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ABSTRACT: The kinetics of intercluster metal atom exchange reactions between \[Atzs(SR)l
solvated [Ag,s(DMBT);5]” and [Au,s(PET);s]- (DMBT and PET are 2,4- At A
dimethylbenzenethiol and 2-phenylethanethiol, respectively, both CgH,S) were ’
probed by electrospray ionization mass spectrometry and computer-based modeling.
Anion mass spectra and collision induced dissociation (CID) measurements show
that both cluster monomers and dimers are involved in the reactions. We have
modeled the corresponding kinetics assuming a reaction mechanism in which metal
atom exchange occurs through transient dimers. Our kinetic model contains three
types of generic reactions: dimerization of monomers, metal atom exchange in the
transient dimers, and dissociation of the dimers to monomers. There are correspondingly 377 discrete species connected by in total
1302 reactions (i.e., dimerization, dissociation and atom exchange reactions) leading to the entire series of monomeric and dimeric
products [Ag,Auys_,]” (m = 1-24) and [Ag,Augy_,,]>” (m = 0—50), respectively. The rate constants of the corresponding
reactions were fitted to the experimental data, and good agreement was obtained with exchange rate constants which scale with the
probability of finding a silver or gold atom in the respective monomeric subunit of the dimer, i.e., reflecting an entropic driving force
for alloying. Allowing the dimerization rate constant to scale with increasing gold composition of the respective reactants improves
the agreement further. The rate constants obtained are physically plausible, thus strongly supporting dimer-mediated metal atom
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exchange in this intercluster reaction system.

Bl INTRODUCTION

Intercluster reactions' ™ in homogeneous solution constitute
an emerging area in the field of atomically precise nano-
clusters’™*" with great potential for the controlled formation of
transition metal nanoalloys.”'~** Reactions between different
coinage metal clusters have been studied, focusing on the
identification of intermediates and products via electrospray
ionization mass spectrometry (ESI MS) of liquid reaction
mixtures. In the first documented case, the reaction between
solvated [PPh,"],[Ags(SR)5]*" and [TOA]*[Au,s(SR)s]”
clusters (TOA refers to tetraoctylammonium cations, SR
refers to thiolate) resulted in the formation of mixed
[Ag,Ags_,(SR);5] (m = 0—20) nanoalloy clusters (i.e.,
having the same overall metal nuclearity).” In another example,
reactions between solvated Ag,o(BDT),,(PPh;), “superatoms”
and Cu,S¢(DPPPT), clusters (BDT and DPPPT are 1,3-
benzenedithiolate and bis(diphenylphosphino)pentane, respec-
tively) have recently been shown to lead to extensive copper—
silver exchange without significantly changing the structure
type of the various Ag,,_,Cu, species formed as mixing
progressed.” Intercluster reactions have also been reported
between a coinage metal cluster and other transition metal
cluster species, e.g., between [Au,s(SR)4]” and Irg(SR)4
clusters leading to the formation of a new bimetallic, neutral
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Ir;Au,,(SR) g cluster.” Recently, a trimetallic dithiol protected
MAu,Ag,s_(BDT),(PPh;), (M = Nj, Pd, or Pt and x = 1—
12) cluster was formed by intercluster reactions.’

On the basis of MS and density functional theory (DFT)
calculations, Pradeep and co-workers proposed that the
reaction between [Ag,,(SR);0]*™ and [Au,5(SR),5]™ proceeds
via ligand interaction between two solvated clusters in close
proximity.” Shortly thereafter, Biirgi et al. used a different
approach to support this picture. They showed that in the
“Ausg(SR),4 + Ausg_,Ag,(SR),,” reaction system, separation of
the two reagents by a dialysis membrane impermeable to the
solvated clusters but still permeable to their smaller building
blocks (<1000 Da) prevented the nanoalloying reaction
completely, on the experimental time scale.”® This implies
that metal exchange via oxidative dissolution/readsorption of
small component building blocks, an alternative mechanism,
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Figure 1. (a) Time dependent changes in the mass spectra of a 1:1 (40:40 nmol L™") mixture of [Au,s(PET) s]™ and [Ag,s(DMBT),]” over a 54
min time scale after mixing, Pairs of integers m,n label either [Ag,Au,]” cluster monoanions (black scale) or [Ag,Au,]*” cluster dianions (blue
scale). Gray grid lines are spaced by 89 u (the mass difference of Au and Ag) to guide the eye. The peaks on the gray grid lines correspond to both
monomers [Ag,Au,s_,]” and the corresponding doubly charged dimers [Ag,,,Ausg_,,]>~ with even number of silver and gold atoms of the same
m/z. Note that due to the resolved isotopic patterns, the relative intensities of both species can be deconvoluted. The cyan colored grid lines (also
spaced by 89 u) correspond to doubly charged dimers with odd numbers (total) of silver and gold atoms. The peak labeled with an asterisk in the
mass spectrum taken at 6 min reaction time refers to [Ag,Au]*”. Peaks marked with a circle at 6 min correspond to triply charged trimers
[AgAu,,(SR)s,]*™ and [Ag,Au,;(SR)s,]*". The peaks labeled with “b”, “c”, and “d” correspond to the clusters shown in the zoom plots b—d. (b)
Isotopic distribution of [Ag,s]™ after a reaction time of 3 min. Only peaks separated by 1 u are observed which shows that doubly charged [Ag,]*~
clusters are not present. Gray bars refer to the calculated (natural) isotopic pattern of [Ag,s]™. (c) (Ligand-associated) Isotopic distribution of
[Au,]™ after a reaction time of 3 min. In addition to [Au,s]”, [Auge]*™ clusters are also present as indicated by additional peaks between the singly
spaced [Au,s]™ signals. Gray bars correspond to the calculated isotopic distribution of [Au,s]™. (d) Isotopic distribution of [Ag ,Au;;]™ after a
reaction time of 54 min with underlying signal of doubly charged [Ag),Auy]>”. Gray bars refer to the calculated isotopic distribution of

[Agleuls] .

was not kinetically competitive with the dimer mediated reacted in room temperature solution to form a purely
process. statistical distribution of ['“Agys_,'”Ag,(SR),s]” isotopo-

What is the driving force for dimer-mediated nanoalloying? logue products.”® Here the driving force was clearly entropic
In a recent study, equal amounts of isotopically pure with essentially no enthalpic contributions. By contrast,

['Ag,s(SR)5(PPh,)]~ and ['®Ag,s(SR),5(PPh,)]” were enthalpic contributions might be expected to become more

B https://doi.org/10.1021/jacs.1c01140
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/jacs.1c01140?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01140?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01140?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01140?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c01140?rel=cite-as&ref=PDF&jav=VoR

Journal of the American Chemical Society

pubs.acs.org/JACS

important when alloying two different metals by an intercluster
reaction. We recently found in the “[Au,(PET) ] +
[Agu(FTP)4,]*” reaction system (FTP is 4-fluorothiophe-
nol), that although metal atom exchange starts from the
outside of the M, unit, i.e,, in the staples, the introduced gold
atoms can subsequently insert themselves into the cluster
cores. Such swapping rearrangement occurs in what is
presumably a thermally activated “nanogymnastic fashion” to
form the most stable isomers in a matter of minutes.”” How
the initial metal exchange between two individual, negatively
charged, ligand-interleaved, and staple-protected clusters starts
is presently an open question. So far the picture is based only
on DFT calculations of plausible intermediates.””® To help
clarify this further, it would be useful to provide some first
order kinetic data for the three most important mechanistic
steps in the overall intercluster reaction: dimer formation,
metal atom exchange, and dimer dissociation. This is the
motivation for the present study.

Of particular interest for the mechanistic understanding are
reactions between isostructural clusters. Arguably, the simplest
case concerns the eight-electron superatom™ ™' species
[Au,5(SR)15]” and [Agys(SR);5]™. Their reaction leads to
the formation of all possible alloy clusters while always
preserving 25 metal atoms and 18 ligands in the mixed
monomer clusters.”® Here we show systematic, time-resolved
anion mass spectrometry measurements for the intercluster
exchange reaction between [Ag,s(DMBT);3]” and
[Au,s(PET);3]” in solution on a time scale of up to 60 min
after mixing—resolving both the changing monomer compo-
sitions and concentrations and also probing those of the
transiently formed dimers. Additional CID studies as a
function of reaction time reveal that the fragmentation
behavior of dimers qualitatively changes as the reaction
proceeds and that the stability of the mixed dimers increases
with mixing degree within the component monomers.

Note that specific electrospray conditions can also lead to
some dimer formation in gas phase. In fact, the formation of
dimers of [Au,s(SR);s]” clusters was first studied under
controlled electrospray conditions.”> However, there are
meanwhile multiple reports strongly indicating the existence
of such dimers in solution and solid phase too. For example,
Liu et al. reported Ag,Auso(PET);¢ dimers in solution which
showed distinct optical and electronic properties, compared to
those of the Au,s(SR)g clusters also present.”” The crystal
structure of this dimer was also solved. Linear polymers of
Auys(SBu)g clusters were also observed in the crystalline
state.”* Cations are known to induce dimerization of
Ag,o(BDT), clusters as well.*> All such studies clearly indicate
that the formation of dimers of clusters is not limited to
selected mass spectrometric conditions but that extensive
dimerization may occur spontaneously in solution or solid state
as well.

In this study we have used mass spectrometry to probe
dimerization induced intercluster reactions in room temper-
ature solutions under conditions in which ion densities were
too low to allow for additional dimer formation in gas phase.
On the basis of the mass spectrometric data, we have modeled
the kinetics of this intercluster reaction using several different
mechanistic schemes which require the exchange reaction to
take place exclusively within transiently formed dimers. The
best fitting model was able to qualitatively and quantitatively
describe the experimental observations. The resulting rate

constants turned out to provide physically reasonable
constraints on the time scales of the underlying processes.

To our knowledge this is the first quantitative kinetics study
for any intercluster/nanoalloying reaction in solution. The
level of agreement between best fitting simulation and
experimental data extending over time scales of more than
50 min following mixing strongly supports the dimer mediated
reaction hypothesis. We demonstrate that multiple, sequential
dimerization and dissociation steps are involved in the
chemistry, and we determine the magnitudes of the associated
rate constants and from this obtain insights into the underlying
atomic scale rearrangements.

B RESULTS AND DISCUSSION

Mass Spectrometry and Collision Induced Dissocia-
tion. ESI-MS. Both [Au, (PET),;]” *®?7 and
[AgZS(DMBT)lg]_38 were synthesized following previously
reported methods (see the Supporting Information). The
kinetics of the “[Ag,s(DMBT) 5]~ + [Au,s(PET) 5]~ reaction
system was monitored using a high resolution Bruker timsTOF
mass spectrometer system equipped with an ESI source. This
ensures a typical mass resolution exceeding 25000 which is
sufficient to resolve the isotopic patterns of both singly
negatively charged monomers and doubly negatively charged
dimers (m/z 5000—7500; see Figure 1), which are the only
metal containing species observable by ESI-MS with significant
abundance. Prior to the kinetics measurements, ESI conditions
were optimized such that intensities of [Au,s(PET)s]” and
[Ag,s(DMBT),g]~ were comparable for similar cluster
concentrations for quantitative analyses. As dimers are more
prone to fragmentation than monomers, mild electrospray
conditions were chosen. The optimized measurement con-
ditions and parameters are given in the Supporting Information
(which also includes a description of the cluster synthesis and
ESI mass spectra of the pure cluster solutions in Figure S1).

A typical series of averaged mass spectra of a 1:1 (40:40
nmol L") mixture of [Ag,s(DMBT) s]™ and [Au,s(PET),5]”
taken at different reaction times is shown in Figure la. From
previous studies it is known that in addition to metal atom
exchanges, ligand exchange reactions can also occur in
monothiolate-protected clusters reactions.””~** As the isomeric
ligands DMBT and PET share the same mass and as the same
number of 18 and 36 ligands is always maintained in the
monomers and dimers, respectively, the DMBT-PET exchange
cannot be followed by MS alone.

However, the energy changes upon ligand exchange are
rather small. For the hypothetical ligand exchange reaction
[Agys(DMBT) 5]™ + [Auys(PET) 5]™ — [Auys(DMBT) ]~ +
[Ag,s(PET),5]™ we calculate (DFT, BP-86) an endothermicity
of 126 eV, ie., less than 0.1 eV per ligand. In similar test
calculations for the single-metal exchanged clusters
[AgAu,,(DMBT/PET),,]~ and [Ag,,Au(DMBT/PET),,]"
we found a negligible ligand influence on the respective
isomer order (see Supporting Information for more details and
Tables S1 and S2).

Therefore, in the following we will ignore the role of the
ligands and from this point on we will label all species only
according to the number of their silver and gold atoms. The
dominant peaks visible in the spectrum after 3 min shown in
Figure la belong to the monomers [Ag,s]™ (m/z 5167) and
[Auys]™ (m/z 7394) and to the dimer [AgyAuy]*™ (m/z
6280). Note that several isomers of [Ag,sAu,s]*” can exist in
principle. For example, smaller amounts of both [AgAu,,]”
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Figure 2. Collision induced dissociation of [Au,sAgys]>™ (m/z = 6280) clusters at 30 eV laboratory collision energy after different reaction times
measured on a Waters Synapt G2Si HDMS mass spectrometer. After short reaction times of up to 5 min, the formed [Au,sAg,s]*~ isomers
dissociate primarily to [Ag,s]” and [Au,s]™ as well as to a lesser degree to more mixed monomer [Ag,Au,_,]” anions, e.g, [Ag; Au,]” and
[Ag,Au,,]™. After long reaction times of up to 60 min, the main fragments are well mixed [Ag;;Au,,]” and [Ag;,Au,5]” ions pointing to a higher
mixing degree of the formed [Au,sAg,;]*~ isomers. The integrated intensity of the fragments decreases with reaction time which can be explained
with a higher stability of the more mixed [Au,sAgys]*~ cluster isomers like [(Ag;,Au;;)(Ag3Au;,)]>". The concentration and mixing ratio of the
[Ag,s]™ and [Auy]™ clusters were chosen like in the kinetics experiment, i.e., 40:40 nmol L™".

and [Ag,,Au]” monomers are already present after short Figure 1a). Dianionic species with an even number of gold and
reaction times. Therefore, a fraction of the [Ag,sAu,]*~ signal silver atoms [Ag,,,Augy_,,,]*” share the same m/z ratio as
is also due to [(Ag,;Au)(AgAu,,)]*". Note that the round monoanionic species [Ag,Au,s_,,]7, and their peaks overlap.
brackets refer to the two monomeric subunits of the Therefore, only dimers [Ame—lAus()—(Zm—l)]z_ with odd
corresponding doubly charged dimer. numbers of silver and gold atoms (i.e., peaks lying on the
Expanding on previous reports””**” of the initially formed cyan colored grid lines) are directly visible in Figure la. We
dimer [(Agys)(Auys)]*", we have recorded the time-dependent note, however, that in all cases we can clearly differentiate
intensities of all dimers [Ag,Aus,_,]>” with m = 0—49 between monomers and dimers due to the resolved isotopic
together with those of the singly charged reaction products patterns (Figure 1b—d). On the gold side also less intense
[Ag,Auys_,, ]~ (m = 1-24), ie, up to the fully mixed signals of triply charged trimers are visible, i.e,
[Ag;Auy,]” (m/z 6236) and [Ag ,Au;]~ (m/z 632S) clusters. [Ag,Auss_,,(SR)s, >~ with m = 1—5, which however were
Note that we use the notation [Ag,Aus,_,,]>” with m = 0—49 not further taken into account in this analysis due to their low

(i.e., without round brackets) to indicate all possible isomeric intensity (see Figure S2).
dimer dianions each of which comprises only monomers with After a longer reaction time, the dimer distribution centered
25 metal atom nuclearity. Closer inspection of the mass spectra around [Ag,sAu,s]*>” broadens and other dimers such as
shows that dimerization is clearly favored when gold is present [Agy,Auy; >~ (m/z 6191) and [Ag,3Au,,]* (m/z 6370) appear
in the monomers (note that dimerization is also observed in (Figure 1la, 12 min). At the same time, more mixed monomers
comparably concentrated pure [Au,s(PET)5]” solutions (data grow successively from the silver and gold sides of the mass
not shown)). While [Ags,]*~ dimers are not present after 3 spectra until an equilibrium state is reached after ~45 min with
min (Figure 1b), [Aug,]*~ dimers are clearly detected (Figure [Ag,,Auy,]” and [Ag,Au,;]” (Figure la and Figure 1d) being
lc) with comparable intensities to [Ag,sAu,s]*>~. In addition, the dominant monomer species plus smaller contributions of
the dianion [AgAu,,]*” shows a ~15-fold higher intensity monomers [Ag,Auys_,]” with m = 8—15 and dimers
compared to [Ag,Au]*” (peak labeled with an asterisk in [Ag,Ausy_,,]>” with m = 18—28 (Figure la). The slight
D https://doi.org/10.1021/jacs.1c01140
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“Any combination of two monomers [Ag, Au,s_,,]” and [Ag,Au,_,]” can react to form a dimer with the sum formula [Ag,,,,Aus,_,,_,]*~ but still
consisting of the well-defined monomeric subunits [(Ag,Au,;_,)]” and [(Ag,Au,;_,)]". Each dimer can isomerize via (multiple) metal atom
exchanges between the monomeric subunits and separate into the respective monomers potentially at any time. Exchange rate constants k and k;,
refer to reactions that increase (k) or decrease (k;) the entropy in the dimers, respectively. As an example, we show the m,n combinations 22,3 and
4,21 for illustration. The two monomers [Ag,,Au;]™ and [Ag,Au,,]™ dimerize to form initially [(Ag,,Au;)(Ag,Au,,;)]*". This dimer can isomerize
by metal exchange either to [(Ag,,Au,) (AgsAu,) > or to [(Agy;Au,) (AgsAuy,)]*™. The isomerized dimers can undergo further metal exchange or

dissociate to monomers.

asymmetry toward a higher gold content with respect to a
perfect 1:1 cluster ratio where [Agj,Au;;3]” and [Ag ;Auy,]”
should be the dominant species can be most likely traced back
to weighing and dilution errors (the concentrations of 40 nmol
L™" were reached by a two-step dilution). For [Ag,s]™:[Au,s]™
mixing ratios differing from 1:1 the equilibrium distribution is
shifted according to the silver:gold atom ratio. Hence, for a
mixing ratio of [Ag,s]:[Au,s]” = 5:3 (100:60 nmol L") the
equilibrium distribution is approximately centered at around

- . 52§ 328
[AglGAug] , L€, mZS ~ 16 Ag and mZS ~9

Au atoms (Figure S9b). As monoanion:dianion ratios (e.g.,
[AgleuB]_:[Ag24Au26]2_) stay constant after ~25 min, we
conclude that from then on dimers and monomers are in
dynamic equilibrium. Consequently, formation of stable
dianions consisting of coalesced monomeric subunits (not
able to dissociate back to monomers) can be ruled out.
Otherwise, all monomers would end up in these stable dimers
or in even higher oligomers, which is clearly not the case on a
time scale of up to ~60 min.

Collision Induced Dissociation (CID). CID measurements
were carried out using a Waters Synapt G2Si HDMS mass
spectrometer equipped with an ESI source. To obtain a first
order measure of reaction-time-dependent changes in the
constituents of dimers with a given m/z ratio, we collided mass
selected ions with nitrogen in a collision cell held at 0.02 mbar
keeping the collision energy (Ey, = 30 eV) constant while
measuring the corresponding fragment ion mass spectra. The
fragments always contain 25 metal atoms indicating that the
dimers consist of two weakly bound monomeric subunits with
25 metal atoms each. As an example, the CID of [Ag,sAu,s]*~
(m/z 6280; see Figure 2) at different reaction times results in
different fragmentation patterns. Initially, the dominant
fragments are [Agys]”, [Auys]™ plus smaller contributions of
mixed clusters with up to about six exchanged metal atoms.
After longer reaction times the fully mixed monomers
[Ag;Au;,]” and [Au,Ag;]” dominate. Obviously, for a
given dimer composition, various isomers coexist confirming

that the dimers are active participants in the reaction. The
decreased fragmentation efficiency of [Ag,sAu,s]* after longer
reaction times points to a higher stability of late [Ag,sAu,s]*”
species (e.g., [(Ag,Au;;)(Ag3Au;;)]*”) compared to
[Ag,sAu,s]*~ species that are formed in the beginning of the
reaction (e.g, [(Agys)(Auy)]*™ or [(AgyAu)(AgAuy,)]*).
Nevertheless, these “more mixed” dimers such as [(Ag;,Au,s)-
(Ag3Au,,)]*" are apparently still able to dissociate back to the
respective monomers in solution (for which a dynamic dimer—
monomer equilibrium is observed).

Kinetic Model. Next we fit the experimental data, which
comprises reaction-time-dependent mass spectral signal
intensities (assumed to be directly proportional to solution
concentrations of the corresponding anionic species) for
several initial [Ag,s] :[Auys]” composition ratios. For this,
we use three related kinetics models (simulations 1—3) that
have common key mechanistic assumptions. Due to the
complexity and the large number of reactions involved, we
stress at the outset that we do not aim to simulate the
experiment quantitatively. Instead, we want to compare the
model with the experimental findings, narrow down the range
of rate constants which still provide a reasonable description,
and finally check the physical plausibility.

Key Assumptions. All simulations are based on the
sequence of events shown in Scheme 1. We start with the
most simple assumptions and then continuously improve the
agreement with the experiment by refining the input
parameters. The exchange kinetics was modeled by standard
matrix algebra suites in MATLAB (see the Supporting
Information, Scheme S1, and Figure S4 for more details)
and by solving all kinetic differential equations numerically.

The key assumptions of our model are the following.

(1) Monomers always contain 25 metal atoms, and dimers
contain 50 metal atoms reflecting the experimental
findings.

(2) Two monomers [Ag,Au,s_,,]” and [Ag,Au,s_,]” can
dimerize with a bimolecular rate constant kg, and the
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Figure 3. Contour plots of monoanionic monomer and dianionic dimer intensities for the exchange reaction between [Ag,s]~ and [Au,s]™. (a)
Experiment (mixing ratio 40:40 nmol L™*). (b) Simulation 1 (best fitting rate constants): kg, = 3.2 X 107> L nmol ™" s7", kg, = 3.2 X 10 577, and

ke, =32 x 107257, (c) Simulation 2 (best fit): kg, = 1 X 1072 L nmol~'s™

L kgis = 1 X 107 s7% and k,, = 3.2 X 1072 s (scaled by the probability

factors from eqs 2 and 3). (d) Simulation 3 (like simulation 2 but additionally k4, was scaled by the factor f,,): optimum rate constants are kg;,, = 1
X 1072 L nmol™'s ™, kg = 5.6 X 107257}, and k,, = 3.2 X 1072 s™". Starting concentrations of all simulations were chosen as in the experiment, i.e.,
c([Auys]™1mp) = 40 nmol L™, ¢([Auys] (o) = 40 nmol L™" (all other species were set to concentration zero). Note that in the case of pure gold
cluster solutions, dimers were already present at time zero. However, as the dimerization proceeds much faster than the metal exchange, the

presence of dimers at zero time can be neglected in the simulations.

formed dimers can dissociate back with a unimolecular
rate constant kg

(3) Dimers always comprise two monomeric subunits
consisting of 25 atoms which can exchange single
metal atoms with a unimolecular rate constant k,, (and

can eventually dissociate). As a consequence, for each
dimeric species with composition [Ag,, ,Atso__n]>",
there are several topologically different isomers:
[(Agm—xAUZS—m+x)(Agn+xAu25—n—x):|2_ (Where m and n
each range from 0—25, x < m, and x < (25 — n)). We
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Table 1. Summary of Simulations 1—-3 As Discussed in the Text”
simulation P, fau Kgimy L nmol ™! s7! Kgisy 87" Koy 7" kaim:kaiss
1 constant constant (=1) 32 %1073 32 % 1072 32 %X 1072 0.10
2 variable constant (=1) 1x 1072 1x 107! 32 %X 1072 0.10
3 variable variable 1x 1072 5.6 x 1072 32 x 1072 0.18

“The respective rate constants are obtained from a least squares fit. Overall, simulation 3 agrees best with experiment. This simulation includes an
increased dimerization rate for gold rich clusters (via fy,). See text for details.

allow exchange of metal atoms only within these
transient dimers.

In order to compare experiment and simulation, we
deconvolute the mass spectra into monomers and dimers,
respectively (see the Supporting Information and Figure S3 for
more details). The experimental ion intensities of monoanions
and dianions for a 40:40 nmol L™! mixing ratio of [Ag,s]™ and
[Au,s] ™ clusters are shown as a contour plot in Figure 3a. Each
ion intensity was normalized to the total ion signal in order to
account for instabilities of the ion source (see Supporting
Information).

Simulation 1. In a first step we assume that the rate
constants for dimerization, dissociation, and metal atom
exchange are independent of the cluster composition; i.e.,
the kinetics is defined by only three rate constants kg, Ky
and k.. Note that this is somewhat unphysical since the
exchange rate constant is independent of the relative gold/
silver content, but it is the most basic assumption that we can
make. Simulated concentrations were treated like the
experimental data (see Supporting Information) and have
therefore been normalized to the sum of all ion concentrations.
For all simulations a “dead time” of 20 s was chosen; i.e., at
time zero in Figure 3a the reaction is assumed to have already
proceeded for 20 s after mixing. Note that the choice of this
“dead time” is not critical with respect to the overall kinetics as
it mainly affects the time dependence of the starting species
[Agzs]_; [Auys]7, and [(Agzs)(Auzs)]z_-

To find the best possible agreement between simulation and
experiment, we simulated the kinetics for 13 exponentially
equidistant rate constants in the range of 107 to 1 (in units of
s~ or L nmol™" s7/, respectively) resulting in 2197 (13 X 13 X
13) possible combinations.

As the dimer:monomer ratios can be affected to some degree
by the mass spectrometer settings, we have chosen not the
relative ion intensities but the time ¢, ; when each species i
passes through its maximum concentration (as measured by
ESI-MS signal) as the most robust target feature that has to be
reproduced by the model. Therefore, the mean squared
deviation between model and experiment was calculated with
eq 1 for each simulation,

77
Ko=) (e — R )
i=1 (1)

where 77 is the total number of ion species (26 monoanions:
[Ag,Auys_,,]7, m = 0—25 and 51 dianions [Ag,Aus,_,,]*", m =
0—50). Note that in the simulation all possible 351 dimer
isomers [(Agm—xAuZS—m+x)(Agn+xAu25—n—x)]2_ (Wl and n each
range from 0—25, x < m, and x < (25 — n)) have been taken
into account and summed up afterward to the corresponding
[Ag,. AUso_p—n)’” (m + n = 0—50) species to allow
comparison with the experiment. The number of possible
dimers (351) can be determined by calculating all possible
combinations of the 26 monomer species (see Supporting

Information). The simulations with the lowest y* values were
further inspected by eye to choose the simulation with the best
possible agreement in terms of both ., ; and relative ion
intensities.

For simulation 1, a rather poor agreement was found
independent of the choice of rate constants. The best possible
level of agreement is shown in Figure 3b for the parameters
kgim = 3.2 X 107 L nmol™ s7, kg, = 3.2 X 10757}, and k,, =
32X 107*s™" (see Table 1). Compared to the experiment, the
predicted cluster distributions at long reaction times are much
broader and the distribution widens early. For very long
reaction times (>3000 s, not shown), the monomers become
evenly distributed and the dimer distribution is only
determined by the number of possible isomers with a
maximum of 13 for [Ag,sAu,s]*”. The reason is the
composition independent exchange rate constant k., which
leads to an even partitioning of all clusters in the equilibrium.
The experimental data show that this is clearly not the case.
Obviously, the model lacks a “driving force” that drags the
clusters toward a narrower composition distribution.

Simulation 2. In simulation 2, we continue to keep the rate
constants for the dimerization and dissociation steps constant
(ie., independent of Ag:Au composition of the respective
species) but now scale the exchange rate constant according to
the probability of finding a silver or gold atom in the respective
monomer subunit of the dimer. We assume that all metal
atoms can be exchanged independent of their position in the
subunit (i.e., core, icosahedral shell, or staple atoms can be
exchanged with the same probability). As an example, for a
[(Agys)(Auys)]*™ dimer consisting of the two monoanionic
subunits [Ag,s]” and [Auy,]7, the probability factor for silver/
gold exchange according to the scheme [(Agys)(Auy)]*™ —
[(Agy,Au)(AgAu,,)]* is 1. If the [Ag,sAu,s]*~ dimer consists
of the subunits [Ag,,Au]” and [AgAu,,]”, the combined

probability factor is 2424 — 0.9216 in the direction where the
25 25

ax,i

dimer becomes more mixed, [(Ag,Au)(AgAu,,)]*” —

[(Agy;Aw,) (Ag,Au,;)]*7, and 2%% = 0.0016 in the direction

[(Agy,Au)(AgAu,,) >~ — [(Agys)(Auys)]*” where the dimer
becomes less mixed. The remaining probability of 0.0768
corresponds to the “null” reaction where two gold or two silver
atoms are swapped between the monomeric subunits. The
differences in the probability factors can be interpreted as an
entropic driving force that drags the cluster distribution toward
a state with higher entropy, while the composition of the
clusters in equilibrium is controlled by the mixing ratio of
[Agys]™ and [Auys]7, ie., [Ag3Aup,]” and [Ag,Auj;]” for a
1:1 mixture. For the general case, [(Ag,Au,s_,)-
(Ag,Auys_,)]*~ (with m > n), the combined probabilities for
the forward and backward metal exchange reactions are given

by

ex m 25 —n
= — =
25 25 (2)
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ex_1.25—m
T s 25 (3)

We define the forward reaction, occurring with k; where the
silver atom is always transferred from the silver richer subunit
of the dimer to the silver poorer subunit. Accordingly, the gold
atom is transferred from the gold richer subunit to the gold
poorer subunit. Note that by that definition the forward mixing
reaction always leads to a higher total entropy in the products
compared to the educts while the opposite is true for the
backward reaction. As an example, for the dimer [(Ag,,Au;)-
(Ag,Au,,)]*” the forward reaction produces [(Ag, Au,)-
(AgsAu,)]*~ and the backward reaction leads to [(Agy;Au,)-
(AgjAu,,)]*". For a quantitative calculation of the reaction
entropy and the apparently less significant reaction energies as
determined by explorative DFT calculations, see the
Supporting Information.

Accordingly, in simulation 2 we scale the exchange rate
constant k. by Pf* and Pf, resulting in 600 individual rate
constants for the metal atom exchange reactions.

Analogous to simulation 1, the best fitting parameter set was
determined which is shown in Figure 3¢ for kg, = 1 X 107> L
nmol™ s} kg =1 X 107 s7% and k., = 3.2 X 1072 s7* (see
Table 1). The exchange rate constant k. has the biggest
influence on the kinetic development of the clusters
determining t;F ; while kg, and kg, mainly determine the
intensities of monoanions and dianions. This holds true as long
as kg, does not become too small and rate determining.
Therefore, y* values of simulations with k,, = 3.2 X 107> s7/,
Kim:kaiss ratio of 0.1, and ky, in the range of 1.8 X 107 to 1 X
107" L nmol™" s™" agree well within a standard deviation of 1%.
In Figure S5 we contrast the experimentally observed kinetics
of [AgysAu,s]*” to the integrated [Ag,sAu,s]*” concentration
of the model. In addition, we show the normalized
concentrations of all 13 [(Agys_,Au,)(Ag,Au,s_,)]*” isomers
(not individually accessible to MS) from simulation 2. The
experiment and the simulation have in common that the
integrated signal of [Ag,sAu,s]*” traverses a minimum with
[(Agys)(Auys)]* being the dominant species in the beginning
of the reaction and [(Ag;3Auy,)(Ag,Aup;)]*” close to the
equilibrium.

Given the few assumptions in the model, the qualitative
agreement with the experiment is surprisingly good and allows
the conclusion that the metal atom exchange proceeds more
slowly in higher entropy dimers. Because of the statistical
Bernoulli approach (eqs 2 and 3) the equilibrium distributions
of the monomers and dimers of simulation 2 equal a binomial
distribution. As shown in Figure S6, the experimental
equilibrium distributions are somewhat narrower than the
binomial distributions.

In contrast to the experimental data, the kinetics of the silver
and gold sides in simulation 2 is exactly equal and symmetric.
In the experiment, the monoanions generally show higher
intensities on the silver side, especially at the beginning of the
reaction, which can partially be explained by the better ability
of gold clusters to form dimers.

Simulation 3 is based on simulation 2, but we now account
for the unequal ability of the monomers to form dimers based
on their composition. In contrast to [Au,s]”, we do not
observe (homo)dimers of [Ag,s]™. It is still an open question
which parameters dominate the ability to form dimers (e.g.,
attractive van der Waals forces between the clusters,”*** 7—x
interactions”® or metallophilic**™** interactions between the

metal atoms in the staples”>*” (including possibly gold dimer
and/or gold nanowire formation via a “twist-and-lock”
mechanism®**). On the basis of recent DFT-based calcu-
lations, including relativistic semicore pseudopotentials, the
dimer binding energies of [Aus,]*” and [(Agys)(Auys)]*™ are
2.5 and 2.1 eV, respectively, while [Ags,]*” exhibits a
significantly lower binding energy of only 0.97 eV.® This
generally points to a better dimerization ability if gold is
present in the monomers. On the other hand, the isotope
exchange experiment of pure [AgZS(DMBT)ls]_ clusters®® can
only be explained by silver homo dimers as reaction
intermediates. Possibly they are too weakly bound to survive
the ionization process in our experiment. Recent NMR studies
by Salassa et al. have shown that DMBT ligand exchange is
occurring in room temperature [Agzs(DMBT)Is]_ solutions.*’
This intercluster ligand exchange can only take place through
the formation of transient dimers, strongly supporting the
assumption that intercluster metal exchange through transient
dimers occurs in pure [Ag,s(DMBT) ;] solutions as well.
In order to account for the asymmetry between gold and
silver, in simulation 3 we loosely scale the dimerization rate
constant kg, by a factor f,,, which accounts for the fraction of
gold atoms in the reactants. As an example, for [AgsAu,,]™ +

[Ag;sAu;0]”, fas 2amounts to % = 0.54. The best agreement

for simulation 3 with the experiment is obtained for the rate
constants kg, = 1 X 107 L nmol ™ s7, kg, = 5.6 X 1072 57,
and k., = 3.2 X 1072 s7" (see Table 1 and Figure 3d). Other
values of kg, and kg, give almost identical results as long the
kgim:kqiss Tatio is kept at around ~0.2. With the rate constants
from simulation 2, the dimer-to-monomer ratio deviates by
40% between simulation and experiment. Simulation 3 is
almost identical to simulation 2, except that (like in the
experiment) the cluster distribution is now asymmetric with
respect to the silver and gold sides, which is most obvious at
short reaction times. In simulation 3 there are more gold rich
dimers present, [Ags,]*” is not formed, and there are less gold
rich monomers present as a larger fraction of these is converted
to dimers. Overall, the qualitative agreement with the
experimental data has improved. Note that the choice of fy,
regarding the dimerization of pure [Ag,s]™ clusters (for which
fau equals zero in simulation 3) is uncritical with respect to the
overall kinetics which is most obvious when comparing
simulation 3 with simulation 2 (fy, = 1 for all dimerization
steps). A comparison of other measured and simulated mixing
ratios based on simulation 3 showing consistently good
agreement is presented in Figures S7—S9. In Figure S10 we
show the composition of the modeled [Ag,sAu,s]* isomers at
five time intervals including the three time intervals from the
CID experiment (Figure 2) and contrast the findings to the
experimental CID data where [Ag,sAu,s]*~ was brought to
collision with nitrogen to further support our modeling. Note
that for all simulations shown, the optimized rate constants
from simulation 3 were applied.

We next discuss our findings (based on simulation 3) in
more detail and try to constrain the rate constants to narrower
limits.

The exchange rate constant k,, has the strongest impact on
the kinetic development of the intercluster reaction defining
tob » whereas kg, and kg, mainly determine the intensities of
monoanions and dianions. Hence, on the basis of our model,
ke can be roughly restricted to the range 2 X 1072s™' < k, < §
%X 1072 s7L. For a good agreement with the experimental data,
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the rate constants for dimerization and dissociation can be
varied to some extent, but preferably, the kg,:kg;s ratio must
lie in the range 0.1—0.3. Only then the experimentally
observed equilibrium monomer-to-dimer ratio of ~1 is
reproduced.

The dimerization rate constant cannot be arbitrarily small as
it then becomes rate determining and the formation of mixed
clusters proceeds too slowly. For good agreement with the
experiment, ky;,,-c([M,5]”) must be at least of the order of the
exchange rate constant k. Hence, for a cluster concentration
of 40 nmol L™" and k,, = 3.2 X 107> 57", kg, should be higher
than ~1 X 1073 L nmol™* s7%. In contrast to this lower limit,
there exists no upper limit for kg, kineticswise, i.e., in terms of
bmaxi- If Kginy 18 increased, the predicted dimer-to-monomer ratio
increases and deviates from the experimentally observed
approximately 1:1 ratio (Figure 3a). Therefore, kg, has to
be adjusted bearing in mind the kg :kyq, ratio from Table 1.

Similar considerations apply to the dissociation rate constant
ke If kg is too small, early dimers like [(Ag,s)(Au,s)]*™ or
[Auso]* are almost frozen out and monomeric product ions
are formed insufficiently and on time scales that are not in line
with the experimental findings. Hence, within our model, kg,
must be greater than or equal to ~1 X 107> s™". Similar to the
case of kg, an upper limit for kg, cannot really be given (as it
also depends on kg;,).

Plausibility of Rate Constant Values. The physical upper
limit for the dimerization rate constant of near-spherical,
neutral molecules in solution is the diffusion limited case for

which the rate constant is given by
8 kgT

kp = ——2—N,

3. (4)

where kg is the Boltzmann constant, T is the temperature, N, is
the Avogadro constant, and # is the dynamic viscosity of the
solvent (DMF).*® With 5 = 0.799 X 107 Pa-s * and T = 298
K, kp amounts to 8.3 L nmol™" s™!, which is approximately 3
orders of magnitude larger than typical dimerization rate
constants from our simulations. In the case of charged
molecules the diffusion limited rate constant of eq 4 must be
multiplied by the Debye factor fp.y. which accounts for the

Coulomb interaction between the ions.”’ >
-1
f _ 9595 . 9,95 3
Debye 4me e Rky T 4re e Ry T s)

Here g, and gp are the charges of the ions, &; is the vacuum
permittivitz, €, is the relative permittivity of the solvent (DMF,
€, = 38.4),” and R is the reaction distance which we assume to
be twice the radius of the [Au,s]~ cluster (r = 6.35 A).”” As
shown in Figure S11, fpp,. equals 0.53 at a distance of 12.7 A
and the diffusion limited rate constant reduces to 4.4 L nmol ™!
s”' which is still a factor of ~500 higher than the deduced
dimerization rate constant estimated from our model (a
deviation that we rationalize as due to finite activation energies
for dimerization).

There is very little experimental data on the dimerization of
other solvated, equicharged, aryl-terminated clusters in the 1
nm size range to compare with. Biopolymer anions whose
dimerization may also involve 7m—n interactions are better
studied in this regard. For example, oligoribonucleotides with a
chain length between four and seven nucleotides combine with
a bimolecular rate constant of 2 X 107> L nmol™! s7}, and

typical dissociation rates of double stranded dye-labeled
oligomers consisting of 10 base pairs were determined to ~1
X 1072 §71°% The (dimer) dissociation rate decreases
strongly with increasing oligomer size at a given temperature.”*
Gotoh et al. found a dissociation rate constant of 1.2 x 107
s7! for a 20-mer oligonucleotide.”® Our determined rate
constants for dimerization and dimer dissociation are in
surprisingly good agreement with these numbers, despite the
different systems, concentrations, and solvents (perhaps
fortuitously).

According to eq 6, kg directly determines the average
lifetime 7 of the cluster dimers for which we may estimate an
upper limit of ~100 s.

1
=

- kdiss (6)

The number of exchange reactions during the lifetime 7 of the
dimer dianion can be estimated by Poisson statistics,

()t &
k! (7)

where P(k) is the probability of k exchange reactions to occur
during the lifetime 7 of the dimer and k,, is the exchange rate
constant. With 7 = 0.056™" s & 18 s, on average 0.5 exchanges
occur in the dimers, and with the upper limit 7 = 0.017" s =
100 s, on average 3.2 exchanges occur.

Although the overall agreement between the simulations and
experiment is good in terms of kinetics, the observed
experimental equilibrium distributions are somewhat narrower
compared to the corresponding binomial distributions from
the simulation. Similar observations have been made by Zhang
et al. when doping silver atoms into Ausg(SC,H,Ph),,
clusters.”® It was found that a cluster distribution centered
around AggsAusg ¢s became significantly sharper over a time
scale of 3 h. The authors argued that not all possible 38
positions in the cluster are occupied by silver atoms with the
same probability. On the basis of our own DFT calculations
(see the Supporting Information) and on the basis of findings
by Krishnadas et al,”® the staple and icosahedral center
positions in a Mys(SR;g) cluster are preferentially occupied by
gold atoms while the 12 icosahedron core positions are
preferentially occupied by silver atoms. These results are
largely in line with the X-ray structure analysis of
Auyg5Ags,(SCH,CH,Ph),; where approximately equal parti-
tioning of silver and gold in the icosahedral core was found,
while gold atoms clearly favored the staple and the icosahedron
central position.””

In a recent study it was proposed on the basis of DFT
calculations that the metal atom exchange in the
“[Auys(PET) 5] ™ + [Agys(DMBT) 5]~ system takes place in
a two-step fashion where first exchange of staple metal atoms
takes place followed by swapping of heterometal atoms into
the icosahedral M;-kernel.® Conceivably, such stabilizing
intracluster rearrangement processes occur on a time scale
that is (significantly) longer than that of metal exchange as
inferred here. This could explain why the kinetics and (near)
equilibrium composition distributions observed on time scales
of >30 min appear mainly entropically driven but are narrower
than binomial distributions in detail.

Note that if no intracluster rearrangement took place at all,
only the staple atoms could participate in metal atom

P(k) =

. 12 :
exchange, ie., only 48% (=3:-100%) of the silver atoms of
https://doi.org/10.1021/jacs.1c01140
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Ag,s~ would be available for the doping of the Auys~ cluster.
Hence, for a mixing ratio of Agys:Au,s of 3:5, the cluster
equilibrium distribution would be centered around Ag, sAu,,s~

(ﬁ.zs ~ 4.5) and not around Agy,Au ¢~ as observed in

the experiment. This simple consideration clearly shows that
also metal atoms in the icosahedral shell (and center) must
participate in the reaction over the 60 min time scale probed.

B CONCLUSIONS

We have explored the kinetics of intercluster metal exchange
reactions between [Ag,s(DMBT)s]™ and [Au,s(PET),4]” in
room temperature solutions by probing the solution
composition with high resolution electrospray ionization
mass spectrometry over a time scale of 60 min from the
beginning of the reaction. For the cluster concentrations
probed (40—100 nmol L7'), anion mass spectra show
significant amounts of both cluster monomers and dimers,
with changing overall Ag:Au compositions that track
synchronously with reaction time before finally approaching
a dynamic equilibrium. We have modeled the corresponding
kinetics assuming that the mass spectra essentially reflect the
solution composition. Consistent with previous literature on
related intercluster reactions, we have assumed a reaction
mechanism in which metal atom exchange can only occur
during transient dimer formation. Specifically, our simple
kinetic model contains three generic reactions: dimerization of
monomers, metal atom exchange in the transient dimer, and
dimer dissociation. In detail, there are multiple isomeric forms
to consider. If one takes this accurately into account, there are
potentially 377 species involved and 1302 reactions occurring
for which the rate constants are unknown a priori. We have
therefore attempted to constrain the range of possible rate
constants by comparing the predictions of our kinetic model
with experiment under a number of further simplifying
assumptions (simulations 1—3). Best agreement with measure-
ments for several different starting composition ratios was
obtained by simulation 3, where

(i) metal atom exchange rates were allowed to scale with
the probability of finding a silver or gold atom in the
respective subunit of the dimer, where this is equivalent
to an entropic driving force (by way of assuming all
possible substitutional isomers in the 50 atom dimers
contribute equally to the exchange process), and

(ii) the dimerization rate constants were allowed to scale
with increasing gold composition of the respective
educts.

The rate constants then obtained are physically plausible also
when compared to measurements of the dimerization and
dimer dissociation rates of oligoribonucleotides. Like the aryl-
ligand interleaved transient dimer formation invoked here,
these solution reactions also involve association/dissociation of
two negatively charged educts. Altogether, our kinetic study
strongly supports dimer mediated metal atom exchange in this
intercluster reaction system. It points to future research using
structure sensitive gas-phase methods such as energy resolved
CID, high resolution ion mobility spectrometry, or trapped ion
electron diffraction to explore a range of remaining issues, e.g.,
(i) What is the detailed reaction path leading to a transient
dimer configuration able to exchange metal atoms? (ii) How
does this depend on the type of terminating ligands? (iii) To
what extent are the ligands then involved in mediating the
actual metal atom exchange? (iv) Once the exchange has

occurred, what is the kinetics of site-specific metal atom
interdiffusion processes between staple, icosahedral core and
center positions?
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