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ABSTRACT: In this study, we explore for the first time interactions of
atomically precise noble metal nanoclusters (NCs) in the gas phase,
revealing fundamental nanoscale reactivity beyond solvent effects. Using
ion-selected mass spectrometry and theoretical calculations, we
investigate and establish the formation of a Coulombic ion pair
between two oppositely charged NC ions, [Ag;,(0,-CBT),]* (0,-CBT
= ortho-1-carboranethiol) and [Cu,4(0g;,-CBDT)¢]* (0y,,-CBDT =
ortho-9,12-carboranedithiol), that undergo metal exchange to form alloy
NCs, focusing on how atom exchange processes can be understood in
the isolated gas phase. The Coulombic contribution to the binding
energy of the NC ion pair was estimated to be ~66%, while the rest was ®r @ 5 ec

from intercluster ligand interaction through van der Waals forces.

Similar behavior across diverse oppositely charged NC ion pairs, including [Ag,5(1,3-BDT),,]*~ (1,3-BDT = 1,3-benzenedithiol),
[PdAg,s(1,3-BDT),]*, [PtAgy(1,3-BDT);,]*, [Agi3Cuu(0;-CBT) )%, [Auys(2-PET),5]” (2-PET = 2-phenylethanethiol),
[PdAg,,(2,4-DMBT),5]*~ (2,4-DMBT = 2,4-dimethylbenzenethiol), [PtAg,,(2,4-DMBT) ;]*", [Cuy4(091,-CBDT)4]", [Agy;(m,-
CBT);,]* (my-CBT = meta-9-carboranethiol), and [Ag,,(2,5-DMBT),,Cl,(DPPB),]* (DPPB= diphenylphosphenobutane),
confirms the universality of this process. Dithiol ligand exchange was observed between [Ag,o(1,3-BDT),,]* and [Cuy4(0g,o-
CBDT),]" in their Coulombic adducts for the first time. These results highlight the intrinsic, solvent-independent reactivity of NCs
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in the gas phase.

Atomically precise noble metal nanoclusters (NCs)
composed of well-defined cores of tens of metal atoms
and appropriate ligand shells represent a unique class of
materials that form well-defined structures and are now
considered to be molecules."”” While their molecular character
was inferred early from their optical absorption and photo-
luminescence properties, it became increasingly evident in later
years through their molecular reactivity.”~” These NCs have
emerged as powerful model systems for probing fundamental
processes in nanoscale reactivity, where every atom can be
tracked during structural and compositional transforma-
8~1% The reactivity of NCs continues to draw attention,
particularly their capacity for atomic exchange with other NCs
722 It was exemplified further using isotopic
exchange between NCs, and the thermodynamic and kinetic
parameters could be extracted from the reactions.”’ Metal
exchange between the NCs often proceeds through transient
adduct intermediates, which are rarely isolated due to their
short-lived nature.'””* In our recent study, we observed a
stable NC adduct attributed to the robust metal—ligand
interfacial interactions.”> These studies highlight the remark-
able adaptability of NCs and the need to understand their
reactivity in detail.

tions.

in solution.
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All NC reaction studies thus far have focused on solution-
phase reactions, where they undergo dynamic transforma-
tions.”>”” However, it naturally poses a question of the
influence of the solvent environment and counterions, which
may play an intrinsic role in mediating the process and make it
challenging to probe the mechanistic steps involved. The
motivation behind the present work was to explore the
intercluster reaction in isolation to probe intrinsic intercluster
reactivity. As charged species, NCs can form Coulombic
adducts driven by electrostatic attraction. Our goal of this
study was to investigate what processes occur in a single
electrostatic interaction of NCs upon the formation of long-
lived gas-phase adducts, revealing their fundamental supra-
molecular behavior beyond solution chemistry. In solution,
atom exchange is initiated by adduct formation mediated by
van der Waals, 7w, 7---H—C, dipole—dipole, and metal-
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lophilic interactions, which overcome Coulombic repulsion by
charge delocalization; however, these interactions are also
observed in the gas phase.”"**™%°

Here, we report Coulombic ion pair formation between two
oppositely charged NCs [Ag;;(0,-CBT),]*~ and [Cuy,(0g,,-
CBDT)¢]* (hereafter referred to as [Ag;;L,]*” and
[Cu,L/¢]*, respectively) in the gas phase, where direct
evidence of intercluster atom exchange was captured. Using
high-resolution mass spectrometry (HRMS) and tandem mass
spectrometry (MS—MS) studies, we observed evidence for Ag-
Cu and ligand exchanges within the well-defined Coulombic
adducts and the formation of alloy NCs. Complementary
density functional theory (DFT) calculations reveal the
binding energies (BE) for the ion-pair-driven exchange
pathways. This study establishes an ion-pair-mediated, electro-
statically driven pathway for atomic exchange, offering new
insights into charge-mediated nanocluster reactivity.

Gas-Phase Ion—Ion Reaction between Two NCs. The NCs
used in this study, [Ag;,L;,]*", [Ag,s(1,3-BDT);,]*", and
[CuyL'¢]*, were synthesized as described in the Experimental
section and characterized by nESI-MS (Figure S1). For this
reaction, two oppositely charged NCs were introduced via
separate capillaries, and the resulting NC ions were isolated in
two different trap cells (Q1 and q2) simultaneously. These two
ESI emitters were operated sequentially such that the ESI-
generated plumes did not interact. The ions from QIl were
then transferred into Q2, where they were simultaneously
trapped for ~600 ms, allowing them to interact and form
distinct Coulombic adducts. The opposite polarities of the ions
were sequentially generated and transmitted through the
instrument to q2. The two polarities were trapped via AC
applied to the lenses on either side of q2 for a set amount of
time (600 ms). After this time had elapsed, the positive ions
were discarded by switching off the AC applied to the lenses
and a negative bias was applied to continue trapping the
negatively charged precursor and reaction products until they
were sent to the TOF mass analyzer. A schematic
representation of this process is shown in Figure 1A. In Figure
1B, mass spectra of the isolated NC ions (a) [Ag;;L;,]*" and
(b) [CuyL’¢]* are shown, where the insets show matching
experimental and simulated isotopic distributions, confirming
their identities. The distinct Coulombic adducts formed from
their interactions are shown in Figure 1C.

When oppositely charged NC ions, [Ag;;L;,]*” and
[CupL’s]", interacted in the gas phase, they rapidly formed
Coulombic adducts and related products arising from this
electrostatic interaction. Adducts were observed at m/z 3032
([A817L12CU14L/6]2_) and 8192 ([Ag17L12(Cu14L’6)2]_), show-
ing charge variation with increasing [Cuy,L/s]* association.
Note the change in the charge of the adducts. A third adduct
could not be observed, as this would correspond to a neutral
species. In addition to these NC-NC adducts, Coulombic
adducts of Cu" with [Ag;;L;,]*>” and [Ag;,L;,(CuyyL/s)]*"
producing [Ag;,L,Cu]*” (m/z 2000) and [Ag;,L;,(Cuy,L’¢)-
Cu]~ (m/z 6128), respectively, were also detected, as shown in
Figure 1(C). The spectrum further showed [Ag,,L;,]*" at m/z
1968 and [Ag;¢L,o]*~ at m/z 1739, indicating electron transfer
and fragmentation during the interaction.

Fragmentation of the Coulombic Adducts and Atom Exchanges
between the Two NCs Within. We further probed these
Coulombic adducts by isolating the first adduct,
[Ag,;L,Cu,L'¢]*~ (Figure 2A), in q2 and subjecting it to
resonance ion trap collision-induced dissociation (IT-CID),
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Figure 1. (A) Schematic of the setup for studying gas-phase NC
interactions. (B) Mass spectra of isolated NCs (a) [Ag;;L;,]*” and
(b) [CupuL’q)*, with a comparison of experimental and simulated
isotopic distributions and crystal structures in the insets. (C) Mass
spectrum of products formed via Coulombic interaction between the
two NCs. L = 0,-CBT, L' = 04,,-CBDT, and * = [Ag;6L,0]*". Color
codes for the atoms: blue = Ag, magenta = Cu, yellow = S, green = B,
gray = C, and off white = H. The 1:1 Coulombic adduct of the parent
clusters is marked with a circle.
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Figure 2. Intramolecular metal exchange. (A) Mass spectrum for the
isolated adduct with insets showing a comparison of the experimental
and simulated isotopic distributions (left) and DFT-optimized adduct
structure (right). (B) MS/MS spectrum showing Ag—Cu exchange
via CuL, fragments from the Cu-doped Ag;; NC. L = 0,-CBT and L’
= 04,,-CBDT.

which is shown in Figure 2B. Fragmentation produced
complementary species on either side of the precursor:
[Ag;;LoCusL']™ at m/z 5650 and [Cul,]” at m/z 414.
There were several other complementary species formed
during this fragmentation: [Ag;¢L;oCu;,L’] ™ at m/z 5606 with
[AgL,]” at m/z 458; [Ag;;LoCup,L's]” at m/z 5412 with
[Cu,L;]™ at m/z 652; and [AgeLo(CuysL¢)]™ at m/z 5367
with [CuAgLl;]™ at m/z 697. Certain fragment species were
observed with a 1— charge that we did not mention initially in
the Letter, as we did not observe a complementary peak in the
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Figure 3. DFT calculation showing a downward trend in reaction energies for one to five sequential Cu—Ag atom exchanges between [Cuj,L'4]"

and [Ag;,L;,]>” within the adduct.

lower mass. These peaks, however, can be assigned to
[Ag;;Cu,L,Cul]™ at m/z 3822, [Ag;3CuyL;,Cuy(L/-S)]™ at
m/z 3710, [Ag;3;Cu,L,,Cu(L’-S)]™ at m/z 3646,
[Ag;;Cu L y(L'-S)]™ at m/z 3583, [Ag;,Cu,L,,S]™ at m/z
3332, and [Ag,Cu,L,o]™ at m/z 3300. These results indicate
multiple Cu—Ag exchanges within the adduct, confirming Cu
incorporation into Ag;; NC. Although the origin of the
fragment CuL, needs further discussion (see later) (Figure
$10), incorporation of Cu into Ag;;, is evident.

Further gas-phase interaction between [Ag;;Cu,L;,]*” and
[AgyL'1,(TPP),]" (L' = mo-CBT) vyielded adducts
[A813CU4L12A821L/12(TPP)]2_ and [A813CU4L12A321L/12]2_;
with one and two TPP losses, respectively (Figure S2).
Fragmentation of these adducts produced mixed Ag—Cu—L
species, confirming metal exchange (Figure S3). Similar
Coulombic adduct formation was observed between
[Ag,,L,,CL,(DPPB),]** (where L = 2,5-DMBT) and
[Au,sL'1]” (where L’ = 2-PET) as shown in Figure S4, and
its fragmentation pattern is shown in Figure S5. To establish
the generality of this process, gas-phase interactions of
[PdAg,,L;s]*” and [PtAg,L;s]*” (where L = 2,4-DMBT)
with [Cup,L/s]* were also examined (Figures S6 and S7). We
also explored the gas-phase interaction of [PdAg,sL;,]*" and
[PtAg,sL,,]*" (where L = 1,3-BDT) with [Cu,,L’¢]* (Figures
S8 and S9), which also confirmed the formation of Coulomb
adducts between the NCs.

We performed IT-CID on the parent NCs [Ag;,L;,]%,
[Ag;3Cu,L,]*7, and [CuyyLl/g]" to compare their fragmenta-
tion with the adduct [Ag;,L;,Cuy,L’¢]*~ (Figure S10). This
fragmentation pattern has also been reported in our earlier
reports on these NCs.”"** The adduct exhibited a pattern
similar to that of the parent NCs, losing outermost tetrahedral
metal atoms bound to CBT ligands, indicating Cu transfer
from Cuy, to Ag;, within the adduct, specifically only to those
staple atoms in the tetrahedral positions. To check the
structural stability and equilibrium behavior of adduct
[Ag;;L,Cu,L/¢]*” in the gas phase, we varied the interaction
times of the two NCs in q2 before IT-CID, which showed no

change in fragmentation as shown in Figure S11 (within our
experimental limits). The geometric confinement and the
specific decomposition pathways of the adducts suggest that
these kinetically trapped Coulombic adducts do not undergo
any further isomerization or that the energy imparted during
activation is insufficient to overcome the isomerization barrier.

DFT Modeling of the Coulombic Adducts and Atom Exchanges.
We performed DFT calculations to determine the atomistic
structure of the adduct and the thermodynamic driving force of
the intercluster atom exchanges between [Ag;;L;,]>” and
[Cuy,L's]". First, we explored the many configurations of the
Coulombic adducts between the two NCs, considering the
ligand-shell symmetry of both NCs, like one-to-one, two-to-
two, three-to-three, one-to-two, and one-to-three ligand
interactions, and identified two stable configurations (Figure
S12A,B) whose energies are close and within 0.10 eV (10 kJ/
mol). We considered the most stable adduct configuration
(Figure S12B), which has a cation—anion BE of 4.62 eV, a
closer intercluster metal-to-metal distance of 5.3 A, and a more
compact structure due to the interdigitation of three-to-three
ligand interactions for subsequent studies, as also shown in the
inset of Figure 2A. By turning off the van der Waals (vdW)
interactions in the DFT calculations, the BE decreased to 3.05
eV, indicating that 66% of the total BE is Coulombic and the
rest is vdW. We further examined the sequential atom
exchanges of Ag and Cu in the adduct and found a downhill
trend for 1-5 Cu atoms from [Cuy4L’¢]" exchanged to
[Ag),L,]*” in the adduct (Figure 3), indicating a favorable
thermodynamic driving force for the metal exchange. First, we
started with one Ag—Cu exchange between the two NC ions,
with the most feasible positions for exchanged Ag and Cu
atoms on the host NC ions which are the outer Cug cubic shell
and the outer Ag, tetrahedral, respectively (Figure S13). The
overall structure of the adduct did not change with atom
exchanges. Only individual NC structures changed slightly to
accommodate exchanged atoms due to a change in atomic
radii. The first four Cu atoms preferentially occupied
tetrahedral sites in Ag;, with the fifth replacing the central
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Figure 4. Dithiol exchange between NCs. (A) (a) Mass spectrum of the isolated adduct with an inset showing the simulated vs experimental
isotopic distribution. (b) MS/MS spectrum showing sequential Ag—Cu exchanges in the fragmented peaks. (B) Structure of the NCs with their
charge states. Detailed Ag—Cu and dithiol exchanges are shown for (C) lower m/z and (D) higher m/z. L = 1,3-BDT and L' = oy,;,-CBDT.

Ag atom, while exchanged Ag atoms migrate to the outer Cug
shell of Cuy,, consistent with four spontaneous Cu exchanges
observed in solution (Figure S14). During reaction of
[Ag,,(CBT),]>~ with [Cu;4,(CBDT)¢]" in solution, the
immediate exchange of four Cu atoms on [Ag;,(CBT);,]*~
within 3—5 min was observed, while there were only one to
two Ag atom exchanges on the [Cu,4,(CBDT),]* NC as shown
in Figure S14. However, no intercluster adducts were observed
during the solution-phase reaction, in contrast to their gas-
phase interactions.

Dithiol Exchange between Two NCs in the Isolated State.
Similar gas-phase interaction between two dithiol-protected
NC ions [Ag;oL;,]*” (here L= 1,3-BDT) and [Cu;,L’s]" led to
Coulombic adduct [Ag,,L;,Cuy,L'¢]*" (Figure S15). Upon
collisional activation, the adduct (Figure 4A(a)) produced
complementary fragments, indicating multiple Ag—Cu and
dithiol exchanges, as shown in Figure 4A(b). This marks the
first observation of dithiol exchange between NCs. Figure 4B
shows the molecular structure of NCs [Ag,L;,]*” and
[Cu;,L'¢]*. Expanded spectra of Figure 4A(b) shown in
Figure 4C,D of the lower m/z (400—1900) and higher m/z
(4900—6400) ranges, respectively, show mixed metal—ligand
fragments, unlike the [Ag;,L;,Cu;,L'¢]>” fragmentation.
Apparently, the dithiol exchange appears feasible only when
both NCs are dithiol-protected. As their solution-phase
reaction shows metal but no ligand exchange between
[AgyL,]* and [CuL'g]* (Figure S16), this phenomenon
appears to be unique to the gas phase.

Apart from this one-on-one adduct, we observed a Cu’
adduct with [Ag;;(0;-CBT),]*" and [Ag,(1,3-BDT),,]*".
Positive-mode MS of isolated [Cu,,L’]* before and during the
reaction with the Ag;; NC (Figure S17) showed no free Cu*,
indicating its origin from the adduct itself (data in Figure S18).
Even after ejecting parent adduct [Ag;,L;,Cu;4L’]* from the
collision cell prior to fragmentation, [Ag;,(0,-CBT),,Cu]*”
persisted, though its intensity increased with higher oscillation

amplitude used for IT-CID (Figure S18), confirming its
formation during adduct fragmentation. These Cu® adducts
also exhibit Cu diffusion into the NC staples, observed during
the fragmentation of these adducts in Figures S19 and S20.

In conclusion, atomically precise noble metal nanoclusters
(NCs) react in the gas phase by forming Coulombic adducts
and subsequently exchange metals to form alloy NCs. The
Coulombic contribution accounts for approximately 66% of
the total interaction energy of the adduct. This universal
behavior of NCs to form Coulombic adducts was observed
across multiple NC systems, [Ag,;(0-CBT),,]*", [Agy(1,3-
BDT)12]3_; [PdAgzs(1:3‘BDT)12]4_r [PtAgzs(lr3‘BDT)1z]4_;
[A813CU4(01‘CBT)12]3_1 [Auys(2-PET) 5], [PdAgz4(2,4-
DMBT) )%, [PtAgz4(2;4'DMBT)18]2_; [Cu14(°9,12'
CBDT)4]", [Agy1(mo-CBT),]", and [Ag,,(2,5-
DMBT),,Cl,(DPPB),]*, confirming that intercluster reactions
arise from intrinsic NC properties, i.e., distributed charges, van
der Waals forces, and ligand contacts, rather than solvent
effects. The NC ions appear to behave like coordination
complexes, which were studied similarly using ion chemistry.
These findings establish that atom exchange and supra-
molecular interactions are inherent to NCs, with gas-phase
studies providing direct mechanistic insight complementing
solution-phase chemistry.
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