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Abstract: Synthesis of atom-precise alloy nanoclusters with
uniform composition is challenging when the alloying atoms
are similar in size (for example, Ag and Au). A galvanic
exchange strategy has been devised to produce a composition-
ally uniform [Ag,,Au(SR);s]~ cluster (SR: thiolate) using
a pure [Ag,s(SR);s]~ cluster as a template. Conversely, the
direct synthesis of Ag,Au cluster leads to a mixture of
[Ag>s Au(SR);s], x=1-8. Mass spectrometry and crystal-
lography of [Ag.;,Au(SR);s]~ reveal the presence of the Au
heteroatom at the Ag,s center, forming Ag,,Au. The successful
exchange of the central Ag of Ag,s with Au causes perturba-
tions in the Ag,s crystal structure, which are reflected in the
absorption, luminescence, and ambient stability of the particle.
These properties are compared with those of Ag,s and Ag,,Pd
clusters with same ligand and structural framework, providing
new insights into the modulation of cluster properties with
dopants at the single-atom level.

Atomically precise nanoparticles, or nanoclusters, have
received significant attention over the past decade.'! This
special class of nanomaterials, which has sizes in between
those of atoms and plasmonic nanoparticles, exhibits dual
characteristics®” and unusual physicochemical'*?l properties
due to the confinement of the electrons. To date, a large
number of monothiolated gold clusters have been synthesized
and crystallized,™ while just two purely monothiolated silver
clusters, Ag,” and Ag,? have been fully characterized.
Among the many Au clusters, Au,s(SR);5 has been the most
extensively studied”! owing to its utility as a model system. In
contrast, its highly sought after silver counterpart, Ag,s(SR)s,
was reported? only recently.

Alloy nanoparticles and nanoclusters are attractive for
certain applications owing to their synergistic and enhanced
properties compared to their homometallic analogues.*
Heteroatom substitution of homometal nanoclusters causes
significant changes in particle stability,”) luminescence,
catalytic activity,” ligand-exchange reactivity,""! electronic,""!
and electrochemical™ properties. Hence, there is an essential
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need for nanoparticles systems and approaches that enable
the investigation of doping and alloying at the single-atom
level.

Recently, significant efforts have been devoted to devel-
oping alloy clusters.® For instance, Au,s(SR),5 was doped
with various metals, such as Hg,'*! Cd,[" Pt,®1 Pd,[" Cu,™™ and
Ag;1% only the first two cases resulted in monodisperse
alloy clusters, while others produced a mixture of clusters that
were subsequently purified. In silver, only Pt and Pd (differ-
ent atomic size from Ag) have been successfully implemented
to obtain atomically and compositionally precise Ag clusters
[AgM (SR) ;s> (M=Pd, Pt).l'"! In contrast, atomically
precise doping of Ag nanoclusters with similar sized atoms
such as Au and vice versa results in a distribution of
compositions,”* 1 with only some parts of the sample
crystallizing.'"® While the crystallized components have
provided important insights into the structure and possible
positions of the dopant,’®!°l they are not representative of the
nanocluster properties as a whole. The similar sizes of Ag and
Au (atomic radii ca. 1.44 A) render it problematic to control
the amount of dopant in a cluster, thus producing distribu-
tions of alloy compositions that are tough to purify.

In this study, we demonstrate the atomically precise
doping of a silver cluster by gold through a novel galvanic
exchange strategy. Through this strategy we obtain a pure
[Ag,sAu(SR) 5]~ cluster. In contrast, we show that a direct
synthesis of such a cluster produces a mixture of AgAu alloy
clusters, which is ill-defined in composition. Only through
developing controlled atom-precise galvanic exchange were
we able to crystallize and determine the total structure of the
[Ag,sAu(SR)5]” cluster. In comparison to [Ag,s(SR)s]
[Ag,sAu(SR)s] exhibits enhanced stability, as well as photo-
luminescence and excited-state lifetimes. [Ag,s(SR)5]™ is so
far the only family of Ag clusters that has an analogous set of
atomically pure, centrally substituted heteroatom (that is,
Ag)s(SR)5, AgryAu(SR),g, and Ag,,PA(SR);s). This unique
set of model clusters makes it possible to study the effects of
atomic substitution on the electronic structure, stability, and
photophysical properties of Ag clusters.

Attempts to synthesize the target alloy cluster Ag,,Au-
(SPhMe,),5 through a direct reduction of the Ag and Au
precursors in the presence of the HSPhMe, (2,4-dimethyl-
benzenethiol) (see the Supporting Information for details)
produced a mixture of compositions with the same nominal
structural framework. Electrospray ionization mass spec-
trometry (ESI MS) revealed the synthetic product as a mix-
ture of [Agys_ . Au,(SPhMe,) ]~ clusters (x = 1-8) (Supporting
Information, Figure S1). Varying the incoming Au" concen-
tration during synthesis did not yield a single pure cluster. The
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optical spectra (Figure S1 inset) of these mixtures of clusters
revealed the continuous modulation of Ag,s optical properties
with the increase in dopant amount. This optical modulation
is an average of many clusters, which we were unable to
separate into individual species.

To achieve the formation of a pure Ag,,Au(SPhMe,);q
cluster, we reasoned that an approach that affords the slow
and controllable introduction of heteroatoms would be
needed. We thus designed a method that uses the Ag,s-
(SPhMe,) 5 nanocluster as a starting molecular template (see
the Supporting Information), while the controlled dopant
incorporation is initiated by post-synthetic galvanic replace-
ment of Ag atoms of cluster with Au atoms, resulting in atom-
precise alloying. Au® ions, owing to their electrochemical
potential difference with Ag atoms of Ag,s, were reduced to
Au by Ag,s, producing Au-doped Ag,s clusters. ESI MS of
a Ag,s control and its Au-doped equivalent cluster are
compared in Figure 1. An intense peak at about m/z 5167

[Ag,s(SPhMe,);gl~

[Ag,5(SPhMey)yg]~
— Experiment
— Simulation
540 550 5150 50 5ta0
[Ag,,Au(SPhMe,),sl~
[Aga,Au(SPhMe,),]-
i L
5230 5240 5250 5260 5270
2000 4000 6000 8000 10000
m/z

Figure 1. Negative-mode ESI MS of [Ag,;(SPhMe,)q]~ and its galvanic
exchange product with Au®, namely the [Ag,,Au(SPhMe,) 4] cluster.
Insets: experimental and simulated mass spectra of corresponding
clusters.

corresponding to pure Ag,s(SPhMe,);s is apparent. The
excellent match of the simulated mass spectrum with the
experiment confirms the assignment (Figure 1 inset). Sim-
ilarly, the Au-doped cluster obtained by galvanic reduction
exhibited only a single prominent peak, which appears at
about m/z 5257. Magnification of this peak (Figure 1 inset)
shows a characteristic isotopic pattern of silver with peaks
separated by m/z 1, indicating that the cluster has a 1— core
charge because the HSPhMe, ligand does not have any
charged functional groups such as —COO H"."® The mass
difference of 90 between the m/z 5257 peak and that of the
pure Ag,s(SPhMe,);s is a clear indicator of the successful
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replacement of one Ag atom of Ag,s with one Au atom. This
exchange was further confirmed by the exact match between
the simulated spectrum of [Ag,,Au(SPhMe,)]” and the
experiment (Figure 1 inset). We note that the Ag atom that
was expelled from Ag,s and replaced with Au during galvanic
reaction was found to react with Cl~ from the Au precursor
(AuCIPPh;), forming AgCl (Supporting Information, Fig-
ure S2) as a byproduct, which was discarded. The appearance
of AgCl as a reaction byproduct further corroborates the
proposed galvanic exchange method.

We note that there are only three possible locations in
Ag,s for the dopant: the center, the surface of an icosahedron,
or the ligand motifs of Ag,;. While ESI MS data show the
successful formation of an atomically precise composition, the
position of the inserted Au atom within the Ag,s structure
entails the total structure elucidation by some other means.
Therefore, we crystallized Au-doped clusters by the layering
method (see the Supporting Information). The pure nature of
the alloy product obtained by our galvanic exchange route
facilitated the formation of high-quality single-crystals, which
made it possible to study the cluster single-crystal X-ray
diffraction (XRD).

The X-ray crystal structure of Ag,,Au(SPhMe,);5 (Sup-
porting Information, Figures S3-S6 and Table S1) revealed
the presence of a sole PPh," cation per cluster, confirming the
proposed deduction from ESI MS that the clusters carry a unit
negative charge. Further analysis of the crystal structure
shows an arrangement of 12 Ag atoms that formed an
icosahedron core with one Au atom at its center (Figure 2).

Figure 2. X-ray structure of [Ag,,Au(SPhMe,) 5] PPh,*. A) Au atom;
B) Ag,, icosahedron; C) Ag,, with central Au forming Ag,,Au core;

D) six V shaped Ag,S; units; E) capping Ag;,Au core with six Ag,S;
units; and F) the total structure of Ag,,Au with counterion. Au red,
Ag silver white, S yellow, P purple, C gray."

The remaining 12 Ag atoms are shown to occupy the 12
triangular faces of the Ag;,Au core. It is important to note
that the Ag,s crystal structure” has three non-icosahedral Ag
atoms out of the 12 atoms that face away from the triangular
faces, while in Ag,,Au, all of these atoms were found to lie at
the centers of the triangular faces. Similar to Ag,s, the Au-
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doped clusters are also surrounded by six one-dimensional
Ag,S; motifs in a pseudo-O,, or a pseudo-T}, fashion, but the
distortions (namely, strain) observed in the Ag,s motifs
appear to be relieved after Au doping. Furthermore, the
Agicosancaron—S and Ag,.—S bond lengths in Ag,,Au were
slightly shortened (Supporting Information, Table S2) com-
pared to those in Ag,s, which is suggestive of increased Ag—S
bond strength. The effect of these subtle changes in the
structure is reflected in the overall alloy cluster stabilities.
Under ambient conditions, Au-doped clusters were found to
be more stable for at least four days while the pure Ag,s
showed signs of degradation after 24 hours (Supporting
Information, Figure S7).

Further analysis of the Ag,,Au(SPhMe,)s crystal struc-
ture reveals intermotif ligand interactions via phenyl rings of
ligands (Figure 3A). Only eight out of 18 ligands were

Figure 3. A) X-ray structure of [Ag,,Au(SPhMe,) s]”, describing the
intermotif interactions between motifs via - stacking of ligand
phenyl rings. B) Orientation of ligands methyl groups in 7—m interac-
tions. Au red, Ag silver white, C gray, S yellow."

observed to participate in m—x interactions (approximately
face-to face, 3.706-3.725 A) as opposed to 12 ligands in
Ag,s.l The phenyl rings of the ligands involved in m—n
interactions are oriented to keep the bulky methyl groups far
apart to minimize repulsive interactions (Figure 3B). How-
ever, reasonable intermotif interactions via the Ag—S bond,
similar to those found in Ag,s™ could not be identified in the
Au-doped clusters.

While the exact mechanism of doping of Ag,s with Au
atoms is not clear, we speculate that the Au* ion is reduced to
Au by Ag (upon reaching the core of Ag,s to form Ag") and
replaces one of the icosahedron surface Ag atoms. The
presence of the Au atom at this surface site may not be
thermodynamically favorable, and therefore, Au diffuses to
the core, pushing the central Ag atom to the surface.
However, a theoretical study may be required to provide
a definitive answer for the preferential diffusion of the atoms
within the cluster.

To investigate the effect of heteroatom doping on the
properties of Ag,s cluster, we synthesized an equivalent Pd-
doped Agys cluster, [Ag,,Pd(SPhMe,);5]*", by following the
original Ag,s synthesis (see the Supporting Information). It
should be noted that Yan etall” attained [Ag,Pd-
(SPhCL,),5]*" through a similar method. ESI MS (Supporting
Information, Figure S8) confirms the purity of our synthe-
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sized product and its charge state of 2—. The crystal structure
of [Ag,,Pd(SPhCL,)s]*~ was shown to contain a Pd atom at the
center of Ag,s, similar to the Au in [Ag,;Au(SPhMe,);s]” in
the case investigated in this study. The optical character-
ization of Ag,s and its alloy clusters with Au and Pd is shown
in Figure 4. The Ag,,Au cluster appears to be green to the

A ' o
3 - Agy; Agy,Pd AgyAu
o
8
° — Agy;
-g — Ag,Au
< 1 — Agy,Pd
300 450 600 750 900
Wavelength (nm)
B 2103
1 5 —Agys
— Ag,,Au
210 e — A
[7]
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Figure 4. A) UV/Vis and B) photoluminescence spectra of [Ag,s-
(SPhMe,)15] ", [Ag.4Au(SPhMe,) 5], and [Ag,,Pd(SPhMe,),s]*" clusters.
The dotted lines show the peak shift relative to Ag,s. Inset of (A):
Photographs of cluster solutions. The inset of (B): the shift in
normalized photoluminescence spectra of Ag,s alloy clusters.

naked eye, while the Ag,,Pd and pure Ag,s clusters are yellow
and yellowish orange, respectively (Figure 4 A inset). The
absorption onset of Ag,s occurs at about 850 nm and is blue-
shifted to about 800 and about 840 nm after doping with Au
and Pd, respectively, along with a blue-shift of other major
peaks (dotted lines in Figure 4 A). The significant blue-shift
(ca. 54 nm) in highest occupied molecular orbital to lowest
unoccupied molecular orbital (HOMO-LUMO) gap®?! at
678 nm of Ag,s after doping with Au, unlike Pd-doping,
illustrates the unique nature of the electronic perturbation
owing to the incorporation of particular heteroatoms. We
note that a similar blue-shift was reported for doped Auys
clusters.”"!! The peaks at 390 and 334 nm in the Ag,,Au are
less pronounced compared to those of the parent Ag,s and
Ag,,Pd; this may be due to the mixing of the Ag and Au
electronic states,'® rendering these optical transitions for-
bidden in the Ag,,Au cluster. The overall optical features of
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the doped Agys clusters, except for the blue-shift of the peaks,
are similar to those of pure Ag,s, indicating that the Agys
structural framework is robust.

Additionally, we found that the photoluminescence of
Ag,,Au clusters was blue-shifted relative to those of pure Ags
(Figure 4B inset), which are likely due to significant modu-
lation in the HOMO-LUMO gap and/or in the surface
states®!! after alloying. Interestingly, the luminescence of the
Au-doped clusters was enhanced by a factor of > 25 compared
to that of pure Ag,s (Figure 4 B); this may be attributed to the
stabilization of the charges in the LUMO of the alloy cluster
akin to Au,s_,Ag, cluster.®? Conversely, we found a little
change in the luminescence of Ag,,Pd cluster.

We further characterized Ag,s and its alloy clusters using
transient absorption (TA) spectroscopy with broadband
capability to elucidate the excited-state properties. The
experimental setup of TA is detailed elsewhere!®! (see also
the Supporting Information). Upon optical excitation of Agys
with a 350 nm laser pulse, we observed two ground-state
bleaches (GSB) at 493 and 674 nm, corresponding to the Ag,;
absorption bands, along with the two excited-state absorption
bands at 450 and 570 nm (Figure 5A). Comparison of the
transient spectra shows that for Ag,,Pd, a marginal shift in the
GSB positions near 491 and 669 nm occurs, while the Ag,,Au
showed a larger spectral shift in the GSB position near 467
and 600 nm in accordance with their steady-state absorption

500 600 700
Wavelength(nm)

Change in Absorbance (OD)

O Ag,,Au =1.8 ps

O Ag,,Pd =1.3 ps

O Agy; =11 s

T T T+ T 7

0 1 2 3 4 5
Time delay (us)

Figure 5. A) Transient absorption of [Ag,s(SPhMe,) 5], [Aga.Au-
(SPhMe,)5] ™, and [Ag,,Pd(SPhMe,),s]*~ clusters after optical excitation
at 350 nm, at a time delay of 4 ns. B) Transient traces corresponding
to the ground state bleach recovery from the spectra in (A). The solid
green lines are fits of the kinetic traces.
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(Figure 4 A). These spectral shifts from Ag,s could be
attributed to the modulation of the Ag,s electronic structure
upon incorporation of the Pd and Au heteroatoms into the
Ag,s structure. It was observed that a time window of 2.16 s
was sufficient for 100 % decay in the excited-state absorption
and full recovery in GSB of Ag,s. On the other hand, a >4 ps
time window was required for both excited-state absorption
decay and GSB full recovery of Au-doped Ag,s (Supporting
Information, Figure S9).

The relaxation dynamics of the Ag,s alloy clusters were
analyzed by fitting the time profiles representing the GSB
with a single exponential decay function (Figure 5B). The
time constant of the Ag,s excited-state decay of about 1.1 +
0.1 us may be due to a ligand-to-metal charge transfer state.”*l
The relaxation time constant was found to increase for the Pd-
and Au-alloyed Ag,s to approximately 1.3 and 1.8 ps, respec-
tively. The presence of Pd and Au atoms in the Ag,s structure
may change the excited charge state of the cluster owing to
the modified electronic configuration, leading to longer
relaxation time constants in the core- and ligand-localized
charge-transfer type transitions.

In conclusion, we have designed and successfully synthe-
sized a pure Au-doped Ag,s(SR)g cluster, Ag,;Au(SR)5, by
a novel galvanic exchange procedure. This method is com-
pared with the direct synthesis, which produced a mixture of
clusters. Optical spectroscopy, mass spectrometry, and single-
crystal XRD analyses unambiguously confirmed the central
Ag substitution of [Ag,s(SR)3]” with the Au atom, forming
a single nanoparticle composition [Ag,,Au(SPhMe,),q]” that
preserves the structural framework of Ag,. Heteroatom
doping of Ag,s caused a significant increase in the material’s
stability and changes in electronic, optical, and luminescence
properties. It is worth mentioning that [Ag,,Au(SPhMe,) 5]~
exhibited a 25-fold photoluminescence enhancement com-
pared to [Ag,s(SPhMe,);5]”. These model nanoparticles,
namely Ag,s, AgyAu, and Ag,,Pd, will help elucidate the
fundamental role of doping at the single-atom level. Such
insights are critical for designing novel alloy nanoparticles
with enhanced synergistic properties for applications in
catalysis, energy, and sensing.
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