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CONSPECTUS: Nanoparticles exhibit a rich variety in terms of structure, composition, and properties. However, reactions
between them remain largely unexplored. In this Account, we discuss an emerging aspect of nanomaterials chemistry, namely,
interparticle reactions in solution phase, similar to reactions between molecules, involving atomically precise noble metal clusters.
A brief historical account of the developments, starting from the bare, gas phase clusters, which led to the synthesis of atomically
precise monolayer protected clusters in solution, is presented first. Then a reaction between two thiolate-protected, atomically
precise noble metal clusters, [Au,s(PET) 3]~ and [Ag,,(FTP);,]*” (PET = 2-phenylethanethiol, FTP = 4-fluorothiophenol), is
presented wherein these clusters spontaneously exchange metal atoms, ligands, and metal—ligand fragments between them under
ambient conditions. The number of exchanged species could be controlled by varying the initial compositions of the reactant
clusters. Next, a reaction of [Au,s(PET), 5]~ with its structural analogue [Ag,s(DMBT) 5]~ (DMBT = 2,4-dimethylbenzenethiol)
is presented, which shows that atom-exchange reactions happen with structures conserved. We detected a transient dianionic
adduct, [Ag,sAu,s(DMBT) 4(PET)5]*>", formed between the two clusters indicating that this adduct could be a possible
intermediate of the reaction. A reaction involving a dithiolate-protected cluster, [Ag,(BDT),,]*~ (BDT = 1,3-benzenedithiol), is
also presented wherein metal atom exchange alone occurs, but with no ligand and fragment exchanges. These examples
demonstrate that the nature of the metal—thiolate interface, that is, its bonding network and dynamics, play crucial roles in
dictating the type of exchange processes and overall rates. We also discuss a recently proposed structural model of these clusters,
namely, the Borromean ring model, to understand the dynamics of the metal—ligand interfaces and to address the site specificity
and selectivity in these reactions.

In the subsequent sections, reactions involving atomically precise noble metal clusters and one- and two-dimensional
nanosystems are presented. We show that highly protected, stable clusters such as [Au,s(PET);s]” undergo chemical
transformation on graphenic surfaces to form a bigger cluster, Au,35(PET)s,. Finally, we present the transformation of tellurium
nanowires (Te NWs) to Ag—Te—Ag dumbbell nanostructures through a reaction with an atomically precise silver cluster,
Ag;,(SG)o (SG = glutathione thiolate).

The starting materials and the products were characterized using high resolution electrospray ionization mass spectrometry,
matrix assisted laser desorption ionization mass spectrometry, UV/vis absorption, luminescence spectroscopies, etc. We have
analyzed principally mass spectrometric data to understand these reactions.

In summary, we present the emergence of a new branch of chemistry involving the reactions of atomically precise cluster systems,
which are prototypical nanoparticles. We demonstrate that such interparticle chemistry is not limited to metal clusters; it occurs
across zero-, one-, and two-dimensional nanosystems leading to specific transformations. We conclude this Account with a
discussion of the limitations in understanding of these reactions and future directions in this area of nanomaterials chemistry.
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Figure 1. ESI mass spectra of (A) Au,s(PET) g, (B) Agyy(FTP);, and (C) a mixture of the two at Au,s(PET),5:Ag,,(FTP)5, molar ratio of 14.0:1.0

showing the formation of Auzs_xAgx(PET)ls_y

(FTP)y. Peaks at m/z 7391 in panel A and m/z 2853 in panel B are due to [Auy(PET),s]” and

[Ag,,(FTP),,]%", respectively. The numbers («, y) of peak labels in (C) are according to the formula, Au,s_.Ag (PET) 18,},(FTP)},‘ The peak labeled with
* in panel B is due to [Ag,s(FTP);,]>~ (see ref 34). Schematic structures of the clusters in insets show symmetry-unique Ag and Au atoms and Ag—S and
Au—S bonds. Color codes: Au (orange), S (light yellow), Ag at the vertices of the cube of the Ag,, dodecahedron (D,; light green), Ag at the faces of this
cube (D dark green). Ag in the mounts (S; blue). F1—F4 are distinct M—S (M = Ag or Au) bonds in Au,5(SR) g and Ag,,(SR)5(. The peaks (0,0—3) -
(3,0—4) in panel C are expanded in the inset, assigning them to various exchange processes. Adapted with permission from ref 34. Copyright 2016

American Chemical Society.

transformations in terms of breaking and making of bonds is a
central theme of chemical science. Just as molecules do,
nanoparticles also exhibit a rich variety in terms of structure,
composition, and properties. This diversity unveils a rarely
explored landscape of chemical reactions occurring between
nanoparticles. Atomic level understanding of such reactions
require precise molecular entities, as model nanosystems, and
precise molecular tools. Interparticle reactions have to be
understood in the framework of established principles of
chemistry. This Account present the beginnings of such an
area, using ligand protected, atomically precise noble metal
clusters, which are one of the most thoroughly explored classes of
nanomaterials.

Atomically precise noble metal clusters are often studied in the
form of unprotected entities"” either in the gaseous phase’ or
supported on surfaces.” Reactions of such clusters have been
explored mostly with small molecules."”” However, under-
standing solution phase chemistry of clusters is essential for
convenient investigations of their reactions and to explore their
practical applications. One of the ways of making atomically
precise noble metal clusters in solution is to use molecular
ligands for controlled growth. Such clusters, protected with
phosphines, were known from late 1970s.” The introduction of
alkyl or aryl thiolates (denoted as —SR) marked a resurgence in
this field, about a decade ago. Pioneering efforts by Brust and
Schiffrin® and mass spectrometric measurements by Whetten et
al. and Tsukuda et al. showed that highly monodisperse,
molecule-like, thiolate-protected noble metal particles can be

1989

synthesized in solution.”® Kornberg et al. resolved the first crystal
structure of a thioate-protected, atomically precise gold cluster,”
Au,,(SR),y, and later, Murray’s and Jin’s groups reported the
structures' "' of [Au,5(SR) 4] ™. Zheng et al. reported the first
crystal structure'” of a thiolate-protected atomically precise silver
cluster, Agi,(SC4H,F,)1,(PPh;)s. Later on, structures of
Ag,s(DPPE),(SR),, and [Ag,(DPPE),(SR),,]*~ (DPPE is
1,2-bis(diphenylphosphino)ethane) and [Ag,,(SR);0]*" were
reported. ™' Such clusters exhibit a number of unique
properties as described elsewhere.'*'°

The availability of ligand protected clusters with accurately
known structures opened up the possibility to explore their
chemistry in greater detail. Substitution of metal atoms'”'* and
the ligands,'” > two fundamental structural components of
ligand-protected metal clusters, are the major classes of their
reactions. Metal ions and metal thiolates interact with the core
and the ligands of these clusters, leading to (i) their
decomposition or alloying™ and (ii) changes in their optical
absorption and emission features, which were utilized for the
detection of trace levels of metal ions.”*™*° Structural®”’ and
stereo”” isomerisms of these clusters are emerging aspects.
Electrochemical studies revealed distinct charge states of these
clusters and their utility as redox catalysts*” and biosensors.*’
Reactions of silver clusters with halocarbons were utilized for the
degradation and removal of pesticides from water.’" Apart from
these reactions, clusters are expected to react with themselves.
For example, Murray et al. and Niihori et al. observed the
exchange of metal atoms and the ligands between metal
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Figure 2. ESI mass spectra of a mixture of Ag,s(DMBT) 5 and Au,5(PET) 5 at a Ag,s(DMBT) g:Au,s(PET) s molar ratio of 0.3:1.0 measured within 2
min after mixing (A) and after S min (B). The peak labels in panels A and B shown as numbers in red (1) and blue () in parentheses give the numbers of
Ag and Au atoms, respectively, in the alloy clusters of the formula, Ag,,Au,(SR) 5. Numbers in the parentheses of the labels of the peaks marked with * in
panel B correspond to the general formula [Ag,,Au,(SR)35]>~ (m + n = 50), corresponding to the dianionic adducts. Adapted with permission from ref

38. Copyright 2016 Nature Publishing Group.

nanoparticles32 and clusters;>* however, details of such processes
remained unknown.

In this Account, we demonstrate interparticle reactions in
solution phase using thiolate protected, atomically precise noble
metal clusters, such as [Au,s(PET);5]", [Agys(DMBT) ],
[Ag4,(FTP)4]*, and [Ag,o(BDT) ,]*". PET (2-phenylethane-
thiol), DMBT (2,4-dimethylbenzenethiol), FTP (4-fluorothio-
phenol), and BDT (1,3-benzenedithiol) are the ligands
protecting the Auys, Agys, Agy,, and Agy cores, respectively.
Typically these clusters are charged, as shown above; however,
we denote them as Auys(PET);5 Agy(FTP)s etc, in the
subsequent discussion for convenience. We begin this Account
with a reaction between [Au,s(PET)5]” and [Ag,,(FTP);,]*
wherein these clusters spontaneously exchange metal atoms,
ligands, and metal—ligand fragments between them under
ambient conditions. Then we show that such processes can be
structure-conserving, using a reaction between two structurally
analogous clusters, [Au,s(PET)5]” and [Ag,s(DMBT)5]". A
reaction involving a dithiolate-protected cluster,
[Ag,o(BDT),]*, is also demonstrated, which suggests that
the nature of the metal—thiolate interface dictates the type of
exchange processes and overall rates. A new structural model of
these clusters, namely, the Borromean ring model, which we
believe important to understand their exchange chemistry with
site specificity, is also presented. Finally, we discuss reactions of
noble metal clusters, which are zero-dimensional, with two- and
one-dimensional nanostructures such as graphenic surfaces and
tellurium nanowires (Te NWs), respectively, which show that
chemical reactions indeed occur between nanosystems of any
dimensionality. We conclude with a brief discussion of the
limitations of such reactions and future directions.
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B REACTION BETWEEN Auys(PET);g AND Agy,(FTP)3

The molecular formulae and structures (see insets of Figure 1) of
Au,s(PET) g and Ag,,(FTP),, were determined previously using
mass spectrometry and single crystal X-ray crystallography,
respectively.'”'"'* Electrospray ionization (ESI) mass spectra
(MS) of Au,(PET) 5 (Figure 1A) and Ag,,(FTP),, (Figure 1B)
show their expected features. In spite of their high stability due to
their (i) compact cores, Au;; and Ag;,, being protected by
Au,(PET), staple motifs and Ag,(FTP); mounts, respectively,
and (ii) closed valence shell electronic configurations, we
demonstrated that these clusters spontaneously react with each
other in solution, exchanging metal atoms, ligands, and metal—
ligand fragments between them.”***

Figure 1C shows the mass spectrum of a mixture of these two
clusters wherein a series of peaks are observed. The mass
difference between the peaks (1, 0), (2, 0), (3, 0), etc., is m/z 89
and hence these peaks are due to the Ag—Au exchanges between
Au,s(PET) g and Ag,,(FTP),. The mass difference between the
peaks (0, 1), (0,2), (0, 3), etc., is m/z 10, and these peaks are due
to the FTP—PET exchanges between the clusters. Apart from
these, a set of peaks (1, 1), (2, 2), (3, 3), etc,, are also observed,
having mass difference of m/z 99, which are assigned to the
exchanges of Ag—FTP and Au—PET fragments. Hence, the
peaks in Figure 1C are assigned to the alloy clusters of the
formula, Auzs_xAgx(PET)lg_y(FTP)y, formed by exchanging
metal atoms, ligands, and metal-ligand fragments. The
maximum number of Ag incorporations observed so far in the
case of all thiolate-protected Au,s(SR)q clusters®® is 11.
However, we observed Ag substitution of up to 16—20 atoms
into Au,s(SR) 4 at higher concentrations of Ag,,(FTP)3,.”* Such
a large number of heteroatom incorporation is unusual in cluster
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Figure 3. DFT-optimized geometry of [Ag,sAu,s(DMBT) 4(PET),5]*~ (with Ag,s(DMBT); on the right and Au,s(PET),5 on the left) formed in the
reaction between [Ag,s(DMBT)5]~ and [Au,5(PET),g] . The hydrogen atoms are omitted from the ligands for clarity. Color codes: Au (red), Ag
(green), S (yellow), C (blue). Reproduced with permission from ref 38. Copyright 2016 Nature Publishing Group.

alloying, typically performed by using metal salts during
synthesis. Note that the overall charge state and the total
number of metal atoms and the ligands are preserved in the alloy
clusters formed in this reaction. Ag atoms of Ag,,(FTP);, get
substituted with Au forming Au,Ag,, .(SR)30, whose formation
correlates with the geometric and electronic shell structures of
the reactants.”

A number of questions, such as (i) how the two clusters
approach each other overcoming the electrostatic repulsion
resulting from the negative charges of the individual clusters and
steric hindrance due to the ligands, (ii) whether intact clusters are
involved in the reaction or any metal—thiolate fragments derived
from one of the clusters is reacting with the other cluster, and (iii)
whether there is any intermediate or adduct between the clusters
formed during the reaction, remain unanswered. In the next
section, we present a reaction that provides answers to some of
these questions.

B STRUCTURE-CONSERVING TRANSFORMATIONS

Au,s(PET) 3 and Ag,s(DMBT),; possess identical structural
frameworks, that is, an inner M3 (M = Ag/Au) icosahedral core
and six outer M,(SR), staples.m’“’37 Unlike the previous
example, the masses of the ligands, PET and DMBT, are equal,
and hence the exchange of ligands (DMBT—PET exchange) and
fragments ((Ag—DMBT )—(Au—PET) exchange), could not be
detected; only the Ag—Au exchanges were detected.”® The mass
spectrum collected within 2 min after mixing the two clusters at a
Ag,s(DMBT):Au,s(PET) s molar of 0.3:1.0 is presented in
Figure 2A wherein features of the parent clusters, along with a
feature at m/z 6279 (see inset), which is due to a dianionic
adduct, [Ag,sAu,s(DMBT),4(PET) 4]*", formed between the
clusters, are present. The mass spectrum of the same reaction
mixture measured after S min (Figure 2B) shows that this adduct

1991

vanished almost completely and a series of peaks separated by m/
z 89 were observed (see inset of Figure 2B). Mass separation of
89 Da indicates the occurrence of Ag—Au exchange between
Ag,s(DMBT),4 and Au,(PET);; resulting in the formation of
entire range of alloy clusters, [Ag,,Au,(SR) 5 (n=1-24;m +n=
25)], that is, Agy,Au,(SR) g to Ag;Au,,(SR),g, within this time
scale. Since the DMBT—PET exchange is not detected for these
alloys, the exact numbers of DMBT and PET ligands present in
them are not known, and hence we use —SR instead of both
DMBT and PET separately in the general formula. The total
number of metal atoms (25) and that of ligands (18) is preserved
in the alloy clusters, as in the previous example.

The detection of [Ag,sAu,s(DMBT),5(PET)5]*" indicates
that the two intact clusters themselves could participate in these
“bimolecular” reactions, and this adduct could be a possible
intermediate prior to the formation of alloys. A structure of the
adduct, optimized using density functional theory (DFT)
calculations, is shown in Figure 3, wherein a Ag—S bond
between the staples of the clusters is observed. Biirgi et al.
showed that no exchange occurs when the solutions of
Ag,Auss_,(SR),, and Auyg(SR),, clusters® were separated by a
dialysis membrane, which is impermeable to the clusters. The
reactant clusters involved in our experiments were washed
thoroughly using suitable solvents to remove free ligands and
metal—ligand complexes. Therefore, we think that intact clusters
are the actual species involved in the reactions, not free ligands or
metal—thiolate fragments. UV/vis absorption and emission
spectra of reaction mixtures are significantly different from that
of the reactant clusters,>*®
observed occur in bulk solution phase, not in evaporating

which confirm that the reactions

droplets during electrospray ionization or in the gas phase.
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Figure 4. Schematic of the reactions between Au,5(BuS),s with (A) Ag,,(FTP);, (B) Ag,s(DMBT)s, and (C) Ags,(BDT),o. Adapted with permission
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Figure S. Borromean rings diagram of Au,s(SMe) . The rings formed by pairs of coplanar staples are shown as ellipses. Gold atoms are shown by black
dots, and dark blue stars represent the —SMe ligands whose positions are taken to be identical to their sulfur atom. The core Au atoms are numbered
from 1 to 12, and the staple atoms are numbered clockwise from end of the staple, from 1 to 5. The lines that join the core Au atoms on opposite ends of
the same staple are shown by green lines. The three perpendicular C, axes are marked with the associated Cartesian axis direction in brackets. The staple
directions are labeled by the six staple locants, D1 to D6, marked in red. Inset I shows a 3D visualization of the ring structure of the core and staples of
Au,(SR) g aspicule, with each (AugSs)-ring consisting of two coplanar staples and the core atoms that are bonded to these staples. The three rings are
colored red, blue, and green, and the numbers of the core atoms are marked. Inset ii shows a close-up of the numbering scheme of the core atoms marked
on the edge-projection of the core icosahedron. The arrow indicates the angle of the anticlockwise rotation about the y-axis needed to bring the
icosahedron into a face-projected view of the face defined by the atoms 6, 7, and 9. Reproduced with permission from ref 47. Copyright 2015 American
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B EXPERIMENTS WITH DITHIOLATE-PROTECTED
CLUSTERS

The reactions discussed above show that metal atom, ligand, and
metal—ligand fragments were exchanged between the clusters.
Ligand and fragment exchanges show that the nature of ligands
or metal—ligand interfaces play a role in such reactions. The
ligands involved in the above examples are monothiolates, which

40,41

are highly dynamic on the surfaces of clusters. This implies

that spontaneous exchanges between the clusters could be due to
40,41

the mobility™

intercluster exchanges is to decrease the mobility of the ligands at

of these ligands. One of the ways to control

1992

the metal—ligand interface by using dithiolate ligands, which can
bind to the cluster surface in a bidentate fashion. Clusters such as
Ag,(BDT),, and Ag(BDT),y protected with BDT were
reported*”"’ wherein BDT acts as a bidentate ligand.
Surprisingly, reactions between Ag,,(BDT),, (or
Ag;(BDT);) and a monothiolate-protected cluster such as
Au,5(BuS) g showed that only Ag—Au exchanges occurred; no
ligand and metal—ligand fragment exchanges were observed (see
Figure 4C). These reactions were significantly slower compared
to those involving only monothoiolate-protected clusters.

In M,5(SR),5 (M = Ag/Au; —SR = a monothiolate) clusters,
the ligands are monodentate and they form M,(SR); staples. A
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single M—S bond has to be broken in order to break these staple
motifs, exposing the M,; icosahedral core, facilitating exchange
reactions. Crystal structure of Ag,o(BDT);, shows that the BDT
acts as a bidentate Iigand.42 Therefore, more than one Ag—S
bonds have to be broken in order to break the Ag—S bonding
network for facilitating further reactions. Such bidentate bonding
ligands make the metal—thiolate interface more rigid compared
to the monothiolate-protected clusters. Therefore, we think that
the rigidity of the metal—thiolate framework in Ag,o(BDT),,
could be the key factor behind the absence of ligand and fragment
exchanges and slow kinetics.

B A NEW STRUCTURAL MODEL TO UNDERSTAND
CLUSTER REACTIVITY

To comprehend the reactions presented so far, clearly in terms of
atomic events, a systematic way of structural representation is
needed. Thiolate-protected noble metal clusters have tradition-
ally been viewed as consisting of a distinct core of metal atoms
protected by a precise number of oligomeric metal—ligand units.
For example, Au,s(SR)s can be considered as an icosahedral
Au,; core grotected by six Au,(SR); staples. New structural
models**~* for these clusters have emerged in the recent 4past.
Among these, we think that the Borromean ring model 7 or
aspicule (combination of the Greek word “aspis” meaning shield
with “molecule”) model, wherein these clusters are viewed as
composed of interlocked rings of metal thiolates (see Figure 5),
would be useful in understanding their reactions. According to
this model, an M,5(SR)5 (M = Ag/Au) is considered as made up
of three interlocked Mg(SR) rings surrouding a central metal
atom, M, that is, M,5(SR),s can be represented as
M@[M;(SR)g];. The 24 metal atoms and 18 sulfur atoms in
M,5(SR) g, which were previously considered as part of the two
distinct structural units, that is, the M, ; icosahedral core and the
six M,(SR); staples, are now parts of the unified strutural motif,
that is, the Mg(SR) rings. Geometrical stability of such clusters is
attributed to the interlocking of the rings, rather than the
existence of a distinct and compact core protected by staple
motifs.

We think that one of the reasons behind the spontaneous
exchange reactions is the dynamics of the Mg(SR)4 rings. When
two reacting clusters approach each other, a M—S bond in one of
the Mg(SR); rings can undergo cleavage, and the open ends of
this ring can undergo reactions with the adjacent clusters.”® As
mentioned earlier, the reactions involving monothiolates are
faster compared to those involving dithiolates. This is attributed
to the increased rigidity of metal thiolate rings when dithiolates
are present. Another notable feature in these reactions is that the
number of metal atoms and the ligands are unaltered. Hence, the
sponatneous reactivity and preservation of the number of metal
atoms and the ligands could be due to the stability of the alloy
clusters, arising from the retention of the Mg(SR), ring structure.

An important concern about the Borromean ring model is
whether it represents the true solution phase geometry and
chemical behavior of these clusters. This implies that a distinct
core and a shell exist only in the solid state alone. We think that
these clusters exist in the form of metal—thiolate rings in
solution. The dynamics of the rings could be one of the reasons
for spontaneous intercluster exchange reactions, which is
supported by the reactions involving Ag,)o(BDT),, wherein the
reaction was slower probably because of a more rigid metal—
thiolate framework. Another hint about the existence of the ring
structure in solutions comes from the analysis of the number of
metal atoms exchanged between the clusters. Note that more
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than 12 Ag atoms could be incorporated into Au,5(SR) . If the
cluster existed as a distinct Au,; core and Au,(SR); staples, in
solution, incorporation of more than 12 Ag atoms may not be
feasible because the metal atom sites in the M5 core will not be
easily accessible due to protection by the staples. The Borromean
ring model implies that all of the metal atoms, except the central
one, are in identical environments and hence equally accessible
for substitution. This similar accessibility could be one of the
reasons for the facile substitution of more than 12 metal atoms in
Auys(SR) 5.

The Borromean ring model enables precise labeling of the
positions of metal atoms and the ligands in thiolate protected
clusters,*” which opens up challenges to achieve site-specific
metal atom substitution. Remember that in all the examples
mentioned above, a mixture of products are obtained always. We
note that though there are a few examples of site-specific
substitution of ligands,* such specificity in metal atom
substitution has not yet been achieved, except in the case of
Ag,,Au;(SR) g (ref 49). Recently, Bhat et al. showed that
Au,,Ir;(PET) g can be synthesized™ exclusively by the reaction
beween the clusters Au,;(PET),s and Iry(PET)s.

B CLUSTERS WITH OTHER NANOSYSTEMS: NEW
DIRECTIONS IN INTERPARTICLE INTERACTIONS

Coalescence of Ligand Protected Clusters on Graphenic
Surfaces

Clusters supported on surfaces have been used as heterogeneous
catalysts. Interaction of bare metal clusters with graphenic
surfaces have also been studied.”' Interaction of ligand-protected
clusters on such surfaces are rarely investigated. Anchoring of the
ligands onto surfaces leads to changes in the geometric and
electronic structures of the clusters, which in turn induce
reactivity. In this section, we discuss a dramatic transformation of
Au,s(SR) 5 on graphenic surfaces”” leading to the formation of
Au,35(SR)s; at room temperature, without the assistance of any
catalyst or other chemicals (see Figure 6). Entrapment of the
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Figure 6. Schematic of the transformation of Au,s(PET),s to
Auy35(PET)s; on graphenic surfaces. Observation of the dicationic
feature confirms the assignment. Adapted with permission from ref 52.
Copyright 2014 American Chemical Society.

clusters in the inherent curvatures or local valleys of graphenic
surfaces leading to the reduction in the surface curvature and
associated energy gain of the overall system is considered to be
the driving force behind such transformations. However, these
results demonstrate that (i) highly protected clusters can
undergo unexpected chemical transformations on surfaces and
(ii) surfaces could be reactive substrates for such metal clusters,
which could be a new methodology to synthesize clusters.
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Figure 7. Schematic of the formation of Ag—Te—Ag NWs by the reaction between Te NWs and Ag;,(SG) . Adapted with permission from ref 3.

Copyright 2014 American Chemical Society.

Reaction of Clusters with One-Dimensional Nanostructures:
New Ways for Hybrid Nanomaterials

Here we demonstrate that Agy,(SG);,, (SG = glutathione
thiolate)*” reacts with Te NWs leading to the formation of
silver nanoparticles (Ag NPs) on the surface of the NWs (see
Figure 7). Upon heating, these Ag NP-decorated Te NWs were
transformed to dumbbell shaped NWs wherein Ag NPs were
present at the tips and the middle had only Te. This reaction
demonstrates the utility of such chemistry toward creating novel
nanostructures.

Reactions of Te NWs with Ag(I) ions and bigger plasmonic Ag
NPs produced Ag,Te NWs, and no dumbbell nanostructures
were formed. These experiments show that atomically precise
clusters exhibit distinct reactivity compared to larger nano-
particles or metal ions. This difference in reactivity is attributed
to the fact that the rate of leaching of Ag atoms or ions are
different for Ag NPs and atomically precise Ag clusters. Larger
nanoparticles possess significantly higher numbers of Ag atoms
with reduced coordination numbers compared to Ags;,(SG)o,
which are highly protected by thiolate ligands. Though these
clusters are protected by thiolate ligands, the protection is
incomplete, and because of this, the clusters tend to coalesce at
the surface of NWs, leading to Ag NPs.

B LIMITATIONS AND FUTURE PERSPECTIVES

Currently, the intercluster exchange reactions were demon-
strated only with noble metal clusters except a recent report
involving copper clusters.”® The structures of the product
clusters are not known, however, and such information will
provide further insights into these reactions. A mixture of alloy
clusters were formed in these reactions since there are unique
sites for the metal atoms, ligands, and metal—ligand fragments in
the reactant clusters (see insets of Figure 1A,B); no specific
product with a given composition was formed. Separation of
these products into individual alloy clusters and their isomers has
not yet been successful.

The driving force behind these reactions could be the lowering
of the total energy due to metal or fragment substitution into
symmetry unique positions in the reactant clusters.”**® Differ-
ence in oxidation states of the metal atoms in the core and the
staples may also contribute to the reactivity.

Details of the mechanistic aspects, such as (i) which of the
clusters (Au,s or Ag,s/Au,s or Ag,,) initiates the reaction, (ii)
which of the bonds (metal—metal or metal—ligand) are broken
first, (iii) what are the actual species (free metal atoms, ligands, or

1994

metal—ligand fragments) being exchanged between the two
clusters, are not known.

These reactions are to be looked at from the standard concepts
of physical chemistry. Controlling the kinetics using catalysts or
inhibitors or by changing temperature or pressure and
quantitative determination of thermodynamic parameters such
as reaction enthalpies, free energies, etc., are a few directions in
this regard. Probing the reaction dynamics using molecular beam
experiments and ab initio molecular dynamics is essential to
understanding the mechanisms in detail.

Such reactions were demonstrated only with ligand-protected
clusters. It is interesting to explore whether such reactions could
occur between bare metal clusters, either in solution or in the gas
phase. Extending these reactions to other types of nanosystems,
such as quantum dots and inorganic and carbon clusters, can be a
potential new route to create unprecedented types of hybrid
nanomaterials. Two-dimensional nanosystems such as MoS, and
graphene can also be suitable candidates for exploring these
reactions. The presence of defects, surface atoms with low
coordination numbers, etc., might induce reaction between these
nanosystems. Stimuli, such as temperature, light, pressure, or
mechanical strain,”*° may also induce interparticle chemistry.
Techniques such high resolution mass spectrometry and ion
mobility mass spectrometry are important in exploring the
dynamics associated with such reactions. Computational
methods are essential to understand the underlying events. We
propose that chemical reactions between nanoparticles may be
written down with structural details using the aspicule
nomenclature. It is likely that in the foreseeable future, we will
have enough understanding to describe nanoparticle chemistry
with atomic precision, leading to products with compositional,
structural, conformational, and even enantiomeric control.
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