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ABSTRACT: Although single-crystal X-ray diffraction is a proven technique to
determine the structure of monolayer-protected coinage metal clusters in solid state, it
is not readily applicable to the characterization of such cluster structures in solution.
The complexity of the characterization problem increases further when intercluster
reactions are studied, in which two reactive cluster ions interact to form final products
using a sequence of structural changes involving exchange of metal atoms and ligands.
Here, we present the first time-resolved structural study of such processes which occur

when solutions of [TOA]*[Au,s(PET) 5]~ and [PPh,],*"[Ag;(FTP)4,]* react upon

mixing (PET: phenylethanethiolate; FTP: 4-fluorothiophenolate; and TOA: tetraoctylammonium ion). This is achieved using
high-resolution trapped ion mobility mass spectrometry (TIMS). Specifically, we have used electrospray transfer to the TIMS
apparatus followed by ion mobility measurements to probe the time-dependent structure of mass-selected Au,Ag,,_.(FTP);,*"
(x = 0—12) exchange products, with limited FTP for PET exchanges, formed in the reaction medium. Over the roughly 40 min
reaction time before equilibration, with a product distribution centered around Au,,Ags,(FTP);,*", we observe intermediate
species, Au,Ag,, (FTP);*", whose collision cross sections (CCSs) at a given x increase first relative to that of the
Ag,,(FTP);,* parent and decrease subsequently. We attribute this to an energy-driven migration of the incorporated Au atoms
from the ligated “staples” at the cluster surface to its icosahedral core. Upon collisional heating of Au,Ag,, (FTP);*,
analogous back-migration of the heavier Au atoms from the core to the staples was observed in tandem mass spectrometry. To
support our experimental observations, several isomeric structures (with all ligands) were calculated using density functional
theory, and their CCS values were modeled using trajectory method calculations.

1. INTRODUCTION

The size-dependent chemical physics of unprotected and
therefore extremely reactive atomically precise metal clusters
has been studied systematically in molecular beams for more
than S0 years.'~* By contrast, it is only after the development
of scalable cluster growth and monolayer protection about 20
years ago that a homologous series of ligand-protected
homometallic clusters with a wide range of differently sized
cores became available to mainstream chemistry.” " Among
clusters of coinage metals, these approaches were first
developed for gold and later extended to silver and copper.
Most recently, monolayer-protected bimetallic alloy nano-
clusters comprising all coinage metals have also become
available. Monolayer-protected, atomically precise, core—shell
bimetallic nanoclusters are presently of great interest because
of their unique shape and size-/composition-dependent
reactivity.” "> Being size-selected with atomic precision,
bimetallic clusters have a measurable molecular formula and
can thus be considered as bridges between metal alloy

nanoparticles and the (smaller) molecular regime."*
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Synthesis of monolayer-protected alloy clusters is generally
carried out by using two different metal precursors which react
to form a new alloy cluster with defined nuclearity and
composition.”” In many cases, the position of the heter-
oatom(s) is analyzed by X-ray crystallography.'®'” Galvanic
and antigalvanic exchange has also been used to dope a single
or a few heteroatoms (also noncoinage metals) into the
presynthesized homonuclear clusters. Adding metal thiolates to
a homonuclear cluster followed by reduction using NaBH, has
also been shown to allow the formation of alloy clusters.'” ™"

A newly emerging technique to make alloy clusters which
has attracted a lot of attention recently is intercluster
reactions.'>'***~*> Remarkably, two atomically precise homo-
nuclear clusters, each containing a different coinage metal, can
interact with each other in solution under ambient conditions
to form alloy clusters by exchange of metals and ligands.
Various types of interactions have been reported,”””” leading
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to both alloys with variable atomic compositions—without
changin% the overall nuclearities of the respective cores—and
dimers."?® Recent reports of such reactions between Ag and
Au clusters have shown rapid exchange of Au/Ag in the
respective clusters independent of whether the reactant species
have the same or different nuclearities. The first such report
showed reaction between Ag,,(SR);, clusters with Au,s(SR) ;5
clusters being added to the same solution (where SR
corresponds to one of several different possible thiolate
ligands). This was probed by UV—vis absorption spectroscopy
and mass spectrometry.””** Although multiple Ag atom
exchanges were seen in the gold cluster upon adding a small
amount of Ag,,(SR’);, to an excess of Au,5(SR) g, up to 12 Au
atoms were found to be exchanged into the Ag,,(SR’);, cluster
in parallel—along with the exchange of a few ligands on both
sides. Density functional theory (DFT) calculations of the
corresponding energetics suggested that eventually all the 12
Au atoms should go to the icosahedral core of the 44-atom
cluster, which is the most stable substitutional isomer of
Au;,Ag;,(SR)50.”° The cluster consists of six ligand-terminated
“staples” comprising two silver atoms (and five ligands) each.
The staples sit on top of a 20-atom shell of silver atoms which
in turn contains a 12-atom hollow icosahedral core of gold
atoms (i.e., without a central atom).

The DFT structure is in agreement with the crystal structure
of Auj,Ags,(SR)s0 directlz prepared from mononuclear
precursors by Zheng et al.”*** In a recent report of alloy
clusters formed in a related “one-pot ab initio synthesis”,
Zheng et al. showed by X-ray crystallography that any number
of Au doping (from 0 to 12) in Ag,,(SR); clusters leads to Au
exchange in the icosahedral core.” By contrast, Xie et al. have
suggested that 12 Au atoms exchange on the surface (staple) of
the preformed Ag,,(SR);, clusters (rather than in its core)
when the exchange is mediated by Au(SR),Cl-type thiolates.*’
In a related study, Biirgi et al. have inferred that over longer
times, silver exchange occurs preferentially in the core of a
Augg(SR),, cluster rather than on its staples.”’

Although the latter studies give some first information about
the structural consequences of the exchange reaction, they do
not provide extensive insight into its mechanism. In all cases of
Au exchange into preformed silver clusters, it seems clear that
the reaction must start from the outside, that is, start at the
staples with the exchanged Au atoms perhaps subsequently
migrating to the core. If this is indeed the case, then the
associated rearrangement process must be associated with
transitory volume and packing changes as the molecule
isomerizes in a “nanogymnastics” fashion to allow for
subsurface diffusional exchange. The comparatively high
mobility of coinage metal atoms in such clusters under
ambient conditions is highlighted in a recent report by Pradeep
et al. who showed that rapid exchange between Ag'”’ and Ag'”
(to the respective statistical limits) can happen when mixing
the two corresponding isotopically pure clusters—for both
Agys(SR) and Ag29(SR)12'32

In the present study, we show the first time-resolved
visualization of the structural changes of Ag,(SR);, cluster
ions (SR = FTP; 4-fluorothiophenolate) during intercluster
reaction with Au,s(SR);3 cluster (SR’ = PET; phenyl-
ethanethiolate). We obtain this information using high-
resolution trapped ion mobility mass spectrometry (TIMS)
coupled with electrospray ionization (ESI) to probe solution
composition at selected times after starting the exchange
reaction.”” ™’ We show that the initial interaction of the

Ag,(FTP);, clusters with Au,s(PET)g leads to distortion/
expansion of the Ag,,(FTP),, precursors as Ag/Au exchange
proceeds. By analyzing all of the intermediate ions, we were
able to probe the concerted migration mechanism transporting
Au atoms from the surface to the cluster core (and
correspondingly silver atoms from core to the surface).
Collision-induced dissociation (CID) measurements of the
Au-exchanged ions show that as the Au content of the system
increases, Au can also diffuse back to the surface of the
energized clusters—as indicated by the respective Au-
containing fragments. To support the inferences from TIMS
measurements, DFT was used to calculate (isomeric)
structures of selected Au,Ag,, (FTP);*™ species (x = 0—
12). These DFT structures in turn formed the basis for
trajectory method (TM) calculations, which were used to
model the collision cross sections (CCSs) resulting from the
ion mobility measurements.

2. EXPERIMENTAL SECTION

2.1. Synthesis Details. The clusters Au,s(PET),s"" and
[PPh,],[Ag,(FTP)5]"" were synthesized and characterized
following the previously reported methods (see the Supporting
Information for details and Figures S1 and S2).

2.2. Instrumental Details. The time dependence of
intercluster reactions in solution was studied by recording the
ESI mass spectra using three different mass spectrometers,
namely, a Bruker timsTOF, a Thermo Fisher Orbitrap, and a
Waters SYNAPT G2S HDMS. In spite of the different ESI
sources and spray conditions used, mass spectra were in good
qualitative agreement across the three different platforms. The
SYNAPT was used for CID measurements. The timsTOF was
used to obtain TIMSCCSN2 values. Details of the instruments

and typical operating parameters are also given in the
Supporting Information.

2.3. Computational Details. All ion geometries were
obtained using DFT with the BP-86 functional’”*’ and the
def-SV(P) basis set*' as implemented in the TURBOMOLE"
package. We used the experimental geometry (X-ray structure)
of [PPh,],Ag,,(FTP);, as the starting point and removed the
[PPh,]" counterions to obtain an initial Ag.(FTP)s,""
structure. This structure was then fully optimized without
any symmetry restrictions. For the mixed Au/Ag systems, we
replaced the respective silver atoms by gold atoms in the
optimized structure and performed a new geometry
optimization, again without symmetry restrictions. Partial
charges on each atom (necessary for the CCS calculation)
were assigned with a natural bond orbital (NBO) population
analysis*’ unless otherwise noted. The optimized ion geo-
metries and partial charges (see Tables S1—S4) formed the
basis of systematic TM calculations as implemented in the
IMoS 1.09 package.*”* For each CCS, we ran 3 X 10°
trajectories at a temperature of 300 K with the “carbon first”
optimized Lennard-Jones parameters of Wu et al,*® that is, the
default parameters of IMoS 1.09.

3. RESULTS AND DISCUSSION

The reaction kinetics of Au exchange and the resulting
formation of Au,Ag,,_.(SR);* cluster ions, x = 1-12 (SR =
FTP or PET)*’ were monitored in-line generally using a high-
resolution trapped ion mobility mass spectrometer (Bruker
timsTOF) equipped with an ESI source. Dilute solutions (10
M and below) of both [PPh,],[Ag,,(FTP);] and [TOA]-
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[Au,s(PET),5] were mixed in dimethyl formamide solvent and
the products formed under ambient conditions were
monitored continuously (at a temperature of ca. 298 K). We
estimate the “dead time” between the start of the reaction
upon mixing and the earliest timsTOF detection of products to
be about 60 s. Note that we have optimized the ESI source
conditions such that Au,Ag,, .(SR);,*" is the most abundant
Ag,,-based multianion species. Under these conditions, the
relative trianion intensity is less than 5%. We therefore regard
the relative intensity of Au,Ag,, .(SR);"™ intermediates as a
representative of the progression of the exchange reaction.

A three-dimensional “heat-map” plot of m/z versus reaction
time showing the relative intensities of the Ag,,(SR);*™
starting clusters as well as the intermediate alloy cluster
products is shown in Figure 1 (deconvoluted mass peaks are

Agy(FTP)yo* + Augs(PET) 5" — Ay Au(SR)3* (X=0-12)
i 1ia203 s |10 j iaa.|

2100 2200 2300 2400

2500 (m/z)

Figure 1. Time-dependent overview mass spectra of intercluster
reaction showing slow formation of Auj,Ags,(SR)3,*™ over 40 min
reaction time for S:1 Ag,,/Au,s molar ratio (S uM:1 uM); note the
logarithmic intensity scale. Corresponding higher-resolution mass
spectra are shown in Figure S1. The DFT-optimized structure of
Ag,(FTP);,*™ is shown in the inset. See Figure 4 for structural
details. Colors: Ag on the staple: light purple, Ag in shell: light cyan,
Ag in the core: light pink, S: blue, C: light gray, and F: light green.
Numbers 0, 1, 2...12 in the figure refer to the number of exchanges (x)
in the reaction mentioned on the top.

shown in Figure S3). It is clear from the heat map that the
initial reaction proceeds primarily via formation and
subsequent consumption of intermediates with stepwise

exchange of silver by gold atoms (together with some
exchange of ligands—see below). After a reaction time of 40
min, the composition change is essentially completed with
predominantly Au;,Ags;(SR);0" cluster ions being detected.
We infer that this corresponds to an exchange equilibrium in
solution. This is supported by (i) the observation of reverse
exchange upon adding more Ag,,(SR);,* starting clusters at
later reaction times and (ii) previous mass spectrometric
probes of the corresponding Au,s_.Ag,(SR);s~ side of the
reaction.”*

Several measurement series at different starting concen-
tration ratios were conducted, and the typical kinetic plots are
shown in Figures S4 and SS. A full kinetic analysis will be
reported elsewhere. Here, we only note that as in previous
reports, we find a highly nonstatistical, Au,Ag,,_(SR);,*" final
product distribution. In particular, we find a 6-fold enrichment
in average gold content relative to a binomial distribution
weighted with the initial Ag/Au atomic concentration ratio.
Furthermore, the mixed cluster mass distribution is much
narrower than binomial and essentially cut off beyond 12
substituted Au atoms (Figure S6). The predominance of
Auj,Ag;,(SR)5" " supports previous conclusions that this
composition is an island of low relative free energy among
AuxAg44_x(SR)304_ species accessed.

Among the initial Ag,,/Au,s concentration ratios studied,
ranging from 5:1 to 20:1, 5:1 resulted in maximum equilibrium
conversion to Agy,Au;,(SR);0"" and was therefore chosen for
further study. After recording the reaction kinetics by
measuring mass-resolved ion intensity versus time, detailed
trapped ion mobility measurements (TIMS) were performed
to observe corresponding structural changes. Interestingly, we
found that the CCSs of specific Au,Agy,_.(SR)3,*" cluster ions,
x = 1-12, changed measurably during the course of the
reaction.

Figure 2 shows representative contour plots of
Au,Ag,, (SR)5* ion intensity as functions of composition
(x = 0-12) and CCS—for eight different reaction time
intervals, A—H. These are based on the extracted TIMS
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Figure 2. (A—H) Two-dimensional plots of time-dependent change in CCS during Au exchange into Ag.(SR);*"
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clusters to form

Au,Agy, (SR)50*, & = 1—12. Initially, the CCS of all intermediate x species increases till ca. 20 min of reaction time whereupon their CCS
gradually shrinks as exchange equilibrium is approached (with a product distribution centered at x = 11 and 12). The red dashed line corresponds
to the CCS (peak maximum in corresponding mobilogram) of unreacted Ag,,(SR)3,* (793 A%). The yellow dashed lines correspond to the peak
maximum CCS of the exchange product with the largest CCS in that time interval. The white dashed lines in (B,C) correspond to the peak
maximum CCS of the most intense Au exchange product in the specified time interval. The position of the CCS peak maximum for 12 Au-
exchanged product has been circled for clarity. Corresponding mobilograms (i.e., intensity vs CCS) are shown in Figure S7.
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Figure 3. Time-dependent changes in the CCS of (A) AujeAgy,(FTP)3,*, (B) AuyAgs;(FTP)s*, and (C) Auj,Ags,(FTP),* are shown as
contour plots. Each of the mobilograms was extracted for the corresponding mass range to include only contributions from 0 to 1 ligand-exchange
products. The CCS values of AuAgy,(FTP)30*" and Au;;Ags3(FTP)s,* " change significantly with time while the CCS of Au;,Ags,(FTP);0"
remained almost constant. The red dashed lines correspond to the CCS of the respective products at the earliest reaction times at which they are
detectable. The white/yellow dashed lines correspond to their final CCS. The initial CCS peak maximum of each species is indicated with a white
arrow for clarity. Corresponding CCS vs normalized intensity plots are shown in Figure S11.

mobilograms (inverse mobility vs intensity plots) in N,
collision gas (shown in Figure S7) obtained for each of the
different Au,Ag,,_(SR);,"" masses, that is, for each discrete
exchange product, at various reaction times following mixing of
the silver and gold cluster reactants [under the same optimum
solution reaction conditions as used for Figure 1 (5:1 Ag,,/
Au,; ratio)]. Corresponding instrumental details are described
in a separate section below and further in the Supporting
Information. Here, it is only important to realize that under
our experimental conditions, we typically achieved ion mobility
resolutions of 160 or better—with relative accuracies sufficient
to distinguish TIMSCCSN2 differences of 0.2%."

Unreacted Ag,,(SR);*" ions in gas phase have an
experimental CCS of 793 A%. We assume that this corresponds
to that of the most stable isomer/conformer under the given
experimental conditions. It is unclear to what extent the
isolated Ag,,(SR)3,*" structure (determined by TIMS, some
milliseconds after electrospraying) differs from that of the same
species in solution. For simplicity, we shall assume that any
such differences between solution and gas-phase structures are
similar for all Au,Ag,,_.(SR)3,*", that is, changes in CCS reflect
changes to the cluster structures during reaction in solution.

During the reaction, we first observe a sequential increase in
CCS with increasing Au exchange. Specifically, we find that at
reaction times of 10—15 min, the experimental CCS has
increased from 793 A? for the Ag,,(SR);,"™ reactant up to 805
A? for AupAgs,(SR)3*" (~1.5% increase). Also, the
corresponding mobilograms become significantly broader
with increasing Au exchange compared to the unreacted
Ag,,(SR)3*" (both effects can be seen more clearly in Figure
S7, which plots ion intensity vs CCS for various reaction times
and compositions). Interestingly, as the reaction proceeds
further, we observe that the trend in CCS increases and the
peak broadening reverses slightly (Figure 3). Specifically, the
final CCS for Au;,Ag;,(SR)30* was 799 A% By contrast, the
less abundant products with 9 and 10 Au exchanges retain a
significantly broader mobilogram till the end of the reaction at
40 min.

There are two aspects which could lead to broadening of the
mobilograms. First, Au,s(PET),¢~ clusters have a slightly larger
ligand than Ag,(FTP),*". Hence, FTP — PET ligand
exchange on the cluster surface”® would be expected to
increase the effective cross section of the ion by approximately
2 A* per ligand (Figure S8). Consequently, for a 12 A?
increase, at least six ligand exchanges are necessary. To avoid

this issue, the mobilograms shown in Figures S9 and S10 which
are used for the contour plots shown in Figures 2 and 3 were
extracted from the lower mass flanks (left side) of the specific
Au,Ag,, (SR)5" envelopes, that is, they correspond to 0—2
ligand exchanges (see Figure S7 in the Supporting Information
for details). Therefore, the observed increase in CCS of up to
12 A? from Ag,,(SR)3*" to AuAgss(SR)50* can not only be
due to ligand exchange. As a corollary, this increase and the
associated broadening of the respective mobilograms (see also
Figures S7 and S8 in the Supporting Information) must reflect
the structural change in order to accommodate the incoming
Au and outgoing Ag. It seems likely that this would be
associated with multiple isomeric forms having slightly
different CCS simultaneously present during the reaction. As
the Au/Ag exchange must start from the surface, the initial
broadening is likely due to structural distortion of the staples.
Over time, the Au atoms migrate from the “surface” and are
collected in the core. Most likely as a result of this, the
mobilograms of the 12 Au exchange product again becomes
narrower and comparable with that of the unreacted
Ag,(FTP)5* ion.

To obtain further information on the migration of Au atoms
from the surface to the core and the associated (consecutive)
structural reorganization, we analyzed the time-dependent
CCS of the main products, Au,Ag,, .(SR);* (x = 10—12)
more carefully. The respective measurements are shown in
Figure 3. Again, to avoid effects due to ligand exchange,
mobilograms were extracted only over a mass range comprising
at most one exchanged ligand. Upon its initial formation (at ca.
15 min), the CCS of Au,pAgs,(SR);0*™ was found to be 803
A?, shifting to lower values over time. After a reaction time of
around 30 min, the peak maximum has decreased to 799 A2
Along with this shift in CCS of the main peak, another peak
started to appear, which intensified over time. Its CCS value
was found to be 791 A% which is close to the CCS of the
unreacted Ag,,(FTP);,*". This clearly shows the presence of
two isomeric forms of Au;oAgs;;(SR)3*". The larger, less-
compact one is likely distorted because of nonuniform Au
exchange in different layers of the cluster (see later). Note that
the differences in Au—Au/Au—S/Au—Ag bond lengths versus
the corresponding Ag—Ag/and Ag values are quite small
Therefore, a compact, high-symmetry form of
AujAgs,(SR)50" ™ with all Au atoms in the core would be
expected to have an overall CCS very similar to that of
Ag(FTP)5* (793 A?). The slight decrease (2 A%) in the
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overall CCS for the more compact isomer could be due to
different charge distributions among 10 Au and 2 Ag in the
core. A similar trend was also observed for Au;;Ag;;(SR)50",
where after 15 min, the overall CCS and peak width decreased
with further reaction time to yield a final CCS of 799 A* with a
shoulder at 790 A% Note that such shifts in CCS are also likely
contributed to reorientation of the FTP ligands. Presumably,
these rearrange slightly upon migration of Au from the surface
to the core (the bond lengths and angles associated with Au—S
vs Ag—S links are slightly different).

While x = 10 and 11 exchange products were formed almost
immediately after mixing, Au;,Ags;,(SR)3*” began to be
observed in significant amounts only after 20 min. Interest-
ingly, this product does not show any significant change in its
CCS [the final CCS was found to be 794 A* comparable to 793
A? for the parent Ag,,(FTP);,*]. Note that this observation is
consistent with the time-dependent structural change of x = 10
and 11. After 20 min, the CCS of both the compact isomer of
AuAgs,(SR)5," and the main part of Au;;Ags;(SR)50* was
already comparable with their final CCS values. Hence, we
infer that some clusters can already exchange and rearrange on
this timescale to achieve a compact 12 gold atom core
structure.

Next, we consider the molecular structure of Ag,,(FTP),, in
more detail. As already pointed out in the introduction, it
comprises 12 Ag atoms in an inner hollow icosahedral core,
which is surrounded by a shell of another 20 Ag atoms together
forming a 32 (12@20) Ag atom core—shell entity. The
remaining 12 Ag atoms are situated on the outer protecting
staples as 6X Ag,(FTP); mounts.”® In the simple Jellium
model based on s-electron counting scheme initially proposed
to explain local stability islands among bare alkali cluster
sizes,”* which is also extensively used for monolayer-protected
metal clusters, Ag,,(SR)3,"" is a closed electronic shell species
comprising 12 + 20 + 12 — 30 + 4 = 18 s-electrons, that is,
having the configuration 1S* + 1P° + 1D in the nomenclature
of the spherical Jellium model. Our TIMS measurements
suggest that the exchange of 12 Ag by 12 Au atoms starts at the
surface and leads finally to a stable Au;,Ags,(FTP)3,*" isomer
in which all 12 Au atoms reside in the hollow icosahedral core.
To explore this further, we calculated three different isomers of
Aup,Agy,(FTP),," by DFT—using starting geometries based
on the known crystal structure of [PPh,],Ag,,(FTP)s,. For the
first isomer (I), all Au atoms were assumed to occupy the
hollow icosahedral core. For the second isomer (S—*“statisti-
cally” distributed), the 12 Au atoms were equally, but
otherwise randomly, distributed throughout the three different
regions of the metal cluster (in the core, in the middle shell,
and among the outer staples—four atoms each). In the final
isomer (M), all 12 Au atoms were positioned in the outer
staples (mount position) (Figure 4).

Isomer I is the most stable one (E = 0 eV) followed by
isomer S (E = 2.8 eV) and then isomer M (E = 5.8 eV) as also
predicted by previous DFT calculations and consistent with
the crystal structure determination of
[PPh,],[Au;,Ag;,(FTP)5,].>" Based on the DFT results, the
CCS of each of these isomers in N, as well as that of the parent
Ag(FTP);*” were modeled by trajectory calculations using
IMoS 1.09" with the default Lennard-Jones parameters and
charges based on NBO analysis (see the Experimental Section
and ref 39). For Ag,(FTP);*", CCSypo was found to be
902.5 A% while for the I, M-, S-isomers of Au;,Ags,(FTP);0*,
the calculated CCS values were 901.3, 911.0, and 908.7 A2

28481

o7 B)

Ag,(FTP)3* Au,,Agy,(FTP);* (I isomer)
. AE=0eV

C) D)

Auy,Ag;,(FTP)5* (M isomer)
AE=55¢eV

Au,,Ags,(FTP)5* (S isomer)
AE=28¢eV

© A D AI @ Al Qau @sOF

(core)  (shell) ~ (staple) ¢

Figure 4. DFT-optimized structures of Ag,,(FTP);*” and three
different isomers of Au;,Ag3,(SR)30* (relative energies in red). In all
cases, 12 metal atoms are in the six staples (each terminated by five
ligands), 20 metal atoms form a shell underneath within which 12
metal atoms reside in a hollow icosahedral core. Isomer I: all 12 Au
atoms in the hollow inner icosahedron. Isomer S: four Au atoms
statistically distributed in each of the three cluster layers. Isomer M:
all 12 Au atoms in the staples.

respectively. The calculated CCSypo of Agy,(FTP)5," " is 14%
larger than the experimental value "™°CCSy (902.5 A% vs 793

A?), which is a significantly larger difference than one might
expect. The calculated CCS for highly charged species depends
crucially on the partial charge distribution within the ion. The
NBO analysis places quite high partial charges on each atom
(up to 0.6, see the Supporting Information). Therefore, the
calculation was repeated with two different charge distribu-
tions: first, the Mulliken population analysis was used which
predicted even higher partial charges (up to 1.5). This resulted
in CCSyy values of 905.9 A* for Ag,,(FTP);,* and 905.9,
920.5, and 914.7 A’ for the I, M-, and S-isomers of
Au,Agy, (FTP),*, respectively, that is, between 0.4 and
1.0% larger than the NBO-based CCSypo. Second, the 4-fold
negative charge was put into the (hollow) center of the cluster,
leaving the individual atoms uncharged. Under this extreme
assumption, CCS .., Was found to be 860.5 for Ag,,(FTP);*~
and 858.6, 875.5, and 867.1 A2 for the I-, M-, and S-isomers of
Auy,Ags, (FTP)4,*, that is, roughly 8% above the experimental
values. In other words, these calculations show that the charge
distribution has a large effect on the calculated CCS and that
CCS enter fits better than NBO or Mulliken. However, the CCS
difference between experiment and calculation remains rather
large, independent of the charge placement algorithm. This is
possibly a reflection of other systematic errors in the TM
calculations (e.g, because of default parameterized metal
atoms). To take this into account, an empirical scaling factor
(0.879) was used to calibrate the calculated CCSypo of 902.5
A? against the experimental "™SCCSy, 793 A? value. Using the
same scaling factor for the three isomers of
Aup,Ags, (FTP)5*, “"CCSypo was found to be 793.1,
800.8, and 798.7 A for isomers I, M, and S, respectively.
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Table 1. Comparison of Experimental "™5CCSy, Values with CCS Trajectory Calculations Based on DFT-Optimized

Structures as Shown in Figure 4%

experimental CCS calculated CCSypo
ions (A?) (A?)
Agy(FTP)3* 793 902.5
Auleg3z(FTP)3o4_ (D (0ev) 794 901.3
AupAgy,(FTP)40" ™ (S) (2.8 eV) 911.0
AupAgs(FTP) 5" (M) 908.7
(5.5 eV)

center

calculated 2CCScenter calculated f:"CCSNB o calculated f;"CCS

(4% (4%) (A%
860.5 793.3 793.4
858.6 793.1 791.6
875.5 800.8 807.2
867.1 798.7 799.5

“The trajectory calculations using IMoS 1.09 were performed with two different assumptions concerning (excess) charge localization, CCSypo, and

CCS

center)

see main text for details. ““"CCS values were scaled against the experimental value for Ag,,(FTP)3,*". Using exact hard spheres scattering

method which completely neglects charges, similar CCS values as with the TM (with the charge localized in the center) were obtained.

Apparently, the lowest energy isomer I fits best to the
experimental "™SCCSy value of 794 A’ Scaling the CCS

calculated with the central charge (CCS..,) in an analogous
fashion by 0.922 (to match the experimental ™SCCSy of

Ag(FTP);*") results in “"CCS,qp, values of 791.6, 807.2,
and 799.5 A? (I, M, and S)—again isomer I fits the best.
Therefore, the isomer assignment is rather robust with respect
to the method used. The results are summarized in Table 1.

The DFT + IMoS-based modeling of the CCS measure-
ments therefore supports our inference that the approximately
1% increase in the CCS observed for Au,Ag,, (SR)5" ™ (x =
10, 11) at a reaction time of 10 min—relative to the CCS of
the parent cluster—reflects the initial Au/Ag exchange on the
staples. This CCS increase is similar to the 1.2% larger CCS of
the M isomer of Auj,Agsy,(SR);* versus Auy(SR);0*.
Similarly, the significant CCS decrease subsequently observed
in particular for x = 10 and 11 can be related to the S isomer of
Aup,Ag(SR)30* . This is 0.7% larger than the parent
Ag,(FTP);*". Note that S isomer is considered as a model
for an intermediate rather than the actual one. Once the
reaction reaches equilibrium and the 12 Au atom exchange
product dominates in intensity, the CCS of Au;,Ags,(SR)30*"
was found to be 794 A%, which is almost identical to that of the
parent Ag,,(FTP),,*™ and is in good agreement with isomer I.
Consequently, we experimentally resolve the migration of Au
atoms from the staples to the cluster core (see Scheme 1)—a
process which can apparently occur on a ca. 10 min timescale
in room-temperature solutions.

To obtain further insight into Au atom migration, CID
measurements were performed for each of the Au exchange
products, AuAg,,_.(SR);* (x = 0-12), with varying
collision energy. Solution concentrations, concentration ratios,
and reaction times differed slightly from those used for
timsTOF so as to obtain optimal signal intensities. Typically, x
= 1-5 exchange products were probed by CID after relatively
short reaction times to obtain sufficient signals and for x = 6—
12 after longer reaction times allowing for structural
equilibration. All the CID experiments were performed on
the Waters” SYNAPT G2S platform in slightly higher than
regular trap gas flow (5 mL/min instead of regular 2 mL/min)
to access a larger lab frame collision energy range.”” To analyze
the data, the laboratory collision energy settings were
converted to center-of-mass energy (assuming a single ion/
Ar collision) and the energy values corresponding to 50%
survival yield were then determined (=E . n(so)).- The
corresponding numbers are shown in Figures S12—S15. Note
that in the absence of calibration measurements with
structurally related thermometer ions,*” the collision energy
settings and thus the resulting E,,,(s0) values are only relative

Scheme 1. Schematic of Au Atom Migration from the Outer
Staple to the Inner core”

793 A2

o . Initial\;&d'é’)’(b/l"nange in
Ag(FTP)5* the outer staple
30 min

794 A2
799 A2

oo

Au;Ag,,(SR)5*

with all 12 Au in the core Random migration of Au

towards the icosahedron core
“Ligands are not shown for clarity (apart from the S atoms). The
ligand layer is represented by the outermost dashed circle to signify
the range of the ligand shell whose diameter increases in the order
green — blue — red during Au exchange and subsequent migration.
Colors: Ag: purple, Au: orange, and S: blue.

numbers, that is, for comparison between different x = 0—12.
They are not absolute dissociation energy determinations.
With this caveat in mind, the E_,,(s0) values of 0.225 and 0.286
eV for Agu(FTP);* and Auj,Agy;(SR)5', respectively,
confirm the lower relative stability of the parent
Ag,,(FTP)3,*". The corresponding E,p(so) determination for
Auy,Ags,(SR)50" is shown in Figure S12B. A plot of Ecom(s0)
values versus x = 0—12 is shown in Figure S12C. Although
there is no clear monotonic dependence on x (within the noise
of the measurements), E, (s values are systematically >0.225
eV, that is, Au exchange always leads to stabilization relative to
Agu(FTP)5"

For Ag,(FTP);,*", the main fragmentation pathway
involves Ag(FTP),” (m/z 362) loss (see Figure S12A). In
all Au exchange products, an additional fragment peak appears
at m/z 451, which can be assigned to the corresponding
Au(FTP),” loss channel. In Figure S12D, we have plotted the
normalized intensity of the m/z 451 fragment signal (at a
constant laboratory collision energy setting of 6 V) against x =
0—12. It is evident that for higher x, the Au(FTP),” fragment
intensity increases. This is surprising at first glance: if all Au
atoms occupy the I position (i.e., located in the central
icosahedron) and only the “staples” at the clusters surface are
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involved in fragmentation, one would expect to see just
Ag(FTP),” loss. Clearly, some Au atoms must be transported
back to the staples after collisional energization. Our
experimental time window during which subsequent fragmen-
tation can be detected is likely on the order of 100 pus.
Consequently, we infer that at the vibrational temperatures
generated upon collisions with Ar, the cluster forms a
nanoalloy in which the heavier Au atoms can diffuse from
the core to the cluster surface (staple) on the measurement
timescale. In future work, it will be interesting to more
quantitatively compare such observations to analogous in situ
transmission electron microscopy studies of T-dependent
redistribution upon alloying core—shell silver—gold nano-
particles.”'

4. CONCLUSIONS

In summary, we have used time-dependent TIMS to probe the
intercluster reactions between Ag,,(FTP);,*” and
Auy(PET),s” in room-temperature solutions. As silver and
gold atoms are very similar in size, there is very little scope to
understand the structural changes in such cluster systems
arising from Ag/Au exchange. Nevertheless, we show here for
the first time that the high resolution and relative accuracy of
TIMS is sufficient to observe systematic, time-dependent
changes in the CCSs of Au,Ag,, ,(SR);*~ species. These can
be assigned to migration of exchanging Au atoms from the
cluster surface (staples/mount position) via the shell to the
core on the 0—40 min timescale in the room-temperature
solution mixture. Note that we have presented the simplest
explanation which is still consistent with the experimental data.
For this, the following set of assumptions has been made: (i)
the electrosprayable Au,Ag,,_.(SR);"" tetra-anions probed
(without fragmentation) are assumed to be representative
intermediates in a complicated kinetic scheme; (ii) in
particular, intermediates with only 0—1 ligand exchange have
been considered for interpretation of experimental CCS
changes while more ligand exchange is usual; and (iii) the
reaction proceeds via single Ag/Au exchange at a time (no
strong “even/odd” effect was found in the time-dependent
mass spectra). In future work on this system, it will be
interesting to look more closely at early stage exchange events
by comparing the present results with analogous measurements
on clusters carrying the same SR ligands.

Apparently, about two or more Au exchanges in the staples
lead to a measurable increase in the CCS mainly because of the
differences in Ag—S—ligand and Au—S-—ligand arrangement.
This effect reverts when Au atoms “submerge” into the
intermediate shell/icosahedral core whereupon the Ag—S—
ligand reassumes its original arrangement on the surface. The
interdiffusion of Au/Ag in the shell — core is observed at the
resolution limit of TIMS. We do however see two isomers for
Au;pAg,(SR)30*" and a low cross-sectional shoulder on
Auy;Agy;(SR)3," ™. By contrast, the CCS of Auj,Ags,(SR)s0*
does not change significantly over the reaction time of 20—40
min, and hence, here diffusion of Au from the shell to the core
is not clearly visible (or perhaps for the x = 12 free energy
minimum, it is just too fast to be observed by timsTOF). Upon
collisional heating during tandem mass spectrometry, we
observed predominantly Au(FTP),” fragment which might
imply analogous back-migration of the heavier Au atoms from
the core to the staples. Our experimental observations are
supported by DFT calculations of different isomeric structures.
By determining the corresponding CCS values and comparing

them to experiment, we have been able to draw some first
inferences concerning the migration mechanism. Thus, this
study establishes high-resolution TIMS as a very useful method
to study heteroatom doping of monolayer-protected atomically
precise metal clusters in condensed phase.
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