CONCEPT

Cocrystals of Atomically Precise Noble Metal Nanoclusters

Mohammad Bodiuzzaman, Wakeel Ahmed Dar, and Thalappil Pradeep*

Cocrystallization is a phenomenon involving the assembly of two or

more different chemical entities in a lattice, occurring typically through
supramolecular interactions. In this concept, recent advancements in the
cocrystallization of atomically precise noble metal clusters and their potential
future directions are presented. Different strategies to create coassemblies of
thiolate-protected noble metal nanoclusters are presented first. An approach
is the simultaneous synthesis, and cocrystallization of two clusters having
similar structures. A unique pair of clusters found recently, namely Ag,, and
Ag s with same core but different shell are taken to illustrate this. In another
category, the case of the same core is presented, namely Agy;¢ with different
shells, as in a mixture of Ag,;o and Ag,;;. Next, an intercluster reaction is
presented to create cocrystals through selective crystallization of the reaction
products. The coexistence of competing effects, magic sizes, and magic
electron shells in a coassembly of alloy nanoclusters is discussed next.
Finally, an assembly strategy for nanoclusters using electrostatic interactions

bridging link between atoms and bulk
state of materials. NCs have precise mole-
cular formulae and possess many proper-
ties that are similar to those of molecules
(e.g., quantized energy levels, optical
absorption, and emission, nonlinear
optical properties, electrochemical prop-
erties, chirality, and magnetism).*®° The
properties of NCs depend heavily on their
size, geometry, and composition, due to
the quantum confinement effects.'% They
also vary drastically with the number
of constituting atoms. This has greatly
strengthened the importance of cluster
chemistry.

Among the NCs, the most important
family of stable clusters belong to those
of noble metals, typically protected with
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is described. This concept is concluded with a future perspective on the
emerging possibilities of such solids. Advancements in this field will certainly
help the development of novel materials with exciting properties.

1. Introduction
1.1. Monolayer Protected Clusters

Atomically precise nanoclusters (NCs) may be defined as
nanomaterials composed of a specific number of constituent
atoms, typically metals, held together by metal-metal bonds as
in Auys, Ausg, Auygy, Auyy, Agys, Agy, Agy, and PdAu,y, with
fixed number of ligands and precise charges, so that the overall
entity has a well-defined composition, structure, and associated
properties.'””] Nuclearity of the cluster is the number of metal
atoms in this core which has a diameter in the range of 1-3 nm.
NCs behave like molecules and are not generally plasmonic in
nature and exhibit optical properties distinctly different from
those of traditional nanoparticles. Bonding between the atoms
in NCs is different from those in bulk metals or in nanopar-
ticles. Their sizes (<3 nm) fall between atoms and nanoparti-
cles, and therefore, this regime of matter is considered as the
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thiolates. Considering the affinity of thiols
toward gold or silver, Brust et al.'213] have
introduced thiols as ligands, and the era
of monolayer protected clusters was born
with thiol protection. Till date many clus-
ters have been synthesized following the
modified Brust synthesis method.

Single crystal X-ray structures are considered as the holy grail
of cluster science. More than 500 clusters (as on June 2020) have
single crystal structures.[>>1>1% Exploring the total structures of
metal NCs is of great significance for explaining their stability,
metal sulfur interface, and different properties. Nanoclusters are
generally represented as M,(SR), (where x and y represent the
number of metal atoms and protecting ligands, respectively, and
the latter are typically thiols, and they bind to the metal surface
as thiolate, -SR). Nanoclusters can also be stabilized by thiol-
phosphine mixtures. Thiol is used to provide primary protection
to the cluster, and phosphine acts as a secondary ligand. In pres-
ence of multiple ligands, stability and properties of NCs were
enhanced than those composed of single ligands.[® Particularly,
secondary ligands help in crystallizing molecules as well as
enhancing their optical properties.”'® After synthesis, the most
important effort is to understand the cluster with molecular
tools, such as mass spectrometry to assign the precise com-
position. Subsequently, the purified and often size separated
cluster is assembled leading to a well-ordered crystal. A number
of techniques can be used to understand the composition and
structure. This approach is depicted in Scheme 1. Atomic-level
doping of foreign metals in the parent cluster is known to create
doped or alloy clusters, which exhibit enhanced stability and
improved optical and catalytic properties.'”) Precise molecular
structure, electronic energy levels, optical absorption and emis-
sion,l¥ reactivity,?*2! electroreduction,??! water oxidation,!?*!
sensing,**?°l bioimaging,*®l catalysis,?>?/l and an expanding

© 2020 Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202003981&domain=pdf&date_stamp=2020-11-13

ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

m/z 7391

T T T )
6000 8000 10000 12000

m/z

I L
2000 4000

Scheme 1. An atomically precise cluster characterized by molecular
tools, such as mass spectrometry, is assembled to give a cluster crystal.
For illustration, the cluster used here is Au,s(SCH,CH,CsHs)qs~. The
ligand employed here, C4HsCH,CH,SH or phenylethanethiol, binds to
the cluster core as phenylethanethiolate, C¢HsCH,CH,S-, referred to as
PET). Mass spectrum. Reproduced with permission.™ Copyright 2017,
American Chemical Society.

body of emerging properties, increasingly reaffirm the mole-
cular nature of such systems. For specific aspects of cluster syn-
thesis, characterization, and crystallization, please consult other
articles in this special issue on clusters.

1.2. Cluster Crystals

Assembling such clusters with similar molecular entities has
been explored from the very early period of cluster science,
and the very first example of gold clusters protected with phos-
phine was cocrystallized with a Keggin anion, 0+[PW;,0,4]*" in
2006.1281 Coassemblies composed of fullerenes and clusters of
cobalt and iron have been reported subsequently.?>3% Recently,
Roy group reported superconductivity in cluster assembled
solids of RegSegCl,.2 The emergence of thiolated gold clusters
with chemical and physical stability, exhibiting new properties,
such as distinct optical absorption and visible to near-infrared
emission present new possibilities for their assembled solids.
Existence of well-defined cluster shapes derived from polyhedra
belonging to different categories and the presence of covalently
anchored ligands on metal cores, capable of making specific
noncovalent interactions between protected clusters and pos-
sibilities of inclusion complexes with ligands, together expand
the possibility of assembly of thiolated noble metal clusters.3233]

Cocrystallization is a well-known approach used for the design
of diverse new multicomponent solids. Current attraction of
cocrystals is mainly due to their applications in pharmaceuticals
in terms of modifying the physicochemical properties of drugs.*’!
A few examples of cocrystals of small molecules are presented
in Table 1. They have multiple advantages as follows: a) Novelty:
Cocrystallization leads to unique solids in terms of their structures
and properties. b) Utility: Cocrystals show different physicochem-
ical properties which have been exploited for specific and wide-
ranging applications as in electronics, solar cells, energy storage,
and luminescent materials. ¢) Multiplicity: A large number of
products are possible as thousands of organic compounds can
make cocrystals. d) Greenness: The accessibility of hundreds of
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precursors for cocrystallization and comparatively easy synthetic
methods lead to the saving of energy, effort, and time.

In the recent past, we find that research on cocrystalliza-
tion is expanding from pharmaceuticals to materials. Cocrys-
tallization of different NCs could lead to potential new phys-
icochemical properties differing from those of their simple
physical mixtures. In such a physical mixture, the periodicity
of building blocks and associated ordered supramolecular
interactions will be absent which can bring modification in
mechanical properties, optical and electrical transport prop-
erties as physical properties, such as melting point. Cocrys-
tals of clusters reported are listed in Table 1. The concept of
cocrystallization is very new in thiolate-protected atomically
precise nanoclusters. Emerging examples for such systems are
beginning to be available, and a rich diversity in this category
of materials is definite to make a lasting impact in chemical
science. In this Concept, we explore the new directions of this
emerging science, manifested in noble metal cluster cocrys-
tals. These are as follows:

i) Simultaneous encapsulation of externally similar structures
in a single crystal.

ii) Selective crystallization from a reaction mixture as a result of
interparticle reaction.

iii) Coexistence of competing effects (magic sizes vs magic elec-
tron shells) in alloy nanoparticles to form cocrystals.

iv) Cocrystals composed of +ve and —ve clusters making an ionic
cluster solid.

These aspects are summarized in Scheme 2. In the sections
below, we discuss each of these specific categories.

2. Simultaneous Encapsulation of Similar
Structures in a Single Crystal

A large number of atomically precise metal nanoclusters are
crystallized in the recent past.}¢°6%4 They can be understood
by the divide and protect rulel®! in which metallic cores are sur-
rounded by a polymeric shell, usually made by staple motifs.
In general, clusters are formed starting with well-known icosa-
hedral cores with appropriate capping and protecting linkages,
often arranged as monomeric (-SR-M-SR-) or dimeric (-SR-M-
SR-M-SR-), etc., staples. The staple linkage around the core is
called a shell. Among gold clusters, Au,s(SR);g is an intensely
studied one because of its versatility toward ligands. It consists
of an Auy; icosahedral core, protected by 6 Au,(SR); staples
making a Auy,SR;g shell (Figure 1A)." Similar core and shell
structure was observed in Ag,5(SR);g by the Bakr group.[®
Ag;9(S;R)15(PPhs),, another intensely studied cluster system
consists of the Ag; icosahedral core and Ag;S),P, shell.
These core and shell structures are summarized in Figure 1.
Other core structures, namely, face-centered cube, simple cube,
biicosahedra, body centered cube, and multiple metallic layer
core structures have also been observed.[®#¢166-%1 Combined
unit of the core and shell structures create 3D atomic structures
of clusters. This molecular framework with structural rigidity is
also associated with magic electronic structure, to ensure that
such systems are stable.””) Understanding of such structures
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Table 1. Some examples of cocrystals of small molecules, clusters, and their importance. In the category of small molecules, only illustrative exam-

ples are given.

Type Cocrystals Importance Ref.
Small molecules Cis-itraconazole and 1,4-dicarboxylic acids, Vitamins D, (VD,) and D; (VD3), Pharmaceutical [34-40]
hexamethylenebisacetamide and aliphatic even-numbered dicarboxylic acids, aspirin and applications
4,4"-bipyridine, fluoxetine hydrochloride and benzoic acid, fluoxetine hydrochloride and
fumaric acid, acetaminophen with theophylline, acetaminophen and its hydrochloride salt
1,2-bis(2-methyl-5-(1-naphthyl)-3 thienyl) perfluorocyclopentene and perfluoronaphthalene Converts light into [47]
mechanical work
2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaiso-wurtzitane and 2,4,6-trinitrotoluene (TNT) Smart materials [42]
Anthracene and tetracene Novel fluorophores for [43]
solar concentrators
Gallic acid and isoniazid Structural insights into [44]
proton conduction
2,7-di-tert-butyl-10,14-di(thiophen-2yl) phenanthro[4,5-abc][1,2,5]thiadiazolo[3,4-i]phenazine Switching of p-type [45]
and tetracyanoquinodimethane (TCNQ) semiconductor to
n-type semiconductor
Caffeine, 4-chloro-3-nitrobenzoic acid and methanol, p-phenylenediamine and N-phenyl-p New organic functional [46,47)
phenylenediamine materials
Cocrystals of clusters [Aug(PPh3)g]5[V19O,8H3], Crystal structure [48]
[(In3GeS;) (CuslnzeSse) ] [(H,TMDP) ]y Crystal structure [49]
(TMDP = 4,4"-trimethylenedipiperidine)
[CogTeg (PEt;)q][FegOupz:,Cly) Crystal structure [50]
(pz = pyrazolate)
[CogTes (PnPr3)g][Ceols and [CogSes(PEts)6][Ceols Electronic transport [30]
properties
Recent trends in cocrytsallization (Ag210(ipPhS) 71 (Ph3P)sCl and Agyy (ip,PhS)7 (Ph3P)cCl Crystal structure [51]
of thiolate- protected noble [Ag4s(SPhMez)54(PPh)sJ2* and [Agao(SPhMey)4(PPh)l?* Crystal structure [52]
metal nanoclusters
[(AuAg) 267(SR) 0] and [(AuAg)4s(SR),7(PPhs)e] Crystal structure [53]
[Agis(S'BU)3(CF3CO0); (ACN) CIJ* [Agiy(S'Bu) (CF3CO0), (ACN);ClJ* Reaction and [54]
cocrystallization
[Ag26Au(2-EBT)15(PPhs)¢]* and [AgysAu (2-EBT)1g]” lonic cocrystal [55]

obviously shows the appearance of common outer shell having
varied inner cores and vice versa.

2.1. Same Shell but Different Core

Mixed ligand protected molecular pieces of silver, namely,
[Agi(DMBT),(TPP)g](NO3), and [Agso(DMBT),,(TPP)s](NOs),
(shortened as Agys and Agy, respectively) with the same shell
but different inner cores were synthesized simultaneously.>?
A mixture of purified clusters was crystallized in a monoclinic
crystal system with space group, C2/m.

Structural refinement unambiguously confirmed that there
are two types of clusters in the crystal. These clusters exhib-
ited almost the same structures but differed by six metals in
them and can exchange their positions. Total structures of
both the clusters revealed that six atomic locations of the core
of [Agss(DMBT),,(TPP)g] are empty in [Agy(DMBT),(TPP)g].
Due to identical structures of the outer shell, clusters were
not able to differentiate themselves and got cocrystallized.
Therefore, the difference in the inner core does not affect the
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growth process of the crystals, and both the clusters got nucle-
ated in equal proportions in a single crystal. An examination
of the clusters [Agy(DMBT),4(TPP)g] and [Agss(DMBT),4(TPP)g]
revealed simple cubic (Agg) and face-centered cubic (Agy)
structures, respectively, as the inner cores. These inner cores
are protected by a common outer shell, [Ags,(DMBT),4(TPP)g]
to form the molecular architecture. The structures of the inner
core and outer shell are presented in Figure 2A-D. Both the
clusters were assembled in exactly the same fashion to form
the solid (Figure 2G,H). In a unit cell, there are two molecules
which are connected through supramolecular interactions. In
two dimensional lattices, both the clusters were assembled in
the same way. Agy, was packed into centered rectangular and
rectangular 2D lattices along the z and x directions, respec-
tively. The same packing was seen for Ag, also.

Encapsulation of those clusters in a single crystal was fur-
ther proved by high resolution mass spectrometry (HR ESI
MS). ESI MS of a crystal dissolved in methanol showed mul-
tiple peaks which were assigned as Ag®", Agy’®t, and Agyt
(with the ligand structure intact). Collision induced dissociation
studies were performed to confirm the compositions.

© 2020 Wiley-VCH GmbH
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Scheme 2. Schematic representation of the concepts of emerging science manifested in noble metal cluster cocrystals. The image of interparticle
reaction is reproduced with permission.l!l Copyright 2019, American Chemical Society.

2.2. Same Core, Different Shell

Another category of encapsulation of similar structures is
one with the same metallic core with a different shell. In
this concept, a ligand control methodology was developed to
synthesize two silver nanoparticles, namely Ag,;, and Agyy;
which were crystallized in one crystal. They contain the same
pseudofivefold symmetric Agy;q core, which is made of three
shells like Ag;o@Ags,@Ag,s (Figure 3A-C) Agyy consists of
three shared pentagonal bipyramidal structures (Figure 3A).
Ags, is made of six layers of silver atoms, top and bottom
layers contain pentagonal pyramids, and in-between, it has
four Agy layers (Figure 3C). Three chain-like layers of Ags
construct Agys (Figure 3C). Agy core is covered by shells of
Aggy(SR)7Cl[Ag(Ph3P)]s and Aggy(SR);Cl[Ag(Ph;P)]¢ to create
Agyo and Agyy, respectively (Figure 3). These shells are
formed by combining different irregular geometrical struc-
tures which make them distorted.

Single crystal X-ray diffraction (SCXRD) analysis clearly
showed that both the particles have exactly the same core
of Agys but differ in shell structure by a unit of silver phos-
phine complex. This slight change in the secondary ligands
resulted in the formation of two distinct particles. In Ag,y,
five [Ag(Ph;P)] units are bonded to the core at corners of the
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pentagon, also called as equatorial positions, perpendicular to
the fivefold axis (Figure 3F). The sixth AgPPh; is bonded at
the middle of the pentagon and parallel to the fivefold axis,
called a polar site (Figure 3F). The pentagon is shown with
a green dotted line in Figure 3F. In Ag,;o, one corner of the
pentagon is missing; other sites of shell are the same as that
of Ag,; (Figure 3G). However, this one unit change of AgPPh,
complex in the shell structure did not affect the growth
process during crystallization of Agy;, and Ag,;;. Seemingly,
a large core in both particles enables the cocrystal formation.
Another example of this type is made of Pt;Agyg(S-Adm),, and
Pt;Ag;s(S-Adm)g(HOS-Adm), (S-Adm is denoted as adaman-
tanethiolate). Hydroxyl group on the surface creates such type
of structural diversity."!

3. Selective Crystallization from a Reaction
Mixture Leading to Cocrystals by a New Type
of Interparticle Reaction

Chemical reaction of clusters or interparticle reactions is a new
class of reactions first observed by our group, which explains
the interchange of metals and protecting ligands between

© 2020 Wiley-VCH GmbH
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Core

6 [Ag2(SR)s]

Agys

6 [Ag4(SR)s] [Ag44(SR)30]*

Adyo
Figure 1. Crystal structures of three well-known clusters to understand core and shell structure. Colors and diameters of core and staple atoms of
shown differently to understand the structural motifs clearly.

atoms, for example, Ag and Au NCs. Reaction between Auys
and Agy, was the first to be reported, followed by the reaction
of Agys and Au,s.7% In such reactions, a series of alloy clusters

different atomically precise clusters, resulting in the formation
of new clusters.?>7? Such types of reactions were carried out
by reacting ligand protected clusters made of different metal

Small 2020, 2003981 2003981 (5 of 15) © 2020 Wiley-VCH GmbH
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Figure 2. Structural anatomy of [Ags(SPhMe,),4(PPhs)g] and [Agss(SPhMe,),4(PPhs)g] clusters. A,D) Agg and Agy, inner core structures (the metal
structure that is not connected to ligands) of [Ags(SPhMey),4(PPhs)g] and [Agss(SPhMey) 4 (PPh3)g], respectively. Agg and Agy, correspond to simple
cubic and face-centered cubic structures, respectively. B,E) Common shell, Ags,S,4Ps, structures of the clusters without inner cores. C,F) The structures
of [Ag40S24Ps] and [AgssS,4Ps], respectively. G,H) Organization of Agyy and Agys, respectively, in a unit cell.

were formed. In this context, it is important to mention another
methodology to create alloy NCs is antigalvanic reaction. In
this process, more noble metal ions are reduced by less noble
metal.”}l In intercluster reaction, both galvanic and antigal-
vanic reactions occur simultaneously. Many interparticle reac-
tions using different clusters have been explored.”*7 In view
of this, our group was interested in creating new mixed-solids
by extending our previous work. A homometallic interparticle
reaction methodology was developed to synthesize new NCs.
Interparticle reaction was studied between nano-
clusters containing similar metal atoms such as
[Ag,(S'Bu)g(CF3CO0)5(ACN)]" denoted as Agp, (S'Bu =
tert-butylthiolate, =~ CF;COO =  trifluoroacetate)  and
[Agig(TPP);gHg)** denoted as Agyg, (TPP = triphenylphos-
phine) resulting in the formation of two product nano-
clusters  viz.,  [Agys(S'Bu)g(CF3CO0O),(ACN);Cl[* and
[Agi7(S'Bu)g(CF3COO0),(ACN);ClJ* denoted as Agy; and Agy,
respectively. Interestingly, in a single crystal, the populations
of Ag;s and Agy; were in the ratio of 2:1 and in the product
mixture, however, equal population (1:1) was observed. These
results have been confirmed by SCXRD and HR ESI MS.
Therefore, this type of reaction suggests the formation of a
cocrystal, involving selective crystallization. Seemingly, selec-
tive crystallization happened because of the enhanced stability
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of solids at a particular ratio. The ratio of nanoclusters in the
solid is determined by their potential energy minimum. We
tried to prove the existence of equal concentrations of Ag
and Ag;; NCs in the solution by nuclear magnetic resonance
spectroscopy but due to their same shell structures, useful
information could not be obtained. We attempted to separate
the component clusters by high performance liquid chroma-
tography (HPLC) and thin layer chromatography (TLC) but it
was also unsuccessful. In HPLC and TLC procedures, clus-
ters were degraded on the column and TLC plate, respectively.
This inability did not surprise us as while HPLC and TLC are
well known for gold clusters, very few reports exist for silver
clusters.

ESI MS of the product solution in positive ion mode
shows the formation of NCs in the solution with m/z at 3055,
3277, and 3499, corresponding to [Agy;(S'Bu)g(CF;COO),
(ACN);CIJ", [Agi6(S'Bu)s(CF3CO0)6(ACN);ClJ*, and [Ag;s(S'Bu)g
(CF3COO)s(ACN);ClJ*, respectively (Figure 4A). The peak
separation is m/z 1.00, for each of the clusters indicating +1
charge state of the NCs. The formation of NCs was verified by
matching their isotopic distributions as shown at the inset of
Figure 4A. The stability of peaks was further analyzed using
collision-induced dissociation (CID) experiments on the peaks
with m/z 3277 and 3499. Analysis of CID studies showed

© 2020 Wiley-VCH GmbH
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A) Agig, B) Agsy, C) Agys pentagonal cylinder, D) Outermost Aggg shell, and E) Full shell

structure Agis@Ags, @Ag4s @Agss. F,G) Structures of Agyyy and Agyo, respectively. Reproduced with permission.’'l Copyright 2019, Wiley-VCH.

that Ag;s was the fragmented peak of Agys due to the loss of
CF3;COOAg. However, CID measurements of m/z 3499 (Agy)
showed the removal of ligands alone with increasing collision
energy, indicating that Ag;, was a discrete entity. Therefore,
CID studies showed that the solution had two types of NCs
(Agys and Agyp;). The populations of peaks corresponding to
Agye and Agy; in product solution and crystals dissolved in ace-
tonitrile are in 1:1 and 2:1, respectively. ESI MS of the superna-
tant after crystallization showed peaks at the same m/z, similar
to those obtained from crystal and product solutions, although
with unequal populations. These results suggested that a single
crystal showed selective crystallization of 2:1 of Agy; and Agy,
NCs, respectively, even though the NCs were of equal concen-
trations in the product solution. An attempt to isolate these
NCs was made using different synthetic protocols, but we
were unable to succeed in this case. This reaction is the first
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reaction where interparticle reaction between silver NCs
resulted in product cocrystals by selective crystallization. A bal-
anced chemical equation was written based on the findings
from ESI MS and SCXRD data (considering the contribution of
silver and sulfur atoms alone) (Scheme 3).

ESI MS intensities of the product solution and the super-
natant obtained after crystallization provide evidence for a bal-
anced chemical reaction. From ESI MS, equal populations of
NCs in the product solution got changed into 2:1 in the crystal
(Agis:Agyr7). ESI MS of the supernatant, after crystal formation,
showed increased intensity of Agy;, even though the ratio was
not 1:2, which was attributed to the preferential incorporation
of the clusters in the crystals. The formation of cocrystal nano-
clusters arising from interparticle reactions was studied using
time-dependent ESI MS and UV-vis spectroscopy. Studies
were carried out at different time intervals, ¢t = 2, 5, 15, 30, and

© 2020 Wiley-VCH GmbH
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Figure 4. A) ESI MS of crystals of a mixture of Agys and Agy; dissolved in acetonitrile. Major peaks are assigned as [Ag;;(S'Bu)g(CF3COO);(ACN);(CI)]*
and [Agys(S'Bu)g(CF3COO0)6(ACN);(Cl)]*. Isotopic distributions of the experimental spectra (violet trace) are compared with the simulated spectra (red
trace) in the inset. B) ESI MS spectra as a function of time of the reaction mixture during the synthesis of Agys* and Agy;*. Peak marked as * corresponds

to the loss of CF;COOAg. Reproduced with permission.l* Copyright 2019, American Chemical Society.

60 min, and 7 days after the reaction. EST MS measurements
in the positive ion mode showed that individual peaks corre-
sponding to Ag;, and Ag;s did not appear. ESI MS recorded
after 2 min of the reaction showed that a distinctive peak at
m/z 4928 emerged whose molecular mass was equal to that of
[Ag30(S'Bu)y(CF;CO0)4(ACN);]*, abbreviated as Ags, indicating
that an addition reaction had taken place between the reactant
nanoclusters (Figure 4B). During the reaction, low molecular
weight species having m/z < 1000 appeared, which could be due
to the formation of thiolates and phosphines. After 5 min of the
reaction, ESI MS showed the appearance of many new peaks
in the region between m/z 1000-3000, corresponding to short
lived intermediate species formed during the reaction, and the
peak at m/z 4928 disappeared suggesting its conversion to lower
molecular mass intermediates. This may be interpreted as a
top-down approach in synthesis. From the time, t = 15-30 min,
ESI MS shows a dynamic change during the reaction and a
color change was visible. After 30 min of the reaction, three
characteristic peaks emerged whose m/z values at 3499, 3277,
and 3055 corresponded to [Ag(S'Bu)g(CF;COO0),(ACN);ClJ*,
[Agis(S'Bu)s(CF3COO)((ACN)ClI*, and [Agys(S'Bu)g(CF5COO)s
(ACN)3ClJ*, respectively. The reaction appeared to be completed
in 1 h, as evident from the disappearance of the reaction
intermediate. Intensities of the peaks corresponding to Ags

and Agyy increased significantly. ESI MS of a few crystals dis-
solved in acetonitrile were similar (m/z 3055, 3277, and 3499)
to the MS obtained after 1 h of the reaction but with varying
intensities. It therefore, suggested that the nanoclusters got
formed after 1 h. During the course of the reaction, as many
as 21 heteroleptic reaction intermediates denoted by a gen-
eral formula, [Ag,(STBU),(CF;COO)(ACN)4Cl]* where
a = 6-15 and 30, b = 2-9, ¢ = 1-6, d = 0-5, and e = 0-1 were
identified, which underwent various rearrangements via a
growth mechanism forming the product nanoclusters, Ag
and Ag;. These intermediates size focus leading to stable
product nanoclusters [Ags(S‘Bu)g(CF;CO0)s(ACN);ClI* and
[Ag1y(S'Bu)g(CF,COO0),(ACN)CI*.

4. Cocrystals Due to Magic Sizes and Magic
Electron Shells

Ligand protected nanoclusters of noble metals are synthe-
sized by reducing the complexes formed by metal salts with
protecting ligands. A reasonable control over their size and
atomic structure is obtained via a complex process which is
influenced by various parameters during syntheses, such as the
ratio of metal to ligand, temperature, the kinetics of reduction,

Reaction mixture: 4Ag;,S,s+ Ags ——> 2Ag,Sg +2Ag;,S¢ (Productsolution) (1)

Crystal:

Scheme 3. Chemical equations of the intercluster reaction.
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4Ag,S st Agls — > 2/3AgSs+ 1/3Ag;Sg+ Supernatant  (2)
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subsequent steps, in particular size focusing, and cleaning. A
common view is that the creation of protected clusters can be
arrested during their nucleation or etching when a magic size
and composition is formed.®% The factors which can control
the production of magic cluster are the following

i) Suitable surface structures which can protect the metallic
core;

ii) Appropriate atomic packing often observed as spherical
structures of concentric shells of polyhedra and

iii) Closed-shell electronic structure stabilizing smaller nano-
clusters by a large highest occupied molecular orbital
(HOMO)-lowest unoccupied molecular orbital (LUMO) gap.

The synthetic method chosen can offer some strategies for
the creation of magic cores and consequent electronic struc-
tures. A mixture of (AuAg),s; and (AuAg),s was synthesized by
reducing a complex of metal precursors and ligands by sodium
borohydride at 0 °C. Transmission electron microscopic (TEM)

www.small-journal.com

data revealed that the final product contained two monodis-
perse particles with significant variation in sizes. Larger par-
ticle was around 2.5 nm, and the other one was of 1.1 nm. It
was difficult to conclude from the TEM data that it formed a
cocrystal or a simple mixture of two different particles. Fortu-
nately, authors were able to get single crystals from the reaction
mixture, and TEM data were validated by SCXRD. Single crystal
X-ray analysis showed that there were two kinds of molecules,
(AuAg),67(SR)go and (AuAg)ss(SR)y(PPhs)s in the lattice, as
shown in Figure 5A. Smaller cluster was anisotropic in shape
but the larger one was spherical. In order to understand the
core structure of (AuAg),s(SR)go, an analysis was performed by
removing the protecting ligands. Geometrical anatomy can be
presented by four layers, ko(1) @k;(12) @k,(42) @k3(92) @k,(120).

Here, it is appropriate to mention the previous work of
Mackay, who reported in 1962 a sequence in the close packed
assembly of spheres.®l He proposed that an assembly of
spheres can form concentric layers of icosahedra; packed on the
first layer, composed of a 13 sphere icosahedron. In general, nth

Figure 5. A) Crystal structures of component clusters, (AuAg),s and (AuAg),e;. a) Structures of trigonal prismatic (AuAg)ss and spherical (AuAg),e;
nanoparticles. B) Dissection of the metal framework of (AuAg)s; to understand the core structures. Four layers of metal atoms, a—d). a) First Mackay
icosahedral core of 12 metal atoms, b) second Mackay layer of 42 metal atoms, c) third Mackay layer of 92 metal atoms, d) fourth anti-Mackay layer of
120 metal atoms. Number of metal atoms is mentioned at the bottom of the structures. Reproduced with permission.®3l Copyright 2018, Springer Nature.
C) Capping of metal framework by thiolates. a) Triangle and square-like metal structures are capped by sulfur atoms. b) 80 sulfur atoms form buckyball-
type structures. Reproduced with permission.3] Copyright 2018, Springer Nature. D) Unit cell representation of (AuAg),; and (AuAg)4s. There are two
units of each particle in the unit cell. Larger components are placed at the corners and edges, while smaller ones are at the inside of the hexagonal unit
cell. Reproduced with permission.l Copyright 2018, Springer Nature. E) Self-assembled packing structure of (AuAg)4s and (AuAg),e;, along z direction.
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icosahedral layer is made of 10n® + 2 spheres (for the 13 sphere
icosahedron, n = 1). At that time, no crystallographic packing of
such types of assemblies was known, and later on Mss clusters
were observed in multiple reports which were characterized
by mass spectrometry and theoretical studies. It was predicted
that Mss contained a M;; (central icosahedron) and a My,
(10%2% + 2) icosahedral shell, which means it contained two
layers of Mackay icosahedra. It was often called as magic cluster
system as it had two complete Mackay icosahedra. Over the last
decades, the two layer M55 Mackay icosahedron was revealed in
various noble metal nanomaterials by SCXRD, namely, Pdy,s,®?
Pdygs Pt 183 Auy33,10084 and Pdss.%) However, 3rd layer Mackay
icosahedron was not observed in these clusters, and it was
called an anti-Mackay layer. The major difference between
Mackay and anti-Mackay packing structure is in stacking of
atoms in the atomic structure. In Mackay, atoms are stacked
in face-centered cubic (ABCA...) fashion, and in anti-Mackay,
the stacking is hexagonal cubic (ABAB...). It was observed
that after successive stacking of Mackay icosahedra (ABCA...),
there was stacking faults, i.e., ABA... kind of arrangements.[%°!
This stacking does not follow Mackay’s rule, and it is called as
anti-Mackay icosahedra. In (AuAg)ys the next Mackay layer
on M;ss was observed giving three complete Mackay or magic
layers of ko(1)@k;(12) (10¥12 + 2)@k,(42) (10%2% + 2)@k;(92)
(10%32 + 2) to form My The fourth layer, k,(120) is not com-
posed of 162 atoms (10%42 + 2) and therefore not following
Mackay’s proposed formula and is called as anti-Mackay layer.
The three layers are presented as M as it can be Au or Ag.
SCXRD refinement revealed that there are positional disorders
in their atomic positions. Average occupancies of three layers
are not 100% with respect to silver or gold. However, the atoms
of fourth layer have 100% average occupancies of Ag. The
120 silver atoms of the fourth layer are bonded to each other to
construct a semiregular polyhedron which is made of 20 trian-
gles, 60 squares, and 12 pentagons. The center of every triangle
and square face of the fourth layer are connected by thiolates
as shown in Figure 5C(a,b). This connectivity occurred in such
a way that eighty sulfur atoms form a fullerene-like structure
(Figure 5C(b). The other component of the cocrystal, (AuAg),s
exhibits a shape of trigonal prism, while the larger counterpart
is spherical. (AuAg),s contains Aug core inside a trigonal prism
of 36 silver atoms to form AugAgss. There are no Mackay ico-
sahedral cores inside it. Surface silver atoms are protected by
AgS;P and AgS; units. This structure is similar to the previ-
ously reported structure of AugAgss(SPhCl,),7(PPh;).%)

It is interesting to see the diversity in terms of the size
and shape of the component clusters of the cocrystals. Stabi-
lizing factors are also different as (AuAg),s; is stabilized by
magic Mackay icosahedral cores, while geometry of (AuAg)ys
does not provide stability. Stability of (AuAg),s must originate
from its electronic structure, which will be discussed later.
These diverse (AuAg),s; and (AuAg),s components serve as the
building blocks and were assembled into a 3D structures. The
cocrystal forms a hexagonal unit cell and (AuAg),s; molecules
form the hexagonal layer (Figure 5D). All the octahedral sites
in this structure are filled by (AuAg),s. SCXRD resolved that in
the lattice, (AuAg),¢; is neighbored by six (AuAg),s nanoclusters
and vice versa. The main driving force for adopting this kind
of packing is strong supramolecular forces between the ligands
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of both the particles. Orientations of thiolates of (AuAg),s; and
phosphines of (AuAg),s are perfectly matched to form strong
C—H...zinteractions (at a distance of =2.6 A).

The electronic structures of both nanoclusters were analyzed
by density functional theory which shows the expected HOMO—
LUMO gap (0.71 eV) for 18 electrons (AuAg),s nanocluster. As
expected, the closing of the 1D shell at 18 electrons is indi-
cated by the projection to angular momentum components and
after the closing of the 2S? shell, the energy gap at 20 electrons
becomes 0.65 eV. Therefore, the closure of an electron shell
at 18 electrons, i.e., at a magic electron number, clearly stabi-
lizes this cluster energetically. By contrast (AuAg),s; displays
187 free electrons assuming the cluster is neutral. Because this
particle is almost spherical, the electronic structure of the metal
core is understood by the simplified jellium model. Projected
local density of states of the (AuAg),s cluster models do not
display an energy gap of 187 electrons. The electronic structure
does not have any primary mechanism to stabilize the atomic
structure of (AuAg),s; due to the lack of measurable HOMO-
LUMO energy gap. Therefore, the stability must derive from
the special geometric arrangement of the metal atoms which
lead to the magic Mackay/anti-Mackay icosahedral shells and
the protective ligand shell structure, as discussed above. The
lack of a certain HOMO-LUMO gap was also evidenced from
differential pulse voltammetry (DPV). DPV of a solution of
cocrystals exhibited 14 peaks which were evenly spaced, and
no detectable HOMO-LUMO gap was seen from the reduction
and oxidation peaks (Figure 6B(D)).

UV-vis optical absorption spectra of a mixture of (AuAg),s;
and (AuAg),s, as well as the two separate entities is shown in
Figure 6B. Solutions of cocrystals showed a plasmon band at
460 nm, while (AuAg),s displayed molecule-like features. The
contribution of larger nanoparticle is high in the optical spec-
trum due to its large extinction coefficient.

5. Cocrystals Consisted of +ve and —ve Clusters
Making a Double Nuclear lonic Compound

Nanoclusters can bear positive or negative charges; therefore, an
obvious question is whether the charged nanoclusters can pack
together in crystals by electrostatic forces.’®8 The first attempt
was made to answer this question by mixing anionic and cationic
Au,s nanoclusters, which had not been successful till now.”® This
is likely due to the instability of the positively charged Au,s.*’!

He et al., reported the synchronous synthesis of cationic
and anionic nanoclusters and the in situ formation of the
expected compound via a one-pot reaction.l’®) Initially, poly-
disperse particles were synthesized by reducing a complex of
silver and ligands, then they were size focused in presence of
gold precursor and excess phosphines. The supernatant solu-
tion was subjected to the diffusion of hexane to produce black
crystals. SCXRD data suggested that the as-obtained product
may be written as [AgysAu(2-EBT)5(PPhs)|* [Agy4Au(2-EBT) ],
a double nanocluster ionic compound (DNIC). Such a mate-
rial is very interesting as it can be regarded as an ionic com-
pound; however, it is different from normal ionic compounds
as both the oppositely charged species are nanoclusters.’% It is
important to note that such a type of compound has not been

© 2020 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

www.small-journal.com

All H D mmmm

J G P v

A | == F ooamm S mmmm
18e:0.71 eV

PLDOS

20e:0.65eV

0.5

Energy (eV)

w

a T A=(AuAg),, b 21

= = B =(AUAQ),;;"AUAQ) 5 ]

= \‘ /™= C=B-A=(AUAQ),,

) s . -

8 154" L 1

© 3 A

. \ i s N

x \ i 2 <

> \ ) < 3 0

s 109 ~J b =

‘é T T T

g 400 600 800

ﬁ Wavelength (nm)

§ 0.5 \

[=] N, '\

= I\ \
L S _ (AUAQ),;(AUAG) .. —

0.0 +— B B AT -2 —T T i —
300 400 500 600 700 800 -1.5 -1.0 -0.5 0.0 0.5 1.0
Wavelength (nm) E (Vvs. FcY)

Figure 6. A) Predicted electronic structures of (AuAg),e; and (AuAg),s. The molecules were optimized by density functional theory using coordinates
of crystal structure. Energy of the highest occupied molecular orbital (HOMO) was kept at zero. Detectable energy gaps near the HOMO are shown.
B,a) Optical absorption spectra of co-crystals and isolated (AuAg),s in dichloromethane. b) Differential pulse voltammetry of a solution obtained from
cocrystals. Reproduced with permission.l’3l Copyright 2018, Springer Nature.

observed before in a noble metal nanocluster system. Both the
clusters, Ag,cAu and Ag,,Au, do not assemble in an as ion-pair
mode but in a layer-by-layer fashion (Figure 7A). Each layer
consists of AgysAu or Ag,,Au nanoclusters with a honeycomb-
like structure, along the (001) plane (Figure 7B).

Multilayer stacking structure of the cocrystal, Ag50Au2
nanoclusters revealed that besides electrostatic interactions,
both the components, Ag,sAu and Ag,,Au nanoclusters are
held together via different supramolecular interactions. These
include C—H- - -7z, T-shaped 7z---7, and H---H interactions,
with distances of 2.8-3.2, 4.8-5.8, and 2.3-2.8 A, respectively.
Ag,,Au(SR);g was crystallized separately and the arrangement
of the atoms in the single-component nanocluster compound
[PPh,|"[Ag,4Au(SR) 5] is similar to that in the cocrystal of
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AgyAu of AgspAu,, although the supramolecular interactions
and packing of Ag,,Au(SR);g in the crystals are not the same
from the packing of Ag,,Au in the crystals. The four benzene
rings of each PPh, are bonded with four [Ag,,Au(SR);g] from
the top, and bottom layers by C—H- - - 7 interactions and the
distances are in the range of 2.8-3.1 A. Thus, it is clear that
supramolecular interactions drive the formation of the cocrystal
of DNIC, although ionic interactions hold the ion pairs together.

6. Conclusions and Perspective

In conclusion, the concept of cocrystallization of structurally
similar atomically precise nanoclusters, leading to new solids

© 2020 Wiley-VCH GmbH
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Figure 7. A) Demonstration of the coassembly of [Ag,sAu(2-EBT)15(TPP)¢]" and [AgasAu(2-EBT) 5] a) Double ionic cluster ionic compound; Layers of
b) Ag,.Au and c) AuyeAg; d) individual Ag,,Au, and e) Ag,eAu nanoclusters. B) Multilayer stacking structure of the DNIC AgsoAu, nanoclusters (viewed
from Z direction). Color code: blue and red, Ag; yellow, S; magenta, P; gray, C; white, H. Reproduced with permission.*%l Copyright 2019, Wiley-VCH.

by different approaches is presented. Five distinct categories of
assemblies were presented. 1) Crystals composed of different
cores with the same shell. A unique pair of Ag,, and Ag,; was
cocrystallized with this strategy. 2) Clusters of the same number
of metal atoms in the core. An example known is the large
metallic shell-like Russian-doll, Ag;i@Ags,@Ag;s@Agsy (in
total, Ag,gs) containing clusters, covered by the same number
of thiolates and chloride ligands but different number of silver-
phosphine complex units, crystallized together. 3) Another class
is an interparticle reaction of two ligand protected atomically
precise NCs, Agj, and Agjg forming products, Agys and Agyy,
which crystallized together. Detailed analysis revealed that the
population of Ag; and Agy; formed initially in the solution
was almost equal, but selective encapsulation happened in the
solid state. 4) Coassembly of large and small clusters, example
being large (AuAg),s; and tiny (AuAg)ys clusters, assembled
into a two-component hierarchical structure. It exemplified a
unique particle growth from solution, driven by magic sizes
and stable electronically closed-shells. Particularly, (AuAg),s;
acquired a magic size close packing, while (AuAg),s had a 18
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electron superatom structure. 5) The idea of a double ionic
cluster assembly was introduced by the system, [Ag,sAu(2-
EBT)5(PPhs)e]* [AgyAu(2-EBT)g]” through an in situ cluster
growth approach.

These examples suggest the possibility of the coexistence
of diverse clusters and their cocrystallisation in varying ways.
Such nanomaterials, like superlattices might be a step forward
to understand cluster assembled materials with exciting proper-
ties. Interesting cluster solids may be made with combinations
of luminescent and nonluminescent clusters, magnetic and
nonmagnetic clusters as well as plasmonic and luminescent
clusters. Cocrystals of anisotropic and isotropic clusters may
also be possible. These new solids may help us understand the
synergistic effects of individual clusters.

The diversity of atomically precise clusters is quite large,
and it presents potential directions for the future to create new
solids. Polymorphic crystals of nanoclusters were introduced
by our group.®® It is highly possible to create polymorphism
in cocrystals of nanoclusters which may exhibit new electronic
properties. So far most of the studies were of binary systems.
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It will be interesting if we can realize multicomponent cluster
cocrystals. Recently, three superatom alloy and pure clusters
were crystallized together.”l Multicomponent solids may have
exciting physicochemical, electrical, and mechanical properties,
which will help the growth of this very new field. Our group
reported a supramolecular assembly of Ag,y clusters and crown
ether® which suggests possibilities of cocrystallizing different
clusters by suitable supramolecular building blocks. Another
exciting possibility is to combine noble metal nanoclusters with
clusters of transition metals. Let us take an interesting example
of a cocrystal of magnetic Nig clustersl®” with luminescent Agyg
clusters.®! This kind of materials may give completely new
properties and can amplify their existing properties. Several of
these possibilities are summarized in Scheme 4.

In our opinion, the major challenge to create such solids is
to create generalized approaches for diverse building blocks.
A critically limiting factor in assembling clusters is the fast
interparticle reactivity and diffusion of atoms, which are signifi-
cant at this length scale.2%! We believe that different research
groups across the world will take initiatives to take this newly
growing field to greater heights. The prime motive to create
such assembles will be the potentially interesting properties
of such materials, such as a combination of luminescence and
magnetism, luminescence and chirality, etc. It is important to
recall that molecular clusters, such as Cg completely new prop-
erties, such as superconductivity and magnetism by forming
charge-transfer complexes.

The driving force for cocrystallization might be the sta-
bility of multicomponent systems. Mechanism of cocrystal
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formation is not clear yet. Possibly, it largely depends on
the geometric and electronic structures of the component
clusters. Detailed mechanism of such cluster growth and
their encapsulation in a single crystal would need additional
studies. New directions of these materials will also depend on
the power of experimental and computational methods that
can be developed in the coming years to understand emergent
phenomena.
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