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Solvent-Driven Interconversion of Pyridine Dicarbanion-Bonded Ag13
Nanocluster Isomers

Cong Jin, Cui-Cui Li, Kui Xiao, Wan Wang, Songshan Dai, Qianqian Deng, Keting Zhou,
Yu Xia,* Jun Zhu,* and Liang Zhao*

Abstract: Solvent screening is pivotal for optimizing metal-catalyzed reactions, yet its impact on the in situ formation
and reactivity of polynuclear organometallic clusters remains underexplored. We herein isolate two distinct thirteen-
membered silver cluster isomers, Ag13-A and Ag13-M, in acetone and methanol, respectively. Significantly, we demonstrate
the interconversion of these isomers facilitated by solvent manipulation. Mechanistic studies on the solvent-driven Ag13-A
to Ag13-M transformation reveal this transformation proceeds with a low activation energy (23.39 ± 0.81 kcal mol−1) and
positive entropy, involving counter anion dissociation, ligand twisting, and re-coordination. The observed differences in
thermal stability and reactivity between two isomers are attributed to variations in Ag–Ag interactions and surface ligand
arrangements, underscoring the critical role of solvent selection in affecting the whole organic transformation through in
situ formed clusters. These results highlight the necessity of considering organometallic cluster intermediates in solvent
screening.

Introduction

Solvents play a critical role in catalytic reactions by dis-
solving reactants and catalysts to ensure a homogeneous
catalytic environment. The choice of solvent exerts significant
influence over reaction rates, equilibriums, and selectivity
by tailoring the energy level of intermediates or the energy
barrier of transition states through the variation of solvent
polarity,[1–4] or direct interaction with reactants.[5–9] In metal-
catalyzed reactions, solvent molecules are often considered
as temporary ligands to bind with a catalytic metal center,
thus affecting its coordination geometry, substrate affinity, and
redox property.[7] Accordingly, the solvent screening process
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is a key step in the optimization of reaction conditions for
a wide range of metal-catalyzed reactions aiming at better
reaction selectivity and higher yields.

On the other hand, recent mechanistic studies on many
metal-catalyzed reactions have revealed that single metal
coordination catalysts may undergo reduction by reactants,
ligands, or solvents, to in situ form high nuclearity metal
clusters or nanoclusters.[10–15] These clusters serve as a
dormant state of catalytic species or a temporary reservoir
for reactive intermediate species[16–19] to influence reaction
kinetics.[20,21] More importantly, they may act as true cat-
alytic species to profoundly influence reaction efficiency and
selectivity[13–15] In this regard, solvents possibly affect the
size,[22] conformation[23] and peripheral ligand arrangement
of in situ formed metal cluster species, thereby substan-
tially altering the whole catalytic process. For example,
nanoparticles generated in a cobalt-catalyzed hydrogenation
reaction of nitriles can easily regulate their morphologies in
different solvents, finally promoting the reaction selectivity to
achieve a strong preference for a major product.[23] However,
owing to the transient and highly reactive nature of those
in situ formed cluster intermediates,[24–28] to date little is
known about how solvents influence and determine their
structural details. Correlation of solvent-driven structural
transformations of in situ formed metal clusters with their
reactivity will enable us to obtain a cdeeper understanding
and comprehensive elucidation of metal-catalyzed reaction
mechanisms (Scheme 1). Recently, some solvent-induced
transformations of coinage metal nanoclusters have been
reported.[29,30] Though these investigations shed light on the
remarkable effect of solvents on the structure and property
of metal nanoclusters,[31–35] microscopic factors functioning in
the transformation process of metal clusters have been less
studied.
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Scheme 1. Interconverted organometallic clusters formed in different
solvents.

In this work, two vicinal dicarbanion-bonded Ag13 nan-
ocluster isomers were isolated in different solvents, namely,
[Ag13(MePy–H)6(CF3SO3)5](CF3SO3) in acetone (Ag13-A)
and ([Ag13(MePy–H)6(CF3SO3)6] in methanol (Ag13-M)
(MePy-H = N-H 2-methylpyridyl-4,5-diide). Ag13-M features
a more regular cuboctahedral core configuration but weaker
argentophilic interactions relative to Ag13-A. For the first
time, we observed a solvent-induced interconversion between
two sp2-carbon-bonded organometallic cluster isomers. Its
relatively low activation energy of 23.39 ± 0.81 kcal mol−1

suggests an unconventional ligand twist mechanism. Further
experimental and theoretical studies confirm that the transfor-
mation involves a solvent-induced dissociation of coordinated
anions, followed by spatial tuning of partial pyridine dicar-
banion ligands and recombination of anions. Ag13-M shows
poor stability upon heating, in sharp contrast to the well-
maintained Ag13-A at an elevated temperature. However,
in acidic solution Ag13-M exhibits sluggish reactivity due
to less negative charges on the carbanionic sites relative
to Ag13-A. Structural examination and reactivity studies
on these unprecedented organometallic nanocluster isomers
demonstrate a new perspective on solvent dependency in
metal-catalyzed organic transformations beyond solubility
and auxiliary coordination.

Results and Discussion

Synthesis and Structural Characterization of Ag13 Nanocluster
Isomers

In our previous work,[36] a silver(I)-mediated intermolec-
ular annulation reaction of methyl ketones and propargy-
lamine was performed in the presence of excessive silver
salts and a polydentate macrocyclic ligand octamethylaza-
calix[8]pyridine (Py[8]). The following continuous multi-step
transformation of condensation, imine–enamine isomeriza-
tion, 6-endo-dig cyclization, and oxidative aromatization
yielded a series of substituted pyridyl dicarbanion bonded
Ag4 clusters, for example MePyAg5 as shown in Scheme 2.

Addition of triflic acid CF3SO3H (HOTf) to the acetone
solution of MePyAg5 allowed the removal of the peripheral lig-
and Py[8] and finally yielded both colorless needle-like (13%
crystal yield) and brown block-shaped crystals (52% yield).
The colorless compound was determined by single crystal
X-ray diffraction (SCXRD) as protonated 2,2′-dimethyl-
4,4′-bipyridine, which is derived from the protonlysis and
oxidative coupling of pyridine dicarbanions. Surprisingly,
the brown crystalline compound was found actually a 13-
membered silver nanocluster Ag13-A vide infra. In contrast,
upon the use of methanol as solvent, a similar acidification
and crystallization process led to brown rod-like crystals of a
new silver cluster compound Ag13-M in a relatively low yield
of 13%, together with colorless protonated 2,2′-dimethyl-4,4′-
bipyridine in 54% crystal yield (Scheme 2).

Electrospray ionization mass spectroscopy (ESI-MS) char-
acterization of the brown crystalline sample Ag13-M gave
two well-resolved isotopic peaks at m/z = 2847.8011 and
2865.7853 (Figure S3), which can be assigned as {[Ag13(MePy-
H)6](CF3SO3)6}+ and {[Ag13(MePy-H)6](CF3SO3)6�H2O}+.
This result confirms the same atomic composition of Ag13-
M with Ag13-A (m/z = 2847.7750 and 2865.7704). In contrast
to four aromatic proton peaks observed in the 1H-NMR
spectrum of Ag13-A (8.89, 8.28–8.19, and 7.98 ppm in a ratio
of 1 : 10 : 1, Figure S4a), Ag13-M exhibits only two sets of peaks
for aromatic protons (8.22 and 8.11 ppm in a ratio of 1:1,
Figure S4b). Such NMR signal discrepancy suggests that Ag13-
M possibly owns a higher symmetry than Ag13-A. In addition,
the well-defined ESI-MS and NMR signals indicate that Ag13-
A and Ag13-M nicely maintain their structural integrity in
solutions.

SCXRD analysis of Ag13-A reveals a three-layered twisted
cuboctahedral Ag13 core (Ag3–Ag7–Ag3) that has a dihedral
angle of 9.7° between two Ag3 layers. Except for a free
CF3SO3

− counter anion, this silver cluster core is peripherally
wrapped by six N-protonated 2-methylpyridyl-4,5-diides via a
μ4-C,C-η2,η2 mode and five μ2-O,O-η1,η1 coordinated triflates
(Figure 1a). Among the five coordinated triflates, three of
them surround the central Ag7 layer, while the remaining
two connect with an edge of the upper Ag3 plane and an
interplanar Ag3–Ag7 edge, respectively. In contrast, Ag13-
M shows a similar but more regular cuboctahedral Ag13

core, which has a high symmetry of R-3 and is peripherally
decorated by six MePy-H ligands as well. Notably, six μ2-O,O-
η1,η1 triflate groups in Ag13-M are all bonded with the central
Ag7 plane in an alternate way (Figure 2d). Furthermore,
the total 36 Ag–Ag connections in both Ag13-A and Ag13-
M can be classified into three types (highlighted in blue,
green, and red colors in Figure 1c,f). The average Ag–Ag
distance between the central silver atom and the surrounding
twelve silver ions in Ag13-M is 3.014 Å (blue in Figure 1c and
Figure S5), which is longer than the mean value of Ag13-A
(2.970 Å, blue in Figure 1f and Figure S5). Among the 24
peripheral Ag–Ag sides, the average distance of the shorter
μ2-C-bridging Ag–Ag sides (red in Figure 1c,f) in Ag13-M
and Ag13-A is comparable (2.747 and 2.755 Å, respectively).
However, the μ2-C,C-bridging Ag–Ag edges in Ag13-M have
an average distance of 3.268 Å, longer than the value of
3.177 Å in Ag13-A (green in Figure 1c,f). In addition, the
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Scheme 2. Synthetic procedure and transformation of two nanocluster isomers Ag13-A and Ag13-M.

Figure 1. Crystal structures of a–c) Ag13-A and d–f) Ag13-M. Five coordinated counter anions and one free triflate anion are shown in Ag13-A (a) and
all six coordinated ones are included in Ag13-M (d). Equatorial and vertical arrangements of the 2-methylpyridine rings attached on the Ag13 kernel
are shown in purple and light green color, respectively, in (b) Ag13-A and (e) Ag13-M. Thermal ellipsoids of Ag atoms are set at 50% probability level.
Different kinds of Ag–Ag interaction (below 3.4 Å) are shown in colored lines in the Ag13 core of (c) Ag13-A and (f) Ag13-M. Blue: central Ag1 with
surrounding Ag atoms; red: the μ2-C-bridging Ag–Ag edges; green: the μ2-C,C-bridging Ag–Ag edges. Color code for atoms: orange, Ag; gray, C;
white, H; blue, N; yellow, S; red, O; green, F.
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Figure 2. a) UV–vis absorption spectra of Ag13-A in acetone and Ag13-M in methanol with characteristic absorption peaks. The cut-off wavelength of
Ag13-A was set as 340 nm due to strong absorption of acetone below 340 nm. b) Time-dependent UV–vis absorption spectral monitoring on the
Ag13-A to Ag13-M transformation in methanol at 30 °C. i.p.: isosbestic point (340 nm). c) Fitting to the first-order reaction kinetic for the Ag13-A to
Ag13-M transformation in methanol based on the absorption at 395 nm. d) The Arrhenius (red line, left axis, R2 = 0.996) and Eyring plots (blue line,
right axis, R2 = 0.996) for the Ag13-A to Ag13-M transformation (10, 15, 20, 25, and 30 °C). e) Rate constants for the Ag13-A to Ag13-M transformation
in mixed MeOH-acetone solutions (v/v: 1:9 to 10:0) (30 °C). f) Rate constants for the Ag13-A to Ag13-M transformation in methanol upon the addition
of different equivalents NBu4OTf (30 °C).

Ag13 core in Ag13-M is severely squashed with a mean
interplanar distance of 2.214 Å between the central Ag7

and the upper and lower Ag3 layers (Figure 1f), which are
smaller than Ag13-A (2.331 and 2.328 Å, Figure 1c). This
structural difference may be ascribed to the presence of 12 μ2-
C-Ag2 connections bridging the Ag3 layers and the equatorial
Ag7 plane in Ag13-M, but only eight ones in Ag13-A. In
addition, the Ag–Ag distances in the upper and lower Ag3

planes of Ag13-M (dashed green lines) are 3.512 Å, which
exceeds the sum of the van der Waals radii of silver atom
(3.4 Å).[37] The above structural analysis clearly shows that
the Ag–Ag interactions in Ag13-M are weaker than in Ag13-
A (Figure S5). On the other hand, six MePy-H ligands in
Ag13-M all occupy the equatorial position with a propeller-
like C3 symmetry (Figure 1e). This spatial arrangement is
different from the scenario of four equatorial and two vertical
protonated 2-methylpyridyl diides on the cluster surface of
Ag13-A. Furthermore, the average C─Ag bond lengths in the
two isomers are comparable (2.222 Å in Ag13-A and 2.226 Å
in Ag13-M) but with different variances. The C─Ag bonds
of Ag13-M formed between the dicarbanion and the central
Ag7 layer (average ∼2.305 Å) are significantly longer than
those connected with the upper and lower Ag3 layers (average
∼2.153 Å). This unsymmetrical bonding should be ascribed to
the steric hindrance from six coordinated triflates attached on
the waist position of Ag13. In contrast, the C─Ag bond lengths
in Ag13-A show relatively uniform distribution. The C─Ag
bond lengths for vertical MePy-H ligands span the range from

2.143 to 2.287 Å, which is comparable with the range for the
equatorial ligands (2.132–2.317 Å).

Solvent-Driven Interconversion between Ag13-A and Ag13-M

Considering the structural and synthetic similarity between
Ag13-A and Ag13-M, we further investigated the possibility
of solvent-induced structural transformation. The UV–vis
spectra of two structural isomers in methanol and acetone
both exhibit a wide absorption range from 300 to 500 nm.
Notably, there are characteristic shoulder peaks at 412 nm
for Ag13-A, and 395 nm for Ag13-M (Figure 2a), which
make it feasible to employ UV–vis monitoring to track
their structural transformation. After dissolving Ag13-A in
a minimal amount of acetone and subsequently adding it
to a methanol solution, we observed a gradual decrease of
the characteristic absorbance of Ag13-A at 326 nm, which
was accompanied with the stepwise increase of the featured
absorbance of Ag13-M at 395 nm (Figure 2b). Furthermore,
the presence of an isosbestic point at 340 nm suggests
an equilibrium-based conversion process between such two
cluster isomers. Upon the addition of Ag13-M into acetone,
the characteristic absorption of Ag13-A at 412 nm gradually
increased despite that this M-to-A transformation process
needs a much longer time of 2 h (Figure S10). Further-
more, after the forward rapid A-to-M and reverse sluggish
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M-to-A solvent-driven conversions, we isolated correspond-
ing structural isomers as crystalline solids, which are suitable
for SCXRD.

In view of the slow M-to-A transformation in acetone,
our further kinetic studies laid attention on the A-to-M
transformation in methanol. As shown in Figure 2c, the
UV–vis spectral monitoring on the absorption at 395 nm
for the A-to-M transformation is fitted nicely to a first-
order reaction kinetic.[38] Variable temperature reaction rate
measurements show a good linear fitting to the Arrhenius and
Eyring equations (Figure 2d). According to the Arrhenius
plot, the activation energy (Ea) is determined as 23.39
± 0.81 kcal mol−1. The Eyring plot shows the enthalpy,
entropy, and Gibbs free energy of activation as �H‡ = 22.81
± 0.84 kcal mol−1, �S‡ = 5.78 ± 2.80 cal mol−1 K−1, and
�G‡ = 21.08 ± 1.67 kcal mol−1, respectively. The positive acti-
vation entropy implies that the transformation process may
experience a dissociation of the [Ag13(MePy–H)6(CF3SO3)5]+

cluster moiety in Ag13-A.
We further studied the role of alcohol solvents in the

cluster transformation by measuring rate constants in mixed
solvents of methanol and acetone. As shown in Figure 2e,
along with the increase of methanol content, rate constants
for the A-to-M transformation accelerate accordingly and
finally achieve the maximum speed in pure methanol (0.262
± 0.0213 min−1). Besides the solvent effect, we found that
counter anions also play an important role in the cluster
transformation. Upon increasing tetrabutylammonium triflate
(NBu4OTf) in the methanol solution of Ag13-A (Figure 2f),
the rate constant for the A-to-M transformation was greatly
inhibited by triflates. This trend aligns with the above positive
activation entropy �S‡, suggesting that the transformation
process entails a temporary dissociation of coordinated
counter anions. Clearly, this dissociation causes the generation
of charged species, which is favorably stabilized in polar
solvents (e.g., methanol).

To further investigate microscopic contributions of
solvent molecules during cluster transformations, we
determined the activation parameters for the A-to-M
transformation in a series of MeOH/acetone mixed solvents
with varying volume ratios (Figure 3 and Table S2). The
results reveal that both Ea and �H‡ undergo a V-shaped
variation along with the increase of methanol portion in
mixed solvents. Notably, in all mixed solvent compositions,
�S‡ values are negative and reach a minimum value of
−25.89 ± 2.82 cal mol−1 K−1 in the 5:5 MeOH-acetone
mixture, in sharp contrast to the positive value in pure
methanol (5.78 ± 2.80 cal mol−1 K−1). The consistent
and almost unchanged �G‡ (21.40 ± 0.38 kcal mol−1)
in different mixed solvents and methanol may be
attributed to the linear enthalpy–entropy compensation
effect.

To rationalize the acquired activation parameters in
MeOH/acetone mixed solvents, we attempt to separately con-
sider solvent–solvent and solvent–solute interactions.[39–41]

Given the presence of protonated pyridines in the surround-
ing ligands, hydrogen bonding between those protonated
pyridines and solvent molecules must be considered as well.
As the volume ratio of methanol increases from 1:9 to 5:5,

Figure 3. Activation parameters for the Ag13-A to Ag13-M transformation
in mixed solvents of MeOH/acetone(v/v) and methanol.

hydrogen bonding between methanol and the protonated
pyridine ligands favorably stabilizes the transition state in
the A-to-M transformation, therefore reducing the activation
energy (Ea) and the activation enthalpy (�H‡). However,
when the methanol ratio further increases up to 9:1 or
even pure methanol, the dominant interaction shifts to
the formation of a hydrogen-bonding network by methanol
itself. This reduces the solvation effect on the silver cluster,
and the hydrogen bonding between the cluster transition
state and methanol has to compensate for the energy
required to break the intrinsic methanol-based hydrogen-
bonding network. Consequently, both the activation energy
and activation enthalpy increase. Meanwhile, strong solvation
leads to a highly ordered arrangement of solvent molecules
around the solute by forming a solvent shell, resulting in a
negative activation entropy (�S‡).[42] Additionally, solvent
molecules surrounding the transition state may hinder the
rotation of surface ligands, leading to a decrease in reaction
rates.

The straightforward A-to-M transformation in methanol
was further rationalized by theoretical studies. In methanol,
the single-point energy of Ag13-M is 23.1 kcal mol−1 lower
than that of Ag13-A (Figure 4a). This energy difference can
be attributed to a larger dipole moment of Ag13-M relative
to Ag13-A. Considering the similar Ag13 core in such two
isomers, we calculated the contribution of six ligands to the
dipole moment, which is 7.737 a.u. for Ag13-M and 3.495
a.u. for Ag13-A (Figure S13). As a result, Ag13-M with a
relatively large dipole moment is plausibly more stable than
Ag13-A in polar solvents, providing a driving force for the
A-to-M transformation. When the implicit solvent model
is changed to acetone, Ag13-A and Ag13-M show a similar
energy level (Figure 4b), the driving force for the M-to-A
transformation is primarily provided by acetone coordination
(Figure S11).

On the other hand, structural comparison between Ag13-A
and Ag13-M suggests that the A-to-M transformation must
experience a spatial arrangement of two 2-methylpyridyl
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Figure 4. Single-point energy calculations and proposed mechanism for
a) the vertical to equatorial spatial rearrangement of a MePy-H diide
ligand in the A-to-M transformation and b) the equatorial to vertical
rearrangement in theM-to-A transformation. Energy calculations for the
M-to-A transformation involve the coordination of acetone molecules
(Figure S11 and Table S3). Computed at the PBE0-D3/Def2-SVP level
with SMD model in MeOH or Acetone.

diides from vertical to equatorial positions. However, the
relatively low measured activation energy Ea of 23.39
± 0.81 kcal mol−1 for the A-to-M transformation implies
that this process may not involve the dissociation and
recombination of 2-methylpyridyl diide ligands. Previous
racemization process studies on a chiral thiolate-protected
nanocluster Au38(SCH2CH2Ph)24 have revealed a structural
rearrangement mechanism, which involves a place
exchange of thiolates without breaking Au─S bonds
on the cluster surface (experimental activation energy
Ea = 28 kcal mol−1).[43] We thus propose a twist mechanism
for the A-to-M transformation, as shown in Figure 4a. First,
a few coordinated CF3SO3

− counter ions dissociate from the
Ag13 core of Ag13-A. Then, the vertically coordinated MePy-H
diide ligand attached on a tetrasilver plane undergoes a twist
and slide motion to change its orientation to the equatorial
position. Finally, the separated CF3SO3

− ions re-coordinate
with the Ag13 cluster core to form Ag13-M. This ligand twist
mechanism was supported by DFT calculation. The twist
barrier for the M-to-A transformation under an implicit

Figure 5. In situ UV–vis spectral monitoring on the thermal stability of
a) Ag13-A in acetone and b) Ag13-M in methanol from 25 to 55 °C.

acetone solvation model is approximately 1.4 kcal mol−1

(�Ea) higher than the A-to-M barrier, which may account for
the slow M-to-A transformation.

Stability and Reactivity Studies of Ag13-A and Ag13-M

In order to clarify the role of these organometallic inter-
mediates in metal-catalyzed reactions, we further evaluated
the stability and reactivity of Ag13-A and Ag13-M. As the
temperature increased from 25 to 55 °C by half an hour,
the UV–vis spectra of Ag13-A in acetone displayed negligible
changes (Figure 5a). In contrast, the same heating process for
the methanol solution of Ag13-M led to a remarkable decrease
of the characteristic absorbance at 395 nm. Finally, a new
absorption band appeared in a wide range of 350–500 nm
(Figure 5b). In view of the characteristic UV–vis absorption
band in the range of 400–500 nm for silver nanoparticle
samples,[44] we conceive that the heating process may destruct
Ag13-M and subsequently facilitate the formation of silver
nanoparticles. The better thermal stability of Ag13-A over
Ag13-M should be attributed to the relatively stronger Ag–Ag
interactions in Ag13-A vide supra.

We then monitored the heating process of Ag13-M by
1H NMR to identify the resulting products. After heat-
ing Ag13-M in d4-methanol at 50 °C for 2 h, the peaks
corresponding to Ag13-M totally disappeared. Meanwhile,
two sets of new peaks appeared in the aromatic region,
which remained unchanged thereafter (Figure S15). Based on
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further structural characterization by ESI-MS (Figure S17),
1H NMR (Figure S18), and SCXRD (Figure S19), we
assigned the resulting products as a protolysis compound
2-methylpyridine (abbreviated as MePy, yield 69%) and a
hydroxylated compound 2-methylpyridin-3-ol (abbreviated as
(OH)MePy, yield 24%). We also conducted the same heating
experiment on Ag13-A in d6-acetone. Due to better thermal
stability of Ag13-A, its cluster signals disappeared after 4 h
of heating at 50 °C (Figure S16). The resulting products
were identified as MePy (63%) and (OH)MePy (21%) as
well. It has been reported that 2-methylpyridine can be
converted to 2-methylpyridin-3-ol by Cu(NO3)2 and H2O2.[45]

We conjecture that the formation of the hydroxylated product
arises from a radical-based mechanism involving homolytic
cleavage of the Ag─C bond and an intramolecular radical
transfer reaction. This assumption was supported by a radical
capture experiment. Along with the addition of a radical
scavenger (2,2,6,6-tetramethylpiperidine-N-oxyl, TEMPO) in
the heated solution of Ag13-A, we observed an adduct
of TEMPO and MePy-H rather than (OH)MePy in high-
resolution mass spectrometry (Figure S22). In addition, we
incorporated 18O-labeled H2O and O2 in reaction conditions
to conduct the thermal decomposition of Ag13-A. The absence
of 18O-labeled (OH)MePy in mass spectrum implies that the
source of oxygen in (OH)MePy is likely from the counter anion
OTf−.[46]

We further investigated the reactivity of the two isomers
in the presence of acid at 50 °C, which is motivated by
the isolation of the protolysis product MePy. Moreover, the
protolysis of carbon–metal bonds is often the final step in
many metal-catalyzed reactions, which facilitates the release
of active metal species to renew the catalytic cycle.[18,19]

However, both two Ag13 isomers counterintuitively showed
enhanced stability in acidic solutions. Upon the addition
of 10 equivalents of HOTf to the methanol solution of
Ag13-M, it took 80 h at 50 °C to completely destruct Ag13-
M as monitored by 1H NMR. As to Ag13-A in acetone,
seven-hour heating at 50 °C was required to complete the
protolysis and hydroxylation reaction (Figures S21 and S22).
Further comparative experiments with the addition of 10
equivalents of non-coordinated HBF4 or 10 equivalents of
NBu4OTf showed that the proton abundance is responsible
for the enhanced cluster stability (Figure S23). In view of
the protonated form of 2-methylpyridine diide in both Ag13-
A and Ag13-M, we believe that the added acid inhibits the
proton dissociation from the pyridyl nitrogen atom. As a
consequence, the steady protonation decreases the electron
density of pyridine ligands and C─Ag bonding. The balance
of diminished C─Ag bond reactivity and enhanced solution
acidity promotes the stabilization of the clusters. After the
destruction experiment by heating, the acidic solutions of
Ag13-A and Ag13-M produce the same products MePy and
(OH)MePy in comparable yields (Table 1). To explain the
reluctant reactivity of Ag13-M (80 h at 50 °C) relative to
Ag13-A (7 h at 50 °C) in acidic solutions, we carried out
theoretical studies to quantify charge distribution of the
pyridyl diide ligands. Atomic Dipole Corrected Hirshfeld
(ADCH) analysis showed that the carbanion sites in Ag13-M
have less negative charge (C4: −0.0745 and C5: −0.0462) than

Table 1: Reactivity of Ag13 isomers under different conditions.a)

Yield

Entry Cluster Conditions
Duration of
cluster signals MePy (OH)MePy

1 Ag13-M 50 °C 2 h 69% 24%
2 Ag13-M 50 °C with 10eq HOTf 80 h 64% 32%
3 Ag13-A 50 °C 4 h 63% 21%
4 Ag13-A 50 °C with 10eq HOTf 7 h 66% 29%

a) Reaction conditions: Ag13 clusters (0.001 mmol), Ag13-M in
d4-methanol or Ag13-A in d6-acetone (0.55 mL) at 50 °C in a seal tube.
The yields were determined by 1H NMR analysis using
1,3,5-tri-tert-butylbenzene as an internal standard.

that of Ag13-A (C4: −0.176 and C5: −0.285) (Table S4). This
result suggests that the pyridyl dicarbanion sites in Ag13-M are
less likely to be protonated, thereby maintaining prolonged
stability in the acidic solution.

Conclusion

In conclusion, through the manipulation of solvents, we have
successfully isolated two structural isomers of 2-methylpyridyl
dicarbanion-bonded organometallic Ag13 clusters. Our inves-
tigations have elucidated a solvent-induced interconversion
process between these Ag13 nanocluster isomers, both exper-
imentally and theoretically. This transformation was found to
be influenced significantly by temperature, dynamic behavior
of anions, and solvent environment. The polarity of methanol
is well matched with the large dipole moment of Ag13-M,
which possibly accounts for the driving force for the A-
to-M transformation in methanol. In contrast, the M-to-A
transformation in acetone is likely driven by the coordi-
nation of acetone molecules to the cluster core. Notably,
the weakened Ag–Ag interactions and ligand chelation
in Ag13-M contribute to its comparatively lower thermal
stability, although it demonstrates enhanced stability in acidic
environments compared to Ag13-A, likely due to reduced
charge at the dicarbanion sites. The observed solvent-driven
interconversion and distinct reactivity profiles of these Ag13

nanocluster isomers offer valuable insights into the crucial
roles of solvents and mechanistic investigations in metal-
catalyzed organic transformations.

Supporting Information

Full characterization data including NMR spectra, high-
resolution ESI-MS, UV–vis and crystallographic data, DFT
calculations, and experimental details (PDF).

Input coordinates of models (XYZ).
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