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Cationic silver hydride clusters (Ag,H™) can be formed by a number of physical and chemical processes,
holding great promise for a range of applications including photonics, catalysis, sensing, and
biomedicine, among others. Here, we present a comprehensive theoretical investigation of Ag,H*
clusters (n = 1-7) using highly accurate coupled-cluster (CC) theory. Multiple low-lying isomers are
identified using CC theory with single and double excitations (CCSD), whereas their relative stabilities
are determined with the more accurate CCSD(T) method. The CCSD(T) results predict a pronounced
odd—even alternation in relative stabilities, with AgoH* being the most stable species, which is consistent
with experimental mass spectrometry measurements. Ab initio molecular dynamics simulations show
that all low-energy isomers remain structurally rigid at room temperature, whereas bonding analyses
(frontier molecular orbitals, natural bond orbital, molecular electrostatic potential, quantum theory
of atoms in molecules, non-covalent interaction) indicate strong ionic Ag—H interactions, weak non-
covalent Ag—Ag interactions, and significant donor—acceptor stabilization in larger clusters. Electrical
mobilities of these clusters, computed by the trajectory method, were labelled on experimental spectra,
in order to contribute towards their interpretation. Overall, our results resolve inconsistencies from prior
theoretical predictions, provide a rigorous description of cationic silver hydride clusters, and are used to

rsc.li/pccp

1 Introduction

Silver (Ag) has long been valued for its unique properties that
enable applications ranging from uses in ancient medicinal
practices"” to modern nanotechnology.> Ag-based atomic clusters
expand the potential of this material for applications in catalysis,
sensing,” optoelectronics,® plasmonics,” biomedicine,® and
DNA sequencing,” among others, due to their unique physico-
chemical properties that differ considerably from those of
nanoparticle and bulk material counterparts,’®'’ and are
strongly size-dependent.”>™"

Earlier experimental investigations show that ionic silver
clusters readily undergo reactions with oxygen and water,
leading to the formation of oxidized products.'®>* The stability
of these oxidized species is strongly influenced by the size and
electronic configurations, ie., open or closed-shell, of the
clusters.'®"** Beyond that, ionic Ag clusters have also been shown
to react with a range of other small gas-phase molecules, including
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improve the interpretation of earlier observations.

N,,> CO,"”* NO,”?° and halogenated compounds.””*® Their
reactions with CO are strongly size-dependent, with even-
numbered clusters showing enhanced activity towards CO oxida-
tion compared to their odd-numbered counterparts. Similarly,
reactions with NO reveal clear correlations between electronic
configuration, ie., open and closed-shell, and reactivity.*>*°

In our previous work, we studied a small range of cationic
silver oxide clusters, specifically Ag,0;" withn=1to4and k=1
to 5, using highly accurate ab initio methods to determine their
ground-state geometries and relative stabilities.?® The findings
of that work show a clear trend: clusters with a single oxygen
atom (k = 1) are more stable than those carrying more oxygen
atoms, primarily due to the lack of weakly bound terminal
O, units. Following that, we carried out additional calculations
to determine the structures, stabilities, and chemical bonding
of both cationic and anionic hydroxylated silver clusters
(AgOzH,,™) with k and m = 1 to 4.>° The results of our previous
study also suggest that the ground states of many of these
clusters are energetically stable, and that the presence of
3-center, 4-electron (3c/4e) “hyperbonds”?' significantly con-
tributes towards stability in many anionic clusters, as indicated
by natural bond orbital** analysis.

Although traditional ab initio methods such as Hartree-Fock
(HF) and density functional theory (DFT) have been widely used
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to investigate both pure and heteroatomic silver cluster
ions,'#17:18:21,22,24,27,28,33°41 e recently demonstrated>®*°
that more accurate predictions of ground-state geometries
and relative stabilities require robust electronic structure
methods, such as the coupled-cluster theory with single,
double, and perturbative triple excitations (CCSD(T)).*>~**
In fact, predictions of the ground-state structure of Ag,0' vary
markedly depending on the theoretical method employed.'”***%3
HF calculations suggest a linear geometry,'” whereas the DFT
method predicts either linear®® or bent***° geometries depend-
ing on the exchange-correlation functional. CCSD(T) simu-
lations resolve this inconsistency and predict a nearly linear
geometry with an / Ag-O-Ag of 172°.%° More broadly, CCSD(T)-
predicted stabilities for various oxide and hydroxylated silver
cluster ions show good agreement with signal strengths from
mass spectra,®° highlighting the reliability of this method in
describing such systems.

In addition to the Ag-based clusters discussed above, silver
hydride clusters (Ag,H") have attracted considerable interest,
and thus have been the focus of a number of experimental®”***
and theoretical studies.'”**?*%*""*® Among these ions, Ag,H" holds
great potential for applications in catalysis while it serves as the
basis for the study of model reactions.*>*” Most theoretical
investigations using the DFT method predict that the ground-
state geometry of Ag,H' is bent, having C,, symmetry with Ag-Ag
bond lengths in the range of 2.8-3.0 A.***” This contrasts earlier
HF calculations that predict a linear D, ;, geometry."” Subsequent
CCSD calculations confirmed a bent ground-state geometry with
an Ag-Ag bond length of approximately 3.0 A.*¢

Using a generalized gradient approximation (GGA) func-
tional (PW91PW91) within the DFT formalism, Zhao et al.*’
identified ground-state geometries, relative stabilities, and
most favourable dissociation channels of Ag,H" clusters noting
clear differences in fragmentation profiles between silver clus-
ters having odd and even numbers of atoms. The ground-state
structures of larger Ag,H" clusters in that study were deter-
mined by attaching H atoms to pre-optimized Ag," clusters.
Although this method provides useful structural information,
incorporating a global minimum search would have been
advantageous for larger clusters with complex potential energy
surfaces, ensuring that low-energy and structurally diverse
isomers are fully captured.*® Furthermore, significant discre-
pancies in the predicted dissociation energies, particularly for
the Ag,H" clusters with an even number of Ag atoms, are
observed when comparing results obtained using the GGA
functional®” with those from hybrid-B3LYP functional/MP2
treatments.*® This method dependence warrants reinvestiga-
tion of the dissociation energies of Ag,H" clusters using more
accurate approaches such as CCSD(T).

A property that depends on the size and structure of the ions
and can be easily probed experimentally is their electrical
mobility, which is related to their collision cross section
(CCS).">° Theoretical work by Jarrold and co-workers has
demonstrated that CCS (and thus the electrical mobility of
the clusters) can be predicted using cluster geometries deter-
mined by quantum chemical simulations.>
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Comparison of theoretically predicted and experimentally
determined CCSs can serve as a means for validating geome-
tries obtained from ab initio methods. Weis et al.*® used a
pulsed laser vaporization source and a drift tube to determine
the electrical mobility, and thus the CCS of pure silver cluster
cations (Ag,"). They reported good agreement between mea-
sured and computed CCSs, although a few notable deviations
were observed for specific clusters. More recently, Maisser
et al.>® employed a Differential Mobility Analyzer (DMA) to
measure the electrical mobilities of silver-containing clusters
generated by spark ablation under atmospheric conditions.
Subsequent measurements showed that apart from the pure
silver ions, their oxidized, hydroxylated, and potentially hydro-
genated variants existed in the resulting aerosol plumes.*?
Using rigorously optimized structures and the trajectory
method to determine the CCS of Ag-based clusters, several
previously unassigned peaks in the mobility spectra reported
by Maisser et al.>® were attributed to specific oxidized (Ag,O;";
n =1-4 and k = 1-5) and hydroxylated (AgO;H,,*; k, m = 1-4)
cluster ions.”>?° Interestingly, while most spectral features of
experimental mobility are now matched to known cluster types,
some others still remain unassigned. These likely correspond
to other ionic species, including Ag,H" clusters, as suggested by
Maisser et al>® Theoretical mobility predictions for these
species could therefore help the interpretation of the experi-
mental electrical mobility distributions of silver aerosol clus-
ters, produced by atmospheric-pressure spark ablation.

As previously reported by Maisser et al., cationic silver
hydrides (Ag,H') are among the products formed during
atmospheric-pressure spark ablation of silver.’® A distinct
odd-even alternation in the mass spectra of Ag,H' clusters,
with clusters having an even number of Ag atoms (denoted as
“even-n Ag,H"™) exhibiting significantly stronger signals than
their odd-numbered counterparts (denoted as “odd-n Ag,H"™"),
indicating that the former are thermodynamically more stable
and thus more abundant. Although Zhao et al.*” theoretically
also predicted an odd-even alternation in the stabilities of
Ag,H' clusters, subsequent comparisons have shown signifi-
cant discrepancies among different DFT functionals in predict-
ing both geometries and stabilization energies, as discussed
earlier. These inconsistencies highlight the need for a more
accurate and comprehensive explanation. Moreover, their ther-
mal properties and electrical mobility have not been thoroughly
investigated.

Here we theoretically predicted the equilibrium geometries
and stabilities of low-energy isomers of Ag,H" clusters, where n
ranges from 1 to 7. We compared the calculated stabilization
energies and mobilities of these clusters with experimentally
determined mass and electrical mobility spectra.’>>* We used
the highly accurate CCSD(T) level of theory and ab initio
molecular dynamics (AIMD)* to determine, respectively, the
electronic energies and the thermal stabilities of these clusters.
Additionally, we provided further insights into the nature of
bonding in the Ag,H" clusters using frontier molecular orbitals
(FMO),> natural bond orbital (NBO),** molecular electrostatic
potential (MESP),>**” quantum theory of atoms in molecules
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(QTAIM),>®*>® and non-covalent interaction (NCI)* analysis.
The structure of the rest of the paper is as follows: Section 2
describes the computational methods employed, Section 3 pre-
sents our results, and Section 4 summarizes the key conclusions.

2 Computational details
2.1 Electronic structure

The computational approach adopted in this work closely follows
the methodologies described in our earlier studies on silver oxide
cations® and hydroxylated silver ion clusters.* Initial candidate
structures of Ag,H" clusters were generated using the ABCluster
program, which is based on the artificial bee colony algorithm for
global minimum searches.®*®® Following this, full-dimensional
geometry optimizations were carried out on all candidate struc-
tures using the hybrid meta-GGA M06 functional®* with split-
valence triple-{ basis set that includes polarization functions
(6-311G(d,p)) for the H atom (contracted to 3s1p)®® and the
Stuttgart/Dresden effective core potential (SDD) and corres-
ponding ECP28MWB basis set for the Ag atoms (contracted to
6s5p3d).*® Theoretically predicted properties of pure ionic silver
clusters (Ag,", where n = 2-22) obtained from ab initio calculations
using the MO06 functional in conjunction with the above-
mentioned basis sets were reported to be consistent with the
experimental observations.'* We should note here that the M06
functional is capable of identifying the low-energy isomers of
charged silver clusters,’® and was used to determine energy
differences among these isomers that were in excellent agreement
with CCSD(T) predictions (within £0.1 eV).*”

After identifying several low-energy isomers of a specific
Ag,H" cluster at the M06 level, we further optimized their
geometries at the CCSD level of theory*>™** using the same
basis sets as mentioned above. In the CCSD geometry optimi-
zation step, we considered all potential isomers whose
ground-state electronic energies were within 1.0 eV of the
lowest-energy isomer determined at the M06 level for each
Ag,H" cluster. For all the cases, we considered the two lowest
spin states: singlet and triplet for clusters with an even
number of electrons, and doublet and quartet for those with
an odd number. We performed harmonic vibrational fre-
quency calculations at the DFT level to ensure that the
geometries optimized at the CCSD level corresponded to
local minima on the potential energy surfaces. All geometry
optimization and vibrational frequency calculations were per-
formed using the Gaussian 16 program.®®

Single-point energy calculations were carried out using the
CCSD(T) method on the geometries optimized by CCSD to
determine the ground-state electronic energies of the Ag,H"
clusters. For the CCSD(T) calculations, we used Dunning’s
augmented correlation-consistent triple-{ basis sets for both
H and Ag atoms, viz., the aug-cc-pVTZ®**’® (contracted to
4s3p2d) for H, and the cc-pVTZ-PP”" (contracted to 5s5p4d2f1g)
for Ag. Scalar-relativistic effects for Ag were treated using
the cc-pVIZ-PP pseudopotential, whereas vector-relativistic
(spin-orbit coupling) effects were not included explicitly.
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The CCSD(T) method is often regarded as the “gold standard”
in quantum chemistry for ground-state wavefunctions that pre-
dominantly have single-reference characters.”” To examine the
multireference nature in the ground state wavefunctions of these
cationic clusters, we determined the T; diagnostics values from
the CCSD(T) calculations, and found them to be below 0.017 for
singlet spin states and under 0.026 for higher spin states,
indicating a predominantly single-reference nature for all clusters
we studied.””* The CCSD(T) calculations were performed using
the MOLPRO software suite.”>”

The stabilization energy (AE) of the Ag,H" clusters is defined
as the zero-point vibrational energy (ZPVE) corrected energy
difference between the ionic cluster and the products of its
unimolecular dissociative reaction. Since multiple dissociation
channels (DCs) can exist, AE was calculated with respect to the
lowest energy dissociation channel (LEDC), which is the path-
way that requires the least amount of energy to dissociate or
to release the largest amount of energy. Accordingly, for LEDC,
AE is minimum among all DCs in the following expression:

AE = E(Ag,H,)" + E(Ag.H,) — E(Ag,H)". )

Here, E(Ag,H)", E(Ag.H,;)" and E(Ag.H,) are the ZPVE-corrected
total energies of Ag,H', Ag.H,", and Ag.H, clusters, respec-
tively. Integers a and ¢ must satisfy the constraint a + ¢ = n, with
a # 0, while either b or d can take the value of 1, but not
simultaneously. Finally, the vertical electron affinity (VEA) and
adiabatic electron affinity (AEA) of these cationic clusters were
obtained as energy differences between the cation and its neutral
counterpart, evaluated at the cation geometry (VEA) and at the
optimized geometries of both species (AEA), respectively.

2.2 Ab initio molecular dynamics (AIMD)

To assess the thermodynamic stability of Ag,H" clusters, AIMD
simulations were carried out using the wB97XD long-range
corrected hybrid functional’”” and the def2-TZVP basis set
within an NVT ensemble. The long-range corrected wB97XD
functional was selected because it explicitly accounts for long-
range exchange and dispersion interactions, both of which can
be important in coinage-metal clusters and metal-hydride
systems. Benchmark studies indicate that ®B97XD can repro-
duce reasonable structural and energetic trends for systems
involving transition-metal coordination and non-covalent inter-
actions, compared with CCSD(T) reference data.”®

AIMD simulations were run at 298 K, maintaining the tempera-
ture of the cluster using the Nosé-Hoover chain thermostat.”**® The
velocity Verlet algorithm was used to propagate nuclear positions
with a 0.5 fs timestep for a total duration of 20 ps. These simulations
were carried out using the ORCA software package.®"

Structural dynamics were analyzed by calculating the root
mean square bond length fluctuation, defined as:*

1 & () = (i)t
o

i<j <rl'/'>t 7

5= )

where r; represents the bond length between the i-th and j-th
atoms, M is the number of such ij pairs, and (...), denotes the
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time average over the entire simulated trajectory. Values of
0 were calculated for all bonds (0rms), only Ag-Ag bonds
(Orms/ag-ag), and only Ag-H bonds (Orms/ag-t1)-

2.3 Collision cross section and electrical mobility

The CCSs (Q) and the electrical mobilities (Z) of the Ag,H"
clusters were calculated by the trajectory method (TM)*" using
the IMoS package developed by Latriba-Andaluz et al.®>®* The
TM is considered to be more accurate than other methods for
determining electrical mobilities, such as the projection
approximation or exact hard-sphere scattering methods, as it
accounts for ion-gas interactions through a 12-6 Lennard-Jones
(L)) potential.>* Helium was used as the carrier gas for all CCS
and mobility calculations in this study to enable direct compar-
ison with the experimental results provided by Maisser et al.>>
The LJ parameters for Ag-He and H-He interactions were
chosen to be the same as in our earlier work on AgOkai
clusters,®® and were determined by fitting theoretical CCS
predictions to measurements using drift tubes.*>*® The Z
values of the Ag,H" clusters were determined as:*"

(.t \" L1 12 3z¢ 6)
- \8kgT m  mpg| 4NQ

Here, m and my are, respectively, the masses of the Ag,H"
cluster and of the He atom, z is the number of elementary
charges (considered to be unity in all our calculations), e is the
elementary charge (1.602177 x 10~ '° C), kg is the Boltzmann
constant (1.380649 x 10 >*JK™'), T'is the effective temperature
(298 K), and N is the number density of the gas at 1 atm
pressure.

2.4 Interatomic interactions

To gain insight into the interatomic interactions and bonding
nature in the Ag,H" clusters, we performed a series of electro-
nic structure analyses including FMO,**> NBO,**> QTAIM,>%>°
MESP,***” and NCL.°° The required density matrices for these
analyses were obtained using the long-range corrected wB97XD
functional”” at the DFT level, employing the same basis sets
that were used for the CCSD(T) calculations. We should note
here that we performed these analyses only for the lowest-
energy isomer of each Ag,H" cluster.

The FMO analysis, corresponding to the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO), is used to assess the chemical reactivity of the
charged clusters. According to Koopmans’ theorem,®” the ioni-
zation potential (IP) and electron affinity (EA) of chemical
systems can be approximated from the energies of HOMO
and LUMO, respectively, i.e., —e¢gomo = IP and —é&rymo = EA.
These values can be used to derive conceptual DFT (CDFT)
descriptors, such as chemical hardness (3 = 1/2(IP — EA)),*®
chemical potential (u = —1/2(IP + EA)),*® and electrophilicity
index (w = u?/2n).2° These descriptors, along with the HOMO-
LUMO energy Gap (HLG), provide valuable information about
the reactivity and the stability of the clusters. Specifically, larger
n and HLG values indicate a more stable, less reactive species,”
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while u and o characterize the tendency of electrons to escape
from a chemical system at equilibrium or accept electrons.®

NBO analysis was used to quantify donor-acceptor (D-A)
interaction energies (E?) within the clusters through second-
order perturbation theory as:*>

_ Ry

E® ; ,
& — &

(4)

where g; is the donor orbital occupancy, F;; represent the off-
diagonal Fock matrix elements, whereas ¢ and ¢; are the
diagonal elements of the density matrix that represent the
orbital energies. The presence of resonance structures was
investigated using Natural Resonance Theory (NRT),’" with
the resonance hybrid defined as:

I'nrr = o't + oul'n + omIn + .. ., wichwa =1 (5
Here, I't, 'y, ', - .. are the individual localized resonance
structures having non-negative weights wy, oy, oy, - . ., respec-
tively. Natural population analysis (NPA)°> was performed to
evaluate the atomic charges. All NBO, NRT, and NPA calcula-
tions were carried out using the NBO 7.0 software.”

Topological analysis of electron density was conducted
using the QTAIM method,”®*® which identifies bond critical
points (BCPs) where the gradient of electron density is zero,
i.e., Vp(r) = 0.°*°> Covalent bonds are typically characterized by
a high electron density p(r) (>0.1 a.u.) and negative values of
V?p(r), whereas ionic bonds, hydrogen bonds, and van der
Waals interactions exhibit positive values of V?p(r) at the
BCP.’® Additionally, the ratio of kinetic energy density G(r) to
potential energy density V(r) can further be used to classify the
nature of interactions. Specifically, a ratio G(r)/|V(r)| higher
than unity suggests a non-covalent interaction, whereas a value
less than 0.5 indicates covalent bonding.>® Other topological
descriptors, such as electron localization function (ELF)°”®
and localized-orbital locator (LOL),”® can also provide insights
into the nature of chemical bonding in a molecular system.
If the values of these descriptors approach unity at the BCP, the
interaction can be regarded as covalent. Conversely, non-
covalent interactions usually yield ELF and LOL values of less
than 0.5. Finally, NCI plots based on the Reduced Density
Gradient (RDG) were generated to identify and characterize
weak interactions.®® All QTAIM and NCI analyses were per-
formed using the Multiwfn package.'

3 Results and discussion
3.1 Structure

The ground state geometries of the lowest-energy isomer of
the Ag,H" clusters are illustrated in Fig. 1. Isomers with ZPVE-
corrected relative energies within 1.0 eV of the lowest-energy
isomer (designated as isomer (I)) for each cluster with n Ag
atoms are shown in Fig. S1-S4 of the SI. The optimized atomic
coordinates for all isomers are also provided in the SI (Table S1).
Various electronic properties, including the relative total energy of

Phys. Chem. Chem. Phys., 2026, 28, 6786-6799 | 6789
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AgH* AgoH*

1.70 1.77

2.66

Ag6H+

Fig. 1 Ground state structures of the lowest-energy isomer (1) of the Ag,H™ clusters, where n = 1-7, optimized at the CCSD level. Bond lengths are given
in Angstroms.

each isomer, VEA, and AEA, as well as stabilization energy along
the LEDC, are summarized in Table 1.

We identify two low-lying isomers of Ag;H" and four for
AgsH', AgeH', and Ag,H', all with ZPVE-corrected energies
within 1 eV of the respective isomer (I). All the low-lying
isomers are labeled sequentially with Roman numerals from
() to (IV), based on ascending energy. C,, and C; are the most
abundant symmetries among all the isomers of the Ag,H"
clusters. Notably, AgH' has the largest number of symmetric
isomers (in terms of total number of symmetry operations),
featuring two isomers belonging to the C,, and C, point groups.
Interestingly, each of the Ag;H" isomers exhibits C; point group
symmetry. Among the larger clusters, at least two planar
geometries are predicted among the isomers of the AgsH"
cluster, while both Ag¢H' and Ag,H' have one planar
isomer each.

Consistent with previous findings for AgO;H,,* clusters,*
the Ag,H" clusters favor low-spin states, i.e., singlet and doublet
states for even and odd numbers of electrons in the clusters,
respectively. All low-lying isomers identified in this study also
exhibit a preference for low-spin states, and are in contrast with
predictions for the Ag,O;" clusters that predominantly exhibit
high-spin states.”* The low-spin preference of the Ag,H"

6790 | Phys. Chem. Chem. Phys., 2026, 28, 6786-6799
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1.71 1.75
2.82
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Ag3H+
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% .82
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clusters aligns with similar trends reported for the pure Ag,"
clusters.’* Along those lines, the structures of Ag,H" clusters
can also be viewed as hydrogen-capped Ag, ;" clusters.?¢

At least two low-lying isomers exist for the larger clusters
(ie., AgsH', AgcH', and Ag;H") that have a very small electronic
energy difference (<0.16 eV) compared to their respective
lowest energy isomer (I). Interestingly, the first two isomers of
AgsH', i.e., isomer (I) and isomer (II), can be considered quasi-
degenerate since their ZPVE-corrected electronic energy is
almost identical (see Table 1). Similarly, (I) and (II) isomers of
AgcH' can also be treated as degenerate. Therefore, these low-
lying isomers of the Ag,H" clusters could be thermally acces-
sible at ambient conditions.

A consistent structural feature predicted for Ag,H" clusters
with n > 2 is the bonding of the H atom to at least two
neighbouring Ag atoms in all identified isomers (see Fig. 1
and Fig. S1-S4 in the SI). In certain low-lying isomers, specifi-
cally AgsH' (IV), AggH" (II), and all Ag;H" isomers except (1), the
H atom is coordinated to three Ag atoms. The Ag-H bond
lengths exhibit systematic differences depending on coordina-
tion. In bi-coordinated isomers, the Ag-H bond lengths fall
within the range of 1.70-1.80 A. In contrast, the tri-coordinated
H atom isomers show slightly elongated Ag-H bonds (1.82-2.00 A).

This journal is © the Owner Societies 2026
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Table 1 Summary of the results from the CCSD(T) calculations on the ground state of Ag,H™ clusters. Key: Isomer refers to the isomer number of the
Ag,H* clusters; PG is the point group symmetry; E is the energy (in eV) of a isomer with respect to lowest-energy isomer; VEA is the vertical electron
affinity (in eV); AEA is the adiabatic electron affinity (in eV); Q is the collision cross section (in A%) in He; Z™ is the inverse electrical mobility (in V s m™2) in
He; LEDC is the lowest energy dissociation channel; AE is the zero-point vibrational energy corrected stabilization energy (in eV) for the lowest energy

isomer with respect to LEDC

Species Isomer PG E VEA AEA Q z! LEDC AE
AgH' I Cov  — 9.15 924  27.22 45717  Ag'+H 0.41° 038" — — —
Ag,H' I Coy — 5.58  5.59  33.96 575.40  Ag' + AgH 2.24%  2.43° 2.34° 2.144 2.08°
AgsH" I Cs — 6.18 6.45 43.60 741.03 Ag + Ag,H' 1.02¢ 1.18° 1.11°
I Cay 0.25  6.46  6.69  41.25 701.17
AgH" I Cs — 472 557  50.18 854.26  Ag;'+AgH  1.60°  1.71° 1.45¢ 1.287 1.17°
AgsH" I Cs — 6.24 6.97 54.71 932.14  Ag+AgH' 0.97¢ 1.22° 1.28° — —
11 Cs 0.01 591  6.98  56.89 969.33
11 Cs 0.16 538  7.16  58.02 988.65
v Cay 0.28 644 732 5533 942.79
AgeH' I Cay — 5.48  5.58  57.33 977.34  Ags'+AgH  1.93°  2.26” 1.74° 1.21¢ 2.01°
11 Cyy 0.08 491 570  60.04  1023.59
11 Cs 0.12 539 571  60.00  1023.02
v Cs 0.55 430 614  67.45  1149.91
Ag,H' I Cs — 5.80 5.93 62.52 1066.31 Ag + AgeH' 1.56% 1.73° 1.67° — —
I Cs 0.12  6.01  6.06 6037  1029.71
11 Cs 0.14 588  6.08  60.05  1024.20
v Cs 0.75 573 671  66.80  1139.37

¢ CCSD(T)/cc-pVTZ-PP (Ag)/aug-cc-pVIZ (H) calculations (this work). ?

®B97XD/cc-pVTZ-PP (Ag)/aug-cc-pVTZ (H) calculations (this work).

° PW91PW91/LANL2DZ (Ag)/6-311++G(d,p) (H) calculations.’” ¢ B3LYP/LANL2DZ (Ag)/6-31G(d) (H) calculations.*® © MP2/LANL2DZ (Ag)/6-31G(d) (H)

calculations.*

Among tri-coordinated H atom isomers, two Ag-H bonds (1.82-
1.89 A) are typically shorter compared to the third one (1.96-2.00 A).

Considering only the lowest-energy isomers (I), the Ag-H
bond in AgH" (1.76 A) is slightly longer than the two equivalent
Ag-H bonds in Ag,H' (1.73 A). The Ag,H structural motif
present in each Ag,H" cluster for n > 2 nevertheless shows
marked size-dependent variations. For example, the two Ag-H
bonds in Ag,H', AggH" (1.80 A), and Ag,H" (1.79 A) are very
similar in length, whereas more pronounced differences
between the two Ag-H bonds are observed for the remaining
clusters. A similar trend appears in the Ag-H-Ag angle within
the Ag,H motif. In the smaller clusters (n = 2-4), this / Ag-H-
Ag is noticeably larger (x~120°) than in the larger clusters
(~100°). Considering the overall cluster geometry, the Ag-Ag
bond lengths are substantially longer, spanning 2.65-3.14 A
across all isomers, indicating a relatively extended metal
framework.

We find good overall agreement for the even-n Ag,H'
clusters with the B3LYP-optimized structures reported by Khair-
allah and O’Hair,*® although their geometries tend to over-
estimate both Ag-Ag and Ag-H bond lengths by about 0.05 A.
For AgcH', however, significant differences emerge. We identify
isomer (I) as the structure with the lowest energy, whereas
Khairallah et al. reported isomer (III) as the lowest with
calculations at the B3LYP level. Our calculations show that
the relative energy of isomer (III) is 0.12 eV above isomer (I),
compared to ~ 0.20 eV reported by Khairallah and O’Hair, even
at the MP2 level using B3LYP-optimized geometries (see Fig. S5
in the SI). Likewise, they reported that isomer (II) lies ~0.25 eV
above isomer (I) at the MP2 level, whereas in our study, this
difference is only 0.08 eV. Similar overall agreement is also
found with the DFT results of Zhao et al.?” for the smaller Ag,H"
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clusters (n = 2-4). However, significant discrepancies arise in
both the geometrical features and relative energies of the
isomers for the larger clusters, particularly for AgsH'-Ag,H"
(see Fig. S5 in the SI). Notably, the lowest-energy isomer (I) of
Ag;H" predicted in our work was not identified in their study,
likely because in their approach, larger Ag,H" structures were
constructed by simply adding an H atom to pre-optimized Ag,,"
clusters, rather than using a more exhaustive global minimum
search.

3.2 Stability

For the lowest-energy isomer, the LEDC, along with the corres-
ponding ZPVE-corrected stabilization energy (AE) for the Ag,H"
clusters, is reported in Table 1, while those for all other
possible DCs are provided in Table S2 in the SI. As expected,
the number of dissociation pathways increases with cluster size
due to possible fragment combinations. A clear and systematic
pattern is predicted in the LEDCs with the number of Ag atoms
in the cluster. For the clusters with even values of n, the most
favourable dissociation channel involves the loss of a neutral
AgH unit, yielding a charged silver cluster fragment:

Ag,H' — Ag,_; + AgH

In contrast, for odd-n Ag,H" clusters, the LEDC instead leads to
the formation of a neutral Ag atom and a charged silver hydride
fragment:

Ag,H' — Ag + Ag, H'

This trend in LEDC can be explained by examining the electro-
nic structures of the resulting fragments. Specifically, the odd-
numbered cationic fragments, which are produced from the
dissociation of even-n Ag,H" clusters, possess even numbers of
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valence electrons. This results in a closed-shell electronic
configuration, enhancing their stability."**” Similarly, the
even-Ag, H' fragments formed from the dissociation of odd-n
Ag,H" clusters also exhibit closed-shell valence electron config-
urations, contributing to their overall stability. Therefore, in both
cases, the Ag,H" clusters preferentially dissociate into fragments
having closed valence shells.

The CCSD(T) calculated AE values for the lowest-energy
isomer of Ag,H" clusters with respect to LEDC are reported in
Table 1. A distinct alternating pattern of peaks and troughs is
evident (see Fig. 2(a)). The even-n Ag,H" clusters exhibit signifi-
cantly higher stabilization energies, ranging from 1.60 to
2.24 eV, compared to the odd-n Ag,H" clusters that have values
between 0.41 and 1.56 eV. As mentioned above, the predicted
stabilities of the Ag,H' clusters can be explained by their
corresponding valence electron configurations. The even-n
Ag,H' clusters possess closed-shell configurations, which result
in greater AE values. Conversely, the open-shell configurations
of the Ag,H" clusters with odd n lead to lower stabilization
energies. Similar odd-even alternation in AE is also observed
for the ®B97XD calculations (see Table 1). However, the AE
values obtained using the ®wB97XD functional systematically
overestimate the CCSD(T) stabilization energies by approxi-
mately 0.11-0.33 eV, with the exception of AgH".

The signal strength in the experimentally determined mass
spectra serves as an important indicator of relative abundances
and, consequently, may relate to the stabilities of the clusters
(see Fig. S6 in the SI). Therefore, we can qualitatively compare
the mass spectral signals with the theoretically calculated
stabilization energies. However, to account for the mass-
dependent transmission of the spectrometer, the measured
mass spectral intensities of the clusters were corrected using
a skew-log-normal envelope function, which provides a better
description of the asymmetric transmission profile. The envel-
ope was parameterized using experimental transmission data
reported by Schmidt-Ott et al.,'®" while the explicit functional
form, optimized parameters, and fit quality are provided in the
SI (see Table S3 and Fig. S7). The corrected intensities as
reported by Maisser et al.>® were subsequently normalized
to the strongest signal (Ag,H"). Both measured and corrected
spectra exhibit similar overall profiles (see Fig. 2(a) and Fig. S8
in the SI), although the corrected spectra show systematically
enhanced intensities for n > 4. Likewise, the calculated stabili-
zation energies were normalized to the cluster with the largest
AE value (Ag,H") and directly compared to the normalized
experimental mass spectra in Fig. 2(a).

The theoretically calculated AE values along the LEDC pathway
show good overall agreement with the corresponding signal
strengths of the Ag,H" clusters in the mass spectra. Notably, the
similar odd-even alternation in signal strength is observed for n =
1 to 5, supporting the theoretical predictions, but not for n > 6.
At larger cluster sizes (n = 6-7), however, the measured abun-
dances remain somewhat suppressed despite the transmission
correction, whereas the calculations still predict comparatively
larger stability and preserve the odd-even alternation. These
discrepancies could be due to fragmentation during the

6792 | Phys. Chem. Chem. Phys., 2026, 28, 6786-6799

View Article Online

Paper

‘ " Theoretical (Thi's work) —-
Experimental (Ref. 53) —e— |

=101
c
3 —~
. =
0 C
s 0.8 B
P g
e )
© 0.6 1 W
g <
2 kS
S04t IS
o
X £
© o
£0.2¢ {2
S
=
0.0} @) .
OrMs ——
0.08 SRms/AgAg  —O—
RMS/Ag-H ~ —*—
0.06 1
0
0.04 1
0.02 1
(b)
e —

EA (eV)
(6,1 [e)) N o] O
5
m
>

©
1 2 3 4 5 6

~E

Fig. 2 (a) Normalized stabilization energies (AE) of the Ag,H* clusters
computed using the CCSD(T)/cc-pVTZ-PP (Ag)/aug-cc-pVTZ (H) level,
compared with experimental abundances from mass spectrometry by
Maisser et al. (ref. 53). Experimental data are corrected using a skew-
log-normal envelope function. All values are normalized to their respective
maxima (Ag,H"). (b) Root mean square bond length fluctuations for Ag—H
(0rms/ag-H). AG—Ag (Orms/ag-ag). and all bonds (drms) in the lowest-energy
isomers of Ag,H™ clusters, obtained from AIMD simulations at 298 K using
the wB97XD/def2-TZVP method. (c) Adiabatic (AEA) and vertical (VEA)
electron affinities (in eV) of the lowest-energy isomers of Ag,H™ clusters
calculated by the CCSD(T)/cc-pVTZ-PP (Ag)/aug-cc-pVTZ (H) level.

This journal is © the Owner Societies 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp04890g

Open Access Article. Published on 16 February 2026. Downloaded on 4/7/2026 5:20:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

measurements, limited cluster growth under experimental
conditions, or limitations of the theoretical model employed
here, such as the absence of kinetic models.

A similar odd-even alternation in stabilization energies
was also reported by Zhao et al.*” using GGA functionals (see
Table 1). However, their AE values are consistently either
higher or lower compared to our CCSD(T) results, with devia-
tions reaching up to 0.31 eV for the AgsH" cluster (see Fig. S9 in
the SI). Likewise, both B3LYP and MP2 calculations mostly
underestimate stabilization energies compared to the CCSD(T)
results, with differences ranging from 0.10 to 0.72 eV and from
0.08 to 0.43 eV, respectively.’® Despite these variations in
absolute values, the predicted LEDC channels are consistent
across studies, with both Zhao et al. and Khairallah et al
indicating the same channels as identified in our work.

The structural rigidity of Ag,H' clusters was assessed
through the computed root mean square bond length fluctua-
tions (6). For each cluster, 0 was evaluated considering all
bonds (0rms), only Ag-Ag bonds (0rms/ag-ag)y and only Ag-H
bonds (drms/ag-n1) (see Fig. 2(b); additional results for all low-
lying isomers are provided in Fig. S10-S13 in the SI). According
to the Lindemann criterion,'°*'% values of § below 0.1 are
indicative of solid-like clusters with rigid, well-defined struc-
tures, while values above 0.2 correspond to liquid-like behavior,
and 6 x 0.15 is generally considered as the onset of structural
disorder. All Ag,H" isomers studied here exhibit dgys values below
0.15, demonstrating that they remain structurally rigid at 298 K.
Importantly, since smaller ¢ values reflect greater resistance to
thermal distortion and therefore higher stability,"** § provides
qualitative insight into relative stabilities of the clusters. Indeed,
the predicted variations in Jrys are consistent with the com-
puted stabilization energies (AE), both displaying a pronounced
odd-even alternation. Specifically, for n = 1-5, odd-numbered
clusters exhibit larger drms values, suggesting enhanced structural
flexibility and correspondingly lower thermodynamic stability
relative to their even-numbered counterparts.

Analyzing the bond-specific contributions to Jrwys, it is
evident that for all lowest-energy isomers, the root-mean-
square fluctuation associated with Ag-H bonds (Orms/ag-1) is
consistently lower than that for Ag-Ag bonds (Orms/ag-ag)- This
indicates that Ag-Ag bonds are generally more flexible, whereas
Ag-H bonds provide greater structural rigidity. The enhanced
stability of the Ag-H bonds is discussed in detail in Section 3.4.
The AgH' cluster displays a significantly higher Srms/ag-n
compared to other Ag,H" species. This larger bond fluctuation
correlates well with its relatively low AE and weak intensity in
the mass spectrum, collectively indicating reduced thermody-
namic stability. Among low-lying isomers of larger clusters,
Orms/ag-ag Values are generally greater than drwms/ag-n, reflecting
the flexibility of the Ag framework (see Fig. S10-S13 in the SI).
Exceptions include isomer (II) of AgeH" and isomers (III) and
(IV) of Ag;H", which exhibit comparatively greater drms/ag-n
values. Interestingly, in all these isomers, the H atom is
coordinated to three Ag atoms.

The VEA and ZPVE-corrected AEA values of the lowest-energy
isomers of the Ag,H" clusters, calculated at the CCSD(T) level,
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are summarized in Table 1. The values clearly exhibit the
distinct odd-even alternation, as previously observed in LEDC,
signal strengths in mass spectra, and dgys values (see Fig. 2(c)).
odd-n Ag,H" clusters generally show higher VEA and AEA values
than their adjacent even-n Ag,H' counterparts. The highest
electron affinity is predicted for AgH", with VEA and AEA values
of 9.15 and 9.24 eV, respectively, indicating a very high electron
affinity of this cluster. In contrast, Ag,H" has significantly
smaller VEA and AEA values (5.58 and 5.59 eV, respectively).
Similarly, isomer (I) of Ag;H" and AgsH" have higher electron
affinities compared to Ag,H", Ag,H", and isomer (I) of AgcH".
This trend can be explained by the fact that electron attach-
ment to odd-numbered Ag,H' clusters, which are initially
open-shell, results in stable closed-shell neutral clusters.
Conversely, attaching an electron to even-n Ag,H' clusters
typically produces open-shell species, resulting in lower elec-
tron affinities.”” We should note here that a similar odd-even
alteration in the electron affinity values for pure silver clusters
was also reported by McKee et al.**

3.3 Electrical mobilities

The CCSs, calculated by the TM method, and the resulting
inverse electrical mobilities (Z ') for all isomers of Ag,H"
clusters are summarized in Table 1. The computed Z ' values
for Ag,H" clusters and those of pure Ag,," ions from Weis et al.*®
are labelled on the experimentally measured electrical mobility
spectrum reported by Maisser et al.,>* as illustrated in Fig. S14
of SI. Smaller clusters, such as AgH' and Ag,H", exhibit
relatively lower Z~* values (457.17 and 575.40 V s m™>, respec-
tively), whereas a pronounced increase in Z ' values, ranging
from approximately 701.17 to 1149.91 V s m” 2, is observed as
cluster size increases from Ag;H' to Ag;H".

The presence of multiple low-lying isomers for clusters
containing three or more Ag atoms introduces complexity to
the interpretation of the experimental electrical mobility spec-
trum. For instance, the Ag;H'™ cluster has two energetically
comparable isomers (I and II), whose calculated inverse mobi-
lities differ by only about 40 V s m™?, suggesting both isomers
may populate the same peak of the experimental spectrum.
This ambiguity in experimentally identifying isomers becomes
more pronounced for the larger clusters. In particular, isomers
(1) and (1) of AgsH" and isomers (II) and (I1I) of both AgsH" and
Ag,H" differ in Z " values by less than 10 Vs m™>. Furthermore,
the Z ' value of isomer (I) of AggH" differs by approximately
10 Vs m~> compared to isomers (II) and (IIT) of AgsH". Several
other such pairs of closely spaced mobility values are also
evident among different isomers of AgﬁH+ and Ag7H+ clusters.

In AgsH", the lowest-energy isomer (Z ' = 932 Vs m ?) and
the quasi-degenerate isomer (Z ' = 969 V s m?) differ in Z *
values by ~37 V s m 2. Distinguishing between these species
would require a resolving power of ~26, which is well within
reach of advanced commercial instruments such as the P5
parallel plate DMA or the half-mini DMA,'® but remains
challenging under typical measurement conditions. The limita-
tion becomes more pronounced for the isomers (II) and (III) of
AgeH", where Z ' values differ by only ~0.6 Vs m > Separating
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these isomers would require a resolving power of around 1800,
which is far beyond the capabilities of current DMA techno-
logy and, to our knowledge, not even achieved in low-pressure
drift-tube or cyclic IMS systems, where the highest reported
resolving powers barely exceed 1000.'°¢'°” These findings high-
light that mobility measurements alone are rarely sufficient
for unambiguous isomer resolution, emphasizing the role of
theoretical calculations in supporting the interpretation of
experimental spectra.

3.4 Interatomic interactions

The notably high stability of the Ag,H" cluster, as previously
discussed, can be interpreted from an FMO perspective. As
shown in Fig. 3, the HOMO in Ag,H" is formed by constructive
orbital overlap involving the valence 5s and 4d,, hybrid orbitals
of the two Ag atoms and the 1s orbital of the H atom. Conse-
quently, overcoming this strongly positive overlap to generate
the most favourable dissociation products (AgH" + Ag) could
require substantial energy, which leads to a relatively high AE
value. The graphical representations of the HOMO and LUMO
for the Ag,H" clusters are depicted in Fig. S15-S21 in the SI,
with their corresponding energies and HOMO-LUMO energy
gap (HLG) values summarized in Table S4 in the SI. With the
exception of AgH" and Ag,H", the H atom does not contribute
significantly to the formation of either the HOMO or LUMO.
For clusters with n > 3, both HOMO and LUMO exhibit anti-
bonding character and are predominantly composed of the 5s
orbitals of Ag atoms.

In general, both the HLG and chemical hardness () values
tend to decrease as the cluster size increases (see Fig. 4 and
Table S4 in the SI), indicating that larger Ag,H" clusters exhibit
increased chemical reactivity. However, there are a few excep-
tions to this trend. For example, the Ag,H" and AgeH" clusters
exhibit slightly greater HLG and # values compared to their
preceding clusters (Ag;H' and AgsH', respectively), making
them marginally less reactive. The higher reactivity of Ag,H"
relative to Ag,H" has previously been demonstrated experimen-
tally by Wang et al.*® Further analysis of the LUMO energies
(ézumo) and electrophilicity index (w) (see Fig. 4 and Table S4 in
the SI) indicates that AgH' is the most effective electron
acceptor among the Ag,H" clusters investigated in this study.
This is further supported by its comparatively higher VEA and

Fig. 3 HOMO of Ag,H* cluster with isovalue of 0.02 obtained at the
wB97XD/cc-pVTZ-PP (Ag)/aug-cc-pVTZ (H) level of theory.
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potential (u), and electrophilicity index (w) of Ag,H* () clusters (n = 1-7),
obtained at the w B97XD/cc-pVTZ-PP (Ag)/aug-cc-pVTZ (H) level of
theory.

AEA values, as discussed earlier. Lastly, the negative chemical
potential (u) values indicate that the Ag,H" clusters, especially
the smaller ones such as AgH" and Ag,H", are resistant to loss
of electrons (see Fig. 4).

The charge distribution within the Ag,H" clusters can be
intuitively visualized through MESP maps, as depicted in Fig. 5.
These maps visually represent the variation of electrostatic
potential across the molecular surface. Different electrostatic

) Y

a)AgH* (1)  (b)Ag,H*(I)  (c)AgsH™ (1)
- \ N
—
(d) AgsH* (1) (e) AgsH" (1)

i &)

(f) AgeH™ (1) (9) Ag7H" (1)

Fig. 5 MESP plots with isovalue 0.0004 a.u. of Ag,H* (I) clusters (n = 1-7),
obtained at the wB97XD/cc-pVTZ-PP (Ag)/aug-cc-pVTZ (H) level of the-
ory. Red areas indicate electron-rich environments, and blue areas indicate
electron-deficient regions.
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potential values are represented using a colour gradient: red <
orange < yellow < green < blue. In this scale, red regions
indicate low ESP and electron-rich areas, while blue regions
correspond to high ESP and electron-deficient areas. The
partial atomic charges of Ag,H" clusters, derived using the
NPA method, are provided numerically in Table S5 and visually
illustrated in Fig. S22 in the SI. With the exception of the AgH"
cluster, the H atom in all Ag,H" clusters exhibits a partial
negative charge, ranging from —0.57 to —0.66 a.u.

To assess the basis-set dependence of the negative charge on
the H atom, additional NPA calculations were performed using
the def2-TZVP basis set. The resulting H atom charges differ by
less than 0.07e from those obtained with the aug-cc-pVIZ basis
set for n = 2-7, indicating that the negative charge on the H
atom is not sensitive to the choice of basis set (Table S5 in SI).
Furthermore, the negatively charged H atom also has been
reported for a wide range of transition-metal hydride cations,
arising from metal-to-hydrogen charge transfer."®*'° In contrast,
the Ag atoms generally possess partial positive charges. In general,
the MESP maps are in good agreement with the NPA-derived
charge distributions, with the exception of the Ag;H" cluster for
which the most electrophilic region is not localized near the Ag
atoms closest to the capped H atom.

In the AgH" cluster, the H atom is effectively neutral, with
the positive charge localized almost entirely on the Ag atom.
The lack of significant coulombic interaction between Ag and
H atoms in this cluster may partially account for its relatively
lower stability. In contrast, the Ag,H" cluster exhibits strong
Coulombic interactions, as both Ag atoms carry higher partial
positive charges compared to other clusters, which are located
near the H atom holding the most negative partial charge
among all studied clusters. This pronounced electrostatic
interaction likely contributes to the enhanced stability of the
Ag,H" cluster. A similar trend is observed for the larger
clusters. The negatively charged H atom interacts electro-
statically with the adjacent Ag atom(s) that carry the largest
partial positive charges. Interestingly, the magnitude of par-
tial positive charges on the Ag atoms diminishes progressively
as their distance from the H atom increases in the larger
Ag,H' clusters. It is worth noting that the PW91PW91 calcu-
lated atomic charges on the H atom in these clusters, as
reported by Zhao et al.,”” are less negative than those obtained
in this study.

Second-order perturbation theory within the NBO formalism
provides a reliable method for estimating charge delocalization
from Lewis-type (donor) to non-Lewis (acceptor) NBOs. The D-A
interactions and their corresponding second-order perturba-
tion energies (E®)) were systematically calculated for all lowest-
lying Ag,H" clusters. The most dominant D-A interactions,
along with corresponding E®) values, are summarized in
Table S6 in the SI and are visually illustrated in Fig. 6 as well
as in Fig. $23-S27 in the SI. With the exception of the smallest
AgH" cluster, each investigated species exhibits at least one
dominant D-A interaction. With the exception of Ag,H', the
clusters with even numbers of Ag atoms exhibit slightly higher
E® values than their odd-numbered counterparts.
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Fig. 6 Schematic representation of the most dominant donor—acceptor
(D-A) interactions of the AgeH™ (I) cluster with corresponding second-
order perturbation energies (E?'s). Here, O-pg IS the H-Ag ¢ bonding
NBO, 6*_pg is the H-Ag ¢ anti-bonding NBO, LPxq lone-pair NBO of Ag,
and LVag lone vacancy NBO of Ag. Calculations were performed at the
®B97XD/cc-pVTZ-PP (Ag)/aug-cc-pVTZ (H) level of theory.

For clusters with n < 5, the primary donor NBO is a ¢
bonding orbital (613_a; NBO), arising primarily from construc-
tive overlap between the H 1s and Ag 5s orbitals. However, these
o1-ag NBOs have major contributions from the 1s orbital of the
H atom with coefficients ranging between 82% and 90%, and a
small contribution from the 5s orbital of Ag. For the Ag,H",
Ag;H', and Ag;H' clusters, the acceptor is an empty 5s orbital
(lone vacant, LV,4, NBO) of a neighbouring Ag atom. In the case
of Ag,H", the acceptor is identified as an empty 3-center non-
bonding (3Cn) NBO, composed of the 5s orbitals from three Ag
atoms arranged in a triangular geometry opposite the H atom
(see Fig. S25 in the SI). The formation of this 3Cn NBO involves
destructive overlap between the 5s orbitals of two Ag atoms and
the 5s orbital of the third Ag atom. In contrast, the corres-
ponding bonding 3-center (3C) NBO involves the constructive
orbital overlap among the 5s orbitals of all three Ag atoms
(see Fig. S28 in the SI).
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For larger clusters, i.e., AgeH" and Ag,H", multiple dominant
D-A interactions are identified (see Fig. 6 here and Fig. S27 in
the SI). Specifically, AgsH" has seven dominant D-A interaction
pairs, while Ag;H" has six. In these clusters, the primary donor
NBOs are lone pairs (LP,y) localized on Ag atoms, primarily
consisting of the 5s orbital. The acceptors are vacant valence 5s
orbitals on nearby Ag atoms (LV,,). The LP,, orbitals are
typically located on Ag atoms furthest from the H atom, and
either they are neutral (AgeH") or they have minimal positive
partial charges (Ag,H"). Additionally, in the Ag;H" cluster, the
lone pair on the negatively charged H atom can also act as a
donor to the empty LV,, NBO of an adjacent Ag. The D-A
interactions among various Ag atoms may contribute to elec-
tronic stabilization through charge delocalization, thereby
enhancing the structural integrity of the metallic framework
in these larger clusters.

The presence of these D-A pairs may give rise to multiple
resonance structures, as shown in Fig. 7 here and Fig. S23-S27
in the SI. For Ag,H", Ag;H', and Ag,H', two dominant reso-
nance structures are identified. In contrast, three resonance
structures are found for the Ag,H" and AgsH' clusters. Notably,
AgcH' exhibits six dominant resonance structures, which can
be attributed to the numerous D-A interaction pairs in this
system. Interestingly, all six resonance structures of AgcH" have
nearly equal weights of approximately 10%.

The results from the QTAIM calculations are summarized in
Table S7, whereas the corresponding BCPs are illustrated in
Fig. S29 in the SI. Numerical values for each QTAIM descriptor,
as discussed in Section 2.4, are provided for all relevant BCPs.
No BCP is identified between the two Ag atoms coordinated to
the same H atom, suggesting the absence of a direct bonding
interaction between these Ag atoms within the QTAIM frame-
work. In smaller clusters, such as AgH" and Ag,H", the Ag-H
BCPs exhibit relatively high electron densities (p(r) &~ 0.09 a.u.)
and G(r)/|V(r)| ratios below 0.65, values that lie near the
boundary between covalent and non-covalent bonding regimes.
As the cluster size increases from Ag;H' to Ag,H', Ag-Ag BCPs
begin to appear, but these are characterized by lower electron

J)J\ JJ\J 9
d ‘3 d - J/ - - /JJJffJ
o (12%) oy (11%) o (11%)

i

e 4\ _— s ’\ — o
P 39 /‘ 3 9
oy (10%) wy (10%) o (10%)

Fig. 7 Most dominant resonance structures of the AggH™ (I) cluster with
corresponding weights (w,). Calculations performed at the ®»B97XD/
cc-pVTZ-PP (Ag)/aug-cc-pVTZ (H) level of theory.
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densities (p(r) &~ 0.03-0.04 a.u.) and higher G(r)/|/r)| ratios
(approaching or exceeding 0.80), consistent with non-covalent
interactions. In contrast, the Ag-H BCPs in these clusters
maintain higher electron densities (p(r) = 0.08-0.10 a.u.) and
lower G(r)/|V(r)| ratios (0.63-0.68), reflecting stronger and more
localized bonding. Consistent with these findings, the ELF and
LOL values at Ag-H BCPs (ELF: 0.32-0.58; LOL: 0.40-0.51) are
substantially greater than those at Ag-Ag BCPs (ELF: 0.12-0.19;
LOL: 0.27-0.33), further supporting the interpretation that
most Ag-Ag contacts in these Ag,H" clusters are non-covalent
in nature.

The nature of non-covalent interactions within the Ag;H" to
Ag;H' clusters is further visualized through NCI isosurface
plots (see Fig. S30 in the SI). These plots reveal only blue and
red regions, corresponding to weakly attractive and repulsive
interactions, respectively. The presence of blue regions between
Ag atoms suggests weak but attractive non-covalent interac-
tions, consistent with the low p(r) and high G(r)/|/r)| values
determined in the QTAIM analysis. These interactions may
originate from D-A stabilization between the Ag atoms, as
previously discussed within the context of NBO analysis,
whereas the spatial extent of these attractive interaction regions
increases with cluster size, becoming particularly pronounced
in AgeH' and Ag,H', where greater electron delocalization is
expected. The absence of green isosurfaces indicates that van
der Waals (dispersion) forces are not the dominant contribu-
tors. Therefore, the Ag-Ag contacts within these clusters are
best described as weakly attractive and predominantly non-
covalent.

4 Conclusions

We have carried out a comprehensive theoretical investigation
on Ag,H" clusters with n ranging from 1 to 7. The equilibrium
geometries of low-lying isomers of the clusters were determined
by highly accurate CCSD calculations for geometry optimiza-
tion in combination with global minimum search strategies.
Our results show a strong preference for low-spin (singlet/
doublet) over high-spin states. In these clusters, the H atom
bridges at least two Ag atoms via relatively short Ag-H
bonds (1.70-2.00 A), compared to relatively longer Ag-Ag bonds
(2.65-3.14 A). For larger clusters (AgsH', AggH', and Ag H"),
quasi-degenerate isomers are identified, suggesting that multi-
ple isomers may be thermally accessible under ambient condi-
tions. Electrical mobilities of these ionic clusters were
computed by the TM. These calculations show that different
cluster sizes and Ag,H' isomers can have similar mobilities,
which cannot be easily resolved experimentally.

The ZPVE-corrected CCSD(T) calculations predict that Ag,H"
is the most stable species among the studied clusters, while the
smallest AgH" is the least stable. A pronounced odd-even
alternation in the predicted stability is observed, with even-n
Ag,H' clusters exhibiting enhanced stability due to their
closed-shell electronic configurations. Similar odd-even alter-
nation in hydrogen adsorption energies has also been reported
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for other metal clusters (e.g., Au,""""* Cu,'"® and Pd'"),
although the preferred parity (odd vs. even) depends strongly
on the metal and on the binding mode (atomic H vs. molecular
H,). These Ag,H" clusters preferentially dissociate into frag-
ments (either Ag, ;" or Ag, H') that also have closed-shell
electronic configurations. The computed stabilization energies
show good qualitative agreement with signal intensities from
mass spectra that reflect the stability of the clusters, both display-
ing the same odd-even alteration. The present coupled-cluster
results reveal significant deviations from earlier DFT predictions
in both geometries and relative stabilities, underlining the need
for more robust ab initio methods.

AIMD simulations indicate that all low-energy isomers
identified in this study remain well-defined and structurally
rigid at room temperature, exhibiting a similar odd-even alter-
nation in thermodynamic stability. For these clusters, Ag-Ag
bonds are comparatively more flexible, whereas Ag-H bonds
are shorter and more rigid. The enhanced rigidity of Ag-H
bonds arises from strong Coulombic interactions between
partially negatively charged H atoms and partially positive Ag
atoms, as supported by NPA and MESP analyses. FMO analysis
further indicates that chemical reactivity increases with cluster
size, which is consistent with the narrowing of the HOMO-LUMO
energy gap. With the exception of the AgH" cluster, second-order
perturbation theory reveals numerous D-A interactions contribut-
ing to the overall stabilization of Ag,H" clusters that may lead to
resonating structures. For larger clusters, particularly AgeH' and
Ag;H", the D-A interactions between the Ag atoms likely enhance
the stability of the metallic framework. Finally, QTAIM and NCI
analyses show that Ag-Ag contacts are predominantly weak and
non-covalent in nature, whereas Ag-H contacts are stronger and
more localized, consistent with preceding analyses.

Overall, this study provides a systematic description of the
structures, stabilities, bonding, and electrical mobilities of
small Ag,H" clusters based on high-level coupled-cluster the-
ory. Apart from resolving inconsistencies in earlier DFT predic-
tions and interpreting experimental measurements (mobility
spectra), our results also elucidate the basis of odd-even
stability patterns in metal-hydride clusters. These insights can
provide a basis for designing advanced materials containing
silver-based clusters for a wide range of applications.
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