et
al. altered the thiol to selenol ligands.>® An
Au13Cuy(PPh;,py)s(SePh)g nanocluster was obtained with a
configuration of
Auis(kernel)@3xCu(SePh),PPh,py&Cu(SePh)s;(motifs) (Fig.
15d) with remarkable differences in terms of motif structure
compared with  Au;3Cus(PPh,py)s(SR)s.  ESI-MS  results
demonstrated a reaction intermediate formulated as
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Aui3Cuy(PPhypy)s(SeR)s, with the same metal-ligand
composition as the Au;3Cus(PPh,py)s(SR)s. However, probably
due to the low thermal-stability of this reaction intermediate,
an additional SePh ligand would further substitute one
PPh,py ligand on the surface to generate the final
product—Au;3Cus(PPh,py)s(SePh)g.510

4.3 Nanocluster with hollow icosahedral Au,, kernel

Through controlling the feeding material in the synthesis,
Yang et al. obtained a series of all-thiolate stabilized
nanoclusters — Auj:,Cuz,(SR)3042, (n = 0, 2, 4, 6) (Fig. 15f).>11
First of all, the configuration of Au;,Cus,(SR)30 (n = 0) is
almost the same as that of Au;;Ag32(SR)30,477 in which the
icosahedral Auj, kernel is capped by a Cu,g shell and further
protected by three pairs of Cu,(SR)s motifs.>1* Of note, each
pair of Cu,(SR)s motifs can be replaced by a pair of
Cu,Au,(SR)s motifs (at contrapuntal sites); alternatively, the
Cu,Au4(SR)s motif can be considered as inserting an Au;(SR)
unit into the Cu,(SR)s motif, and consequently, a correlated
series of nanoclusters — Au;,Cus,(SR)39, Au14Cusy(SR)sp,
Au16Cu3,(SR)34, and Au;5Cusz,(SR)3s — was obtained. Different
metal compositions and surface structures hardly changed
the optical absorption in this series, but there is a large
difference in thermal stability, ie. Au;,Cuz(SR)3p and
Au14Cus;(SR)3; are much thermally stable than the other two
nanoclusters. Zheng and co-workers analyzed the oxidation
process based on Au;6Cus,(SR)s4, and obtained the crystal
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structure of its decomposed product—Au;3Cu;,(SR),, Which
contained an icosahedral Au,s kernel capped by two Cug(SR)10
triangle-like motifs (Fig. 15e).>!

4.4 Pt-centered nanoclusters

Controllably tuning the structures of nanoclusters with
atomic precision is important for tailoring their
chemical/physical properties and developing their practical
applications. Wu and co-workers altered the capping ligand in
the synthesis of Pt;Ag,4;(SR):s and obtained a larger Pt-
centered, Ag-based alloy nanocluster, i.e. Pt;Ag,6(SR)18(PPhs),
(Fig. 16a).%12 Structurally, the Pt;Agy, kernel in Pt;Ag,4(SR)1s
grew into a Pt;Agi, kernel and the structures of peripheral
motifs also changed. Interestingly, dissimilar optical and
electrochemical gaps were found for these two nanoclusters.
Both Pt;Ag,4 and Pt;Ag,6 nanoclusters are 8e superatoms and
exhibit highly similar electronic structures illustrated by their
almost superimposable optical absorption and similar
HOMO/LUMO locations. However, largely different
electrochemical gaps were observed: Pt;Ag,s (1.89 eV) vs.
Pt;Ag,s (1.48 eV), which was probably resulted from the
differences in charges of the Pt;Ag;,/Pt1Agy4 kernels.>12

In 2019, Wu and co-workers obtained the structures of
co-crystallized  Au;Ag;s(SR)1s  and  AuiAgye(SR)1s(PPhs)e
nanoclusters in one crystal lattice,°® and the co-
crystallization was induced by weak electrostatic interactions
between cationic [AuiAgys(SR)1s(PPh3)¢]* and anionic
[Au;Ag,4(SR)1g]" nanoclusters as well as the C-H***;t and "7t
interactions.>®® The Au;Ag,s(SR)13(PPhs)s with Au center is a
structural analogue of Pt;Agys(SR)1s(PPh3)s (Fig. 16a,
right).512:513

Among the nanoclusters in the Mjg(SR):1g(PPh3), library
(where SR = S-Adm), the Pt-centered Pt;Ag,s are the most
researched, and the multi-metallic M,9 will be discussed in
Section 5.2. Pt;Ag,s(SR)1g(PPhs)s was firstly obtained by
ligand-exchange on Pt;Ag,4(SPhMe,) 5, and the Pt;Agy, kernel
of Pt;Ag,3(SR)13(PPhs)4 was a distorted FCC configuration (Fig.
16b).*4” Lin et al. prepared the Pt;Ag,s(SR).3(PPhs)s
nanocluster by in-situ reducing Pt/Ag-SR-PPh; complexes.
Interestingly, the nanocluster contains a Pt;Ag;, kernel with
standard FCC configuration (Fig. 16b, right).#*° Although the
two Pt;Ag,s(SR)18(PPh3); nanoclusters showed the same
composition, the different kernel structures endowed them
with different optical properties.*#7442

Kang et al. reported another Pt;Ag,s nanocluster that was
co-stabilized by HS-c-C¢Hy;; and PPhs ligands, Pt;Agys(S-c-
CgHi11)18(PPh3)s, by ligand-exchanging the  Pt;Ag,s(S-
Adm)g(PPh3), with excess HS-c-CgH1; ligands.>'* Of note, the
reversible process (i.e., from Pt;Ag,s(S-c-C¢H11)18(PPh3)s to
Pt;Ag,s(S-Adm),5(PPh3);) was also feasible. Interestingly,
although both Pt;Ag,3(SR):1s(PPh3); nanoclusters contain
similar Agy5(SR)15(PPh3); cages, their Pt;Ag;, kernel are
different — PtAg,s(S-Adm).g(PPhs)4 contains an FCC Pt;Ag,,
kernel, whereas the Pt;Ag,s(S-c-CgH11)18(PPh3)s contains an
icosahedral Pt;Agi;, kernel.®* Such a reversible kernel
structure (FCC and icosahedral isomers) is new (Fig. 16c). A
combination of UV-vis, ESI-MS, PL, and XAFS unambiguously
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identified that the FCC-to-icosahedral transformation of the
Pt1Ag,s kernel involves two distinct stages: (i) the ligand-
exchange induced motif change, and (ii) the abrupt kernel
transformation.>* Such a structural transformation (FCC vs.
icosahedron) results in significant differences in both optical
absorption and PL emission.>14

PtTAgzs(SR)WB(PPhJ)S AU1AQZB(SR)18(PPh3)S

Pt,Ag,(SR),,
©

PUAG,(SR) ((PPh),  PtAg,(SR)(PPh,),

ligand

Pt,Ag,,(S-Adm),(PPh,),
with an FCC kernel

Pt1Agzs(s_c_CeH11)1a(PPha)4
with an ICO kernel

<

Pt,Ag,.(SR),,(HO-SR),

Pt,Ag,,(SR).,
Fig. 16 Structures of Pt-centered Ag nanoclusters. (a)

Structural comparison among Pt1Ag,4(SR)1s,
Pt1Ag,6(SR)15(PPh3)s and Au;Agys(SR)1s(PPhs)s nanoclusters.
(b) Conversion from icosahedral Pt;Ag,4(SR)1s to Pt;Ag,s(S-
Adm)1g(PPhs)s, and standard FCC Pt;Ag,s(S-Adm).g(PPhs)a. (c)
Inter-conversion between Pt;Ag,s(S-Adm).g(PPhs); with an
FCC Pt;Agi, kernel and Pt Ags(S-c-CgH11)18(PPh3)s with an
icosahedral Pti;Ag;, kernel. (d) Structural anatomy of
Pt,Ag,s(S-2-Adm),0o and Pt1Ag2s(S-2-Adm)15(HO-SR),
nanoclusters.

Starting from Pt;Ag,s(S-Adm).g(PPhs),, the addition of
Ag,(DPPM)Cl, was exploited to re-construct the surface
structure of the nanocluster, which produced a larger size
nanocluster — Pt;Ags:1(SR)16(DPPM);Cl5.515 Structurally, the
size growth was induced by the substitution of Ag-PPhs
terminals in  Pt;Agys(S-Adm).g(PPhs)s with Ag,(DPPM)CI
terminals.”®> The substitution of cluster terminals induces
direct changes to the surface structure (size-growth,
structure transformation, and surface rotation) as well as
indirect changes to the kernel structure (from a FCC
configuration to an icosahedral configuration).>%>
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Altering HS-Adm to HS-2-Adm (2-adamantanethiol) in the
synthesis of Pt;Agys(S-Adm).g(PPhs); gives rise to both
Pt;Agys(S-2-Adm)y,  and  Pt;Agss(S-2-Adm)ig(HO-SR), (Fig.
16d).>1® For the latter, the valence self-regulation of sulfur
from “-2” valence state in thiols (i.e., Ag-SR) to the “-1”
valence state in hydroxylated thiolates (i.e., HO-SR-Ag) has
been accomplished; this is the first time that the “-1” valent
sulfur, i.e. “S'” is detected. Both nanoclusters have
icosahedral Pt;Agq, kernels, whereas the Ag-SR cages of them
are different — the cage of Pt;Ag,s(S-2-Adm),q comprises an
Ag10(SR)10 ring motif, two Ag,(SR); and two Ag;(SR); staple
motifs, while that of Pt;Ag,s(S-2-Adm),g(HO-SR), is composed
of an Agg(SR);o ring motif plus two Ag,(SR); and two
Ag>(SR);(HO-SR); staple motifs.>'® SC-XRD revealed that these
two nanoclusters were lamellar co-crystallized (with a 1:1
ratio) in the crystal lattice with an interlayer distance of
33.978 A (calculated from the distance between two Pt
planes). ESI-MS analysis was performed to verify their co-
crystallization, as well as the presence of the hydroxyl on the
nanocluster surface.>16

4.5 M;Cuj;, nanoclusters

In 2016, Liu and co-workers reported a two-electron homo-
copper nanocluster superatom with a chemical formula of
Cu13(S;CN™Bu,)6(C=CR); (R = C(O)OMe or CgH4F).5%7
Structurally, the cuboctahedral Cu;; contains eight triangular
faces (capped by acetylide groups) and six square faces
(protected by di-thiolate ligands) (Fig. 17). DFT calculations
demonstrated that the a; HOMO contains two 1S jellium
electrons, which is a two-electron superatom.>'’ Silalahi et al.
found that the central Cu atom could be substituted by Ag or
Au heteroatom via reacting the Cuz solution with M* ions,
giving M;@Cu1,(S,CN"Bu,)g(C=CR), (M = Au/Ag) (Fig. 17).518
However, mainly because the atomic radii of Au and Ag are
larger than that of Cu, the Ag-Cu and Cu-Cu (or the Au-Cu and
Cu-Cu) bond lengths in Ag;Cu;; (or Au;Cuj,) are slightly
longer than those in homo-copper Cuj; nanocluster. These
experimental and theoretical results revealed that the Au and
Ag dopants (i) enhance the stability, (ii) alter the optical
absorption, and (iii) significantly improve the PL performance
in Au;Cu,, and Ag,Cus, relative to the Cu,3.518 Specifically, the
PL QY of Au;Cu;, at 77 K is about 59%.518 Chakrahari et al.
expanded the scope of the central atom to S, Br and Cl
atoms.>1®

X@Cu,, System

Fig. 17 Structures of the M;@Cu;, nanoclusters including Cuys,
Ag1Cu12, and Au1Cu12.
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5 Multi-metallic nanoclusters

Doping has been considered as a versatile approach to
control the compositions, regulate the electronic and
geometric structures, and tune the chemical and physical
properties of nanoclusters. Doping more than one type of
hetero-metal into homo-gold or homo-silver nanoclusters is
more challenging but has met with some successes. Here we
review the literature progress in multi-metallic nanoclusters
containing =3 types of metals.

5.1 Spherical and Rod M5 systems

The most studied templates for multi-metallic alloying are
spherical Mjys and rod-like M,s (M = Au/Ag) nanoclusters
(Table 6; and see the bi-metallic systems in sections 2.1 and
2.5).378-381,442,520-524 Negishi et al. has an excellent review on
these systems (mainly on Au-based M,s nanoclusters).82 Here
we only briefly highlight some results on Ag-based Mys
systems.

Table 6 Multi-metallic nanoclusters with spherical or rod-like
M,s templates.

Formula Measurement(s) Ref(s)
Pt,AU10Ag13(PPhs)10Bry SCXRD 378
Pt;AUL,Ag15(PPh3)10Cl SCXRD 379,380
NisAu12Ag12(PPh3)1oCl SCXRD 380
Pt,AU10Ag13(PPhs)10Cl SCXRD 381
PtiAgra.AUL(SR)1g (X ~ 6.4) | ESI-MS, SCXRD 378
Pt1Ag,3AU;(SR)1g &

Pt1Ag5,AU,(SR)1s ESI-MS 442
Cd1Ag,Au44(SR)15 (X = 2-6) MALDI-MS 520
Hg1Ag,Auy4.4(SR)1g (x = 1-3) MALDI-MS 520
Hg1Ag,Au4(SR)15 (X ~ 7.2) MALDI-MS, SCXRD 521
Pd;Cu,Au,4.,(SR)1g (x = 1-3) MALDI-MS 522
Pd;Ag,AU,4.,(SR)1g (x = 1-5) MALDI-MS 523
Pd1Ag,CuyAuzs..y(SR)1s

(x=13, yy: 1_2)V MALDI-MS 523
Pd;Ag-sAU~»0(SR) 13 MALDI-MS, SCXRD 524
PtiAg-4AU~(SR) 15 MALDI-MS, SCXRD 524

As the icosahedral M43 kernels can easily be center-doped
by Pt/Pd, tri-metallic nanoclusters could be prepared by
further doping the Pd/Pt-centered icosahedral kernel shell
with Au/Ag dopants. In addition, due to the improved
stability by the central Pt heteroatom, the tri-metallic
nanoclusters are generally stable and follow a stratified
configuration—Pt(center)@Ag/Au(kernel shell). Based on this
consideration, several phosphine/halogen co-protected tri-
metallic nanoclusters have been prepared, such as
Pt1AuU1,Ag15(PPh3)10Cl, NiAu1,Ag1,(PPhs)10Cly,
Pt,Au;0Ag13(PPh3)10Cl;, etc.379-381

Based on the center-Pt-doped Pt;Ag,4(SR).s, Kang et al.
exploited the metal-exchange strategy to prepare Pt/Au/Ag
tri-metallic nanoclusters with different structures.3’® Reacting
spherical Pt;Ag,4(SR)1g with Au-SR complexes generated
Pt;Ag,4xAUL(SR)1g with the maintained structure, i.e. the
Pt(center)@Au/Ag(kernel  shell) @Ag(motif)  tri-stratified
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arrangement. Both SC-XRD and ESI-MS results demonstrated
that the average Au doping number in Pt;Ag,4,Au,(SR).g Was
6.4.378 However, reacting Pt;Ag,4(SR)1g with a large amount of
Au(PPh;3)Br complexes altered the spherical shape to rod-like
shape, i.e. a bi-icosahedral Pt,Au,0Ag,3(PPh3).0Br; nanocluster,
with a multi-layered configuration of Ag-Aus-Pt;-Ags-Ag;-Ags-
Pt;-Aus-Ag,.378 The different metal-exchanging results
(structure-maintained vs. structure-altered) might be caused
by the different ligand effects between thiol and
phosphine.378

Adding only a small amount of Au(PPhs)Cl to Pt;Ag,4(SR)1s
did not cause structural transformation, but one or two Au
heteroatoms were doped into the Pt;Ag,, icosahedral kernel
shell, giving rise to Pt;Ag,3Au;(SR);s or Pt;Ag,,Au,(SR)qg
nanoclusters.?*? Thus, there should be a threshold for the
M,5(SR)1g nanocluster to maintain its spherical shape under
the attack by Au(PPh3)Cl.378442

The phenomenon in reacting Pd;Ag,(SR)1s  with
Au(PPh3)Cl complex is different.#*2 ESI-MS identified the
products as bi-metallic Au;Ag,4(SR):s and Au,Ag,3(SR):s
nanoclusters instead of the tri-metallic ones; that is, the
central Pd atom was substituted by the introduced Au
heteroatom. Bootharaju et al. proposed that such a
replacement process was similar to the “Ag,s(SR)is =
Au;Ag,4(SR)1s” doping process.*#? Specifically, the introduced
Au heteroatom was first arranged onto the icosahedral kernel
shell, and then exchanged with the center Pd atom.**? The
differences in Au doping processes for Pt;Ag,; and Pd;Agy,
nanoclusters could be explained in terms of variations in the
stability of the Pt/Pd center against the attack from the
incoming Au.%4?

5.2 M,y system

As for the Ag,9(S-Adm),g(PPh3); nanocluster (of note, its
structure remains undetermined, but is predicted from the
structures of other M,o(S-Adm),5(PPh3)s nanoclusters), the
FCC Agi3 kernel is capped by an Agi6(SR).3(PPhs)s cage. Kang
et al. constructed a library of Myg(S-Adm)qg(PPh3); (M =
Au/Ag/Pd/Pt/Cu) nanoclusters with composition ranging
from mono-metallic to tetra-metallic (Fig. 18), and atomically
precise manipulation on each site.**® These nanoclusters
were prepared step by step with in-situ synthesis, target
metal-exchange and forced metal-exchange methods, and
this stepwise procedure guaranteed the mono-dispersity of
these nanoclusters, resulting in Ag,s, PtiAgrs, Pt1Ag1,Cuyg,
Pt1Ag1,Cui,Au,, etc.**® Specifically, the Myg(S-Adm).g(PPhs),
template possesses a tetra-stratified configuration:
M, (center) @My, (15t-shell)@M,(SR)1g(2"d-shell) @ (Ag-

PPhs)4(vertex), and owing to the accessibility of each site with
multi-choices of metals, a rich library of 21 species of My
clusters was successfully prepared: the occupation by
Ag/Au/Pt/Pd at the center, and the occupation by Ag/Cu on
the cuboctahedral kernel shell (2"-shell) can be both
controlled by in-situ syntheses, while the control over the
vertex atom (the four sites linking to PPhsy in the
Ag16(SR)13(PPh3), cage) occupation by Ag/Cu/Au is achieved
via the target metal-exchange and the forced metal-exchange
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methods. Among these 21 Mg nanoclusters,
Pt1Ag1,Cu1,AU4(SR)18(PPh3)s and Pd1Ag;,CuinAug(SR)1s(PPhs)y
are indeed the first reports of tetra-metallic nanoclusters of
atomic precision. The atomic mono-dispersity of each
nanocluster has been confirmed by ESI-MS analysis. Based on
this Mg library, the synergetic effects on optical properties
and thermal stability have been mapped out, which will be
discussed in Section 7.448

Of note, there are great differences in doping modes
between Ag,9(S,R)12(PPh3)s and Ag,9(SR)18(PPhs)s) due to the
different kernel configurations (FCC vs. icosahedron) and the
surface structures. Future alloying work based upon these
two M,g templates will give more insights into the kernel
configuration effects and ligand effects in the doping process.

@ 1 (b)

o' EMeX_Cu/Ag/Au

1ziShell Ag

4 .C&ter Au/Ag/Pd/Pt
u
S~ é&\

[Pd,Ag,,Cu, Au,J*

A
or_ghell AG/CU

Fig. 18 Alloying based on the Ag,(S-Adm).g(PPhs), template.
(a) Proposed structure of tetra-metallic Pd;Agi,Cus,Aug(S-
Adm)ig(PPhs); nanocluster. (B) Structural anatomy of the
center, 1st-shell, 2nd-shell, and vertex of the My(S-
Adm);g(PPhs), cluster template. Redrawn from ref. 448 with
permission from National Academy of Sciences, copyright
2019.

5.3 Other systems

Except the Mj,s and M,y systems, other tri-metallic
nanoclusters have been studied as well.>25527 Puls et al.
reported the structure of Ni;(AuPPhs)g ,n)(AuCl)3(AICp*), (Cp*
= CsMes and n = 1, 2) based on the icosahedral Au;s
template.52> This tri-metallic nanocluster was prepared by the
transmetalation of Ni(AICp*); with Au(PPh3)Cl. In the
structure of Ni;AugAl;, the Ni or Al heteroatom is
incorporated at the center or on the surface of an incomplete
icosahedral kernel. When two Al heteroatoms are doped into
the template, the icosahedral configuration of Ni;AusAl,
becomes more defective. By similar synthetic procedures, the
central and surface Au atoms can be substituted by the
introduced Mo and Ga atoms, respectively, resulting in a tri-
metallic nanocluster with a Mo(center)@Aug(PMes)sGa,Cl;
configuration.52>

Zheng and co-workers reported an alkynyl-protected
AggAu,(C=C!Bu);, nanocluster, which follows a three-layer
Au;@Ags@Aug(C=C!Bu),, configuration.526 When copper was
added during the synthesis, some of the peripheral Au could
be substituted by Cu, producing tri-metallic AggsAu;.
+Cu,(C=C!Bu),, nanoclusters (x up to 6).526

The reaction between H-Pd;Aug(PPhs)s and Au(l)Cl
generated bi-metallic HPd;Auq(PPh3)sCl, nanocluster.31® Hirai
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et al. introduced Ag(l)Cl or Cu(l)Cl to the solution of
HPd;Aug(PPhs)g, and obtained tri-metallic
HPd;Ag,Aus(PPh3)sCl, or HPd;Cu,Aug(PPhs)sCl,.527 SC-XRD
results found that Ag or Cd heteroatoms were region-
selectively incorporated. Besides, DFT calculations suggested
that the hydrogen in HPd;M,Aug(PPh3)sCl, (M = Au, Ag, Cu)
occupy the same bridging site between the central Pd and
the surface Au atom.>?7

6 Other alloy nanoclusters

Aside from the aforementioned nanocluster systems, alloy
nanoclusters with specific structures have been synthesized
and determined. In this section, we select some works of
recently published alloy nanoclusters. Together with those
discussed in previous sections, the combination will provide
readers with a comprehensive view on the alloying modes of
different metals, novel structures and properties that alloying
can bring about.

Similar to section 4, atoms of the same kind tend to
arrange according to the symmetry of the nanocluster
structure. For smaller sizes, central occupation and
symmetrically sparse surface distribution for minor atom(s)
are observed, whereas for larger sizes, different atoms prefer
to form a shell-by-shell autonomy.

6.1 Au/Ag alloy nanoclusters

In addition to the aforementioned Au/Ag alloy nanoclusters
(section 2-5), there are many more of them with specific
alloying modes and overall structures, which are reviewed
herein and divided into three categories according to their
sizes—small size (nanoclusters contain up to 25 metal atoms),
medium size (nanoclusters contain 25-50 metal atoms), and
large size (nanoclusters contain more than 50 metal atoms).
These Au/Ag alloy nanoclusters are summarized in Table 7.

Table 7 Au/Ag alloy nanoclusters reviewed in Section 6.1
(sorted by metal kernel size, from small to large).

Formula Ref
AugAg,(PPhypy)s 529
AugAgs(DPPM),(S-Adm)s 528
Au10Ag,(2-py-C=C)3(PPhypy)s 529
Au;Ags(DPPF)3(CF5CO,); 530
Au;Ag16(S-Ph-1Bu) 1, 532
AugAgy3(DPPM)3(2,5-SPhMe,)q 533
Auis.,Ag(DPPM)gBrs (x =1, 2) 536

AugAg1,(SR)a(DPPM)eXs

(SR = S-Adm or S-tBu; X = Br or Cl) 237
Au;Ag,4(DPPM);5(S-c-CeHi1)17 538
AuyAg,3(C=C-'Bu)(DPPF),Cl; 539
AusAg,4(C=C-CHy-p-tBu)16(DPPF)4Cly 539
Au;Ag335,(S-Ch,Ph)1(CF3CO0)g(DMF)g 540
Au;Ags3(BTCA)3(C=C!Bu)q(tfa)s(CH30H);3 541
Au;Ag3q(S-CH,Ph-Bu),,(CH3CO0)1; 542
Au;Ag35(S-CH,Ph-tBu),0(CH3CO0);, 542
AuzAgas(S-CH,Ph),4Xs (X = CI/Br) 543
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AuzsAg20(SPY)a(C=CPh)yCl1, 544
AUAZ4(S-Adm),, 547
AugAgss(S-PhCl,),7(PPhs)g 545
AuyAg,,(S-Ph-1Bu)sg 546
Au,Ags5(S-tBu)o(DPPM)eBri; 547
AussAgys(PhC=C)ay 548
Auz4Ag46(S'BU)3z 549
AUgoAg30(C=CPh)axClo 550
AUs;Ags3(C=CPh)4oBry, 551
AUs30.Ag(S-Ph'Bu)ss (x ~ 98) 552
Ag167-xAUy(2,4-SPhMe,)go (X ~93.8) 553

6.1.1 Au/Ag alloy nanoclusters of up to 25 metal atoms

Jin et al. reported a small-sized Au/Ag nanocluster co-
protected by DPPM and S-Adm ligands with a chemical
formula of AusAgs(DPPM),(S-Adm)e.>28 In the AusAgs, an Ags
central plane is penetrated by an Au, unit which is further
linked by the other two Au atoms (Fig. 19a). SC-XRD identified
two chiral isomers in the unit cell. Interestingly, although
AusAgs in the solution phase is non-emissive, strong PL is
induced when AujAgs nanoclusters are in solid state
(amorphous or crystals). Such an AIE phenomenon could be
attributed to the tight combination of left- and right-handed
enantiomers in solid state, which induces a strong restriction
on intramolecular motions (RIM).528

The Wang group obtained two small-sized Au/Ag alloy
nanoclusters—AugAg,(PPh,py)s and Au10Ag,(2-py-
C=C);3(PPh,py)s.>?° As shown in Fig. 19b, AugAg, adopts the ue-
Ag binding mode, i.e. each Ag is linked to three N donors in
PPh,py ligand and three Au atoms. As for AujgAg,, two Ag
heteroatoms are anchored to the two terminals of Au,o, and
the integrate structure of Au;pAg, displays Cs, symmetry.
Three 2-py-C=C ligands encircle the central Au,o, whereas the
PPh,py ligands are only at the terminal positions to anchor
the Ag heteroatoms (Fig. 19c).>?° Of note, AujpAg, shows
intense red-NIR dual emissions at 653 nm and 971 nm in
solution. The emission at 653 nm is proposed to originate
from the process of metal-to-ligand charge transfer (MLCT)
from Ag to phosphine ligands, whereas the NIR emission (971
nm) is associated with the participation of PPh,py ligands in
the frontier orbitals of AujpAg,.>%°

Wen et al. reported a linear cluster-based polymer by
assembling  Au;Agg(DPPF)3(CF5CO,);, (DPPF = 1,1’-
bis(diphenylphosphino)ferrocene) entities via covalent Ag-O
bonds, resulting in [Au;Age(DPPF);(CF3CO,);BF4],.23° In the
building block of Au;Ags, the icosahedral Au@AugAgs kernel
following an Ags-Aus,-Ags three-layer fashion is further
capped by two Ag atoms. Two adjacent Au,Ags building
blocks are connected by an additional Ag atom, and thus, a
cluster-based, one-dimensional chain is produced.>3¢
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Au,Ag.(DPPM)(SR), AuAg,(PPhpy), Au Ag,(PPhpy),(C=C),

Au Ag, (SR),,
Fig. 19 Structures of Au/Ag alloy nanoclusters with metal
atom number up to 25, including (a) AusAgs(DPPM),(S-Adm)g;
(b) AugAgy(PPhypy)s; (c) AuioAga(2-py-C=C)3(PPhypy)s; (d)

Au,Ag,(DPPM)(SR), AuAg,,(DPPM)(SR),Br,

Au1Agi6(S-Ph-"Bu)i;  (e)
AU9A€12(SR)4(DPPM)GBI'6.

AusAgi3(DPPM);3(SR);  and  (f)

Bigioni and co-workers characterized Ag,7(S-Ph-'Bu)4,, and
DFT predicted that the homo-silver nanocluster contained an
icosahedral Ag,3 kernel capped by four tetrahedrally arranged
Agi(SR); staple motifs.>3? In their follow-up work,
Au1Agi6(SR)1, was prepared and facilitated the determination
of the structure,>32 in which the mono-Au heteroatom was
doped into the center of the icosahedral kernel (Fig. 19d). Of
note, such a center-doping mode is the same as doping a
single Au atom into Ag,s(SR).g that bears an icosahedral Ags
kernel as well. So far, Ag,7(SR)1, is the smallest homo-silver
nanocluster protected by thiolates.>32

Chen et al. reported the first alloy nanocluster
(AusAg.3(DPPM)3(SR)g) that bearing the crystallization-
induced emission enhancement (CIEE) performance.>33 CIEE is
a PL variation phenomenon that a non-emissive or weak-
emissive compound (in solution or amorphous state) shows
high fluorescence when in crystal state.>33->3> The structure of
AuyAgi3 exhibits an icosahedral AusAgy kernel: one Au atom
at the center, and three Au atoms are on the icosahedral
kernel shell with triangular arrangement (Fig. 19e). Three

Ag:(DPPM)4(SR)s units cap the AusAgg kernel along the C; axis.

Interestingly, the non-emissive AusAg,3 (in solution and
amorphous state) exhibited high PL (QY = 2.7%) in the crystal
state owing to the inter-nanocluster C-H---yt interactions.>33

By exploiting the thiol-etching synthetic procedure, Jin et
al. reported three small phosphine-protected nanoclusters:
Aui3(DPPM)s, Auig(DPPM)gBrs, and Au,o(DPPM)g(CN)g.36
Based on Au;g(DPPM)¢Bry, the authors doped up to 2 Ag
heteroatoms at the position(s) linked to Br due to the
stronger binding capability of Ag-Br, and produced Auig
xAgx(DPPM)gBr, (x = 1, 2).536

Zhu and co-workers reported AugAgi>(SR)4(DPPM)gXg (SR
= S-Adm or S-tBu; X = Br or Cl) nanoclusters which contained
an icosahedral AusAgs kernel, and an
Auy(DPPM),@Ag4(SR)4(DPPM),@X¢ peripheral structure (Fig.
19f).>37 With different arrangements of the surface Au atoms,
a pair of structural isomers was observed in the unit cell:
chiral-AugAg,, and achiral-AugAg,,. As for the chiral AusAg,,,
the changeable AujAgs@Au, kernel-surface inter-linking
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modes led to the configurational transformation, responsible
for the structural isomerism of this nanocluster. Furthermore,
HPLC was used to separate the two enantiomers of the chiral-
AugAg,, nanocluster, and CD signals were observed.>3

6.1.2 Au/Ag alloy nanoclusters of 25-50 metal atoms

In addition to Au;Ag,4(SR).g containing an Au;Agq, kernel, Li
et al. reported another Au,Ag,; nanocluster that is co-
protected by DPPM and S-c-CgHi; ligands, namely,
Au;Ag,4(DPPM)3(SR),; (Fig. 20a).>38 Compared with the
standard icosahedral Au;Ag;; kernel in Au;Ag,4(SR)1s,
Au1Ag,4(DPPM)3(SR);7; has a distorted icosahedral Au;Agi,
kernel (6 e), which is surrounded by an Ag;,(DPPM)3(SR);s
ring motif, and two u;3 bridging thiolates.>38

(a)

~ h"‘ 'A\“/
e

Au Ag33(BTCA) (C= C) (tfa),

(f)

Au,Ag,.(SR),,
Fig. 20 Structures of Au/Ag alloy nanoclusters with metal

Au,Ag,.(SR),,(PPh,), Au.Ag,,(SR),(DPPM),Br.,
atom number between 25 and 50, including (a)
AU1A€24(DPPM)3(SR)17; (b) AU4Ag23(CEC-tBU)(DPPF)4C|7 and
AusAg4(C=C-CHy-p-"Bu)16(DPPF),4Cly; (c)
Au1Ags3(BTCA)3(C=C'Bu)s(tfa)s(CH3OH)s; (d) AuzAgss(S-
CH3Ph)2aXs; (€) AuzsAg20(SPY)a(C=CPh)yoCliy; () AugAgse(S-
PhCly),7(PPhs)s;  (8)  AuyAgsn(S-Adm)y;  and  AupAgss(S-
tBU)zo(DPPM)sBrll.

The ligand effect on the alloying process has been
investigated as well. Du et al. reported different alloying
patterns of Au/Ag-C=C-R nanoclusters bearing different R
groups.>3 Two related nanoclusters with different sizes were
synthesized by the same procedure, formulated as
AuzAg,3(C=C-'Bu)(DPPF),Cly and AusAg4(C=C-CgHy-p-
tBu),6(DPPF)4Cl,.53° AuyAg,s contains an icosahedral Au;Agi,
kernel surrounded by an AusAg;; shell, which is further
capped by three types of ligands (Fig. 20b, left). As for
AusAg,4, the icosahedral Au;Ag,, kernel is encircled by four
Ag atoms, and further protected by an AusAgi, shell (Fig. 20b,
right).>3® The Au;@Ag,, kernels in these two nanoclusters
agree again with the alloying mode in other silver-based
nanoclusters that contain icosahedral M;; kernels.5%70
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Zang and co-workers obtained crystal structures of
Ag3455(S-Ch,Ph)15(CF3CO0)s(DMF)s, which contained an
Ag13@Ag,; core-shell configuration.>*® Doping this homo-
silver nanocluster with Au(PPh3)Cl would substitute the
central Ag atom with Au, whereas the other parts of the
parent nanocluster were retained. In other words, the doped
AuiAgsz nanocluster showed an Au;Agi,(kernel)@Ag;:(shell)
configuration.>40

Guan et al. reported the syntheses and structures of
Ag34(BTCA);(C=CtBu)s(tfa),(CH3;0H); and
Au;Agss(BTCA)3(C=CtBu)o(tfa)s(CH;OH);  (BTCA =  p-
tertbutylthiacalixarene; tfa = trifluoroacetate).>*® Both
nanoclusters contain icosahedral M3 kernels (i.e., Agis kernel
in Agss and Au;jAgq, kernel in Au;Agss with the Au heteroatom
at the center), and the doping Au at the center provided an
enhancement of stability to the nanocluster (Fig. 20c).>**

Based on the Agso(S-CH,Ph-tBu),,(CH3C0O0),o nanocluster,
two mono-Au-doped alloy nanoclusters, Au;Agsq(S-CH,Ph-
tBu)»1(CH3CO0)1;  and  AuiAgss(S-CHyPh-tBu),o(CH3COO0);,,
have been synthesized and structurally determined.>*? These
three nanoclusters possess a similar metal framework, albeit
some of the thiolate ligands of Ag,, have been replaced by
the introduced acetate ligand(s) in both Au;Agsg
nanoclusters.>*? The thiolate-acetate exchangeable sites are
located at the two poles of the nanocluster framework.>42

AuzAgss(S-CH,Ph),4Xs (X = CI/Br) features a face-fused bi-
icosahedral rod-like Au,@Au;Ag,, kernel, an Ags(S-
CH,Ph),4X5 shell, and two bare X atoms (Fig. 20d).>*3 The bi-
icosahedral AusAg,, kernel is constituted by fusing two
Au,Ag;; icosahedral units at the M;s plane, and the two
centers of both icosahedrons are occupied by Au. In addition,
the Agi5(S-CH,Ph).4Xs shell is formed by aggregating two
Age(SR)6 units from two poles and one Agg(SR),X3 unit at the
equator.>*3

Wang et al. reported 2-Spy, PhC=C, and Cl ligands co-
protected AuyAg,y Wwith a concentric tri-stratified
arrangement: Auj,(kernel)@Agyo(shell)@Au,,(surface) (Fig.
20e).>** On the surface, two types of motif structures are
observed: Ags(shell)@Au,(PhC=C),(surface) and
Ags(shell)@Au,(PhC=C),(Spy)i(surface). The peripheral PhC=C
ligands were labile and thus, easy to be removed upon
thermal treatments or be exchanged by other types of
ligands; of note, in the ligand exchange processes, the
metallic part was retained, rendering new derivatives with
the same metallic configuration but different surface
functionality.>**

A 45-atom trigonal-prismatic Au/Ag nanocluster is
reported by Huang et al., formulated as AugAgss(S-
PhCl,),7(PPh3)s, which follows an Au(kernel)@Ag(shell)
configuration; in other words, the Au atoms make up a
trigonal prismatic Aug kernel (Fig. 20f).>*> The Ag surface is
comprised of a tricapped trigonal prismatic Agzo(SR),7 and six
Ag-PPhs terminals. The distorted square face containing 13
Ag atoms is similar to a “FCC” structure, and within this FCC
plane, all edges are bridged by thiol ligands except for three
Ag-Ag edges; that is, three vacancies are generated. Two
reasons are proposed to explain these “vacancies”: (i) the
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steric hindrance of the peripheral thiolate ligands; (ii) the
superatom electronic shell closing of 1521P61D*0.54>

The  AuyeAg,,(S-Ph-Bu)sg  nanocluster displays a
Aug,(kernel)@AuiAgyo(15t shell)@Au;3(SR),6(2M
shell)@Ags(SR)s(surface)  configuration.>*¢  The overall
structure of Au,gAg,, exhibits a basket-like construction with
a handle-like Ags(SR); motif, and the Au;3(SR),s shell is
comprised of 13 Au,(SR), monomeric staple motifs. The free
valence electron of Au,sAg,; is 18e (26 + 22 - 30), following
the closed-shell electronic structure.>*6

Ligand-protected nanoclusters bearing closed electronic
shells have been considered as superatoms due to their
noble-gas-atom-like valence electron configurations. Several
nanoclusters with icosahedral kernels possess 8 free valence
electrons, such as  [Aui3(PPh3)10Cl1%*,  [Auys(SR)1s],
[Ag,5(SR)1g], and so on. lJin et al. reported two alloy
nanoclusters bearing a dimer of 8-electron superatom
units—AU,Ag4,(S-Adm),;  and  Au,Agss(S-iBu),o(DPPM)gBry;
(Fig. 20g).>*” Both nanoclusters show two independent
icosahedral Au;Agi, kernels binding to each other. Specifically,
Au,Ag4, contains two Au;Ag;, icosahedrons wrapped by an
Ag15(S-Adm),; shell consisting of three independent Agg(S-
Adm)g motifs; as for Au,Agss, the two independent Au;Agi,
icosahedrons are central-enwrapped by five Br atoms, and
each AujAgy;, unit is also capped by an Ag(S-
tBu)1o(DPPM);Br; integrate motif structure as well.>*” The free
electron count of each nanocluster is 16, which doubles that
of the single icosahedron. DFT calculations suggested that
these icosahedral units (Au;Ag,) still retained the superatom
feature  after the  superatom-superatom  assembly.
Consequently, the electronic structures of both Au,Ag,, and
Au,Ag,s could be interpreted in terms of the dimerization of
two 8-electron superatoms.>*’

6.1.3 Au/Ag alloy nanoclusters of more than 50 metal atoms

Wang et al. reported all-alkynyl-capped intermetallic AussAg,s
nanocluster stabilized by 34 PhC=C ligands.>*® The structure
of AuszsAg,s follows a four-concentric configuration:
Agi(center)@Auy;(15t-shell) @Ag;7(2"-shell) @ Auy,(motif) (Fig.
21a). The Auyy is stabilized by PhC=C ligands, forming Ag-
PhC=C-Au-PhC=C-Ag motifs. Similar to the
Au,4Ag,0(SPY)4(PhC=C),oCl, alloy nanocluster, the PhC=C
ligands could be easily removed upon thermal
treatments.>**>%8 Thus, the catalytic activity of AussAg,s with
or without ligands for hydrolytic oxidation of organosilanes to
silanols were compared. Interestingly, it was observed for the
first time that the nanoclusters with whole ligands were
much higher in catalysis than those with surface ligands
partially or completely removed.>*®

To investigate the function of different metals in specific
positions, a series of correlated nanoclusters (e.g., homo-gold,
homo-silver, and Au/Ag alloy nanoclusters with abundant
configurations) should be prepared and compared. Zhu and
co-workers obtained Auy;Ag4s(SR)3, and compared its
catalytic performance with Auys(SR)1s, Agsa(SR)30, and
Au1,Ag3,(SR)30.°%° The AuysAgss alloy nanocluster shows a
multi-shell configuration: Ag,(center)@Auqg(15t-

This journal is © The Royal Society of Chemistry 20xx

Page 34 of 74



Plezse do nnt adiust margins

Journal Name

shell) @Ag,o(2"9-shell) @Ag,4Aus(SR)s2(motifs) (Fig. 21b). Four
types of motifs were observed on the surface, including
Ag4(SR);, Ags(SR);, Ag,Aui(SR);, and Auy(SR),.>*° As the
integrate structure has one C; and three C, symmetric axes as
well as three gy planes, the point group of Au,3Ag46(SR)3; is
Dsg4. Interestingly, in terms of the styrene oxidization, surface
Au atoms were determined to be capable of enhancing the
conversions of the catalysis, while surface Ag atoms could
enhance the selectivity of benzaldehyde.>*?

A large AugpAgso(C=CPh)4,Cly alloy nanocluster with a
concentric four-shell Russian doll arrangement is reported as
well.5%0 The innermost kernel is an octahedral Aug, which is
wrapped by the Auss shell. The Aug@Auss is further
surrounded by two more shells, forming the
Aug@Auzs@Ag30AU s @AU,; metal configuration (Fig. 21c). A
total of 42 -C=C-Ph and 9 u,-Cl ligands are clamping on the
nanocluster surface, and three types of staple motifs,
including Au,Ag,@Ph-C=C-Au-C=C-Ph, Au,Ag;@Ph-C=C-Au-
C=C-Ph, and Au;Ag;@Ph-C=C-Au-C=C-Ph, are found. In a
control experiment that no halide sources were added, only
some small-sized nanoclusters could be detected, which
proved the critical effect of chloride in the preparation of this
large-sized alloy nanocluster. The point group of AuggAgsp is
D34 (one C3; symmetric axis, three C, symmetric axes, and
three o4 symmetric planes).>*0 In their follow-up works, by
changing the Ag precursors in the synthetic procedure of
AugoAgso, another large-sized Aus7Ags3(C=CPh)40Bry,
nanocluster with different metal and ligand compositions was
obtained.>®! Although the metal atom numbers in these two
nanoclusters are the same, the metal arrangement of
Aus,Ags3 exhibits an AusAg, @Aus,@Ags; @Auy, architecture.
As the surface motifs in Aus;Ags3 are much more complicated,
the nanocluster displays an irregular structure with C;
symmetry (Fig. 21d).>?

The synthesis and the structure of Au3o..Ag.(SR)ss (x ~ 98;
SR = SPhiBu) have been reported.>>? The overall structure of
Aui30..Agx comprises a decahedral Ms; (M = Au/Ag) core. In
this regular Ms, decahedron, all of the ~32 Au atoms are
localized in the truncated My Marks decahedron, whereas
the five corners of the Ms; decahedron comprise 100% Ag
atoms. The truncated Mg Marks decahedron contains an Ag-
rich AusgAg,, tetrahedral core that is capped by an Au-rich
Au,s3Ags, hollow cage. The obtained Mgy decahedron is
further capped by a shell of Aggs with overall Ds, symmetry
and 16 outermost Ag. In this context, the overall structure of
Au130..A8«(SR)ss follows an (AuAg);o@Agsi(SR)ss core-shell
configuration.>>2

This journal is © The Royal Society of Chemistry 20xx
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Fig. 21 Structure of Au/Ag Alloy nanoclusters with metal
atom number larger than 50, inlcuding (a) AussAg,s(PhC=C)34
and its Au and Ag arrangements; (b) Au,3Ag46(StBu)s, and its
Au and Ag arrangements; (c) AuggAgso(C=CPh);,Clg
nanocluster and its Au and Ag arrangements; (d)
Aus;Ags3(C=CPh)4Bri, nanocluster and its Au and Ag
arrangements; (e) Agye7.xAU(SPhMe,)go (x ~93.8) and its
mixed Au/Ag and Ag arrangements.

In 2018, Yan et al. reported Ag,s7xAUL(SR)go (x ~93.8),
which is the largest alloy nanocluster to date.5>3 Owing to its
large size, Ag,s7.xAuy displays metallic behavior (e.g. plasmon
excitation). It contains a concentric icosahedral structure —
Agi(center)@M,(15t-shell) @M,,(2M-shell) @ Mg,(3-
shell) @Ag1,0(SR)so(cage) (M = Au or Ag, see Fig. 21e). Of note,
the Ag.@M, @My, @Mg, kernel is a M7 icosahedron, which
is similar to the kernel in the Pdies5.4Pt,(CO)7,(PPhs)yg
nanocluster.5> In addition, a regular triangle-tetragon-
pentagon interlaced arrangement is observed on the surface.
The surface Ag atoms are anchored with thiolates via two
modes, i.e. Ags triangle@SR and Ag, tetragon@SR.>>3 Of note,
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in the unit cell, another medium-sized AugAgs¢(SR),7(PPhs)s is
observed (Fig. 21f), of which the structure is similar to that of
previously reported AugAgse, albeit with some difference in
peripheral ligands.>*>°53 Compared with Agys7..Au,(SR)so,
AugAgss has an 18-electron shell closing, a notable HOMO-
LUMO energy gap, and molecule-like optical absorption. Such
a co-crystallization is meaningful (Fig. 21g), and the
interactions between the methyl group on Ag,s7AU,(SR)go
and the benzene ring of PPh; ligands o AugAgss(SR),7(PPhs)s
are proposed to play a predominant role in the nanocluster
assembly in crystals.>>3

6.2 Au/Cu alloy nanoclusters

Introduing heterometals into the nanocluster is of
importance to prepare new nanoclusters with novel
structures and intriguing properties. For example, comparing
the M-SR bonding modes between Au,5(SR):s and Ag,s(SR)1s,
the Au-SR bonding in Au,s(SR).g is a linear type for Au,(SR)s
motifs, whereas the u3-Ag (one Ag binds to three thiolates) is
observed in Ag,s(SR):5. One may wonder what binding mode
of Cu-ligand will be, similar or different with those of Au-
ligand or Ag-ligand binding? Consequently, Au/Cu and Ag/Cu
alloy nanoclusters would hopefully show novel structures
comparing to homo-Au, homo-Ag, and bi-metallic Au/Ag
nanoclusters. In the following two sections, selective Au/Cu
and Ag/Cu nanoclusters with specific structures are reviewed
(and also see Table 8 for a summary of Au/Cu alloy
nanoclusters), as a supplement to sections 4.2 and 4.3.

Table 8 Au/Cu alloy nanoclusters (sorted by metal kernel size,
from small to large).

Formula Ref(s)
Au,Cug(S-Adm)s(PPhs), 555,556
Au,Cuy(S-Adm)s(DPPM), 557
Au;Cu1,(S,CN"Bu,)s(C=CPh), 518
Auy3Cuy(PPhs)s(Spy)s 507
Auy3Cu,(DPPP);3(Spy)s 508
Au13CU,(PPh3)s(SC,H4Ph)g 509
Au13Cuy(PPh,py)s(SPhiBu)g 507
Au13Cuy(PPh,py)s(SePh)y 510
Au,Cu1,(PPh,py)s(SPhiBu)gBry 558
Au,oCuy(StBu)s 276
Auy1,Cu,(S'Bu)ys 276
Au;3Cug(Spy)i2 507
AUz, Cuy(S-c-CeHi1)16 283
Au;CUyzH5,(PPhs)1, 560
Au;CuysHaa(P(p-FPh)s)1n 560
Au,,Cug(SPhiBu),, 561
Au1,Cus,(SPhCF;3)3 511
Au14Cus,(SPhCF3)3;, 511
Au16CU3,(SPhCF3)34 511
AU15CU30(C=C-3-5-C4H3)15(Ph3P)sCl, 562
Au15Cu3(SPhCF3)36 511
Aus,Cu7,(SPh?Me)ss 646
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By exploiting the aggregation-induced emission (AIE)
concept, non-luminescent Cu(l)-SR complexes are self-
assembled by Au(0) to produce highly luminescent
Au,Cug(SR)g(PPh3), nanocluster (Fig. 22a).55>%%¢ Au,Cug
contains two free electrons and is indeed the smallest Au/Cu
nanocluster. Structurally, a total of six Cu(l)-SR complexes are
assembled into a hexagon with two gold atoms, and these
two Au(0) are further stabilized by PPh; ligands. One GC;, three
C, axes, three mirror planes (o4), and one symmetric center
(/) can be found in the nanocluster, giving Dzy symmetry.>>>556
Using DPPM instead of PPh3 in the synthesis could give rise to
Au,4Cuy(SR)s(DPPM), (Fig. 22b), which comprises an AusP4
kernel, and a perpendicular Cu4(SR)s ring.>>” Significantly,
there are four isomers in the crystal lattice of AusCu,.>%7

By reducing the Au/Cu-SR-PPh,py complexes (SR = S-
PhtBu) with NaBH,;, Song et al. obtained an alloyed
Au,Cu,;,(PPh;,py)s(SR)eBrs nanocluster (Fig. 22c), containing a
ring-like Au,Cug kernel in the middle, and two “hat-like” Cus-
based motifs with four Br atoms from top and bottom.>%8

(a) (b)

Au,Cu,H,,(PPh,),,

24" 22

(9 (h) (i

X@Ag,Cu,(C=C),, Ag,Cu,(DPPM)(SR),Br, Ag, .Cu

148 40,13 13 BTS‘Q(SH)EO(S!)'Q
Fig. 22 Structures of Au/Cu and Ag/Cu alloy nanoclusters. (a)
Au,Cug(S-Adm)g(PPhs)s;  (b)  AugCus(S-Adm)s(DPPM),;  (c)
Au;Cu1,(PPhapy)s(SPh'Bu)eBra;  (d)  AuiCupsHan(PPhs)iy;  (e)
Au;4Cug(SPhBu)2y; (f) Au19Cu30(C=CR);2(Ph3P)6Cly; ()
X@CugAgs(C=CR)1z; (h) AgoCuis(S-Adm)14(DPPM)eBrg; (i)
Ag40.13CU13 87519(S'BU)20(*BUSO3)15.

Hayton and co-workers reported Cu,sH,;(PPhs);, with
partial Cu(0) character, containing an icosahedral Cu,3 kernel
stabilized by four [Cu(PPhs)]; capping motifs and 22 hydride
ligands.>>® In 2019, Chen et al. successfully substituted the
center with Au heteroatom, producing Au;CuysH,>(PPhs)q,
with a maintained overall structure (Fig. 22d).°%° The
peripheral PPh; ligands of the nanoclusters can be altered to
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(p-FPh)sP  ligand, vyielding  CusH,(P(p-FPh)s);  and
Au;CuysH55(P(p-FPh)s)1,, respectively.>6©

Chai et al. synthesized and structurally determined a 30-
nuclei Au/Cu bi-metallic Au,4Cug(SPhiBu),, (Fig. 22e).561 Six
copper atoms are found to exclusively occupy the surface
shoulder sites to form two planar Cus(SR); motifs reminiscent
of benzene rings on each side. Indeed, the m conjugation
within this planar motif plays a pivotal role in catalyzing the
ring-opening reaction.>!

Larger Au/Cu alloy nanocluster —
Au19Cu30(C=CR);,,(Ph3P)sCl, (Fig. 22f) was reported by the
Wang group in 2017.562 Alkynyl ligands are arranged on the
surface, mainly protecting the exposed Cu atoms, and the
Au19Cuszg shows a multi-shell structure as
Au,@Au,,@Cuzg@Aug. The outermost six Au atoms
constitute a chair-like hexagonal configuration, which is
further stabilized by the PPh; ligands. Moreover, interfacial
structure between Cu and alkynyl ligands follows the us
bridging modes, which is distinctly different from those in Au-
alkynyl and Au/Ag-alkynyl nanoclusters.>%2

6.3 Ag/Cu alloy nanoclusters

Early in 2011, Williams and co-workers reported the synthesis
of Cl@Ag;4 cluster compound (all metals are with +1 charge
state) and its Cu-doped CI@Agi4,Cuy (x up to six)
counterparts. A reversible process between CI@Ag;; and
CI@Ag144Cuy could be expressed as CI@Ag; + x Cu* -
Cl@Cu,Agisx + x Ag* and CI@Cu,Agi4x + X Ag® - CI@Ag14 + X
Cu*.5%3 The crystal structure of Cl@CugAgs was determined
two years later,”®* in which the metallic kernel featured a
rhombic dodecahedron (Fig. 22g).

[Ag,0Cu1,(SR)14(DPPM)¢Brg]?* (where SR = S-Adm) is
reported by Zou et al., which consists an Agi; kernel capped
by an AgzCu1,(SR)14(DPPM)gBrs cage (Fig. 22h).>% The cage is
assembled by two Ag;Cug(SR);,(DPPM)3Br, via an Ag atom,
and each Ag;Cug(SR);(DPPM)3Br, is composed of a
Cu,(SR)3(DPPM)Br and an Ag;Cus(SR)4(DPPM),Br; linked by a
Cu atom. Similar to Ag,sCu;,, all Cu atoms are selectively
incorporated on the surface. By comparing the structures of
Ag,0Cus,, Agsy(DPPE)s(SR),4 and Ags(DPPM)s5(S-Adm)q3Clg, the
authors investigated the ligand and metal effects on the
structures of nanoclusters.>65->67

By using multiple types of protected ligands including
bare S atom, tert-butyl thiolate, and tert-butyl sulfonate,
Yang et al. obtained Agsp13CU13.87519(tBUS),0(tBuSO3)1, Wwhich
exhibited a Cu10Ag,Sy kernel capped by a
M2 (tBuS),0(tBuSO3)1, (M4, contained 3.87 Cu and 38.13 Ag
atoms) cage and twelve bare S atoms (Fig. 22i).°%8 There are
several symmetric elements based on the structure of
(AgCu)ss, demonstrating the high symmetry of this alloy
nanocluster.>%8

In conclusion, several Au/Cu and Ag/Cu alloy nanoclusters
have been reported, reflecting different metal arrangements
and metal-ligand interface structures, and structure-
determined properties compared to the homo-gold, homo-
silver, and bi-metallic Au/Ag nanoclusters. However,
compared with Au/Ag alloy nanoclusters that have been

This journal is © The Royal Society of Chemistry 20xx

Chemical Society Reviews

extensively investigated, the research on Au/Cu is less, and
Ag/Cu is even less. Future work may pay more attention to
such alloys.

6.4 Alloy nanoclusters with other metals (Pd/Pt/Cd)

In addition to the alloy nanoclusters composed of Au/Ag/Cu
(elements of group 11), other metals from 10 and 12 groups,
e.g. Pd/Pt/Cd, can be alloyed with these 11 group elements
as well, forming new structures based on different alloying
modes. In this section, we highlight some literature works,
with a focus on the similarities and differences in structures
and other characteristics.

Yang et al. obtained the crystal structures Cd;Au14(SR)1>
(SR = S'Bu) and predicted the structure of Au;s(SR):,” and
Au;s(SR)13 nanoclusters by DFT calculation.®®® So far, the
structure of this small Au-SR nanocluster—Au;5(SR);3 with 2-
electron—is still not accessible.’”9573 As for Cd;Auis, its
Cd;Aus kernel, which is constituted by combining two Cd;Aus
tetrahedrons at the Cd-Au edge, is capped by two Au,(SR)s
tetrameric staple motifs and one Au;(SR), monomeric staple
motif (Fig. 23b).>%°

Pd,Cu, ,H,(dtc),(C=C), (SR),,

14

Pt,Ag,,(C=C),, >t Pd

PPh,),,(CO)
Fig. 23 Structures of Pd/Pt/Cd-contained alloy nanoclusters.
(a) CdiAu1a(S'Bu)1z; (b) PdiCuisH,(dtc/dtp)s(C=CPh)g; (c)
Auz6Cds(S-c-CsH11)z2; (d) PtiAgsa(C=C-CgH4CHs)as; (€) Pdies.
«Pt,(CO)72(PPh3),0 and its Pt and Pd arrangements.

155~x( (X -~ 8)

By reacting poly-hydrido copper clusters Cu,gH;s(dtc),, or
CuyoHi1(dtp)g with phenyl acetylene in the presence of
Pd(PPh3),Cl,, Chakrahari et al. obtained two Cu-rich bi-
metallic nanoclusters—Pd;Cui4H,(dtc/dtp)s(C=CPh)s (dtc =
S,CN"Bu,; dtp = S,P(OPr),).57* SC-XRD demonstrated that the
introduced Pd heteroatom was at the center of the Pd;H,Cuj4
kernel in both nanoclusters, displaying the highest
coordination number (14) so far recorded (Fig. 23c). Each H
atom in the nanocluster was connected to one Pd°® and four
Cu' atoms in a slightly distorted trigonal bipyramidal
geometry.>’4

Alloying the Auz4(SR),, nanocluster (SR = S-c-CgHq1) with
Cd(NOs3), produces AuysCds(SR),,, which comprises a
distorted FCC Auy¢ kernel capped by two “paw-like” Cd;(SR-
Au-SR); motifs, one pentameric AusCd,(SR)g motif and one
monomeric Auy(SR); motif (Fig. 23d).>’”> Owing to the
presence of Cd heteroatoms, one monomeric Au,(SR), motif
and one trimeric Aus(SR); motif merge into a new pentameric
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AuzCd,(SR)g motif.5”> A dealloying process was observed in
Au,6Cd4(SR),, — the addition of Au(l)-SR induced a reversible
process and Au,gCd4(SR),, transformed back to the parent
Au3z4(SR),> nanocluster, while Au;g(SR):4 was obtained in the
presence of Pd(ll)-(SR),.>7>

By changing the feeding Pt/Ag procedures in the synthesis
of PtsAgy,, Shen and Mizuta obtained Pt;Ags,(C=C-CgH4CH3) g
nanocluster (8e), containing an icosahedral Pt;Agy, kernel
and an Agso(C=CR),g shell (Fig. 23e).57¢ Such a Pt;Ag,, kernel is
the same as that in other Pt-alloyed Ag nanoclusters, such as
Pt1Ag24(SR)1s, Pti1Ag2s(S2R)12(PPhs)s, and PtyAgs3(PPhs)yoCly.
Among the 28 alkynyl ligands, 12 of them are not only linked
to the Ag on the shell but also bonded to Ag on the
icosahedron. In addition, SC-XRD also demonstrated the
interactions between SbFg ions and Ag atoms on the kernel
shell (via Ag-F bonds), representing a unique penetrability of
the Agso shell. All these unique interactions result in the high
stability of this Pt/Ag alloy nanocluster.57¢

Early in 2007, a large Pt/Pd alloy nanocluster co-protected
by CO and PPhj ligands was reported, formulated as Pdigs.
Pt(CO)72(PPh3)yo (x ~8).°* The innermost kernel is an
icosahedral ui,-Pt@Pd;, 4Pt (x ~1.2), which is wrapped by an
icosahedral Pdg;..Pt, (x ~3.5) shell, and then a 60-atom semi-
regular icosahedral PdgoPt, shell (x ~2.2) (Fig. 23f). The
outermost part is a dodecahedral Pdsg cage with 20 PPh;
ligands attached onto it, and the CO ligands bonding to Pdgo.
«Pt, and Pdsy are symmetrically arranged.>>* Of note, except
for the Mygs nanocluster, several other alloy nanoclusters co-
stabilized by phosphine and C-based ligands have been
reported, including Au4Pd3,(CO),s(PMes)1s and  CugsAl-
12(CsMes)1,.577°78 Thus, the combination of C-based and
phosphine ligands may generate new alloy nanoclusters that
exhibit novel structures and compositions compared with
those protected by thiolate ligands.

6.5 Alloy nanoclusters with predicted structures

The aforementioned alloy nanoclusters exhibit explicit
atomically precise structures. Besides, there are some more
alloy nanoclusters without solved structures, albeit their
structures are proposed by DFT calculations. Sarkar et al.
identified [AgsPd4(Se-Ph);;]- by ESI-MS  and MS-MS
measurements.>’® Based on the previously reported Ag; and
Ags clusters, Pradeep and co-workers added Au into the
solution of such homo-silver clusters and obtained a 13-atom
AugAg; cluster according to ESI-MS analysis.>8%>81 Hasegawa
et al. reported the poly(N-vinyl-2-pyrrolidone) (PVP)
stabilized homo-gold Au nanoclusters and alloyed them with
Pd or Rh heteroatoms, such as AussPd;, Aus3Pd;, AuioPd4, and
Ausz4Rh;, which all displayed enhanced catalytic activities
relative to homo-gold nanoclusters.>82:583

In 2019, Aikens and co-workers investigated the optimal
structures of mono-doped M;Auy4, M;Ag,, and M;Ausy (M =
Ni, Pd, Pt, Cu, Ag/Au, Zn, Cd, Hg, Ga, In and TI)
nanoclusters.>8 For all clusters, the group 10 dopants (Ni, Pd,
and Pt) prefer to occupy the center due to the relative
stability of d electrons in these dopants. For dopants from
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groups 11-13, doping on the kernel shell or in the staple
motifs becomes thermodynamically more preferable as a
result of symmetry-dictated coupling between dopant atomic
orbitals and super-atomic levels as well as because of the
relativistic contraction of s and p orbitals.>® These
calculations indicate that alloy nanoclusters have higher
stability and intriguing chemical/physical properties, which
might guide the experimental syntheses of alloy nanoclusters
with enhanced performances.

6.6 Alloying on phosphine-stabilized cluster compounds
with hyper-coordinated carbon

Most of the alloy nanoclusters summarized above contain
free electrons (electron count n* = N — M — z, where N is the
number metal atoms, M is the number of electron-localizing
ligands, and z is nanocluster overall charge).®® Besides, Wang
et al. reported several alloy cluster compounds based on the
C@Aug nanoclusters — these complexes contain no free
electrons, but are composed of metal cores and peripheral
ligands, and thus described as metal cluster compounds.>8>
594 |n this section, these cluster compounds are reviewed. Of
note, along with the coordination of such heteroatoms (Ag or
Cu), the parent (C@Aug) displays significant changes in
luminescence, which will be discussed in Section 7.1.2.

By altering the PPh; ligands to PPh,py, a total of six N
coordination sites are introduced in C-PPh,py@Aug template,
and consequently, the introduced Ag* ions will bond to the
surface, generating C-PPh,py@Au¢Ag, (Fig. 24, upper-
right).>%¢ Due to the high emission, C-PPh,py@AugAg, has
been used to light up the nucleolus of living cells (see Section
8.3 for more details).>®’->8 Wang and co-workers further
introduced aldehydes or carboxyls into the ligands of
C@AuUgAg,, and obtained several new C-AugAg, with different
surface structures.>®%>°1 Besides, adding Cu' salts into the
solution of C-PPh,py@Aug produces C-PPh,py@AugCu, alloy,
and the coordination situation of Cu is the same as that of Ag
in AugAg, (i.e., each Cu links to three N atoms on ligands and
three Au atoms; see Fig. 24, bottom-right).>°2

Lei et al. assembled these nanoclusters via intra-
connection mode into cluster-based MOFs.>%3 By using mdppz
ligand (2-(3-methylpyrazinyl)-diphenylphosphine) in place of
PPh,py in C-PPhpy@AusAg,, C-mdppz@AucAgs emerged. Of
note, each mdppz ligand contains two N donors: one inward
and one outward. As for C-mdppz@AugAgs, the inward N
donors are employed by the two Ag heteroatoms, whereas
the outward N donors are “free” (Fig. 24, upper-left).>%3 In the
follow-up work, Lei et al. introduced more inward N donors
on the phosphine ligand by altering PPh,py into PPhpy,, and
then anchored more Ag heteroatoms on the nanocluster
surface.>®* By stepwise anchoring Ag heteroatoms on the C-
PPhpy,@Aug surface, C-PPhpy,@AugAg, and C-
PPhpy, @AugAgs alloy cluster compounds were generated.>%*
SC-XRD demonstrated that the surface structure of
PPhpy,@AugAgs was extremely compact, indicating the high
rigidity of this nanocluster, and the rigidity further resulted in
the strong PL of PPhpy,@AugAgs (PL QY of 92%).5%4
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7 Properties of Alloy Nanoclusters

Compared with nanoparticles of large sizes, metal
nanoclusters display several glamorous characteristics:
atomically precise structures, quantum size effects, and
discrete electronic states. The first characteristic enables us
to grasp the structural evolution from metal complexes to
plasmonic metal nanoparticles. The latter two characteristics
endow the nanoclusters with size- or structure-dependent
properties. The combination of the these characteristics
pinpoint the precise correlations between the structures and
properties of nanoclusters, which are of great significance not
only because they can help us to figure out the
mechanisms/originates of the intriguing properties, but can
also be served as guidelines in customizing the nanoclusters
(or other nanomaterials) with desired performances. Alloying
has been served as a versatile method in tailoring the
chemical and physical properties of nanoclusters. Based on
the atomically precise structures of these alloy nanoclusters,

This journal is © The Royal Society of Chemistry 20xx
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Fig. 24 Alloying based on gold(l) cluster compounds with hyper-coordinated carbon. Crystal structures include C@Aus, C@AugAg,,
C@AugCu,, C@AugAg,, and C@AugAgs cluster compounds.

C-PPh_Py-COOH@ 1 Ag,

PPh,py

= G- PPh Py@

c:-PPhpy2 AuAg, CPPh Py@;mCu

several efforts have been made to figure out the alloying
effects (so-called synergistic effects) on the properties of
nanoclusters. In this section, the reported alloying-induced
property variations are classified into five aspects, including
(i) optical properties (optical absorptions and
photoluminescence), (ii) electrochemical properties, (iii)
electroluminescence properties, (iv) magnetic properties, (v)
chiral properties, and (vi) stability and reactivity. Of note, the
catalytic properties and the corresponding works will be
reviewed in Section 8.1 (applications of alloy nanoclusters).

7.1 Optical properties

The structure and composition of nanoclusters are decisive to
their physical/chemical properties. The optical properties are
the most studied due to their significance in applications such
as chemical sensing and biological imaging. Alloying alters the
metal composition of nanoclusters, and may further affect
their geometric/electronic structures, as reflected in the
different optical properties. In this section, the alloying
effects on the optical properties are reviewed.
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Fig. 25 Doping-induced variations in optical absorptions of Auig and Au,3 nanoclusters. (a) Optical absorptions of Au,g(SR)14 and
Au15Ag3(SR)14. Redrawn from ref. 267 with permission from The Royal Society of Chemistry, copyright 2015. Redrawn from ref.
256 with permission from Wiley-VCH, copyright 2017. (b) Optical absorptions of Au,1(SR)1s, Auy0Ag1(SR)15, Au10Ag4(SR)1s, AUjs.
+Agx(SR)15 (avg. x = 5.76) and Au;3.,Ag,(SR)15 (avg. x = 7.44) at room temperature or 80 K. Redrawn from ref. 279 with permission

from American Chemical Society, copyright 2018.

7.1.1 Optical absorption

The absorption spectrum of Auig(S-CeHi1)14 shows three
bands at 445, 570, and 630 nm, whereas that of doped
Au15Ag3(S-CgH11)14 centers at 400, 505, and 545 nm (Fig. 25a,
left).267 As for S-PhMe, capped Auig hanocluster, Ag-doping
also blue-shifts the absorption peak from 625 nm of Auyg(S-
PhMe;)14 to 566 nm of AuisAgs(S-PhMe,).4 (Fig. 25a,
right).2°® These blue-shifts illustrate that the incorporation
of Ag heteroatoms can interfere with the electronic
structure and affect the overall optical absorption of
Aus5(SR)14 nanoclusters.?°6267 Based on the precise system,
the correlations between structure and properties are
investigated.256:267 Optically, the remarkable blue-shifts (cal.
70 nm in HS-CgH,; stabilized system, and 60 nm in HS-
PhMe, stabilized system) are observed,?°62%7 and
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accompanied by Ag doping, the HOMO-LUMO gap of Auig
nanoclusters significantly decreases.

Similar to M;j5(SR)14, Ag-alloying induced structure
transformation is responsible for the energy gap (E,)
enlargement in Ag;Au,0(SR)15 (1.60 eV at room temperature
and 1.96 eV at 80 K) compared to Au,;(SR);5 (1.70 eV at
room temperature and 2.08 eV at 80 K).?7° As for the Au,s.
xAg«(SR)1s nanoclusters, E; continues to increase with
higher Ag-doping extent (Fig. 25b): at room temperature,
the 1.31 eV E4 of Aui9Ag4(SR)1s increases to 1.37 eV of Auys.
xAgx(SR)15 (avg. x = 5.76), then to 1.46 eV of Auy3,Ag,(SR)s
(avg. x = 7.44); while at 80 K, the 1.45 eV E, of Au10Ag4(SR)1s
increases to 1.50 eV of Au,s3,Ag,(SR)15 (avg. x = 5.76), then
to 1.54 eV of Au,3.,Ag«(SR)1s (avg. x = 7.44).27°
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Fig. 26 Doping-induced variations in optical absorptions of spherical Au,s nanoclusters. (a) Optical absorptions of Auss.
Agx(MHA)g. Redrawn from ref. 182 with permission from The Royal Society of Chemistry, copyright 2014. (b) Optical
absorptions of Au,5(SC,Hs-Ph);s and its Ag-, Cu-, Cd-, Hg-doped nanoclusters. Redrawn from ref. 174 with permission from
American Chemical Society, copyright 2015. (c) Optical absorptions of Au,s5(SC,Hs-Ph).s and its Pd- and Pt-doped nanoclusters.
Redrawn from ref. 211 with permission from American Chemical Society, copyright 2015. (d) Optical absorptions of mono-
metallic Au,5(SC,H4-Ph).g, bi-metallic Au,s,Ag,(SCoH4-Ph)ig and Au,sHg1(SCyH4-Ph)ig, and tri-metallic Auyg.,AgHg1(SCoH4-Ph)g
nanoclusters. Redrawn from ref. 521 with permission from American Chemical Society, copyright 2016.

Xie and co-workers controlled the Ag-doping extent
based on the Au,s(MHA):g nanocluster and systematically
studied the doping effects on optical absorption.'®2 The
slightly-doped Au,s,Ag(MHA);s (x = 0-2) shows four
distinct absorption peaks at 440, 552, 670, and 760 nm (Fig.
26a); further Ag-doping induces the blue-shifts and
disappearance of these peaks, and a gradually increased
peak at 470 nm; finally, the 470 nm peak evolves into the
most obvious peak when 7-11 Ag heteroatoms are doped
into the template (Fig. 26a). The optical evolution is also
reflected in the changes in solution colors of these
nanoclusters (insets of Fig. 26a).182

Doping different heteroatoms into the Auys(SR)ss
template influences the optical absorption in different
ways. 174211522 \Wang et al. compared the optical absorption
of Auys(S-C;H4Ph)1g and its Ag-, Cu-, Cd-, and Hg-doped
derivatives.17* As shown in Fig. 26b, Au,5(S-C,H4Ph).5 shows
absorption at 400, 450, 670, and 780 nm; while Ag-doping

This journal is © The Royal Society of Chemistry 20xx

blue-shifts the 400 and 670 nm peaks to 380 and 615 nm,
respectively, and the peak at 780 nm fades away. Cu-
doping red-shifts the initial 670 nm peak to 690 nm and
eliminates the peak at 780 nm. Mono-Cd doping
(Au,4Cd;(S-C,H4Ph)1g) blue-shifts the 670 and 780 nm peaks
of Au,s to 650 and 770 nm, respectively. As for Au,sHg:(S-
C,H4Ph);g, two main peaks are observed at 405 and 710 nm
(Fig. 26b).174

Lee and co-workers analyze the Pd- and Pt-doping
effects on optical absorption: in the low energy region (<
2.5 eV), Auys shows an intense absorption band at 1.80 eV,
while upon Pd doping, the 1.80 eV band becomes weak, but
other two intense bands (1.2 and 2.0 eV) emerge.?!! As for
Pt;Au4(S-C,H4Ph) g, two absorption peaks are observed at
1.1 and 2.1 eV (Fig. 26¢).?!! The large difference in optical
gaps (~0.3 eV for Pt/Pd doped M;Au,, vs. ~1.3 eV for Auys)
is associated with the change in superatomic configuration,
i.e. 1S21P* for Pt/Pd doped M;Auy, vs. 1S21P® for Au,s.?11
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Based on the Au,s5(SR):s template, Wu et al. reported the
stepwise doping process from mono-metallic Au,5(SR).g to
bi-metallic Au,s,Ag.(SR)1g and AuysHg:1(SR):1s, then to tri-
metallic Au,4,AgHg1(SR)15, and the evolution of optical
absorption was studied.>?! The Ag- and Hg-doping effects
are similar to those summarized in Fig. 26b, whereas the
tri-metallic  Auys,AgHg1(SR)1gs  nanoclusters show two
intense peaks at 435 and 530 nm, and two shoulder bands
at 350 and 580 nm (Fig. 26d).52%

Rod-like Aujs(PPh3)10(SR)sCl, shows several absorption
bands at 380, 415, 430, and 670 nm.3*°* When the template
is doped to Au,s.,Ag,(PPh3)10(SR)sCl, (x = 1-12), the peaks in
low wavelength range (< 500 nm) become flat, and the
initial 670 nm peak blue-shifts to 663 nm. By comparison,
when the doping number is even higher, i.e. x = 1-13, the
670 nm peak in Auys significantly blue-shifts to 635 nm,
whereas the other peaks are almost unchanged (Fig.
27a).369370 TDDFT analysis shows that increasing Ag doping
will shift the lowest-energy excited states to higher energy,

Journal Name

and for Auj,Agy3, the transitions have a significant (>70%)
HOMO to LUMO (localized on the central atom)
contribution, different from other Au,s_,Ag, species.3°

Ausg(S-C,H4Ph),,4 displays distinct bands at 1050, 750,
630, 478 nm and shoulder bands at 517 and 400 nm.232
Upon the Ag-doping, the bands at 750 and 1050 nm fade
away, and other bands gradually blue-shift and become
broad (Fig. 27b).250 It is suggested that the optical
broadening originates from the mixed-characteristics of
these doped nanoclusters (for example, the heavily-doped
Ausg,Ag, nanoclusters contain Au,sAgio, AUygAgs, AUszgAgs,
and Aus;Ag;).2° Cu-doping on Ausg(SR),4 blue-shifts the
initial 1050 nm peak to 1000 nm, and red-shifts the initial
750 nm peak to 790 nm.?>> The Pd- and Pt-doping effects
on optical absorption of Ausg(SR),4 are also investigated.?6?
As shown in Fig. 27c, although the peaks observed at 1.2
and 2.0 eV for Pd,Auss(SR),4 are almost the same as those
in Ausg(SR),4 except for less intenseness, the absorption
spectrum of Pt,Auss(SR) shows higher energy peaks at 1.5
and 2.2 eV.2%2
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Fig. 27 Doping-induced variations in optical absorptions of rod-like Au,s and Ausg nanoclusters. (a) Optical absorptions of rod-like
Au,5(PPh3)10(SR)sCl, and Ag-doped Ag,Au,s.(PPh3)10(SR)sCl, nanoclusters. Redrawn from ref. 369 with permission from American
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Chemical Society, copyright 2015. (b) Optical absorptions of Ausg(SR),4 and Ag-doped Ausg ,Ag,(SR),4 nanoclusters. Redrawn from
ref. 250 with permission from The Royal Society of Chemistry, copyright 2012. (c) Optical absorptions of Ausg(SR),4 and Pd- and
Pt-doped Pd,Auss(SR)1g and Pt,Auss(SR)1s nanoclusters. Redrawn from ref. 262 with permission from American Chemical Society,

copyright 2018.

Based on M;Ag,4(SR)1s (M = Ag/Au/Pd/Pt) nanosystem,
the alloying effects on optical absorption are
evaluated.378437440441 Ag shown in Fig. 28a, Ag,5(SR)15 shows
four intense absorption peaks at 334, 390, 490, and 678 nm.
Substituting the central Ag atom with Pd hardly changes
these bands, which might be due to the same period of Ag
and Pd in Ag,s.52%*! Doping a single Au heteroatom into
Ag,5(SR)1g blue-shifts the bands of Ag,s5(SR)1s to 325, 375, 467,
and 625 nm, respectively, and upon Pt doping, the absorption
bands of Ag,s(SR)1g are blue-shifted to 333, 390, 455, and 600

Pt;Ag,4(SR)1s, two tri-metallic  nanoclusters—spherical
Pt1Ag,4xAUL(SR)1g and rod-like Pt,AuipAgi3(PPhs)ioBr;—are
synthesized, and their optical absorption spectra are
compared (Fig. 28b).378 The optical energy gap of Ag,s(SR)1s
(1.57 eV) increases to 1.72 eV upon Pt-doping. A further
shape-maintained, Au-alloying process on bi-metallic
Pt;Ag,4(SR)1s generates tri-metallic Pt;Agys,Au(SR):s which
shows a slightly reduced optical energy gap (1.62 eV).378 By
comparison, a shape-transformed, Au-alloying process
generates rod-like, tri-metallic Pt,Au,0Ag.13(PPh3)10Br;, which

nm, respectively (Fig. 28a). The absorption spectra of
Au1Ag,4(SR)1g and Pt1Ag,4(SR)1g are similar, for that Au and Pt
are in the same period.**! Based on the bi-metallic

()

exhibits a remarkably enlarged energy gap (1.93 eV).378
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Fig. 28 Doping-induced variations in optical absorptions of Ag,s-based nanoclusters. (a) Optical absorptions of Ag,s(SR).g and
doped Au;Ag,4(SR)1s, Pt1Ag,4(SR)1s, and Pd;Ag,4(SR)1g nanoclusters. Redrawn from ref. 440 with permission from Wiley-VCH,
copyright 2018. (b) Optical absorptions of mono-metallic Ag,5(SR)1s, bi-metallic Pt;Ag,4(SR)1s, and tri-metallic Pt1Ag24.,AU,(SR)1g
and Pt,Au;0Ag13(PPhs)10Bry nanoclusters. Redrawn from ref. 378 with permission from Wiley-VCH, copyright 2016.

Optical absorption of M3Ag,4(SR):s nanoclusters reveal
the effect of mono-heteroatom doping on their electronic

This journal is © The Royal Society of Chemistry 20xx

structures.378437,440441 Kim et al. answered the question of
how and why the energy levels of the superatomic orbitals
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were shifted upon doping by gas-phase photoelectron
spectroscopy (PES).>®> The PE spectrum of [Au;Ag,4(SR)1s]
was similar to that of [Ag,s5(SR):g], whereas those of
[Pt1/Pd;1Ag,4(SR)15]%> were shifted by about 1.4 eV toward
lower binding energy relative to that of [Ag,5(SR)1s]", without
any large change in spectral profiles. These PES results
together with the DFT calculations demonstrated that the
superatomic orbitals in (X@Ag1,)>* (X = Ag, Au) kernels shifted
to higher energy by replacing the central X atom by Pt or Pd
heteroatom.>®> Such an upward shift of superatomic orbitals
resulted from (i) the weaker binding of valence electrons in
(Y@Ag1,)* (Y = Pd, Pt) relative to those in (X@Ag1,)** (X = Ag,
Au) because of the reduction in formal charge of the kernel
potential, and (ii) the upward shift of the apparent vacuum
level by the presence of a repulsive Coulomb barrier for
(Y@Ag1,)*.3%

The hydrophilic Agys(DHLA);, nanocluster shows three
shoulder bands at 335, 430, and 500 nm.*#’4 Slight Au-doping
blue-shifts these bands to 320, 400, and 485 nm, respectively,
and the 400 nm peak becomes intense (Fig. 29a). Further Au-
doping will not alter the positions of these absorption peaks,
but make them flattened (Fig. 29a).#’* The doping effects on
optical absorption have also been investigated on the basis of
hydrophobic ~ Agy9(S;R)12(PPh3)s  and its  Au-doped
nanoclusters.’® Ag,9(S;R)12(PPhs)s shows an intense band at
447 nm and a shoulder at 510nm, while Agyq.
xAUL(S2R)12(PPh3)4 nanoclusters only have one intense peak at
435 nm. In addition, this peak broadens with the increasing
amount of Au dopant (Fig. 29b).7°

Based on Myo(S-Adm),5(PPh3)s nanoclusters with a tetra-
stratified configuration of M;(center)@M,,(15t-
shell)@M3,(SR)1g(2"d-shell)@(M-PPhs)4(vertex), the structure-
optical property correlations have been mapped out:*2 (i) as
for the central position (Ag/Au/Pd/Pt), substituting the Ag
center by Pd heteroatom can hardly change the optical
absorption, while doping mono Pt/Au into the kernel
remarkably red-shifts the peak; (ii) as for the 2" shell (Ag/Cu),
exchanging the Agi,(SR)1g shell to Cui,(SR):g blue-shifts the
optical absorption while maintaining the overall profiles; (iii)
as for the vertex positions (Ag/Cu/Au), the characteristic
absorption profiles are almost retained when the vertex Ag
atoms are substituted by Cu; by contrast, metal-exchanging
these vertex atoms by Au not only red-shifts the initial
absorption, but generates a new peak at higher wavelength
as well.#48

The optical absorption of Ags4(SR)30 (SR = SPhF,, SPhF, or
SPhCF;) displays six peaks at 374, 411, 483, 535, 641 and 833
nm and two shoulders at 590 and 689 nm (Fig. 29c, left).4”7
Upon Au-doping, the obtained Au;,Ag3,(SR)3g only displays
two apparent peaks at 390 and 500 nm and a shoulder at 750
nm (Fig. 29¢, right). Considering that these Au heteroatoms
are all incorporated into the icosahedral kernel of Ags4(SR)30,
Yang et al. suggested a significant contribution of the kernel
metal atoms on the overall optical absorption of these
M1, @Ag3,(SR)30 nanoclusters.*””

The UV-vis spectrum of Cu;3(S,CN"Bu,)s(C=CR); shows
broad multi-optical absorption bands at 337, 513, 540, 571
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nm and an intense one at 287 nm; by comparison, the doped
derivative, Ag,Cui,, shows optical absorption at 276, 348 and
580 nm peaks, while Au;Cu;, shows optical absorption at 310,
508 and 561 nm.>!® Consequently, Cu;z; solution is pink,
whereas the solutions of Ag;Cu;, and Au;Cu;, nanoclusters
are violet and orange, respectively.>8
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Fig. 29 Doping-induced variations in optical absorptions of
Ag,9- and Agyy-based nanoclusters. (a) Optical absorptions of
DHLA protected Ag,s and Au-doped Ag,9,Au, nanoclusters.
Redrawn from ref. 474 with permission from The Royal
Society of Chemistry, copyright 2018. (b) Optical absorptions
of Agys(SzR)12(PPhs)s and Au-doped Agjg,Au,(S:2R)12(PPhs)s (x
= 1-5) nanoclusters. Redrawn from ref. 70 with permission
from Wiley-VCH, copyright 2016. (c) Optical absorptions of
Ag44(SR)30 and Au1,Ag3,(SR)30 nanoclusters. Redrawn from ref.
477 with permission from Nature Publishing Group, copyright
2013.

7.1.2 Photoluminescence

This journal is © The Royal Society of Chemistry 20xx

Page 44 of 74



Plezse do nnt adiust margins

Journal Name

Next, we summarize the heteroatom effects on PL
characteristics. Rod-shaped Au;,s(PPh3)10(SR)sCl, possesses a
low PL intensity (QY = 0.1%), however, as shown in Fig. 303,
substituting some Au atoms with Ag can drastically enhance
the PL intensity. The obtained Auys.,Ag, (x = 1-13)
nanoclusters exhibit high PL intensity of QY = 40%, which is in
striking contrast to the weakly emissive Au,s.,Ag, (x = 1-12,
QY = 0.2%).3%8 Further theoretical works suggest that the
origin of PL enhancement lies in the nature of the first excited
state (S1) and the corresponding HOMO-LUMO transition,
which are significantly affected by the doping extents of
Ag.3%° Ultrafast relaxation dynamics of Auys and Auss.,Agy
demonstrate the importance of the vertex Ag heteroatom in
stabilizing the charges on LUMO and enhancing the rigidity of
Au,s_Ag, nanoclusters, which further leads to the stronger
PL'370

Review

The alloying effects on PL characteristics is also
investigated based on a continuous doping process from
mono-metallic Ag,5(SR)1s, to bi-metallic Pt;Ag,4(SR)1g, then to
tri-metallic Pt1Ag24.xAUL(SR) 18 (x = 6.4) and
Pt,Au;0Ag13(PPh3)10Br; nanoclusters.3’® Ag,s(SR)1g displays
neglectable PL (centered at 809 nm), and Pt;Ag,4(SR)1s shows
an enhanced PL (QY = 0.1%) at 728 nm (Fig. 30b). However,
further Au-alloying generates two tri-metallic nanoclusters, in
which rod-like Pt,Au;0Agi3 exhibits a significantly enhanced
PL intensity at 648 nm with PL QY = 14.7%, representing a
150-fold enhancement relative to Pt;Ag,4(SR)1s. As a contrast,
the spherical tri-metallic Pt;Au,Ag,44(SR)1g is non-emissive
(Fig. 30b).378
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Fig. 30 PL characteristics of alloy M,s nanoclusters. (a) Schematic illustration of Ag-induced PL enhancement from rod-like
Au,s(PPh3)10(SR)sCl, (PL QY 0.1%) to Auas.Agx(PPhs)10(SR)sCl, (x = 1-12, PL QY 0.21%), then to AusAgx(PPhs)10(SR)sCl, (x = 1-13,
PL QY 40.1%). Redrawn from ref. 368 with permission from Wiley-VCH, copyright 2014. (b) PL variation from mono-metallic
Ag,5(SR)1g, to bi-metallic Pt;Ag24(SR)1s, then to tri-metallic Pt;Ag,4,,AUL(SR)1g (X = 6.4) and Pt,Au;pAgi3(PPhs)1oBr;. Redrawn from
ref. 378 with permission from Wiley-VCH, copyright 2016. (c) PL spectra of M;Ag,4(SR)1s (M = Ag/Au/Pd/Pt) nanoclusters in
crystal or solution states. Redrawn from ref. 437 with permission from American Chemical Society, copyright 2017.

resulting from the modulation in the HOMO-LUMO gap after
Au-doping. Moreover, the emission intensity of Au;Ag4(SR)1s
is enhanced by a factor of >25 compared to Ag,s(SR)is.

Bakr and co-workers substitute the central Ag atom in
Agy5(SR)1s with Au,®® and the emission of the doped Au;Agy,
(810 nm) is blue-shifted relative to that of Ag,s (830 nm),

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 45
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Conversely, only a little change is observed by comparing the

PL characteristics between Ag,s(SR);s and Pd-doped
Pd1Ag,4(SR)1g nanoclusters.5?
Liu et al. investigated the PL characteristics of

M;Ag,4(SR)1g nanoclusters in crystal or solution state (Fig.
30c).*37 In the crystal state, the PL intensities of these
nanoclusters follow the subsequence of Pd;Agy4(SR)is <
Agy5(SR)1s < Pt1Ag4(SR)1s < Au;Ag,4(SR):s. Besides, the
emission wavelengths of Ag,s(SR).5 locates at 1042 nm, while
the M-doping by Au/Pd/Pt heteroatom leads to blue-shifts in
emission by 20/21/28 nm, respectively.?3” When in
acetonitrile solution, the PL intensities of these nanoclusters
follow another subsequence of Ag,s(SR)1s < PdiAg,4(SR)1s <

Au1Agy4(SR)1s < PtiAg(SR)1s. In  addition, Agys(SR)is,
a . "
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Journal Name

Pd;Ag,4(SR)1g and Au;Ag,4(SR)1g all emit at 820 nm, whereas
Pt1Ag,4(SR)1s emits at both 770 and 810 nm (Fig. 30c).*37
Based on the M;Ag,4(SPhMe;).5 template, Yuan et al. also
investigated the synergistic effect introduced by doping on PL
properties.*3® Significantly, when the central Ag atom of
Ag>s5(SR)1s was exchanged by Au/Pt heteroatom, the free
electrons were concentrated toward the interior of the
nanocluster, and PL enhancement was observed.*?® By
comparison, when the Ag atoms on the kernel shell of
M1Ag,4(SR)1s (M = Au/Pt) was further exchanged by Au, free
valence electrons would expand to the kernel shell, resulting
in the attenuation of the PL intensity. The relationship
between the free valence electrons and PL properties
provides new insight into the origin of PL in nanoclusters.*3°
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In the case of Agy9(S;R)12(PPhs)s, Au-doping led to a 26-
fold enhancement of PL; that is, the QY of Ag,o (~0.9%) was
increased to 24% when up to five Au heteroatoms were
introduced.”® Along with this PL enhancement, the emission
red-shifts from 649 nm of Ag,g to 668 nm of 40%-doped Agyq.
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Pt,Ag,,

Fig. 31 PL characteristics of alloy M,g or (Pt;Ag1,),» Nanoclusters. (a) Experimental and theoretical PL spectra of Ag,9(S;R)12(PPhs)s
and Au-doped nanoclusters. Redrawn from ref. 70 and ref. 467 with permission from Wiley-VCH, copyright 2016 and 2018,
respectively. (b) PL variations from mono-icosahedral Pt;Ag,, to bi-icosahedral Pt,Ag,s, then to tri-icosahedral Pt3Agss. Redrawn
from ref. 445 with permission from The Royal Society of Chemistry, copyright 2018.

LAu, (Fig. 31a, left). By DFT calculations, Xie et al. explored the
PL enhancement in Au-doped Ag,q.,Au, nanoclusters (Fig. 31a,
right), suggesting that the relativistic effects introduced by Au
heteroatoms played a significant role, especially for AusAg,s,
AusAg,s, and AusAg.s nanoclusters.*®’” Besides hydrophobic

This journal is © The Royal Society of Chemistry 20xx
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Ag,o, hydrophilic Ag,s also displays enhanced PL upon Au-
doping.4¢7>%  However, upon Cu-doping, alloying of
Agy9(S2R)12(PPh3)s to form Ag;7Cui5(S;R)12(PPhs)s results in a
remarkable attenuation of the PL intensity.*68

All Myo(S-Adm)1g(PPhs)s (M = Ag/Au/Pt/Pd/Cu) nanoclusters
fluoresce when being illuminated at 445 nm, constituting a
series of nanoclusters to analyze the structure-PL correlations
at the atomic level.**® By comparing the PL of My(S-
Adm),g(PPh3),, the synergy effects on PL characteristics in
terms of PL intensity and emission wavelength are
investigated: (i) As for the M3 kernel (M = Ag/Au/Pt/Pd),
doping Pd heteroatom into the center weakens the PL
intensity and blue-shifts the emission; on the contrary,
enhanced PL intensity as well as red-shifted emission are
observed when substituting the center-Ag with Pt or Au
atom; (ii) As for the M1,(SR)1g shell (M = Ag/Cu), altering
Ag1,(SR)1g into Cu,(SR)1g blue-shifts the emission wavelength
and slightly reduces the PL intensity; (iii) substituting Ag
atoms by Au in the (M-PPh3), vertex (M = Ag/Au/Cu), not only
red-shifts the emission, but also remarkably enhances the PL
intensity; an opposite phenomenon is observed when
replacing Ag with Cu.%*® According to the above observations,

Chemical Society Reviews

the configuration of Au,@Ag,,@Ag1>(SR)13@(Au-PPh3),
displays the highest PL intensity and maximum emission
wavelength (QY = 11.6% and emission at 715 nm) among all
the 21 nanoclusters of M,o(S-Adm),g(PPhs)s. Based on these
structure-PL correlations, Kang et al. demonstrate that
doping the kernel or vertex atoms with metals of large
electron affinity (note: metal electron affinity subsequence
Au(2.309) > Pt(2.128) > Ag(1.302) > Cu(1.228) > Pd(0.562)) is
in favor of generating emissive nanoclusters with higher PL
intensity.**® Overall, the observed trends of PL with different
doping modes will provide guidelines in the synthesis of
fluorescent alloy nanoclusters.*48

The PL characteristic of Pt;Ag:,, Pt,Ag,3, and Pti:Ags;
nanoclusters are compared as well. Among them, the mono-
icosahedral Pt;Ag;, shows the strongest PL with QY = 5.5%,
and the emission locates at 613 nm (Fig. 31b).**> Assembly of
two Pt;Agq, units into Pt,Ag,; red-shifts the emission to 675
nm, but the PL QY drops to 0.2%. Further assembly results in
tri-icosahedral Pt3Agss which emits at 800 nm with a
neglectable PL QY of 0.013% (Fig. 31b).%**
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Fig. 32 PL enhancement in alloy nanoclusters induced by AIE process. (a) Schematic illustration of AIE process induced by
introducing Au(0) kernel into Cu(l) complexes. Redrawn from ref. 555 with permission from Wiley-VCH, copyright 2016. (b) AIE-
induced PL enhancement of Au;5(SG).4 caused by the introduction of Ag* ions, and the cysteine-induced PL quenching of
Aus@Ag nanoclusters. Redrawn from ref. 272 with permission from The Royal Society of Chemistry, copyright 2014.

In order to study the PL characteristics of alloy clusters
based on C@Aug, alloyed C@AugCu,, C@AUcAg,, C@AUsAE,,
and C@AugAge clusters were obtained.586:591-5%4 C@AugM, (M
= Ag/Cu) alloy clusters exhibit ligand-dependent, metal-
dependent, and solvent-dependent PL performances — (i)
C@AugM, cluster compounds with different peripheral
phosphine ligands or metal compositions display diverse
geometric/electronic

metal-ligand  coordinations  and

This journal is © The Royal Society of Chemistry 20xx

structures, and thus show distinguishable PL properties, such
as fluorescent colors;586:592:294 (ji) crystals of C@AugM,
clusters have porous structures, and show solvatochromic
performance because of the specific interactions between
the poles/channels and the solvent molecules.>86:593

The introduction of heteroatoms can also enhance the PL
intensity of metal complexes or nanoclusters via aggregation-
induced emission (AIE).272555 Although the Cu'-SR complex is
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non-emissive, they undergo controlled aggregation with the
addition of Au®, and the aggregated product (Au,Cug) displays
high PL at 663 nm with a QY of 11.7% (Fig. 32a).>°>°

The weakly luminescent Aug(SG)14 emits high PL in the
presence of Ag' ions (Fig. 32b).?’2 It is proposed that the
introduced Ag' ions bridge the Au'-SG motifs on the surface of
Au;5(SG)14, leading to the formation of rigid Au'/Ag'-SG motifs,
which exhibit strong, red emission (PL QY = 6.8%) via AIE (Fig.
32b, right).?’2 The anchored Ag' ions on Aui5(SG)i4 surface
can be removed upon the addition of cysteine, and as a result,
the Au;3s@Ag alloy nanocluster reverts to the weakly emissive
Au;5(SG)14 (Fig. 32b, middle).?72

Pal and co-workers modified the PL of dopamine-
protected Au nanoclusters via Ag alloying, and a blue-shift of
the emission peak, as well as an enhancement in PL intensity
for the Au/Ag alloy in comparison to homo-gold nanocluster
in aqueous solution, are observed.>®” Besides, the increment
of emission intensity is found to be silver concentration-
dependent and a maximum 5-fold increase is obtained at
Ag:Au ratio = 0.25:0.60.>°7

7.1.3 Ultrafast electron dynamics

Alloying may exhibit effects on the electronic excited-state
properties of nanoclusters, including the transient absorption
spectral features and ultrafast electron dynamics.?2° By using
femtosecond visible and near-infrared transient absorption
(TA) spectroscopies, Zhou et al. investigated the heteroatom
effects on ultrafast electron relaxation dynamics of
Pd;Au.4(SR)1s  and  Pt;Au,s(SR)15.22°  Three relaxation
components were identified for both nanoclusters: (i) sub-
picosecond relaxation within the icosahedral M;Au;; (M =
Pd/Pt) kernel states (~0.6 ps); (2) kernel to shell relaxation in
a few picoseconds (3-5 ps); and (3) relaxation to the ground
state in more than one nanosecond. Despite similar
relaxation pathways for the two doped nanoclusters, the
coupling between the metal kernel and surface motifs was
found to be accelerated by about 30% in the case of Pt
dopant with ~3.8 ps compared with Pd dopant with ~5 ps (Fig.
33a).22° The different excited state and ground state
behaviors between Pd;Au,4(SR)1g and Pt;Au,4(SR).g could be
attributed to the different hybridization of Pd 4d (or Pt 5d)
orbitals with Au 5d and 6s orbitals in the icosahedral M3
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kernel.??0 Later, Zhou et al. continued to explore more
M;Au,4(SR)1s (M = Cd, Hg, Pt, Pd) nanoclusters, and the
excited-state behaviors of these nanoclusters demonstrated
that the number of valence electrons in M;Au,4(SR)1g
determined the photodynamics.??! The Cd;Au,4(SR):;s and
Hg1Au,4(SR)1s with 8 electrons showed long excited-state
lifetimes (50-200 ns) and weak picosecond relaxations,
similar to the case of [Au,5(SR):5]" (8 e) (Fig. 33b). In contrast,
Pd;Au4(SR)1g and Pt;Au,4(SR)1g with 6 e showed much more
significant picosecond relaxation and thus much shorter
excited-state lifetimes (> 1 ns), reminiscent of the 7-electron
[Au,s5(SR)15]° nanocluster.??!

Thanthirige et al. carried out femtosecond TA
measurements on Aus(SR)1g, Hg1AU,4(SR)1g and Pt;Au,4(SR)1g
nanoclusters after exciting them at 370 nm, to gain a better
understanding on the influence of the central metal atom on
the optical properties.>®® Compared with Au,s(SR).s, Pt-
doping led to a faster excited state relaxation, where more
than 70% of the created electron-hole pairs recombined
within 20 ps. By comparison, Hg;Au,, took a much longer
time for relaxing exciton to the shell gold before
recombination, similar to the case of Au,5(SR):s (over 100 ns
in exciton relaxation).>®® These results are consistent with the
energy gaps of these nanoclusters, in which the smaller
energy gap for Pt;Auys(SR):s leads to a faster exciton
relaxation.>?®

Aside from Au,s(SR)1s, alloying effects on ultrafast
electron dynamics were also investigated in other
nanoclusters.370407 The ultrafast relaxation dynamics of rod-
shaped Au,s(PPh3)i0(SR)sCl, and  Auys.AgPPhs)io(SR)sCly
were compared: the excited state relaxation in Auys
proceeded with an ultrafast (0.82 ps) internal conversion and
a subsequent nuclear relaxation (52 ps), followed by a slow
(2.3 ps) decay back to the ground state.3’° Upon Ag-doping,
Auys,Ag, showed a 0.58 ps internal conversion, a 20.7 ps
nuclear relaxation, and a 7.4 us final decay to the ground
state.37° Zheng et al. researched the composition-dependent
electronic energy relaxation dynamics of doped Aujs.
«Agx(SR)go, and demonstrated a trend of greater electron-
phonon coupling efficiency with increasing Ag content in
Au144.,Ag,. 10
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Fig. 33 Ultrafast electron dynamics of alloy nanoclusters. (a) Top: transient absorption spectra, transient kinetic traces, evolution
associated difference spectra, and decay associated difference spectra of Pd;Au,4(SR)1g and Pt;Au,4(SR).3. Bottom: proposed
relaxation schemes of PdiAu,4(SR)1g and Pt;Au,s(SR).s. Redrawn from ref. 220 with permission from The Royal Society of
Chemistry, copyright 2016. (b) Top: decay associated spectra obtained from global fitting on the nanosecond transient
absorptions of Au,5(SR).5 and doped Cd;Au,4(SR)1g and Hg1Au,»4(SR)1s (normalized kinetic traces monitored at ~600 nm). Bottom:
femtosecond and nanosecond transient absorption maps of Au,5(SR).g and doped Cd1Au,4(SR)1g and Hg1Au,4(SR)1g nanoclusters
pumped at 360 nm at all time delays; kinetic traces from transient absorption measurements probed at 600 nm and the
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Chemical Society, copyright 2018.
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7.2 Electrochemical properties

Electrochemistry reveals the energies of the HOMO and
LUMO (associated with the energy gap), and represents one
of the important properties of nanoclusters.>®?604 The
alloying effects on electrochemical properties have been
investigated based on several nanocluster models, which are
reviewed in this section.

Differential pulse voltammetry (DPV) was used to
compare the electrochemical properties of Auig(SR);4 and
doped Au;sAgs(SR)14 nanoclusters (in 0.1 M BuyNPFg-CH,Cl,
solution, room temperature).26?” The Auig(SR)14 exhibited
three oxidation peaks at 0.660 (O1), 0.949 (02), and 1.292 V
(03), and one reduction peak at -1.253 V (R1). Upon Ag-
doping, Au;sAgs(SR)14 had three oxidation peaks at 0.837 (0O1),
1.087 (02), and 1.483 V (03), and two reduction peaks at -
1.273 (R1) and -1.591 V (R2). Based on the peaks, the HOMO-
LUMO energy gap (i.e., the difference between O1 and R1) of
AuisAg3(SR)14 Was calculated as 2.110 eV, larger than that of
Au;5(SR)14 (1.913 eV).267

The square wave voltammetry (SWV) analysis was
conducted on Au,5(SR)1s, Pd;Au,4(SR)1g and Pti;Au,s(SR)qg
nanoclusters to investigate the doping effects on
electrochemical properties.?!? For Auys(SR)is, there were
three oxidation peaks at -0.39 (01), -0.04 (02), and 0.69 (03),
and one reduction peak at -2.06 V (R1l). By comparison,
Pd1Au,4(SR)1g exhibited a doublet of oxidation at -0.03 (O1)
and 0.40 (02), and a doublet of reduction at -0.78 (R1) and -
1.10 V (R2); similarly, Pt;Au,4(SR)1g also exhibited a doublet of
oxidation at -0.03 (O1) and 0.41 (O2) and a doublet of
reduction at -0.76 (R1) and -1.10 V (R2) (Fig. 34a).21?
Accordingly, upon Pd- and Pt-doping, the HOMO-LUMO gap
was remarkably reduced from 1.32 V of Au,s(SR);5 to 0.32 V
of Pd;Auy4(SR)1g and 0.29 V of Pt;Auy4(SR);s, respectively.?1t

This journal is © The Royal Society of Chemistry 20xx

In the comparison of DPV spectra between Au,s(SR)1g and
mono-Hg-doped Hg;Au,4(SR)15, the O1 and R1 potential
bands of Au,s located at -0.15 and -1.78 V, respectively, while
those of Hg;Auy4(SR)1s red-shifted to 0.38 and -1.14 V,
respectively. In this context, the O1-R1 potential spacing was
reduced from 1.63 V of Auy(SR);s to 1.52 V of
Hg1AU24(SR)15.7*

Electrochemical properties of Ausg(SR),4 and Pt- and Pd-
doped M,Ausg(SR),4 nanoclusters were compared as well (Fig.
34b).262 The SWV spectra of Ausg(SR),s showed three
oxidation peaks at -0.10 (01), 0.25 (02), and 0.47 V (03), and
two reduction peaks at -1.31 (R1) and -1.52 V (R2). Upon Pt-
doping, Pt,Ause(SR),4 exhibited three oxidation peaks at -0.40
(01), -0.08 (02), and 0.30 (03), and one reduction peak at -
1.67 V (R1). As for Pd,Auss(SR),4, a doublet of oxidation at -
0.15 (01) and 0.17 (02), and a doublet of reduction at -0.73
(R1) and -1.02 V (R2) were observed (Fig. 34b). From these
potential bands, the HOMO-LUMO energy gaps of Ausg(SR),4,
Pt,Ause(SR)24, and  Pd,Auss(SR),s  nanoclusters  were
determined as 0.86, 0.95, and 0.26 V, respectively.?6? Lee and
co-workers proposed that the similar voltammograms
between [Ausg(SR)24]° and [Pt,Ausg(SR).4]% resulted from
similar electronic structures with 14-electron configurations
of these two nanoclusters; while [Pd;Ausg(SR).4]° displayed a
drastically reduced HOMO-LUMO energy gap due to its 12-
electron configuration.?62

Doping effects on the electrochemical properties were
also evaluated on M;Ag;(SR)1s (M = Ag/Au/Pd/Pt)
nanoclusters.**! From the DPV spectra, the HOMO-LUMO
energy gaps of Agys(SR)is, Au1Ag2(SR)1s, Pd1Ag24(SR)1s, and
Pt;Ag,4(SR)1s were determined to be 1.82, 1.76, 1.71, and
1.96 V, respectively (Fig. 34c),
corresponding optical gaps of these nanoclusters.*4!

consistent with the
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7.3 Electroluminescence properties

Electrogenerated chemiluminescence (ECL) or
electrochemiluminescence received great interest in these
years. Generally, the electroactive nanoclusters are oxidized
or reduced at the electrode under appropriate potentials to
form active species which will relax to the ground state and
emit light. Scheme 3 shows the mechanism of ECL of
nanoclusters.38> Scheme 3a represents the transient oxidative
ECL of nanoclusters (at the electrode surface vicinity from
negative potential to positive potential): an electron is first
injected into the LUMO of [cluster] to generate [cluster]™;

This journal is © The Royal Society of Chemistry 20xx

01 R2 | EXOAR]

Pd,Au,.(SR),,

Fig. 34 Alloying effects on electrochemical properties of nanoclusters. (a) The SWV spectra of Au,5(SR)1s, doped Pd;Au4(SR)1g
and Pt;Auy4(SR)1g nanoclusters. Redrawn from ref. 211 with permission from American Chemical Society, copyright 2015. (b)
Electrochemical spectra of Ausg(SR),4, doped Pt,Ausg(SR),4 and Pd,Auss(SR),4 (proposed structures) nanoclusters. Redrawn from
ref. 262 with permission from American Chemical Society, copyright 2018. (c) Electrochemical spectra of M1Ag,4(SR):1s (M =
Ag/Au/Pd/Pt) nanoclusters. Redrawn from ref. 441 with permission from Wiley-VCH, copyright 2016.
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then the cathodically produced radicals are oxidized once the
electrode potential is stepped below HOMO, producing the
excited species [cluster]*, which relaxes to the ground state
and emits light. Scheme 3b represents the transient reductive
ECL of nanoclusters (from negative potential to positive
potential) and the generation of excited species [cluster]* is
contrary to the oxidative process. By comparison, Scheme 3c
represents the self-annihilation ECL, wherein the diffusive
reaction between two types of radical intermediates
generates excited [cluster]*, which then releases the energy
via photon emission.38>
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Scheme 3 |lllustration of the mechanism of ECL of
nanoclusters. Redrawn from ref. 385 with permission from
American Chemical Society, copyright 2019.

ECL has been studied on Au,5(SR)1s, Auszg(SR),s, and
Au144(SR)eo Nanoclusters under co-reactant pathways.241.605-
610 Besides, ECL analysis has been applied to some alloy
nanoclusters, which are reviewed in this section.

In 2019, intense NIR ECL from rod-like bimetallic
Au1,Ag13(PPh3)10(SR)sCl, was reported by Chen et al. (Fig.
35a).38%> With the ECL standard Ru(bpy); (bpy: bipyridine) as a
reference, the self-annihilation ECL of Au;,Ag;3 was ~10 times
higher. More significantly, the co-reactant ECL of Auj,Agis
with 1 mM tripropylamine as a co-reactant was ~400 times
stronger than Ru(bpy)s. Potential step experiments were
performed to capture the transient ECL signals (tens of
milliseconds) and decay profiles.38> A strong and transient
self-annihilation ECL of Auj,Ag;3 was detected by activating
LUMO and HOMO states sequentially via electrode reactions.
Besides, based on the key anodic and cathodic activities
arising from the energetics of Au;;Agis, the ECL generation
pathways and mechanism were proposed—the origin of
strong ECL in Au;,Ag;3 was attributed to the 13t Ag atom at
the sharing vertex position that stabilized the electron on the
LUMO orbital and made the rod-like nanocluster more
rigid.38> The insights, elucidated from both femtosecond
spectroscopy and DFT calculations, suggested reduced
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nonradiative decays and thus, enhanced PL and ECL.3703%> Of
note, the ECL intensity of rod-like Au;,Ag3 is the record-high
among all reports.385

Wang et al. analyzed the ECL of Au/Ag and Pt/Ag
nanoclusters.®!! By controlling the pH of the buffer solution
to 8.5, the ECL intensity of Au/Ag nanoclusters showed a ~20-
fold enhancement. The ECL was remarkably affected by
oxygen and hydrogen peroxide, which was attributed to the
accelerated production of reactive oxygen species on the
nanoclusters. Besides, the ECL was also affected by phenolic
artificial estrogens, which in turn, determined their detection
limits as low as 700 pg L! for Au/Ag nanoclusters, and 1.6 ng
L! for Pt/Ag nanoclusters, respectively.61?

The low ECL efficiency of mono-metallic, GSH-Au
nanoclusters limits their applications in ECL sensing. Thus,
Xiao and co-workers pursued an alloying strategy to obtain
bi-metallic GSH-Au/Ag nanoclusters, finding that the ECL
efficiency of the Au/Ag nanocluster/S,0g% system was much
higher than that of the homo-gold system.61? Based on this
high ECL property of Au/Ag nanoclusters, an ultrasensitive
ECL sensor was constructed for the detection of dopamine
(Fig. 35b) as the presence of dopamine would significantly
quench the ECL of Au/Ag nanoclusters.®®? The quenching
reactions brought by dopamine were proposed as: (i) Au/Ag
cluster® + SO;° - Au/Ag cluster* + SO,> and (ii) Au/Ag
cluster* - Au/Ag cluster + hv. The cluster-based ECL sensor
exhibited excellent sensitivity, selectivity, and stability, and
had a wide linear range from 10 nM to 1 mM with a low
detection limit of 2.3 nM.%12

A series of GSH-stabilized, Au/Ag nanoclusters via
controlling the molar ratios of HAuCl;/AgNO; precursors were
synthesized, and their ECL were analyzed using the
trimethylamine (TEA) as a co-reactant.?* Compared with the
mono-metallic Au nanoclusters, Au/Ag nanoclusters exhibited
significantly enhanced ECL with decreased peak potential and
onset potential, and thus, could be used for sensing Hg?*
metal ions. Specifically, as depicted in Fig. 35¢c, the electron
transfer between Au/Ag nanoclusters and TEA resulted in
ECL; by comparison, the presence of Hg?* ions would stop the
electron transfer, and thus quench ECL. This cluster-based
Hg?* sensor exhibited a low detection limit, broad linear
range, and good sensitivity and stability.613
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Fig. 35 ECL of alloy nanoclusters. (a) Experimental setup and self-annihilation ECL generation from Aui,Ag:3(PPh3)19(SR)sCls.
Redrawn from ref. 385 with permission from American Chemical Society, copyright 2019. (b) ECL mechanisms of the Au/Ag
nanoclusters/S,0g?" system and proposed ECL sensor for dopamine detection. Redrawn from ref. 612 with permission from The
Royal Society of Chemistry, copyright 2019. (c) ECL mechanisms of Au/Ag nanoclusters and proposed ECL sensor for Hg?*
detection. Redrawn from ref. 613 with permission from American Chemical Society, copyright 2017.

7.4 Magnetic properties

Magnetism in nanoclusters is intriguing, as the number of
free electrons in atomically precise nanoclusters can be
precisely counted.®14617 [Au,s5(SR).5]' has a superatomic 8-
electron configuration, whereas [Au,s(SR):5]°® bears 7
electrons, and thus, contains an unpaired electron.5®
Accordingly, the magnetic properties
diamagnetism in  [Auys(SR)1g]* to paramagnetism in
[Au,5(SR)15]0.495:618-620 The Pt- or Pt-doping in [Au,s(SR)1g]° is
capable of altering the electronic configuration, and further
change the magnetic properties of this nanocluster.?'® As
shown in Fig. 36, electron paramagnetic resonance (EPR)
spectroscopy demonstrates that both [Pd;Au,4(SR):5]° and
[Pt;Au.4(SR)1g]° are diamagnetic, in contrast to the
paramagnetic [Au,s(SR)1g]%.21¢ It is suggested that the
transformation of the superatom electronic structure from 7-
electron of [Au,s(SR)15]° to 6-electron of [PdiAu,4(SR)15]° and
[Pt1Au.4(SR)1g]° turns the magnetism from paramagnetism to
diamagnetism.?16

turned from

This journal is © The Royal Society of Chemistry 20xx

Although there is no unpaired electron in the electronic
structure of [Pt;Au,4(SR)15]%, the monoanion [Pt;Au,4(SR)1g]™?
contains an unpaired electron, and is thus EPR active.??? The
EPR signal of [Pt;Au,4(SR)1s]™? (g = (2.572, 2.366, 1.749)) is
very similar to that of [Au,s5(SR)15]° (g = (2.56, 2.36, 1.82)),618
suggesting that the contribution of spin densities to the 1P
superatomic orbitals are comparable between the central Pt
in Pt;Au,4(SR)15 and the central Au in Au,s(SR)1.222

It is suggested that the most characteristic feature for the
planar m-aromatics is its ability to sustain a long-range
shielding cone under the magnetic fields oriented in a specific
direction.??! Fedik et al. analyzed the aromatic character of
[Au13]5* and [M;Au3,]476* (M = Pd, Pt) kernels in M;Au,4(SR)1g
(M = Au, Pd, Pt) nanoclusters, finding that both [Au,s(SR)1g]
and [M;Au.4(SR)1g]%> presented inherent spherical aromatic
properties ascribed to their icosahedral [Auy3]°* and
[M1Au,]* kernels.521 However, the [M;Au;,]®* kernels in
[M1Au,4(SR)15]° (M = Pd, Pt) nanoclusters represented a 6e
superatom structure, which exhibited characteristics for
planar o-aromatics, totally different from the spherical one in
8e nanoclusters. Accordingly, similar magnetic responses
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could be observed in both planar aromatic and spherical
aromatic systems of the corresponding M,s nanoclusters.®?!
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Fig. 36 Magnetism of Au,s(SR);g-based nanoclusters.
Structures and EPR signals of [Au,s5(S-C,H4Ph)is],, [Auas(S-
C2H4Ph)15]%, [Pt1AUL4(S-CoH4Ph)16]° and [PdiAuy,(S-CoH4Ph)g]°
nanoclusters. Redrawn from ref. 216 with permission from
The Royal Society of Chemistry, copyright 2016.

7.5 Chiral properties

A chiral nanocluster is non-superimposable with its mirror
image, and the chirality in nanoclusters is endowed by their
asymmetric structures. Alloying can serve as an effective
means to alter the structures of nanoclusters; thus, alloying
can be utilized to control the chiral properties.

Yao and co-workers measured the circular dichroism (CD)
spectra of —SG protected Aui5(SG)i3, Aui5(SG)s, and
Au,5(SG)1g  nanoclusters.622623 Al three  homo-gold
nanoclusters display CD signals in the metal-based electronic
transition region (300-600 nm). Upon Ag-doping, the CD
responses exhibit quite a difference: (i) the CD signals of
Au15(SG)13 disappear in Auy; A8, 8(SR)13; (ii) the non-obvious
CD response in Auig(SG)y4 is enhanced in Aui44Ag36(SG)14,
with distinct signals at ~280, 310, 340 and 410 nm:; (iii) as for
Au,5(SG)1s, their CD signals are nearly reversed after Ag-
doping.623

Ausg(SR),4 exhibits intense CD responses at 350, 400, 450,
480, 570 and 630 nm.2** Pd-doping into Ausg(SR),4 leads to a
significant change in CD responses, although the anisotropy
factors of Ausg(SR),s and Pd,Ausg(SR),s, are of similar
magnitude.?5? Specifically, the CD signals of Pd,Ausg(SR),4 are
broader and not as distinct as those of Ausg(SR),4 (Fig. 37a). In
addition, racemization of chiral Pd,Auss(SR),4 occurs at a
significantly lower temperature than does the parent
Ausg(SR),4 nanocluster, reflecting in different activation
parameters.?>® Birgi and co-workers proposed that Pd-
doping would increase the flexibility of the nanocluster
surface, which resulted in weakened CD signals of
Pd,Auss(SR),s compared to Ausg(SR),4.2°° Similar doping
effects are also observed in Ausg,Ag,(SR),4 nanoclusters.?53 As
shown in Fig. 37b/c, the more Ag heteroatoms are doped in
Ausg(SR),4, the broader the CD peaks are. Besides, the
temperature required for complete racemization follow an
order (high to low): Ausg(SR),s > Ausg,Ag«(SR)2s (x = 6.5) >
Ausg,Agx(SR)24 (x = 7.9). Significantly, racemization of Ag,Auss.
«(SR)24 (x =7.9) occurs even at 20 °C.253 Therefore, the chiral
properties of Ausg,Agx(SR),s nanoclusters demonstrate
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increased flexibility of the surface structure with increasing
silver content.?>®> The Cu;Auss(SR),4 alloy nanocluster also
shows different CD responses with respect to the parent
Ausg(SR),4 nanocluster.?>3
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Fig. 37 Doping-induced variations in the chiral properties of
nanoclusters. (a) CD spectra of Auss(SR),s and doped
Pd,Auss(SR),4 nanoclusters. Redrawn from ref. 259 with
permission from American Chemical Society, copyright 2014.
(b) CD spectra of Ausg(SR),s and doped Ausg1Ag7.9(SR)24
nanoclusters. (c) CD spectra of Auss(SR),s and doped
Aus15Ag65(SR)24 nanoclusters. Redrawn from ref. 253 with
permission from American Chemical Society, copyright 2016.

Based on DFT calculations on Ausg(SR),4 and its Pd- and
Ag-doped derivatives, Hakkinen and co-workers proposed a
mechanism for chiral inversion that did not require the
breaking of Au-S bonds at the metal-ligand interface, but
featured a collective rotation of the kernel.®?* The calculated
energy barriers of kernel rotation for Ausg(SR),s and
Pd,Auss(SR),4 are in the range of 1-1.5 eV, significantly lower
than the barriers involving breakage of Au-S bonds (2.5 eV).
On the other hand, for Ag-doped Ausg, the barriers for both
mechanisms (kernel rotation and Au-S bond breakage) are
similar (1.3-1.5 eV).52* Such results are in a good agreement
with the racemization barriers estimated from the
experiments.624

7.6 Stability and reactivity

Stability and reactivity are of great significance in the
applications of nanoclusters.1* Alloying serves as a frequently
used method to enhance the stability or reactivity of
nanoclusters.

Generally speaking, the alloying strategy can be used to
enhance the thermal stability of nanoclusters, such as the
AuysAg3(SR)14 nanocluster, which showed no change in its
optical absorption spectrum after 24 hours at 60 °C; for
comparison, Aug(SR)14 showed a decrease in absorption

This journal is © The Royal Society of Chemistry 20xx
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intensity after 2 hrs and the peaks completely disappeared in
~6 hrs.?>®6 These results show that the stability of Au;5(SR)14
was drastically enhanced upon Ag-doping. For M,5(SR)1s,
Negishi et al. mixed Au,s(SR).g and Pd;Auy4(SR),5 nanoclusters
at 50 °C, and after 30 days, only Pd;Au,4(SR)1s survived.?%4
Compared to Agss(p-MBA)3,, the Au-doped Aui,Ags;(p-
MBA)3, showed enhanced stability at room temperature,

20h /

Au,,Ag,,

Chemical Society Reviews

with unchanged optical absorption over 30 days (Fig. 38a,
middle). Besides, Aui,Ags,(p-MBA)3o could sustain at 150 °C
for 2 hrs (Fig. 38a, left).*?3 However, alloying does not always
enhance the thermal stability of nanoclusters. By substituting
the central Cu with Au in Cu;3(S,CN"Bu;)g(C=CR),, the stability
can be enhanced, whereas doping with Ag acts in an opposite
way.518
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Fig. 38 Doping-induced variations on stability and reactivity of nanoclusters. (a) Doping-induced enhancement in thermal stability
from Ags4(SR)30 to Au-doped Au;,Ag3,(SR)30 nanoclusters. Redrawn from ref. 493 with permission from Nature Publishing Group,
copyright 2017. (b) Comparisons on time-dependent ligand-exchange extents between Au,s(S-C,H4Ph)1g and its Ag-, Cu-, and Pd-

doped nanoclusters upon etching by HS-CgHi;. Redrawn from ref. 180 with permission from American Chemical Society,

copyright 2016.

Doping can also tune the reactivity of nanoclusters.
Negishi and co-workers investigated the ligand-exchange
reactivity of Auys(SR);gs and its Pd-, Ag-, and Cu-doped
nanoclusters.180205 They found that the doped M,s(SR):s
nanoclusters exhibited remarkably enhanced ligand-exchange
reactivity.189205 As shown in Fig. 38b, when Au,5(S-C,H4Ph).g
reacted with HS-CgHi;, only an average of 1.58 S-C,H4;Ph
ligands could be exchanged, while for Pd;Au4(SR)1s, ~7.54 S-
C,H4Ph ligands were exchanged. The Ag- and Cu-doping can
also enhance the efficiency in ligand exchange reactions, and
the enhancement is more obvious for Au,s,Cu,(SR):s (Fig.
38b).180 Besides, the more Ag or Cu heteroatoms are

This journal is © The Royal Society of Chemistry 20xx

introduced into Auys,M,(SR)1s (M = Ag/Cu), the more
efficient ligand-exchange the nanoclusters exhibit.180

By exploiting the free valence electron centralization
strategy, Kang et al. rendered the moderately stable
Agy9(S2R)12(PPh3);  with  ultra-stability via heteroatom
doping.*®® Specifically, the thermal stability of mono-metallic
Ag,9(S2R)12(PPh3), (stable at 80 °C) was significantly enhanced
in bi-metallic Ag;7Cu;,(S;R)12(PPhs), (stable at 110 °C), and
even more improved in tri-metallic Au;Ag;6Cu15(S;R)12(PPhs),
(stable at 155 °C, boiling DMF).%¢8 Due to the differences of
metal activity in these alloyed M,9 nanoclusters, substituting
the parent kernel Ag atoms with more inert Au (or
exchanging the parent shell Ag atoms with more active Cu)
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would concentrate the free electrons from the outer shell to tend to transfer partial charge to those of higher
the inner kernel. Thus, the kernel metals would more likely electronegativity.?’? Consequently, the obtained alloy
present a M° state, while the shell metals will be in more nanoclusters possess a surface that is harder to be oxidized
oxidized states (i.e., M%). This phenomenon can also be and thus, higher thermo-stability relative to the parent Agyg
understood by the different electronegativity of group 11 nanocluster.468

atoms (i.e., Cu < Ag < Au), as atoms of lower electronegativity
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Fig. 39 Catalysis by alloy nanoclusters. (a) Enhancement in aerobic alcohol oxidation catalyzed by mono-Pd doped Pd;Au,4(SR)1s.
Data are from ref. 64. (b) Catalytic activities of the mono-metallic Au,5(SR)1g, bi-metallic Au,s.,Ag,(SR)1g and Auy4Hg:1(SR)1s, and
tri-metallic Au4.AgHg1(SR)1g nanoclusters in reducing 4-nitrophenol to 4-aminophenol. Data are from ref. 521. (c) Catalytic
carboxylation of terminal alkynes with CO, over Ag,s(SR)1s or Au;Ag,4(SR)1s, Pt1Ag24(SR)1s, Pd1Ag24(SR)1g nanoclusters. Redrawn
from ref. 440 with permission from Wiley-VCH, copyright 2018. (d) Catalytic activities and selectivities in styrene oxidization over
surface-alloyed Au,4Ag46(SR)3, and core-shell alloyed Au;,Ags,(SR)30. Data are from ref. 549.
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Based on Myo(S-Adm)g(PPhs)s (M = Ag/Au/Pt/Pd/Cu)
nanoclusters, Kang et al. investigated the inter-metallic
synergy effects on their thermal stability by monitoring the
time-dependent optical absorption of these nanoclusters.*48
Some structure-stability correlations were obtained: (i) for
the kernel (M = Ag/Au/Pt/Pd), the stability sequence is
Pd1M,g < Ag1Msg < Au;Mag = Pt;Myg; (ii) for the 2"-shell (M =
Ag/Cu), substituting the Ag;,(SR):s shell with Cuq>(SR)qg
enhances the stability; and (iii) for the vertex position (M =
Ag/Cu/Au), the stability sequence is MysCus > MysAgs >>
MysAu,. These correlations between the metal positions and
the stability of nanoclusters agree with the energy changes of
nanoclusters derived from DFT calculations.*48

8 Applications of Alloy Nanoclusters

Alloying is able to endow nanoclusters with enhanced
chemical/physical properties (e.g., PL properties), which have
been reviewed in Section 7. Furthermore, such enhanced
properties provide alloy nanoclusters with more potential in
applications. In this section, the applications of alloy
nanoclusters are reviewed, including catalysis and optical
applications.

8.1 Catalysis by alloy nanoclusters

Compared to mono-metallic nanoclusters, alloy nanoclusters
have shown great potential for many important chemical
transformation reactions owing to their enhanced activity
and selectivity induced by intermetallic synergies.®2>

Tsukuda and co-workers loaded Au,s(SR);g or
Pd;Au,4(SR)1g multiwalled carbon
nanotubes, and compared the catalytic performance of these
composites in aerobic oxidation of benzyl alcohol.®* The
mono-Pd doped nanocluster remarkably improved the
conversion from 22% for Au,s(SR)1g to 74% (Fig. 39a).* Yao et
al. incorporated two additional Ag heteroatoms onto the
surface of Auys(SR);s, and the alloyed Ag,Au,s(SR)qg
nanocluster displayed enhanced catalytic conversion to 52%
for hydrolysis of 1,3-diphenyl-2-propynyl acetate (c.f. only
11% conversion over Au,s(SR):g).'%* Yan et al. obtained a
correlated series of nanoclusters from mono-metallic
Au,5(SR)1g to bi-metallic Auys,Agy(SR)1s and AuysHg1(SR)1s,
and tri-metallic Auys.,AgHg1(SR)15, and compared their
catalytic activities in reducing 4-nitrophenol.>?! As shown in
Fig. 39b, the catalytic yields over Au,s, Aus.,Ag,, AuysHg, and
Au,s,AgHg, nanoclusters are 23%, 41%, 48%, and 91%,
respectively.>?! Alloying the DNA-stabilized Ag nanoclusters
with Pd, Au, or Pt heteroatoms can enhance the catalytic
efficiency in reducing 4-nitrophenol to 4-aminophenol.®26 Li
and co-workers enhanced the CO oxidation performance of
Au,s5(SR)1g by Ag- or Cu-doping, and DFT calculations
suggested that the enhanced adsorption of CO on the
nanocluster surface induced by Cu or Ag heteroatoms
resulted in the enhancement of catalytic activity.'®* Wu and
co-workers alloyed Au,5(SR);g with Cd(PPh3),(NO3s),, and

nanoclusters onto

This journal is © The Royal Society of Chemistry 20xx
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obtained a CdsAuys alloy nanocluster.?’” For comparison,
Au,s(SR)1g exhibited no catalytic activity toward A3-coupling
reaction between phenylacetylene, benzaldehyde, and
pyrrolidine, but CdsAu,¢ showed a high catalytic activity (up
to 92% conversion) as well as good recyclability and substrate
tolerance. The remarkably enhanced catalytic activity was
attributed to the cooperation between Cd and adjacent Au
atoms in the nanocluster.6?” The PVP-stabilized Auss
nanoclusters displayed a relatively low conversion (< 1%) for
the hydrogenation of C=C bonds in 1-dodecene, styrene, and
cyclooctene, while upon Pd- or Rh-alloying, the catalytic
activities were significantly enhanced.583 For example, the
catalytic conversion over PVP-Aus, in hydrogenating styrene
was only 1%, whereas PVP-Pd;Aus3 and PVP-Rh;Aus; showed
remarkably enhanced conversions of 33% and 95%,
respectively.583

Based on Ag,s(SR)1ig and doped Au;Ag,4(SR)1s,
Pt1Ag,4(SR)1s, Pd1Ag,4(SR)1g nanoclusters, the doping effects
on catalytic performance were investigated in the
carboxylation reaction of CO, with terminal alkyne through C-
C bond formation to produce propiolic acid.**°® As shown in
Fig. 39c, Au-, Pd-, and Pt-doping are all able to enhance the
catalytic activity of Ag,5(SR).5 in carboxylation reactions. The
order of catalytic activity is Aui;Ag,4(SR)1s > Pd1Ag,4(SR)15 =
Pt1Ag24(SR)1s > Ag2s(SR)15.44°

The ultra-stable Au;Ag;6Cui,(S;R)12(PPh3)s was obtained
by doping Ag.o(S:R)12(PPhs)s with Au and Cu heteroatoms.*68
Owing to its high stability, Au;Ag,6Cu1,>(S;R)12(PPhs), enabled
the multicomponent A3 coupling reaction at high
temperatures, which remarkably shortened the -catalytic
reaction time from ~24 h in previous works to 3 min, with
high  conversion, good selectivity, and excellent
recyclability.468

Wang et al. explored the alloying effects of surface-
alloying in  Auy;Ag46(SR)3, and core-shell alloying in
Auq,Ag3,(SR)30 for the reaction of styrene oxidization.>*? As
shown in Fig. 39d, epoxide and benzaldehyde are the major
products in the styrene oxidation. The surface-alloying in the
AU,4Ag46(SR)3,/CNT (i.e., nanoclusters loaded on multi-walled
carbon nanotubes) catalyst displayed high selectivity for
benzaldehyde (96.3%), whereas the core-shell alloying in the
Au15Ag3,(SR)30/CNT composite showed a much higher
epoxide selectivity (57.6%).5%° In follow-up works, styrene
oxidation was used for evaluating the catalytic conversion
and selectivity over Au,5(SR)1s, Ag44(SR)30, AUys.Ag.(SR)1s, and
Auq,Ag3,(SR)30  nanoclusters.5226  The  catalytic  results
demonstrated that the silver atoms in alloy nanoclusters
were responsible for the high selectivity for benzaldehyde
and the gold atoms were responsible for the high
conversion.528

The Au/Ag synergistic effect in the alkynylation of CFs-
ketone was evaluated over bi-metallic Au;Ag,4(SR)1g and Au,s.
«Ag.(SR)1g (x = 2-6) nanoclusters, and their corresponding
mono-metallic counterparts (Ag,s(SR)1g and Au,s5(SR)15) were
used as reference catalysts.®?® By a combination of
experimental and theoretical analyses, Sun et al.
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demonstrated that the Au@Ag kernel (i.e., M3 icosahedral
kernel) was essential for high activity and stability in the
cluster-catalyzed alkynylation of CF3;-ketone. Besides, such a
structure-property correlation was extended to other Au/Ag
bi-metallic nanoclusters such as Au;;Ag3,(SR)30, Which
brought more opportunities for designing alloy catalysts with
high reactivity and stability.6?°

Du et al. compared the photocatalytic activities of
Ag,5(SR)1g and Pt;Ag,4(SR)1g nanoclusters (loaded on graphitic
carbon nitride (g-C3N4)) in hydrogen evolution, and
Pt;Ag,4(SR)1s/8-CsN, displayed the highest photocatalytic
activity, which was ~330 times and ~4 times higher than bare
g-C3N, and Agys5(SR)1s/8-C3N4, respectively (Fig. 40a).%30 Such
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catalysts were further compared via various photo-
electrochemical characterizations to investigate the detailed
alloying effects. Unlike bare g-CsN; and Ag,s(SR)1s/g-C3N4,
Pt1Ag,4(SR)1s/g-C5N, showed a remarkably reduced semicircle
in the Nyquist plot (Fig. 40a, bottom-left), demonstrating that
a small barrier of photocarrier transfer could be achieved
based on the Pt;Ag,4(SR)1s/g-CsNs composite. In addition,
photocurrent versus time curves of these catalysts were
compared (Fig. 40a, bottom-right), and Pt;Ag,4(SR)1s/8-C3N4
displayed a significant photocurrent enhancement compared
to Ag,s(SR)18/8-C3N4, not to mention the pristine g-C5N,.53°
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Fig. 40 Alloy nanoclusters for photocatalytic/electrocatalytic hydrogen production. (a) Enhanced efficiency of Pt;Ag,4(SR)1s over
Ag,5(SR)1g in photocatalytic hydrogen evolution. Redrawn from ref. 630 with permission from The Royal Society of Chemistry,
copyright 2017. (b) Enhanced efficiency of Pt;Au,4(SR)1s over Au,s(SR)1g in electrocatalytic hydrogen production. Redrawn from
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ref. 217 with permission from the Nature Publishing Group, copyright 2017. Redrawn from ref. 219 with permission from The

Royal Society of Chemistry, copyright 2018.

The visible-light-induced catalytic denitrification coupling
of benzylamine by nanoclusters was investigated on the
Auys(SR)1s, Agys(SR)1s, and Au,s,Ag.(SR):gs nanoclusters.63?
Basically, two products were observed in the oxidation of
benzylamine — N-benzylidenebenzylamine and aldimine —
the former was the desired product. The Ag,5(SR).s gave a
complete conversion (100%), but with a relatively low
selectivity for N-benzylidenebenzylamine (29.1%). The
Au,5(SR)1g showed a higher selectivity (~70%) and a
conversion of ~80%. Significantly, the bi-metallic Auys.
«Agx(SR)1g nanoclusters were found to be the best among
these catalysts, exhibiting a complete conversion (> 99%) and
an exclusive selectivity (100%).631

Lee’s group investigated the alloying effects on hydrogen
evolution reaction (HER) catalyzed by Pt- and Pd-doped
M31AuU»4(SR)1g and M,Auzs(SR),4 nanoclusters.?17-219.632 Similar
to the hydrogenase enzymes that showed active sites at the
intersection of an electron-transport chain and a proton-
transport chain (e.g., [FeFe] hydrogenase, shown in Fig. 40b,
middle-left),633-635  the nanoclusters possessed similar
configurations containing several intersected M,(SR), staple
motifs (shown in Fig. 40b, middle-right), and thus, these
nanoclusters showed high electrocatalytic activity in HER.217-
219 The kqps Was used to define the efficiency of HER, and
Pt;Au,4(SR)1g (SR = 3-mercapto-1-propanesulfonic acid, MPS,
or 1-hexanethiolate, C¢S) nanoclusters showed remarkably
enhanced ks values relative to their homo-gold counterparts
(Fig. 40b, bottom-left).217:21% Significantly, the HER efficiency
of the Pt;Auy4(SR).s-based catalysts was determined as 25
mol g hl, which was more than two times higher than that
of the benchmarking Pt/C-based catalyst (11 mol g h1) at
the same overpotential of 0.6 V.27 Lee and co-workers also
demonstrated that Pt- and Pd-doping were able to enhance
the catalytic efficiencies of Auzg(SR),s in HER.®32 DFT
calculations reveal that the hydrogen adsorption free energy
(AGy) is significantly reduced in doped nanoclusters, with the
order of Auys5(SR)1g > PdiAu(SR)1g > Pt;Auys(SR)1g and
similarly, Ausg(SR),4 > PdyAusg(SR)24 > PtyAuszg(SR),4, indicating
that hydrogen adsorption on active  sites is
thermodynamically favored by Pd- or Pt-doping.®3? The doped
metals, albeit buried in the kernel of Au,5(SR)1g and Ausg(SR),a4,
have a profound impact on the HER activity by altering the
reduction potentials and hydrogen adsorption free energies
of the corresponding nanoclusters.®32

The electrocatalytic activities of Auys(SR);g and
Pt;Au,4(SR):s were compared in direct oxidation of formic
acid into carbon dioxide.®3® It was observed that Au,s(SR)1s
was inactive in this catalytic reaction, but Pt;Au,4(SR)ig
exhibited a relatively high activity of 3.7 A mgpuaut, Which
was 12 and 34 times greater than Pt nanoclusters and
commercial Pt/C catalysts, respectively. DFT calculations also
demonstrated the importance of Pt-doping in reducing the
energy barrier of formic acid oxidation.63¢

This journal is © The Royal Society of Chemistry 20xx

Negishi and co-workers studied the heteroatom doping
effect of the co-catalyst on water-splitting activity by loading
Pd;Au,4(SR)1g or Pt;Ag,4(SR):g nanoclusters on BalasTizO1s
(one of the most advanced photocatalysts).63” Experimental
results of these photocatalysts revealed the following three
features of heteroatom doping on cocatalysts: (i) Pd was
located on the surface of the cluster cocatalyst, whereas Pt
was at the interface between the cluster cocatalyst and the
photocatalyst; (ii) Pd doping decreased the water-splitting
activity, whereas Pt doping improved it; and (iii) the doping
position of the heteroatom considerably contributed to the
doping effect.®3”

In parallel with the experimental results, DFT calculations
were performed to investigate the mechanisms of (i) alloying-
induced enhancement in catalytic activities, and (ii)
atomically precise processes of catalysis based on alloy
nanoclusters.217,218,632,636-640 Based on these DFT calculations,
alloying can promote the catalytic processes because of its
capability in changing the adsorption energy of substrates (i.e.
reactants), helping the stabilization of catalytic intermediates,

and reducing the energy barrier of the reactions.?7,218,632,636-
640

8.2 Nanocluster-based, fluorescent sensors for detection of
toxic ions

Fluorescent alloy nanoclusters have been developed as highly
sensitive and selective sensors for detecting metal ions. In
this section, nanocluster-based sensors for detecting various
ions are reviewed.

Jiang et al. prepared red fluorescent BSA-Au nanoclusters
that emitted at 620 nm,%#! and the presence of Ag* ions
would not only blue-shift the emission to 585 nm, but also
enhance the PL intensity significantly. By contrast, all other
metal ions (such as Au3*, Ca?, Mn?, etc.) induced
comparable emission intensities of this nanocluster, while
Hg?* completely quenched the emission. Besides, based on
PL-enhanced BSA-Au/Ag alloy nanoclusters, the addition of
Hg?* ions also quenched the emission (Fig. 41a). Accordingly,
the fluorescent BSA-Au nanoclusters could serve as a
versatile sensor for selectively detecting both Ag* and Hg?*
ions.641

Chen and co-workers prepared a mercaptosuccinic acid
(MSA) stabilized fluorescent Au/Ag alloy nanocluster, and
further capped it with methoxy-poly(ethylene glycol)-NH, (m-
PEG-NH,).%*2 The as-prepared alloy nanocluster emitted at
637 nm, and as the presence of AI?* ions significantly
enhanced the fluorescence, the PEGylated MSA-Ag/Au
nanocluster could serve as a highly selective and sensitive
sensor for detecting AI** ions in aqueous solution, with a
detection limit of 0.8 uM (Fig. 41b).542

Sannigrahi et al. prepared a series of SG-protected Au/Ag
alloy nanoclusters with tunable NIR fluorescence, and the PL
intensity of such clusters could be significantly enhanced by
the addition of Pb?* ions.543
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Fig. 41 Metal-ion detection based on fluorescent alloy
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effects on the fluorescent BSA-Au and BSA-AuAg nanoclusters.

Redrawn from ref. 641 with permission from The Royal
Society of Chemistry, copyright 2018. (b) AuAg alloy
nanoclusters as a fluorescence-enhanced probe for AIP*
sensing. Redrawn from ref. 642 with permission from
American Chemical Society, copyright 2013.

8.3 Other applications of alloy nanoclusters

Some alloy nanoclusters have been used for labeling cells
owing to their (i) strong luminescence, (ii) ultra-small size, (iii)
ability to easily enter cells, (iv) good biocompatibility, and (v)
good photo-stability.368587 Wang et al. prepared Aus.
Agx(PPh3)10(SC,H4OH)sCl, (x < 13) alloy nanoclusters with
red-emission at 633 nm, displaying good water solubility and
capability in labeling the living cells (e.g., human cancer cell
7402, Fig. 42a). The wide excitation range and the red
emission make these nanoclusters feasible for simultaneous
use with other dyes having emissions shorter than 600 nm
(e.g., the most MitoTracker and LysoTracker) without any
interference  (Fig. 42a). Further cytotoxicity test
demonstrated that these nanoclusters showed no
cytotoxicity after a long period of incubation in cells.3%8 Li and
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co-workers found that the phosphorescent C@AugAg, alloy
cluster selectively stained the nucleolus of LO,, Hela, and KB
cells (Fig. 42b) with a much lower uptake in the nucleus and
cytoplasm, and exhibited excellent photo-stability. Thus,
C@AugAg, alloy is a very attractive phosphorescent staining
reagent for visualizing the nucleolus of living cells.>8”

Zan et al. synthesized a series of Agss.Au, nanoclusters
capped by tiopronin (abbrev. Tio, a thiol) and further
modified these nanoclusters with doxorubicin (DOX, an
anticancer drug for a wide range of malignancies).®** The
obtained Agys,Au,-Tio-DOX showed a red, intense emission
at 595 nm, and could be used as a multifunctional cancer
therapy platform with both imaging and therapy activities,
and thus had potential in anti-cancer diagnosis.®%*

Yang et al. prepared C@AugAg, alloy complex capped by
2-(diphenylphosphino)-5-pyridinecarboxaldehyde, and the
terminal aldehyde groups on the surface were able to link the
dissociative mono-amines in solution.>® Significantly, the
adsorption of chiral mono-amine induced the asymmetric
torsion of the complex, and therefore, the R-Ag,Aug and S-
Ag,Aug enantiomers were obtained and showed opposite CD
signals (Fig. 42c, left).>°° Besides, a linear relationship was
determined between the e.e. values of introduced chiral
mono-amines (1-phenylethylamine, 1-cyclohexylethylamine,
or 2-aminooctane) and the intensity of CD signals (Fig. 42c,
right).>%0

9 Conclusions and Perspectives

Atom-precise alloying has shown its unique capability in
dictating the electronic/geometrical structures and tuning the
chemical/physical properties of mono-metal nanoclusters. To
date, Au, Ag, Pt, Pd, Cu, Cd, Hg, Ir, etc., have been
incorporated into the templates, resulting in bi-, tri-, and
multi-metallic nanoclusters. Different metal atoms with
configurations and physicochemical
characteristics adopt different alloying modes, i.e., different
heteroatom(s) follow unique doping preference. For example,
based on Au,5(SR).g, only one Pt/Pd can be doped into the
central position,?1® whereas more than one Ag atoms can be
incorporated, and they tend to be arranged on the
icosahedral-kernel shell.17# On the other hand, for the
templates that are not electronic shell-closing, e.g., Au,1(SR)1s
and Au,3(SR)46, structural transformation may be triggered by
alloying.

Collectively, based on different types of heteroatoms,
nanocluster templates, and doping modes, alloy nanoclusters
have presented their explosive developments in terms of
syntheses, characterizations, and structural determinations.

distinct electronic

This journal is © The Royal Society of Chemistry 20xx
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Alloying is also able to tune the chemical/physical
properties of homo-metal nanoclusters, including the optical,
electrochemical, magnetic and chiral properties, as well as
stability and reactivity. Owning to the inter-metallic
synergistic effects, alloy nanoclusters often possess enhanced
PL and catalytic activity compared to homo-metal
counterparts. Furthermore, alloying effects on structures can
be directly related to their properties at the atomic level,
which further guides researchers to prepare more alloy
nanoclusters with novel geometrical/electronic structures as
well as desirable properties. Consequently, the enhanced
properties endow alloy nanoclusters with potentials in many
applications, such as catalysis, chemical sensing, bio-imaging,
and so on.

Several perspectives are discussed herein.

1. Development of new alloying methods for novel alloy
nanoclusters. Different synthetic methods have displayed

This journal is © The Royal Society of Chemistry 20xx

their uniqueness in doping processes. For instance, Pt- and
Pd-doped nanoclusters can only be prepared by the in-situ
synthetic method;63204258262435 gnd the Ir doping in
Au,5(SR)1g is only accomplished via the inter-nanocluster
reaction method;'’3 the metal-exchange method provides a
facile approach for meticulously controlling the metal
compositions of alloy nanoclusters.’”® The driving force of
metal replacement (galvanic replacement, GR) in bulk metals
is attributed to the difference in electrochemical
potentials,>%4> however, when the size of nanoparticles is
below 3 nm (nanoclusters), anti-GR (AGR) reactions may
occur.89186 Although many types of atoms have been used to
prepare alloy nanoclusters, most of them are from groups 9-
12, and introducing other types of atoms (e.g., Fe, Mn, Co, W)
remains challenging. Thus, new methods are still needed to
prepare novel alloy nanoclusters.
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2. Ligand-effected control over the composition of alloy
nanoclusters. While there has been much work on the
exploration of ligands (e.g., o-/m-/p-Me-Ph-SH for size
control of homometal nanoclusters), their effects on alloy
nanocluster composition remains elusive. Experimentally, it
was found that the reduction of Au/Cu-SC,H,Ph precursors
resulted in Auys.,Cu,(SC,H4Ph)1g containing up to 4 Cu atoms
only,®” but selenolate-protected Au,s(SePh).s was found to be
able to accommodate up to 9 Cu, and the resulting bimetallic
nanoclusters are also more stable than  Auss.
xCU,(SC,H4Ph)15.58 In another case, all Ag heteroatoms are on
the icosahedral kernel’s surface in Auys,Ag,(SC,H4Ph)ig
nanoclusters,®® while in the case of cyclic hexanethiolate
protection, heavy-doping led to Ag atoms on the staple
motifs of Auys.,Ag(SCsH11)18 (x ~19) in addition to the kernel’s
surface.”® These ligand-induced alterations in doping modes
would help in completing the mechanisms for doped
nanoclusters.

3. There is much room for improvement via alloying-
triggered structural transformation. Although Au,3(SR)i¢ can
be subject to slight-doping without changing the structure,
upon higher doping, the nanocluster undergoes
transformations to form Au;9Cd;(SR)1s, Auy0Cd4(SH)(SR)19,
and Auys,Ag,(SR);gs of different structures. Based on
precursors of different Au:Ag ratios, a correlated series of
Au;;1(SR)1s, Auz0Ag1(SR)1s, Au19Ag3(SR)1s5, and Auzs,Agy(SR)1s (x
>4) of different structures can be obtained.?’? The starting
homo-gold nanoclusters which do not have electronic shell-
closing configurations might be responsible for the structural
transformations, providing great potentials to achieve novel
structures.

4. Asymmetric doping or alloying as a new “dimension”.
The preferences of heteroatom(s) in templates are
symmetry-related, and for alloy nanoclusters of specific
magic sizes, distributions of different atoms are
corresponding to the structural symmetries as well. Under
such circumstances, asymmetrically alloyed nanoclusters, e.g.,
Au16Ag1(SR)13, Auz0Ag1(SR)15, Au1sAE4(SR)1s5, AuzoCds(SH)(SR)1g,
become very informative, and their mechanisms require
further elucidation via both experiment and calculation.
Besides, asymmetric alloying generally results in more
distorted structures, bringing about anisotropic properties to
the nanoclusters which could be important but have not been
discussed yet.

5. Shifting the “transition region” from plasmonic (or
metallic) to non-metallic for nanoclusters by alloying. To date,
the largest Au nanocluster with structure elucidation is
AU;79(SR)s4,%1841° and a sharp transition from plasmonic to
molecular state occurs between  Auys(SR)s and
AU;79(SR)g4.41° On the other hand, the “transition region” of
Ag nanoclusters moves to much smaller sizes.*?” Thus,
alloying is expected to alter the boundary between metallic
and non-metallic states. Alloy nanoclusters with large sizes,
Au130.A8x(SR)so and Aus,;Cus,(SR)ss, still show non-metallic
properties,>>2%4 although Ag or Cu atoms outnumber Au in
these cases. Whether Au144(SR)eo is metallic or non-metallic is
still controversial based on femtosecond time-resolved
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transient absorption spectroscopy.®47.64% Upon doping, Auiss.
«Agx(SR)s0 shows non-metallic optical peaks,*°® while that of
AU144.xCU,(SR)ep is plasmon-like.*13 Therefore, doping/alloying
on nanoclusters of large sizes is worth studying in the future.

6. Supplementary methods in addition to SC-XRD for more
precise site-determination of heteroatoms. The alloying sites
of different atoms in nanoclusters are of great significance for
investigating the alloying mechanisms. The structural
determination based on SC-XRD is the most precise way to
identify the alloying sites no matter for template doping or
for specific multi-metallic structures. However, due to the
close atomic numbers and similar electron densities, SC-XRD
can hardly distinguish Au from Pt/Hg, or Ag from Pd/Cd. Thus,
other approaches are required; for example, EXAFS can be a
useful approach and was demonstrated to identify the
location of Pt in Pt;Auys.?’> NMR may also helpful in
elucidating the alloying positions. New approaches remain to
be developed.'”® A multi-approach analysis should be
established for more precise determination of challenging
cases of alloy nanoclusters at the atomic level.

7. Seeing the doping evolution process at the atomic-level.
From crystal structures of mono-metallic nanoclusters and
their doping counterparts, one can only gain the information
of the final doping sites. However, the precise doping process
remains a mystery. As to the mono- and central doping of Au
in Ag,s(SR)15,%° Bakr et al. proposed that the introduced Au*
was first reduced to Au(0), replacing one Ag on the
icosahedral kernel shell, and then the Au(0) diffused to the
center due to thermodynamic favorability.®® Xie and
coworkers further demonstrated this Au-doping process on
the basis of alloying Ag,s(MHA);g into AuiAgos(MHA)5.436
Future work is still necessary to provide more intuitive
perspectives in many other doping processes. In-situ EXAFS
may also provide precise information on this.

8. Applications of alloy nanoclusters. Alloy nanoclusters
often display enhanced chemical/physical properties relative
to their mono-metallic counterparts. As ongoing
improvement is being done in terms of controlling over
structures and compositions of nanoclusters, one future
direction is to move on to precise tailoring of their properties
for applications in various fields. For example, as some of the
nanoclusters have been reported to have extraordinarily long
(e.g. microsecond) carrier lifetimes,?’* promising applications
such as !0, generation, solar energy conversion, and
photocatalysis can be expected.

On the whole, it is clear that alloying in atomically precise
nanoclusters holds great potential in tailoring the material
properties and achieving deep understanding of many
fundamental issues, such as the alloying sites, evolution, and
structure-property correlation. With the development of
atomically precise nanocluster chemistry, the alloying
strategies will open new opportunities for controlling the
structure, properties, and applications of nanocluster
materials.

This journal is © The Royal Society of Chemistry 20xx
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