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1 Introduction

Electronic properties and collision cross sections
of AgOH,,,™ (k, m = 1-4) aerosol ionic clusters¥

a
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*xacC

Mohsen Doust Mohammadi,
Andreas Schmidt-Ott (2 °° and George Biskos

Experimental evidence shows that hydroxylated metal ions are often produced during cluster synthesis
by atmospheric pressure spark ablation. In this work, we predict the ground state equilibrium structures
of AgOH,* clusters (k and m = 1-4), which are readily produced when spark ablating Ag, using the
coupled cluster with singles and doubles (CCSD) method. The stabilization energy of these clusters is
calculated with respect to the dissociation channel having the lowest energy, by accounting perturbative
triples corrections to the CCSD method. The interatomic interactions in each of the systems have been
investigated using the frontier molecular orbital (FMO), natural bond orbital (NBO) and quantum theory
of atoms in molecules (QTAIM) methods. Many of the ground states of these ionic clusters are found to
be stable, corroborating experimental observations. We find that clusters having singlet spin states are
more stable in terms of dissociation than the clusters that have doublet or triplet spin states. Our calcu-
lations also indicate a strong affinity of the ionic and neutral Ag atom towards water and hydroxy! radi-
cals or ions. Many 3-center, 4-electron (3c/4e) hyperbonds giving rise to more than one resonance
structure are identified primarily for the anionic clusters. The QTAIM analysis shows that the O-H and
O-Ag bonds in the clusters of both polarities are respectively covalent and ionic. The FMO analysis
indicates that the anionic clusters are more reactive than the cationic ones. Using the cluster structures
predicted by the CCSD method, we calculate the collision cross sections of the AgO.H,,™ family, with k
and m ranging from 1 to 4, by the trajectory method. In turn, we predict the electrical mobilities of these
clusters when suspended in helium at atmospheric pressure and compare them with experimental
measurements.

and imaging,”® etc., it is highly important to determine their
structure and stability.

Positively and negatively charged hydroxylated atomic clusters
are readily produced by aerosol-based synthesis techniques,
such as spark ablation at atmospheric pressure,’ mainly due
to the presence of trace amounts of O, and H,O in the carrier
gas.”> When ablating silver, in addition to pure silver clusters,
stable species such as silver oxides (Ag,O; ) and hydroxy-
lated silver (Ag,OxH, ) ionic clusters are also formed.>
Considering that such silver-based atomic clusters find appli-
cations in optical materials,> medicine,’ catalysis,”® sensing
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A wide range of theoretical methods have been used to
identify the structure and stability of neutral and charged silver
clusters,”*® whereas a number of experimental and theoretical
studies have investigated silver-based ionic species that can
form via direct interaction with oxygen.''*°>® Most of these
studies have employed standard density functional theory
(DFT). More advanced ab initio methods, such as the coupled
cluster (CC) with single (S), double (D), and perturbative triple
(T) excitation (CCSD(T)) level of theory,?*** have recently been
shown to more accurately capture the ground state structures
and stabilities of such clusters.”® For example, for the ground
state of the Ag,O' cluster, the DFT method predicts both
bent'*® and linear* geometries depending on whether local,
gradient-corrected, or hybrid functionals are used. On the other
hand, less precise methods, such as the Hartree-Fock (HF)
self-consistent field (SCF) theory, predict a linear structure for
Ag,0".*° Recently reported CCSD(T) calculations show that the
ground state of the Ag,O" cluster has a geometry that is very
close to a linear structure (/Ag-O-Ag = 172°).*® We should
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note here that CCSD(T) theory, which is often termed the
“gold standard” in quantum chemistry for single-reference
systems,*® has a better “chemical accuracy’” (with errors much
less than 0.05 eV for thermochemical calculations) compared to
the standard DFT method (errors greater than 0.05 eV).>*?>

Analysis of the interatomic interactions of clusters and
molecules provides great insights into the nature of chemical
bonding and reactivities of the AgOH,,,* clusters. A number of
different approaches, such as the frontier molecular orbitals
(FMO),?® natural bond orbital (NBO),>” and quantum theory of
atoms in molecules (QTAIM),***° can be used to achieve that.
The reactivities of different chemical systems could be identi-
fied through the FMOs, primarily composed of the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO). In general, the energy difference
between HOMO and LUMO serves as an important parameter
from which many physio-chemical properties, such as stability,
chemical hardness, reactivity, chemical potential, and electro-
philicity, can be qualitatively predicted.’*** For example,
Fournier® reported that the HOMO-LUMO energy gap (HLG)
in neutral silver clusters can be linked to their relative stabi-
lities. Dixon et al.'® also showed that the HLG of neutral silver
clusters calculated by the B3LYP functional, is comparable to
energy gaps between ground and excited states obtained by
time-dependent DFT calculations. Albeit being efficient, the
FMO approach cannot be used to capture the local bonding
information due to the delocalized nature of the molecular
orbitals (MOs).*® The local region of a molecule can be effectively
described through Lewis-like structures, such as those incorpo-
rated in the NBO approach developed by Weinhold et al.** Finally,
the QTAIM method, introduced by Bader,*® provides an alternating
route for evaluating and classifying the nature of chemical bond-
ing and interatomic interactions through topological analysis of
the electron density distribution.

Using the structure of the ionic clusters estimated by
ab initio methods as described above, one can calculate the
collision cross section (CCS) and, from that, the electrical
mobility of the clusters.*>*® Maisser et al.*” have experimentally
measured the electrical mobilities of both positively and
negatively charged silver-based clusters produced by spark
ablation at atmospheric pressure,’® containing their pure,
oxide and hydroxide variants. Some of the unidentified peaks
of the experimental mobility spectra were later attributed to a
particular cationic silver oxide cluster, Ag, 0" (n = 1-4; k = 1-5),
estimated by CCS calculations using the trajectory method
(T™M).*®

In this work, we predict, for the first time to the best of our
knowledge, the ground state equilibrium geometry, stabili-
zation energy, collision cross section, and electrical mobility
of both cationic and anionic AgO;H,, clusters, where k and
m range from 1 to 4. Further insights into the nature of bonding
in the AgOH,,* clusters are provided through FMO, NBO, and
QTAIM analysis. The rest of the paper is organized as follows:
Section 2 describes details of the computational methods we
used, Section 3 discusses our results, and Section 4 highlights
the most important results.
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2 Computational details
2.1 Electronic structure

We follow the same computational strategy as for the silver
oxide cluster cations described in ref. 28 In brief, we employ the
ABCluster program that uses the artificial bee colony algorithm
to search for the minimum energy structures of AgOzH,,~
clusters.”! Full dimensional geometry optimization calcula-
tions on the initial structures generated by ABCluster were
carried out at the M06 level of theory,>® as it provides results
for charged silver clusters that are consistent with experimental
observations."”” Once some of the low-energy isomers of a
particular AgOH,,* cluster were identified, we optimized them
at the CCSD level of theory**" using a tighter energy conver-
gence criterium (2 x 10~ ° hartree). At the CCSD level geometry
optimization step, we considered all possible isomers which
have ground state electronic energy less than 1.0 eV compared
to that of the lowest energy isomer estimated at the M06 level
for a particular AgO;H,* cluster. The M06 functional can
capture all of the low-energy isomers of the charged silver
clusters'® and provide energy differences among the isomers
that have excellent agreement with those predicted by the
CCSD(T) method (within +0.1 eV difference).”® To estimate
the ground state electronic energy, we carried out CCSD(T)
single-point calculations on the optimized structures obtained
at the CCSD level.

In order to verify the local minima on the potential energy
surfaces of the low-energy isomers, obtained from the geometry
optimization by the CCSD method, harmonic frequency calcu-
lations were carried out at the M06 level. CCSD(T) ground state
electronic energy was further corrected by considering the zero-
point vibrational energy (ZPVE). The stabilization energy, AE,
for the ionic clusters is calculated as the electronic energy
difference between the products of the unimolecular dissocia-
tion of the AgOH,,,* cluster and the cluster itself, E(AgOkai),
and represented as follows:

AE = E(AgO,H,™°) + E(AgO. ") + E(AgH,*°) + E(Ag™°)
+ E(O.H;°) + E(0,~°) + E(H,™°) — E(AgOH,,,")

1)

where, a,b,...,h are positive integers (including zero) that are
less than or equal to 4, with the constraint thata+c+e+g=k
and b + d + f+ h = m. We should note that for charge +1, 1 # 1.
For demonstration, to estimate the stabilization energy of the
cationic cluster AgOH" (where k and m = 1), we need to consider
that it can dissociate via three different reaction pathways
(¢f Fig. 1..a), yielding three different sets of products as
illustrated by Scheme 1.

In Scheme 1, E, is the sum of the electronic energies of
the products Ag" and OH, ie., E(Ag") + E(OH). Similarly, Ej, =
E(AgO") + E(H) and E, = E(Ag) + E(OH"). If E, is less than E; and
E,, then the reaction channel (a) is denoted as the lowest energy
dissociation channel (LEDC) for the AgOH" cluster. We should
note that the stabilization energy defined in eqn (1) is a
simplistic model for estimating the stability of a cluster only

This journal is © the Owner Societies 2024
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Fig. 1 Ground state structures of AgOH,,*, where k, m = 1-4, optimized at the CCSD level. Bond lengths and angles are given in Angstroms and
degrees, respectively. The spin multiplicity (2S5 + 1) of the AgOH,»* clusters is provided in the parentheses.

Ag* + OH (E,)

o

AgOH™ & AgOT + H (E,)
(©

Ag + OH' (E,)

Scheme 1 Dissociation channels of AQOH™* cluster.

with respect to unimolecular dissociation, as it neglects a
number of thermodynamic and kinetic factors.

For each cluster, the two lowest spin states (singlet and triplet
for even numbers, or doublet and quartet for odd numbers of
electrons) were considered. To study the closed-shell and open-
shell systems, we employed spin-restricted and spin-unrestricted
electronic structure theory (both DFT and CCSD), respectively. The
standard Dunning’s augmented correlation-consistent triple—{
basis set (aug-cc-pVTZ)**** and the cc-pVTZ basis set were used
respectively for the oxygen/hydrogen atoms and for the valence
electrons of the silver atom. The core electrons of silver atoms are
represented by the Stuttgart/Koln energy consistent pseudopoten-
tial (ECP28MDF).>>*® All electronic structure calculations were
performed using the Gaussian 16 software.””

2.2 Interatomic interactions

The inter-atomic interactions in the AgOkai clusters were
assessed by FMO (i.e., HOMO and LUMO), NBO, and QTAIM
analysis. The density matrices required for the above analyses

This journal is © the Owner Societies 2024

were obtained from the long-range corrected wB97XD hybrid
functional®® employing the same basis sets as the ones used for
the CCSD(T) calculations. The reactivity of a molecular species
can be effectively predicted from the morphologies and ener-
gies of the FMOs.*® To illustrate, if egomo and e ymo are
the energies of HOMO and LUMO, respectively, then from
Koopmans’ theorem,*® we obtain —eyomo = IP and —epumo =
EA. Here, IP and EA are the ionization potential and electron
affinity of any chemical system. From the values of IP and EA,
we can calculate important electronic properties such as
chemical hardness*® (1), chemical potential*® (1), and electro-
philicity index*? (w) as follows:

n = 1/2(IP — EA) (2)
u=—1/2(IP + EA) (3)
o = p*/2n 4

Similarly to the energy difference in the FMO (HLG), the
quantum chemical descriptors #, ¢, and o can provide valuable
information about the stability and reactivity of a chemical
species. For example, high HLG and # values indicate low
chemical reactivity and high stability,** whereas u and ® can
be used respectively to characterize the tendency of electrons to
escape from a chemical system at equilibrium®® and the cap-
ability of a species to accept electrons.*> We should note that
the above analyses were performed only for the closed-shell
systems.
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NBO analysis is a practical tool for describing localized
Lewis-like chemical bonds in a molecule.>” We have calculated
the second-order energy stabilization, AE; J(Z), from the NBO
perspective as follows:*’

Ry
1 _

o =E, ()
] 1

AEP) =q
where E? is the donor-acceptor stabilization energy, g; is the
donor orbital occupancy, F;; 's are the off-diagonal Fock matrix
elements, whereas ¢; and ¢; are the diagonal elements of the
density matrix that represent the orbital energies. From these
E® values, one can calculate the stabilization within a mole-
cular system due to Lewis (donor) to non-Lewis (acceptor)
orbital charge transfer. Since such donor-acceptor interactions
may lead to a considerable amount of electron delocalization,
we have searched for the presence of resonance structures
using natural resonance theory (NRT)® within the NBO form-
alism. The resonance hybrid, I'ygr can be written as:

I'ngr = o't + opl'y + ol ot - (6)

where I'y, I'y, Iy, ... are the individual localized resonance
structures having non-negative weights of wy, oy, ©m, ...,
respectively, with > w, = 1. Finally, the natural population
analysis (NPA)** method was used to evaluate the charge
distribution on the atoms of each ionic cluster. All NBO
calculations have been carried out using the NBO 7.0
software.®!

Another effective approach to examine the interaction
between atoms in a molecule is via QTAIM analysis, which
takes the topological representation of a structure into
consideration.*®° In QTAIM, a critical point, such as the bond
critical point (BCP), is defined as the turning point in a bond of
physical contact at which the gradient of the electron density is
zero, i.e., Vp(r) = 0.°*%® A covalent atomic interaction is indi-
cated by a negative value of V>p(r) at a BCP and a high value of
p(r) (=0.1 a.u.). In comparison, a non-substrate closed-shell
form of interaction occurs if V>p(r) is positive, including ionic
and hydrogen bonds, as well as van der Waals interactions.®*
The virial theorem establishes the following connection
between kinetic energy density, G(r), potential energy density,
V(r), and V?p(r):*°

%Vzp(l‘) —26G(r) + V(1) )

The balance between G(r) and V(r) can be used to classify
the mode of interaction, so that the G(r)/|V(r)| ratio serves
as a suitable indicator.*® A value of G(r)/|V(r)| greater than
1 indicates a non-covalent interaction, while a value less than
0.5 indicates a predominantly covalent bond. For the QTAIM
analysis carried out here, we used the Multiwfn software.®®

2.3 Collision cross section and electrical mobility

The CCS of the AgOH,,” clusters have been calculated by the
IMoS package developed by Larriba-Andaluz et al.,*®®” and
specifically, by the TM** method. We should note that the
results obtained by the TM method are considered more
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accurate than those obtained either with the exact hard sphere
scattering or the projection approximation methods, since it
considers the interaction potential between the ion and the
carrier gas, which is usually represented by the 12-6 Lennard-
Jones (LJ) potential.”® Helium is considered as the carrier gas in
the calculations of CCSs and mobilities reported in this work.
The optimized values of the LJ parameters in helium were
obtained by fitting the predicted values with the measured
values (using drift tube experiments) of CCS.°®®° Previous
analysis has shown that the CCS calculations were less sensitive
towards small changes in the L] parameters (~1 and ~11%
deviation in CCS for a 10% change in ¢ and ¢, respectively).”® All
calculations have been performed at 298.15 K and 1 atm
pressure.

The electrical mobilities of all ionic clusters investigated
here were calculated based on the CCSs calculations described
above, using the following formula:*®

1214 1112
7= ()L L] e 8)
8kgT m mp ANQ

here, m and my are, respectively, the masses of the ionic cluster
and of the carrier gas atom, z is the number of elementary
charge (e) carried by the ion, kg is the Boltzmann constant,
T is the effective temperature, N is the number density of the
gas, and Q is the average CCS.

3 Results and discussion
3.1 Structure and stability

The ground state geometries of the AgOH,," clusters are
depicted in Fig. 1, whereas those for their anionic counterparts
are illustrated in Fig. 2. The optimized coordinates of both
cationic and anionic clusters are also provided in Table S1 of
the ESIL.T The stabilization energy of the clusters, along with the
LEDCs, is reported in Table 1 for cations and Table 2 for the
anions. The AE values for all dissociation channels are also
provided in Table S2 of the ESIL.{ In general, low spin states
(singlet and doublet states) are primarily favoured in compar-
ison to the high spin states, except for AgO;H,", AgO,H," and
AgO,H, , where triplet states are more favourable over the
singlet states (¢f Tables 1 and 2). This can be attributed to the
presence of the weakly bonded triplet O, molecule to the rest of
the cluster that has a singlet spin. These results are different
compared to those obtained for the AgO;" clusters (with
k = 1-5),?® where high-spin states are predominant. We should
note here that a terminally attached O, molecule is present in
most of the AgO;" clusters, which is not a dominant feature for
the AgOkai clusters.

As mentioned in section 2.1, we have applied spin-
unrestricted electronic structure theory for the open-shell sys-
tems. To verify the presence of spin contamination, we calcu-
late the expectation value of the square of the total spin
operator (($%)). Except for the AgO,H" and AgO,H," clusters,
the calculated (S?) values after the annihilation of the first spin
contaminant’® for each of the ionic clusters considered in this

This journal is © the Owner Societies 2024
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Fig. 2 Ground state structures of AgOH,,~, where k, m = 1-4, optimized at the CCSD level. Bond lengths and angles are given in Angstroms and
degrees, respectively. The spin multiplicity (2S + 1) of the AgOxH,,~ clusters is provided in the parentheses.

Table 1 Summary of the results obtained from the CCSD(T) calculations
on the ground state of AgOH,," clusters, where k and m = 1-4. 2S5 + 1
denotes the spin multiplicity; PG is point group symmetry; T; is Ty
diagnostics value; LEDC is lowest energy dissociation channel; AE is the
zero-point vibrational energy corrected stabilization energy (in eV) with
respect to LEDC; Q is the collision cross section (in A2) in He; Z is electrical

Table 2 Summary of the results obtained from the CCSD(T) calculations
on the ground state of AgOH,,~ clusters, where k and m = 1-4. 25 + 1
denotes the spin multiplicity; PG is point group symmetry; T, is T,
diagnostics value; LEDC is lowest energy dissociation channel; AE is the
zero-point vibrational energy corrected stabilization energy (in eV) with
respect to LEDC; @ is the collision cross section (in A%) in He; Z is electrical

mobility (in cm? V= s7Y in He mobility (in cm? V™ s7%) in He

Species 2S+1 PG T, LEDC AE Q z Species 2S5+1 PG Ty LEDC AE Q Z
AgOH' 2 Cs 0.0104 Ag'+OH 0.86 30.6 19.4 AgOH 2 Cs 0.0285 Ag+ OH™ 1.68 34.0 17.5
AgOH," 1 C,, 0.0087 Ag'+H,0 1.20 31.3 19.0 AgOH,” 1 Cs 0.0194 AgH+ OH™ 2.70 33.9 17.5
AgOH;" 2 C,, 0.0208 AgOH," +H 0.57 32.9 18.1 AgOH;~ 2 Cyy 0.0229 AgH™ + H,0 0.40 39.3 15.1
AgOH," 1 C,, 0.0101 AgOH," + H, 0.41 346 17.2 AgOH,” 1 C; 0.0151 AgH, +H,0 0.47 37.4 159
AgOH' 2 Cs 0.0287 Ag'+HO, 1.02 33.7 17.6 AgO,H™ 2 Cs 0.0236 AgOH + O ~ 2.58 36.0 16.5
AgO,H," 1 C, 0.0118 Ag'+ H,0, 1.18 342 17.3 AgO,H,” 1 C, 0.0202 AgOH + OH™ 3.12 382 15.5
AgO,H;" 2 Cs 0.0130 AgOH,' + OH 0.84 37.0 16.0 AgO,H; 2 C; 0.0235 AgOH +H,0 0.73 40.1 14.8
AgOH," 1 D,q 0.0108 AgOH," + H,0 1.14 37.8 157 AgO,H, 1 C; 0.0170 AgOH, +H,0 0.70 40.7 14.6
AgO;H" 2 Cy  0.0409 AgO," + OH 0.77 356 16.7 AgO;H 2 C; 0.0294 AgOH™ + O, 1.55 38.4 15.4
AgO;H," 3 Cs 0.0171 AgOH," + 0, 0.26 39.5 15.0 AgO;H, 1 C; 0.0216 AgO,H +OH  2.58 41.0 14.4
AgOzH;" 2 Cs  0.0260 AgOH," + HO, 0.97 40.1 14.8 AgOzH;~ 2 C: 0.0322 AgO,H, +OH 0.92 41.2 14.4
AgO;H," 1 C; 0.0125 AgOH," + H,0, 1.08 41.2 144 AgO;H, 1 C; 0.0180 AgO,H, +H,0 0.66 456 13.0
AgOH" 2 Cs  0.0226 AgO,H' + 0, -1.13 419 141 AgOH™ 2 Cs  0.0389 AgO,H + 0, 1.35 40.6 14.6
AgOH," 1 Cs  0.0232 AgOH," + Oy 0.76 40.9 14.5 AgO4H,” 3 C; 0.0197 AgO,H, +0, 0.04 483 12.2
AgOH;" 2 C; 0.0124 AgO,H;" + 0O, —0.34 467 12.7 AgOH; 2 C; 0.0263 AgO;H +H,0 0.40 46.6 12.7
AgOH," 3 C; 0.0146 AgO,H," + O, 0.08 47.1 12.5 AgOH,” 1 Cin 0.0253 AgOzH; +OH 245 42.5 13.9

study has less than 0.2% deviation from the values of 0.75 (for
doublet spin states) or 2.00 (for triplet spin states). In the cases
of the doublet AgO,H" and AgO,H," clusters, the maximum ($%)
value calculated is 0.80, having a deviation from the eigenvalue of
82 is ca. 6.7%. Therefore, the spin contamination in the open-shell
systems studied in this work can be considered negligible.

This journal is © the Owner Societies 2024

We have also examined the multireference character in the
ground state of these clusters by inspecting the T; diagnostics
values obtained from the CCSD(T) calculations, which are
provided in Table 1 (cations) and 2 (anions). Our calcula-
tions show that the T; diagnostics values for the closed-shell
systems fall within the range of 0.0087-0.0253, while that for
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the open-shell systems is 0.0104-0.0409. If the T, value is
predicted to be larger than 0.02 (for closed-shell systems)
or 0.045 (for open-shell systems), then the results obtained
from single-reference methods such as CC or DFT are less
reliable.”"”> Therefore, except for AgO,H,", AgO;H,  and
AgO4H,  clusters, the multireference character in the ground
state wavefunction of all other ionic clusters may be considered
not predominant. The large T; diagnostics values predicted for
AgO,H,", AgO;H,  and AgO,H,  clusters may be associated
with considerable static correlation in its ground state wave-
function, as evidenced from their multiple dominating reso-
nance structures (c¢f section 3.2). That said, however, one
should also note that the above-mentioned T; thresholds are
not rigorously defined and can be extended up to 0.05 for
transition metal complexes.”*”*

We should note that we did not use any symmetry constraint
for geometry optimization, and as a result, with the exception of
AgOH™ and AgOH,~ (C; point group), we did not observe the
AgOH,,* clusters studied in this work exhibiting symmetry. If a
threshold of 0.01 in both bond distances (expressed in
Angstroms) and angles (expressed in degrees) is introduced
so that the geometrical parameters are treated equal below this
value, many symmetric structures can be identified for both
positive and negative clusters (¢f. Tables 1 and 2). Considering
that, cationic clusters have more structures belonging to a
particular point group other than the non-symmetric C; com-
pared to their anionic counterparts. Specifically, AgOH,,"
clusters possess 1 D,q, 3 Cyy, 1 C, and 8 Cs symmetric struc-
tures, whereas AgO;H,,  clusters exhibit only 1 Cyp, 1 Csy, 1 C,
and 5 Cy structures. Notably, all AgO3;H,,,” cluster geometries
belong to the non-symmetric C; point group. Among the most
symmetric structures identified in this study are the cationic
AgO,H," cluster (D,q) and the anionic AgO4H,~ cluster (C,y).

For m > 2, a general trend in the structure of the cationic
AgOH,," clusters is observed, whereby a water moiety is directly
attached to a silver atom through the oxygen atom. The
interatomic Ag-O distance in these systems lies within the
range of 2.22-2.28 A, while the O-H distance is identical to
that of the isolated water molecule (0.96 A).””> One exception to
this pattern is the AgO,H," cluster, where a hydrogen peroxide
moiety is attached to the positively charged Ag atom. This
structural feature is completely absent in the anionic AgOH,,”
clusters, in which the most prevalent moiety interacting with
the central and partially positive Ag atom is the OH™ ion that
has a slightly positive charge on H, rendering a stable system
due to attractive Coulombic interaction. The Ag-O distances in
the anions are marginally shorter (2.01-2.19 A) than those
obtained for the cations (2.22-2.28 A). The O-H bond distance
in the AgOH,, clusters are in the range of 0.96-0.97 A, which
is very close to that of free OH™ as reported by observations
(i.e., 0.96 A).”® We have also identified structures where two
water molecules (i.e., in AgO,H," and AgO,H,"), or two and
more hydroxyl ions (ie., in AgO,H, , AgOs;H; , AgOz;H, ,
AgO,H, and AgO,H, ") are directly attached to the positively
charged Ag atom. If the number of O and H atoms is the same
(i.e., k = m), then the AgO;H,,  clusters can be represented as
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Ag(OH),,”, where H is always attached to an O atom. From
these observations, one can infer that Ag" has a strong water
affinity, while Ag and Ag™ have a similar affinity towards OH™
and OH radicals, given that they form stable complexes even if
only trace amounts of them are available.

Both AgOH" (Fig. 1.i.a) and AgOH ™ (Fig. 2.i.a) have similar
structures, with the Ag atoms connected to the O atom of a
hydroxyl moiety. The Ag-O bond length in AGOH™ is shorter
than in AgOH" (2.17 and 2.33 A, respectively). The Ag-O and O-
H bond lengths in AgOH™ are similar to those reported
previously by the CCSD(T) method.”” The stabilization energy
of the anion (1.68 eV) is higher than that of the cation (0.86 eV),
as shown in Tables 1 and 2. Both the AgOH' and AgOH™
clusters preferably dissociate through the Ag-O bond, yielding
a positively charged or neutral Ag atom and OH radical or OH™
ion, respectively. The AE value for AgOH™ reported here
(1.68 eV) is in good agreement with those obtained through
energy decomposition analysis (EDA) at BLYP/TZP level,
reported by Zhang and co-workers (1.80 eV).”

The AgOH," cluster is the most stable cationic species (in
terms of stabilization energy as calculated by eqn (1)) investi-
gated in this work, having a AE value of 1.20 eV. The predicted
bond dissociation energy between Ag'-OH, is in good agree-
ment with the experimental bond dissociation enthalpies at
298 K, independently determined by Holland et al.”®”° (1.44 +
0.09 V) and Koizumi et al.”®®*° (1.38 + 0.08 eV). We should note
that the structure of AgOH," contains a positively charged Ag
atom interacting with a negatively charged O atom of a water
molecule (¢f Fig. 1.i.b). In contrast, the AgOH;" and AgOH,"
clusters have comparatively low stabilities with AE values of
0.57 and 0.41 eV, respectively. This can be explained by the fact
that in AgOH;" and AgOH,', H and H,, respectively, interact
with the Ag atom of the AgOH," cluster from the opposite side
of the H,0 moiety (¢f Fig. 1.i.c and i.d). The H and H, will
readily split off from the AgOH," and AgOH," clusters, resulting
in a stable AgOH," cluster. Similarly, the anionic AgOH,~
cluster can be perceived as an H atom interacting with the Ag
atom from the opposite side of the hydroxyl moiety of AgOH™
(¢f Fig. 2.i.b). Interestingly, an energetically more favourable
dissociation channel for the AgOH,  cluster is not obtained
through the breaking of the Ag-H, but of the Ag-O bond.
Finally, AgOH;~ (Fig. 2.i.c) and AgOH,  (Fig. 2.i.d) clusters
are sparingly stabilized by weak van der Waals forces (as will be
discussed further below) between a water molecule and AgH™
or AgH, ™ ions, respectively.

The ground state structures of AgO,H' (Fig. 1.ii.a) and
AgO,H," (Fig. 1.ii.b) include a hydroperoxy radical and hydro-
gen peroxide molecule, forming a bond with a positively
charged Ag atom. The most favourable dissociation channel
for both these complexes is the loss of the HO, or H,0,
moieties. The AE value of AgO,H," (1.18 eV) is moderately
larger than that of AgO,H" (1.02 eV), probably due to the fact
that the LEDC of AgO,H," requires breaking of two Ag-O
bonds, rather than one in the case of AgO,H'. The larger
clusters of the AgO,H,," family, i.e., AgO,H;" (Fig. 1.ii.c) and
AgO,H," (Fig. 1.ii.d), have one or two water molecules attached
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to the Ag atom. The AE values of these clusters are similar
to those obtained for smaller clusters in the AgO,H,," series.
Each of the AgO,H,,,” clusters has at least one terminal hydroxyl
anion bonded with the Ag atom (¢f. Fig. 2.ii.a-d). The stabili-
zation energies of the AgO,H™ and AgO,H,  are considerably
larger than those of the heavier clusters of AgO,H,, ,
i.e., AgO,H;  and AgO,H, . This is due to the fact that the
ground state structure of AgO,H;~ and AgO,H,  show weak
hydrogen bonds between a water molecule and AgOH™ and
AgOH, ", respectively.

Geometrically, the AgO;H" cluster (Fig. 1.iii.a) is very similar
to the AgO;",”® with the exception that an additional H atom is
attached to one of the O atoms. On the other hand, the larger
clusters of the AgO;H,," family have at least a water molecule
and an O,, HO,, or H,0, moiety attached directly to the central
Ag atom (Fig. 1.iii.b-d). Interestingly, the geometrical para-
meters of O,, HO,, and H,0, moieties are almost identical to
their free form. The most favourable dissociation channel for
these complexes is obtained by the release of these moieties,
leading to the formation of the very stable AgOH," cluster. The
AE values for the AgO;H,,," clusters are similar, falling within
the range of 0.77-1.08 eV, except for the AgO;H," cluster,
in which the AE value along the LEDC is somewhat smaller
(0.26 eV). Their anionic counterparts, AgOs;H,, , also show
similar geometrical characteristics (¢f. Fig. 2.iii.a-d). For exam-
ple, in the cases of AgO;H™ and AgOs;H, , a molecular oxygen
and hydroperoxy radical is respectively attached to the Ag atom.
In AgO;H;, there are three OH moieties, as stated previously.
One should note that in this cluster, one Ag-O bond is slightly
more elongated than the other two (2.13 vs. 2.06 A). Finally,
AgO3H, consists of two parts, AgO,H,  and H,O, interacting
through a hydrogen bond, as discussed below.

The stabilization energies of most of the AgO,H,," clusters
are either negative or close to zero, indicating that these
clusters will promptly dissociate into more stable products
(¢f. Table 1). One can interpret these results by carefully
inspecting the respective geometries shown in Fig. 1.iv.a,
1.iv.c and 1.iv.d. The O, molecule that is released after the
dissociation of these clusters has a comparatively long Ag-O
bond distance (2.45 to 2.82 A), so rupturing it to form the
products (AgO,H,," + O,) will not consume a vast amount of
energy. Only one relatively stable cluster has been found in
the AgO,H,," family, i.e., the AgO,H," cluster. The enhanced
stabilization energy (0.76 eV) of this cluster compared to
others in its series can be attributed to the fact that an ozone
molecule can be considered to be attached to the Ag atom by
its two terminal O atoms. As a result, its dissociation will
involve the breaking of two Ag-O bonds. Similar arguments
can be put forward for the AgO,H,, clusters, where the
ground state is stabilized only by the van der Waals forces
(e.g., for AgO,H,” and AgO,H; ). Last, one of the most
symmetric structures found in this study is that of AgO,H,~
(Can), in which four hydroxyl ions are attached to a cationic Ag
atom (¢f. Fig. 2.iv.d) having the same Ag-O bond length. The
high stabilization energy of this cluster may be attributed to
electronic charge delocalization over the four O atoms, as
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discussed below. Spectral measurements already confirm the
high stability of this ion in solution.®

There is an apparent correlation between spin multiplicity of
the cluster and AE. For both ionic clusters, the closed-shell
system (i.e., singlet spin state) exhibits the largest AE value for a
particular k in the AgO;H,,,™ (m = 1-4) family. This suggests that
the ionic clusters that have a singlet spin state at their ground
state equilibrium geometry are more stable than those with
either doublet or triplet spin states along the LEDCs for a
particular series of AgO;H,,*. Interestingly, for the majority of
the cases, the AgOH, * cluster has the largest AEin a AgOkai
family. Moreover, it is also evident that for a specific k, the
singlet AgO;H,,” cluster has larger AE values than the preced-
ing doublet AgO;H,,_;* cluster. This phenomenon is more
prevalent in the cationic clusters. Notable exceptions being
the AgOH,", AgO,H, ", and AgO;H, clusters.

3.1.1 Comparison with experimental observations. One
can relate the stabilization energy calculations performed in
this work to the experimental observations using mass and/or
mobility spectrometers.?® The signals in the mass and electrical
mobility spectra can provide an indirect measurement of their
abundance, and hence their stability.”®** Therefore, a qualita-
tive comparison can be drawn between the theoretically pre-
dicted stabilization energies (Tables 1 and 2) and the signal
strengths observed in the mass spectra of Ag-based cations and
anions reported by Maisser et al.” That said, because Ag has two
isotopes with masses of 106.905 and 108.904 Da having com-
parable abundance (52% and 48%, respectively),®® it is difficult
to assign species that differ by two H atoms (i.e., AgOkai
and AgOH,,..»*) to the experimentally determined mass spec-
tra. As kinetic isotope effects have not been studied in this
work, we have simplified the comparison with the mass spec-
trometer experiments by assuming an evenly split abundance
of both isotopes for all AgOH,,™ clusters and accordingly
combining the signal intensities corresponding to them
(i.e., the two isotopes) and for all AgO;H,, ™ clusters studied in
this work.

Fig. 3 and 4 compare the signal strength of the mass spectra
reported by Maisser et al.” with the stabilization energies, AE ’s,
calculated here. The signal strengths and AE values provided in
these plots were normalized with respect to the highest values
(scaled to 1.0) of signal strengths measured in the mass spectra
(obtained at 157.17 Da for the cationic and 140.91 Da for the
anionic mass spectrum) with respect to the largest AE value
(scaled to 1.0) for the calculated stabilization energy (1.20 eV for
the cations and 3.12 eV for the anions), respectively. Since in
this work, we are only tracking the variation in the calculated
stabilization energies and the signal strengths of mass spectra
with respect to the number of H or O atoms in the cluster,
analyzing the signals of the mass spectra and the AE values as
described above will not affect the analysis. The change in
stabilization energies and signal strengths with respect to the
addition of an H or O atom in the studied systems are shown in
Fig. 3a and b or Fig. 4a and b, respectively.

Overall, there is a good correspondence in the nature of
the variations between the calculations carried out in this study

Phys. Chem. Chem. Phys., 2024, 26,14547-14560 | 14553


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp05499c

Open Access Article. Published on 30 April 2024. Downloaded on 4/8/2026 5:43:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Abundance (arb. unit)
Stabilization energy, AE (arb. unit)

(b)

Abundance (arb. unit)
bilization energy, AE (arb. unit)

Number of H atoms (m)

Fig. 3 Stabilization energies calculated theoretically by the CCSD(T)
method (blue lines and square symbols) and abundance of the species
determined experimentally by mass spectrometry provided by Maisser
et al. (ref. 2) (red dashed lines and circle symbols) as a function of the
number of H atoms in the (a) AQOxH,* (b) AgOH,,~ clusters, where, k,
m = 1-4. AE values and the mass spectra peaks are normalized respec-
tively with respect to the largest AE calculated for the (a) AgOxH,* and
(b) AgOkH,,~ clusters in this study and maximum signal strength among
the investigated species found in ref. 2

and the experimental results reported by Maisser et al.> That
said, we should note that the assumptions used to determine
the experimental signal intensity for the two different iso-
topes of Ag might not hold for all species, and therefore the
differences observed for the normalized AE values and the
signal strengths of the mass spectra may be the results of the
sequential addition of an H or O atom. Apparently, the varia-
tion in AE with respect to the number of H atoms in the
clusters has a better agreement with the experimental results
than those obtained for O atoms. This is particularly true for
the AgO;H" and AgO;H;" clusters. For example, in the AgOH"
cluster series (where k = 1-3), their signals in the mass spectra
are very weak, but their corresponding AE values are relatively
large. This may be due to the fact that with the addition of
each O atom, there is a substantial increase in its mass. Since
transmission of an ionic cluster in a mass spectrometer
depends ultimately on its mass-to-charge ratio, the signal
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Fig. 4 Stabilization energies calculated theoretically by the CCSD(T)
method (blue lines and square symbols) and abundance of the species
determined experimentally by mass spectrometry provided by Maisser
et al. (ref. 2) (red dashed lines and circle symbols) as a function of the
number of O atoms in the (a) AgOH,,* (b) AgOH,,™ clusters, where, k,
m = 1-4. AE values and the mass spectra peaks are normalized respec-
tively with respect to the largest AE calculated for the (a) AgO H,,* and
(b) AgOH,,~ clusters in this study and maximum signal strength among
the investigated species found in ref. 2

strengths in the mass spectrum could vary significantly
depending upon that.®* To expand the above statement, when
two clusters are only differentiated by a single H atom (for
example, AgOH" and AgOH," clusters), their transmission in
mass spectra should be similar. In contrast, when two clusters
are varied by a much heavier atom, such as O (for example,
AgOH" and AgO,H" clusters), the transmissions of the two
clusters in the mass spectrometer can be different. Further-
more, the LEDC for each of these clusters involves the breaking
of the Ag-O bond (¢f. Table 1). These dissociation channels
could involve low-lying intermediates/transition states on the
potential energy surface.

Apparently, except for AgO;H,", the theoretical and the
experimental results have a very good agreement for each of
the AgO H,," cluster series when varying the number of H
atoms, as shown in Fig. 3a. The calculated stabilization energy

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp05499c

Open Access Article. Published on 30 April 2024. Downloaded on 4/8/2026 5:43:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

for the AgO;H," indicates that this cluster is not very stable and
has a low-energy dissociation channel (0.26 eV). This is in
contrast to the observations, where a very strong signal in the
mass spectrum has been observed for AgO;H,", indicating that
its abundance and, consequently, its high stability. Indeed, the
recorded signal strength for AgO;H," exhibits the highest value
among the cations in the mass spectrum. As mentioned earlier,
the AgO;H," cluster undergoes dissociation by cleaving an
Ag-O bond, resulting in the formation of an O, molecule and
a highly stable (in terms of AE) AgOH," ion. It is plausible to
assume that the transition state leading to the rupture of the
Ag-O bond is situated at a notably elevated energy barrier,
offering a potential explanation for the observed experimental
outcomes. To explore this further, an examination of the
reaction kinetics would be necessary to provide a more precise
understanding of the stability of AgO;H,". This, however, is
beyond the scope of this study.

Similarly, reasonably good agreement between predictions
and measurements is obtained for the anionic AgOH,,,” clus-
ters, with k and m ranging from 1 to 4 (¢f. Fig. 3b). The largest
contradiction between calculations and observations is
observed for the AgO;H™ and AgO,H, ions. AgO;H™ has a
comparatively moderate AE value (1.55 eV), but exhibits a
strong signal in the mass spectrum. Similarly to AgO;H,",
AgO;H™ preferably dissociates by the breaking of the Ag-O
bond, releasing an O, molecule. Likewise, a dynamical study on
this reactive pathway can shed some light on its stability. For
AgO4H, , on the other hand, the calculated AE value suggests a
high stability (2.45 eV), but in the mass spectrum, this ionic
cluster shows a very weak signal. The AgO,H, " ion is stabilized
by electron delocalization, as discussed below.

3.2 Interatomic interactions

Valuable information can be obtained on the electronic struc-
ture and stability of the clusters by examining their HLG. For
example, a small HLG may suggest a higher reactivity or
instability of the cluster and vice versa.*> The HLG values
for each of the closed-shell AgOH,,™ clusters are reported in
Table S3 of ESLt In general, the HLG and # values for the
cations are slightly larger than those obtained for the corres-
ponding anionic clusters. These results suggest that the
AgOH,," clusters are less reactive than the AgOH,,” clusters.
However, one can also infer from the negative LUMO orbital
energies and pu values, along with higher electrophilicity
indices, that AgO;H,," clusters would readily accept an electron
in its LUMO orbitals. As expected, the opposite holds true for
the anionic clusters. The HOMO-LUMO diagrams (Fig. S1 to S8
in ESIt) are generated to gain a better understanding of the
bonding in the charged silver hydroxide clusters. The topology
of the HOMOs could be utilized to interpret the high and low
AE values to a degree. To illustrate this, we take two examples,
AgO,H,” and AgOH, . As mentioned above, AgO,H,”
was found to have a high stabilization energy with an AE of
3.12 eV, while AgOH, " is very weakly bounded by van der Waals
forces (AE = 0.47 eV). In AgO,H, ", the HOMO is formed by the
constructive overlap between valence 5s and 4d hybrid orbitals
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(b)
Fig. 5 The highest occupied molecular orbitals (HOMO) of (a) AgO,H,™
(b) AQOH,4~ with isovalues of 0.03 obtained at the w B97XD level of theory.

of the Ag atom and 2p, and 2p, orbitals of both O atoms
(¢f Fig. 5a). Therefore, to obtain the most favourable product
(AgOH + OH ), one has to overcome the 5s + 4d + 2p, +2p,
positive overlaps. On the other hand, in AgOH, , the weakly
bounded H,0 molecule has a very small contribution to the
HOMO, which is primarily composed of 5s, 4d,. and 4d,._y.
hybrid orbital of Ag and 1s orbital of the H atoms attached to it
(¢f Fig. 5b). We should note that the actual bond that breaks
and leads to the energetically most favourable dissociated
products may not always be represented by the HOMO since
the corresponding MO could have a smaller energy.

From NPA analysis (¢f. Table S4 of ESIt), we find that the
numerical values of partial charges for the oxygen atoms are
either negative or marginally positive for each of the AgOH,,*
clusters. This small partial positive charge on the O atom arises
when it is connected with another O atom. The asymmetry in
the linkages of the two O atoms may inflict a small positive
charge on one of the O atoms. On the other hand, the partial
charges on both Ag and H atoms are always positive in the
cationic clusters and can be both positive or negative in
AgOH,,  clusters, depending on their bonding. For example,
in AgOH;", the Ag atom has a net positive charge of 0.92, while
the same is partially negative (—0.37 a.u.) in AGOH; ™. This can
be explained by the fact that the Ag atom in AgOH;" is directly
bonded to an O atom having a net negative charge, and there-
fore, the pair is stabilized by a Coulombic interaction (cf.
Fig. 1.i.c). On the other hand, in AgOH; ", the Ag atom is weakly
interacting (at a large distance) with the O atom (of water) and
is only practically bonded with an H atom (cf. Fig. 2.i.c). Since
the electron affinity of Ag is higher than that of H (1.30 eV and
0.75 eV, respectively),®® the Ag atom attains a partial negative
charge. Similarly, both of the H atoms are partially positive
(0.52 a.u.) in AgOH," since they are part of a water moiety
(¢f Fig. 1.i.b). In contrast, in AgOH,, the H atom, which is
bonded with an Ag atom (c¢f. Fig. 2.i.b), has a negative partial
charge (—0.52 a.u.), due to a partial positive charge on Ag.
Finally, in the AgO;H,," clusters, usually, as the number of H
atoms increases (keeping the number of O atoms constant), the
partial charges on the O atoms increase. This is due to the fact
that the H atom could efficiently hold on to a partial positive
charge. For example, adding an H to AgOH" (i.e., AOH" and
AgOH,", respectively) increases the induced negative partial
charge from —0.44 a.u. to —1.02 a.u. on the O atom. However,
even for anionic clusters, the oxidation state of O atoms never
attains —2.
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The second-order perturbation theory is a framework that
can be employed to estimate the charge delocalization from
Lewis to non-Lewis NBOs with a relatively high accuracy.
Donor-acceptor pairs and corresponding second-order pertur-
bation energies, E?) ’s, for all clusters investigated here have
been calculated, and the most dominant ones are listed in
Table S5 of ESIL.1 The results show that there are many clusters
that have a lone pair on one O atom (or to a lesser extent on
H atom) and empty Ag-O (or Ag-H) c* orbital donor-acceptor
pair interactions. The three atoms involved in this donor-
acceptor interaction usually lie in a straight line, in which the
Ag atom is situated close to the center. This type of donor-
acceptor interaction may be a fingerprint of a 3-center,
4-electron (3c/4e) “hyperbonds” (w-bonds).*”*> A 3c/4e bond
is primarily composed of a triad of atoms B’, A, B, and has a
strong resonance hybrid of two localized Lewis structures: B'-
A:B — B":A-B. The leading factor for the formation of a w
-bond is the charge delocalization arising from the donor-
acceptor interaction between valence lone pair of B (respectively
B'), i.e., np (respectively n}), and o* antibonds of AB’ (respec-
tively AB), i.e., o, (respectively ap).

For the AgO;H,,~ ions studied in this work, there are many
clusters that forms 3c/4e bonds (¢f. Fig. 6a and Fig. S9a-S18a).
Corresponding donor-acceptor pair interacting NBOs and the
dominant resonating structures are illustrated in plot (b) and
(c) of the same figures and in Fig. 7. It is evident that the 3c/4e
bonds are more abundant in the anionic clusters (nine) than
the cationic clusters (one, AgO4H,"). In AgO,H,", the 3c/4e
bond originates within the O; fragment through donor-accep-
tor interactions between a lone pair of terminal O and an empty
n* orbital of the remaining two oxygen atoms (cf. Fig. S18b,
ESIt). The formation of such 3c/4e © bonding in free ozone
molecule has already been reported by DeBlase et al.”?

(b)

Fig. 6 (a) 3-d surface views of leading 3c/4e Lewis-type NBOs in
AgO4H4 ™ cluster (b) lone-pair NBO of O (no) and empty o* NBO of A
g—0O donor—acceptor pairs in AgO4H,4~ cluster.
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Fig. 7 Resonance structures (a)-(d) and resonance hybrid (e) of the
AgO4H,4~ cluster.

As discussed above, the AgO,H, "~ cluster is highly stable as
inferred from a relatively large AE value (2.45 eV) and experi-
mental observation.®” The stability of this cluster could be
attributed to the substantial electron delocalization over the
whole cluster. More specifically, one can find two 3c/4e bond-
ings, each one formed between two O atoms (Ag being at the
center) that are directly opposite to each other in this cluster
(¢f Fig. 6a). The donor-acceptor pairs associated are lone pairs
of O (np) and empty o* orbitals of Ag and the O atoms in the
opposite end (¢f Fig. 6b). The donor-acceptor stabilization
energies for these interactions are ca. 6.6 eV (¢f. Table S5 of
ESIt). These two 3c/4e bonding results in four resonating
structures (¢f Fig. 7), each having equal weights (w,) of more
than 21% with the Ag-O bond order of 0.43.

In the AgOH,, series, there is only one cluster, AgOH, ,
that has a 3c/4e bonding (¢f. Fig. S9 of ESIT). In AgOH, , the
donor-acceptor pair is the negatively charged H atom and the
o* orbital of Ag and H. The negatively charged H atoms in the
AgOH, cluster can also be verified by NPA analysis (¢f. Table S4
of ESIt). In the AgO,H,,,” series, there are two clusters with such
multi-center bondings, viz., AgO,H™ and AgO,H," (¢f. Fig. S10
and S11 of ESI{). In both these clusters, the associated donor-
acceptor pairs are no and o* of Ag-O. Similarly, in the AgO;H,,,~
series, there are three clusters exhibiting the 3c/4e bonding
(AgOsH ™, AgO;H,, and AgOz;H, ), all associated with the no
and o* of Ag-O donor-acceptor pairs (¢f. Fig. S12-S14 in ESIf).
More interestingly, each of the four AgO,H,, clusters studied
in this work shows the presence of 3c/4e bonds (cf. Fig. S15-S17
in ESIt). It should be noted that in a few of the clusters that
exhibit 3c/4e bonds, the resonance weights (w, ’s) of the

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp05499c

Open Access Article. Published on 30 April 2024. Downloaded on 4/8/2026 5:43:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

resonating structures are very different. This is either due to the
dissimilar bonding of the two participating terminal atoms
(e.g., AgO,H and AgO,H ") or close proximity to a water moiety
(e.g., AgOH, , AgO;H, , and AgO,H; ).

There are a few other anionic clusters, viz., AGQOH,  and
AgO,H,, in which there are significant donor-acceptor pair
stabilizations (&2.8-3.1 eV) and have at least two dominating
resonance structures (¢f Fig. S19 and S20 in ESIt). In both these
cases, the donor is a no, while the acceptor is the empty o*
orbital of Ag and H. However, these donor-acceptor interac-
tions do not lead to 3c/4e bonding, since the two terminal
atoms (O and H) have substantially different electronegativities.
Another interesting case is the AgO;H; ™ cluster, in which two of
Ag-O bonds are of similar length (2.05 A), while the other Ag-O
bond (along the vertical axis) is slightly elongated (2.13 A)
(¢f Fig. 2.iii.c). In AgO3zH; ™, there is a strong donor-acceptor
interaction (E® ~ 2.5 eV) between no and o* of Ag and O,
resulting in two resonating structures of almost equal weights
(¢f Fig. S21 of ESIt). Quite surprisingly, this cluster does not
have any 3c/4e bond, as one may expect, since the two partici-
pating O atoms have very similar chemical environments (both
attached to a hydrogen atom). The absence of the 3c/4e bond
may be due to the fact that the o* orbital exclusively resides on
the Ag, with negligible contribution arising from the O atom (cf.
Fig. S21a, ESIt) and therefore, the O atom does not participate
in multi-center bonding. Finally, we have also tried to interpret
the H-bonding in terms of donor-acceptor stabilization.
As discussed in section 3.1, the AgO,H; ™, AgO,H, , AgO;H, ,
and AgO,H;  clusters have intra-molecular H-bonds. The
donor-acceptor pair to establish such H-bonds are ng of an O
atom attached to an Ag atom (donor) and empty c* orbital
(acceptor) formed by H and O of a neighbouring water moiety
(¢f. Fig. S22, ESI{). The E® stabilization energies for these
donor-acceptor interactions fall within the range of 0.5-1.1 eV.

The results of the QTAIM -calculations are reported in
Table S6, whereas the BCPs are illustrated in Fig. S23 to S26
of ESL.¥ The numerical values of each of the QTAIM para-
meters, as described in section 2.2, at each desired BCP are
provided in Table S6 (ESIf). Evidently, all O-H interatomic
bonds are covalent since their V?p(r) values are all negative
(~2.8). Moreover, these BCPs are also accompanied by G(r)/
|V(r)| ratios that are smaller than 0.5 (~ 0.1). Similarly, in
almost all cases, the O-Ag bonds are characterized by large
positive values of V?p(r), indicating an ionic bond. However,
since they also have G(r)/|V(r)| ratios marginally smaller than
unity, the O-Ag bonds can be classified as having more ionic
character than co-valency. On the other hand, the weak O-Ag
interactions, such as in AgO,H,;", AgO,H,", AgOH; , and
AgOzH ™, have small positive values of V?p(r) (less than 0.1).
Interestingly, for such van der Waals-type interactions, the G(r)/
|V(r)] ratio is greater than unity for cationic clusters and slightly
less than unity for the anions. Moreover, we can also define the
Ag-H bonds in a few of the clusters as more covalent than ionic
due to the G(r)/|Vr)| ratio values being very close to 0.5. Finally,
one can attempt to identify the intramolecular hydrogen bonds
by looking at the corresponding O-H BCP that have p(r) ~ 0.05,
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V?p(r) ~ 0.1, and G(r)/|V(r)| ratio ~ 0.75. Some examples
include AgO,H;~, AgO,H, , and AgOz;H, clusters; although
in AgO,H; ™, these values are slightly larger.

3.3 Collision cross section and electrical mobility

Since pure, oxides, and hydroxylated silver clusters are often
very difficult to resolve in the mobility spectra, it is useful to
calculate their electrical mobilities theoretically and subse-
quently label the experimental spectra.”® The numerical values
of the TM-calculated CCS and electrical mobilities (Z) of
the AgO;H,,* clusters suspended in helium are provided in
Tables 1 and 2. In general, and as expected, by adding H or O
atoms to the clusters, we observe an increase in the CCS and a
decrease in Z. However, there are some cases where the addi-
tion of an H atom to a cluster leads to a decrease in the CCS
and, consequently, an increase of Z. This phenomenon is more
prevalent for the anionic than the cationic clusters. For exam-
ple, in AgOH ™, AgOH;, AgO,H, , and AgO,H; ", the addition
of an H atom decreases the corresponding CCSs. On the other
hand, only one cationic cluster, viz., AgO,H", has been found to
show analogous behavior.

Only one cluster (i.e., AgOzH, ) has been found in this
study, where the addition of an O atom decreases the CCS
values. Since CCS is proportional to the molecular surface area,
one can analyze the trend in CCS values by comparing the
molecular surface area of the related structures.*® For example,
the Connolly molecular area® of AgO;H, ™ is 90.5 A%, while that
of AgO,H, is 86.4 A2, 1t should be noted that AgO4H, has a
more compact geometry while the structure of AgO;H, ™ is more
broad due to H bonding between AgO,H,  and H,0 moieties.
Therefore, it is not surprising that the CCS of AgO,H, ™ (45.6 A?)
is greater than that of AgO,H,  (42.5 A%). Another interesting
example is the AgOH™ and AgOH, ™~ pair. Although AgOH™ has a
smaller Connolly molecular area (60.2 A*) than AgOH,~
(66.7 A%), the CCS of AgOH™ was found to be larger than that
of AgOH,~ (34.0 A% and 33.9 A% respectively). This is a com-
bined effect of the negligible contribution of the H atom to
the CCS and a marginally longer Ag-O bond length in AgOH™
(¢f Fig. 2.i.a and i.b).

Fig. 8 and 9 show the variation in the Z value difference (AZ)
as a function of the change in the number of H and O atoms in
the clusters for the cations and anions, respectively. It is
interesting to note that for both the cations or anions, the
relationship between Z and the number of H or O atoms in a
cluster is not linear. This is in contrast to what was observed for
cationic silver oxides.”® In the AgO;H,," clusters, the addition of
an H atom does not change the mobility values significantly
and falls within 0.2-1.8 em”> V~' s™". When varying the number
of O atoms in the clusters, the changes in the mobility vary
from 0.5 to 2.6 cm> V™' s for the cationic clusters and from
0.3 to 2.2 cm® V™' s~ for the anions. This is, in general, larger
than what we obtained for the H atoms (0.2-1.8 cm* V' s~ for
the cations and up to 2.4 cm® V~" 57" for the anions). It should
be noted that the largest change in the Z values with H atom
addition is obtained for the AgOH™ and AgO,H, clusters,
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whereas the same is observed for the AgOH;" cluster with the
addition of O atom.

4 Conclusions

We have theoretically estimated the ground state structures,
stabilization energies, bonding, collisions cross sections, and
electrical mobilities of both cationic and anionic hydroxylated
silver clusters, AgOH,,™, where k and m = 1-4. Full dimensional
geometry optimization of the clusters was performed using the
highly-accurate CCSD method, while the single-point energies
were calculated by the CCSD(T) method, including zero-point
vibrational energy corrections.

Our results show that the ground state of most of the ionic
clusters of both polarities has a low spin state, whereas the
cations tend to have more structural symmetry than the anions.

14558 | Phys. Chem. Chem. Phys., 2024, 26, 14547-14560

View Article Online

PCCP

We find that at the equilibrium geometry, the closed-shell
systems tend to be more stable than the open-shell systems
with respect to unimolecular dissociation. For the AgOH,,"
clusters with m > 2, a water molecule is always directly
attached to the positively charged Ag atom, with the exception
of AgO,H,". In contrast, each AgO;H,,” cluster has at least one
hydroxyl ion (OH) attached to a partially positive Ag atom.
There are many cases where two (or more) water molecules or
OH™ ions are attached to an Ag atom in cationic and anionic
clusters, respectively, indicating a strong affinity of the ionic
and neutral Ag atoms towards these two species. Other species,
such as hydrogen (H,), oxygen (O,), hydroperoxy radical (HO,),
ozone (O3) and hydrogen peroxide (H,0,), have been found to
be attached to the Ag atom. These molecules may preferably
split off from the rest of the Ag-containing cluster, giving rise to
low to moderate stabilization of the original cluster.

Few of the clusters have been found to be bounded by weak
van der Waals forces and, therefore, could dissociate promptly.
Reasonably good agreement has been found when the stabili-
zation energies calculated in this work are compared to the
mass spectra obtained experimentally.” HOMO-LUMO energy
gap analysis and calculated chemical hardness values show
that, in general, the anionic clusters are more reactive than
the cationic ones. We have found that the 3c/4e “hyperbonds”
(w -bonds) are abundant in the anionic clusters that primarily
result from donor-acceptor stabilization between a valence
lone pair of an O atom and an empty ¢* anti-bonding orbital
of Ag and another O atom. These 3c/4e bonding results in at
least two dominating resonance structures. The relatively high
stability of the AgO,H,~ cluster, as confirmed experimentally,*
could be explained in terms of electron delocalization through
four dominating resonance structures resulting from two 3c/4e
hyperbonds. QTAIM showed that the O-H bonds are covalent,
while the O-Ag bonds are mostly ionic. Finally, through both
donor-acceptor interactions and QTAIM analysis, we have
identified the intramolecular hydrogen bonds in some of the
anionic clusters.

The CCS and corresponding electrical mobility values of the
AgOH,,* clusters in helium gas have been calculated by the
trajectory method. We found that a sequential increase in
the number of H (for e.g., AgQOH ) or O (for e.g., AgOzH, )
atoms in the ionic hydroxylated silver clusters does not neces-
sarily increase the CCS or decreases mobility values due to the
shrinkage of the molecular surface area as well as the small
contribution of H atoms towards the CCS.
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