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ABSTRACT: Silver oxide cluster cations (Ag,0,,") can readily be produced by a A

number of methods including atmospheric-pressure spark ablation of pure silver ¢ ‘Q (N ‘}_‘
electrodes when trace amounts of oxygen are present in the carrier gas. Here we 3 \v‘

determine the equilibrium geometries of Ag,0,," clusters (n = 1—4; m = 1-5) e 4 A<
using accurate coupled cluster with singles and doubles (CCSD) method, while s / [ [ s
the stabilization energies are calculated with additional perturbative triples % ‘ A A S
correction (CCSD(T)). Although a number of stable states have been identified, % ; ‘ A
our results show that the Ag,O,,* clusters with m = 1 are more stable than those s am

with m > 2 due to the absence of the terminally attached O, molecule,

corroborating recent observations by mass spectrometry. Using the computed n 34\\\ 0
structures, we calculate the electrical mobilities of the Ag,O,," clusters and label k*
the values on a respective experimentally determined spectrum in an attempt to [

better interpret the occurrence of the peaks and troughs in the measurements.

1. INTRODUCTION

Silver is a noble metal that has traditionally been employed in a
wide range of applications. For example, ancient Greeks,
Romans, and Egyptians used silver for a variety of medical
applications' and as a food or water preservative.” In the form of
nanoparticles (i.e., particles having sizes up to ~100 nm), silver
is extensively being employed as an effective antimicrobial
agent,” as well as in applications including catalysis,”> sensing
and imaging,é’7 as well as for synthesizing new electronic
materials,” among others. Silver clusters containing up to tens of
atoms have further extended the application of this noble metal
in optoelectronics,9 plasmonics,10 biomedicine,"' and DNA
sequencing.

Considering the high interest in silver clusters, developing
synthesis processes with good scalability is highly important. In
this respect, spark ablation'® provides a versatile method for
synthesizing metal-based clusters and nanoparticles, having a
number of advantages, including good control over the size and
composition of the resulting clusters/nanoparticles."”"* Typi-
cally, spark ablation is operated at atmospheric pressure with
carrier gases that unavoidably contain trace amounts of
impurities, including oxygen, that can affect the composition
of the resulting clusters.

The stable geometries of pure silver clusters, including their
ions, are among the most well-established.">"*™*! For a period,
it was believed that silver clusters did not react with O,.**
However, experimental evidence showed that they could be
oxidized under certain conditions.">'®**73! In light of that, a
number of studies have explored the stabilities and geometries of
the charged silver oxide clusters.'®*>*7*31=3* Schmidt et al.'®
have produced silver oxide clusters (i.e., Ag,0* and Ag,O,"* with
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n=1-9) and observed that stabilities follow the magic numbers
(i.e., shell closing at 2, 8, 20, 40, S8, etc., free electrons), whereas
the most favored dissociation channel is the elimination of a
silver monomer or dimer. They have also determined the
minimum energy structures of these oxidized clusters by ab initio
density functional theory (DFT) calculations using Perdew,
Burk, and Ernzerhof (PBE) generalized gradient approximation
(GGA) functionals® with a plane-wave basis function. In
contrast to Ag," clusters with n < 7, their oxidized products
Ag,0" and Ag,0," adopt a 3D structure even for values of 1 as
small as 3. Wang and Gong™* also determined the minimum
energy structures and stabilities of Ag,0,," (n=1—6,m = 1-2)
clusters by the local spin density approximation (LSDA)*
method using projector augmented-wave (PAW)*’ potentials.
In general, their calculations corroborate those reported by
Schmidt et al.'®

The results of Schmidt et al. and Wang et al. are in contrast to
independent calculations reported by Roithova et al.>’ and
Flurer et al.”® In the case of Ag,O", for example, Roithova and
co-worker” found the ground-state geometry to be almost
linear (£AgOAg = 179.8°), whereas Schmidt et al."® and Wang
et al.** reported a triangular geometry with ZAgOAg = 149.0°
and 138.1°, respectively. Flurer and co-workers™ also
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determined a linear geometry, albeit using a less accurate
Hartree—Fock (HF) self-consistent field (SCF) level of theory.
Wang et al. found that the linear geometry is less stable and lies
at least 0.03 eV above the energy of triangular geometry. It is
interesting to note that the calculations reported in the literature
so far have been performed within the HF or DFT formalism. As
aresult, and considering the contradicting calculations reported
so far, it is of utmost importance to re-evaluate the ground-state
geometries of the Ag,O,* clusters with a more sophisticated
electronic structure theory.

In addition to the information provided by electronic
structure theory, determining the electrical mobility of the
ionic clusters both theoretically and experimentally is highly
useful for gaining insights into their size and morphology. The
electrical mobility (a measure of drift velocity) at a particular
pressure and temperature is inversely proportional to the
average collision cross-section (CCS; a measure of size).’®?
Jarrold and co-workers*”*' have shown that the CCS can be
calculated through quantum chemical considerations. Naturally,
the accuracy of the calculated CCS depends on the geometry of
the clusters, which can be determined by ab initio calculations,
and consequently on the specific method employed. For the
pure silver cluster cations (Ag,", n < 12), Weis etal.'” found that
both experimentally measured and theoretically determined
CCS values are in good agreement with each other, although
significant discrepancies were reported for some other cases.
More recently, Maisser et al. determined the electrical mobilities
of both positively and negatively charged silver-based clusters
having up to 25 Ag atoms."> The clusters were produced by
spark ablation, and subsequently, their mobility was determined
by a Differential Mobility Analyzer (DMA; ref 42) at
atmospheric pressure. As stated, considering that carrier gases,
even after high purification processing, can contain trace
amounts of impurities, including oxygen, the resulting aerosol
contains a high fraction of stable oxidized clusters produced by
the etching effect.”” Therefore, it is advantageous to reassign the
broad electrical mobility spectra obtained for silver cluster
cations by also adding their oxidized variants.

In this work, we theoretically determine the minimum energy
structure, stabilization energy, and electrical mobility of Ag,O,,"
clusters. We compare the calculated stabilization energies and
the mobilities of the ionic clusters with experimentally
determined mass and electrical mobility spectra, respectively.
For the electronic energy calculations, we used a very accurate
coupled cluster (CC) with single (S), double (D), and
perturbative triple (T) excitation (CCSD(T)) level of
theory." ™" Because the CCSD(T) method scales with the
number of basis sets as O(N”)* and, consequently, substantial
computational costs are associated with very large systems, we
have restricted our calculations to clusters withn = 1—4 and m =
1—5. The rest of the paper is organized in three sections, with
section 2 giving details of the computational methods used in
this work, section 3 providing a discussion on the stable
geometries, dissociation energies, and electrical mobilities of the
Ag,0,," clusters, and section 4 highlighting the most important
conclusions.

2. COMPUTATIONAL DETAILS

2.1. Electronic Structure Calculations. We have used the
Gaussian 16 package,”” in combination with the isomer module
of the ABCluster program,”’~>” to search systematically for the
best candidate structures of Ag,O,," clusters withn = 1—4 and m
= 1-S. The ABCluster estimates the potential energy of a
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configuration and then constitutes a set of the best trial solutions
by an efficient feedback-knowledge loop. Full dimensional
geometry optimizations have been performed from this pool of
structures at the M06°° level of theory, which has been reported
to produce electronic properties that are consistent with
experimental observations for the charged silver clusters.”!

A few of the low energy structures obtained at the M06 level
are subsequently optimized at the CCSD level of theory**~*
with a tighter energy convergence (2 X 107 Hartree). Finally,
single-point energy calculations on the geometries optimized by
the CCSD method have been performed by the more accurate
CCSD(T) theory to account for the ground-state electronic
energy. For the ground-state wave function that is essentially a
single-reference character, the CCSD(T) method is often
termed as the “gold standard” of quantum chemistry due to its
ability to obtain accurate bond energies and molecular
properties of reasonably large molecules.” Truhlar et al."”
showed that the M06 method could accurately predict all low-
energy isomers of charged silver clusters, whereas the differences
of the relative energy are also in good agreement with the
CCSD(T) calculations™ (below approximately +0.1 eV). In
this study, all isomers found in the M06 method that have
energies below 1.0, 0.75, and 0.5 eV in comparison to the lowest
energy isomer for n < 2, 3, and 4, respectively, are taken into
consideration for the CCSD calculations. Harmonic frequency
analysis has also been performed on all isomers to verify the local
minima on the potential energy surface.

In this study, we calculated the two spin states for each cluster:
i.e., singlet and triplet state for even numbers and doublet and
quartet state for odd numbers of electrons. We have chosen the
standard Dunning’s augmented correlation-consistent triple-{
basis set (aug—cc—pVTZ) for the oxygen atoms (contracted to
Ss4p3d2f),”>° and the cc-pVTZ basis set (contracted to
SsSp4d2flg) with the inner core electrons described by
Stuttgart/Koln energy consistent pseudopotential
(ECP28MDF) for the silver atoms.””>*

The zero-point vibrational energy (ZPVE) corrected
stabilization energy (AE) of the clusters were calculated with
respect to the lowest energy dissociation channel Ag,O,," —
Ag,_.0,,," +Ag,O, (i.e., the unimolecular dissociative reaction
of the Ag,0,,* clusters absorbing least/releasing most energy)

18,34
as

AE = E(Ag,_ O,_,") + E(Ag O,) — E(Ag O,") 1)
where, E(Ag,_,0,,_,"), E(Ag,0,), and E(Ag,0,,") are the total
energies of Ag, .0, " , Ag,O, and Ag,0," clusters,
respectively. We should note that x and y can take any value
from 0 to n and 0 to m, respectively, with the constraint that they
cannot be both zero simultaneously.

2.2. Collision Cross-Section and Electrical Mobility
Calculation. The CCS and electrical mobility of the lowest
energy ionic structures were calculated by the MOBCAL code.*’
The electrical mobility Z of the ions were determined as*’

/
3 (lgﬂ)l/z i N L 1/2
16 N

ze 1

Z - =
(ksT)*Q N

m m

)

Here, m and mj, are respectively the mass of the ion and carrier
gas atom, z is the number of elementary charge (¢) 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,
which was calculated here by three different approaches: (i) the
projection approximation (PA),”” (ii) the exact hard-spheres

https://doi.org/10.1021/acs.jpca.2c02809
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scattering (EHSS),*" and (iii) the trajectory method (TM).*
The hard-sphere radius r,, and 12—6 Lennard-Jones parameters
that are required for the calculation of the CCSs with the three
methods mentioned above are provided in Table 1.

Table 1. Hard Sphere Radius (r,,,; A), 12-6 Lennard-Jones
Parameters of Energy (¢; meV), and Van der Waals Distance
(6; A) for O and Ag Atoms

12—6 Lennard-Jones parameters

species Ths € c
e} 1.52¢ 1.07° 243"
Ag 1.57° 1.35¢ 3.007

9Ref 60. PRef 61. “Ref 17. “Ref 62.

It has been reported that, when used for mobility or CCS
calculations, the chosen values of the parameters provided in
Table 1 show good correspondence with the experimental
results.'”®"°” For example, Weis et al. found excellent
agreement with experimental results when either the ry or the
12—6 Lennard-Jones parameters, as mentioned in Table 1, were
used to calculate the CCS of pure cationic silver clusters'” (Ag,'
with n < 12) or mixed silver—gold cation clusters®* (Ag,Au,"
with m + n < 6), respectively. On the other hand, the ¢ and &
values of O atoms have been optimized by using drift-tube
measurements of CCSs for oxygen-containing organic com-
pounds.®'

We have also performed preliminary calculations of the CCS
and Z using the parameters in Table 1 and found good
agreement with reported experimental values. For example, the

experimental CCS (32.5 A%) of Ag," measured by Weis et al'is
very close to the values calculated by the three methods (ranging
between 31.8 and 33.1 A?). The experimentally determined
electrical mobility of the O," ion (21.8 + 1.7 em®* V™! s7)* is
also in good agreement with calculated results (22.2—23.3 cm*
V™! s7!). Furthermore, we have analyzed the sensitivity of the
mobility calculations with respect to the chosen values of the
parameters and found that, for a 10% change in € and o, there is a
corresponding ~1% and ~11% deviation in the CCS values
calculated by the TM method, as well as in the corresponding
electrical mobilities. In contrast, the same change in the hard-
sphere radius (r;,,) parameter induces at least 18% deviation in
the CCS values predicted by the PA and EHSS approaches.

We run S X 107 classical trajectories for each TM simulation,
with the charge distribution on each atomic center being
determined by the Natural Population Analysis (NPA).”* We
should note here that NPA has been reported to have excellent
numerical stability with respect to variations in basis set and
method,®® and good agreement with the empirical structure—
function relationship.’® Since the experimental mobility
spectrum has been obtained using helium as the carrier gas,"
for a direct comparison, the mobility calculations have been
performed using the same gas having a polarizability of 0.205 A%.
We should note that all calculations have been performed at 20
°C and 1 atm pressure.

3. RESULTS AND DISCUSSION

3.1. Electronic Properties of the Ag,0,," Clusters. The
ground-state structures of the Ag,O,," clusters are illustrated in
Figures 1—4, and the corresponding coordinates are provided in
Tables S1—S20. In general, as the size of the clusters increases,

(@) Cov 3) )G (3)
’ 2.38 ‘
2.49
1.20 2.49 1.20
(b) G (3)
1.20
2.52
J (®)C: 3)
(© Ce (1)
1.20
2.47

Figure 1. Ground-state structures of the AgO,," clusters, optimized by the CCSD method, where m = 1—35. Red spheres denote oxygen atoms, and the
cyan sphere indicates the silver atom of the clusters. Bond lengths (black fonts) and angles (blue fonts) are given in angstroms and degrees,

respectively. Spin multiplicities are provided in parentheses.
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Table 2. Summary of the CCSD(T) and Electrical Mobility Calculations on the Ground State of AgO,,*, Ag,0,,*, Ag;0

Ag,0,.* Clusters, Where, m = 1-5“

species 2§ +1

AgO,"

w
(@]
g

Ag,0,"

Ag0,"

m
1
2
3
4
S
1
2
3
4
S
1
2
3
4
S
Ag,0," 1
2
3
4

BRA N ND W W W W R A& DR DD W W= W
0

s 4 o

AE u
0.49 1.06
0.28 2.21
0.78 1.90
-0.17 0.33
0.25 0.17
2.82 0.45
0.20 0.00
0.24 2.11
0.20 2.08
0.12 3.71
2.86 0.00
0.18 0.82
0.25 1.19
—-0.27 0.76
—0.18 1.00
1.16 3.35
0.07 4.19
0.23 2.24
0.26 5.48
0.13 4.03

pubs.acs.org/JPCA
s and
Q z!

VEA PA EHSS ™ PA EHSS ™
7.19 29.45 29.77 29.59 499.97 505.42 502.33
6.85 34.71 35.30 33.50 590.26 600.30 569.72
7.43 36.84 37.44 34.34 627.35 637.57 584.84
6.96 48.40 49.62 41.58 825.19 846.09 709.01
727 50.59 51.98 42.74 863.39 887.19 729.47
6.30 37.60 38.09 36.98 642.89 651.42 632.39
6.03 41.82 42.77 40.59 715.54 731.76 694.45
6.23 51.13 52.24 45.81 875.23 894.19 784.22
5.83 55.48 57.08 49.27 950.18 977.59 843.71
6.05 62.17 64.79 54.74 1065.1 1110.0 937.83
5.20 44.19 45.92 45.10 757.65 787.38 773.29
5.24 52.37 54.30 48.69 898.22 931.36 835.03
S.13 57.34 59.97 53.56 983.72 1028.8 924.03
5.52 65.97 69.11 57.98 1132.0 1185.9 994.64
5.36 70.24 73.92 62.70 1208.5 1268.7 1076.1
5.69 50.37 53.26 51.03 864.87 914.54 876.29
5.30 59.29 61.63 57.33 1018.2 1058.3 984.48
6.04 63.14 66.74 59.66 1084.5 1146.4 1024.7
5.73 60.72 63.58 57.96 1043.0 1092.2 995.65
2.99 76.24 81.53 69.07 1309.8 1400.6 1186.7

“28 + 1: Spin multiplicity. PG: Point group symmetry. AE: Zero-point vibrational energy (ZPVE) corrected stabilization energy (in eV) with
respect to the lowest energy dissociation channel. y: Dipole moment at the center of mass (in Debye). VEA: Vertical electron affinity (in eV). Q:
Collision cross-section (in A%). Z™': Inverse electrical mobility (in V s m™2). PA: Projection approximation method. EHSS: Exact hard spheres

scattering method. TM: Trajectory method.

@ Cy (2 @@
215 2.15
172.2 J 2.20
1.32 1.20
2.21 2.46
(b) G (2)
2.21
1.34 J

aas @cH®

@©CGH®
2.15
2.14 2.45 1.20

Figure 2. Ground-state structures of the Ag,0,,* clusters optimized by the CCSD method, where m = 1—5. Red spheres denote oxygen atoms, and cyan
spheres indicate silver atoms. Bond lengths (black fonts) and angles (blue fonts) are given in angstroms and degrees, respectively. Spin multiplicities

are provided in parentheses.

the ground state tends to have a greater spin multiplicity; i.e.,

triplet (for an even number of electrons) and quartet (for an odd
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number of electrons) spin states are favored over singlet and
doublet states (see Table 2). More specifically, for AgO,," and

https://doi.org/10.1021/acs.jpca.2c02809
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(a) D3n (1)

(0) G (3)

2.77

(d)C(3)

(& Ci(3)

Figure 3. Ground-state structures of the Ag;O,,* clusters optimized by the CCSD method, where m = 1—5. Red spheres denote oxygen atoms, and cyan
spheres indicate silver atoms. Bond lengths (black fonts) and angles (blue fonts) are given in angstroms and degrees, respectively. Spin multiplicities

are provided in parentheses.

1.20

@ Cxy (2 (C)IERC))
2.21
111.7 111.9
J 214 4117 W 21 V)
2.21
J
(b) G (2)
2.7
@cH®
©G®
1.20

1.20

Figure 4. Ground-state structures of the Ag,O,,* clusters optimized by the CCSD method, where m = 1—5. Red spheres denote oxygen atoms, and cyan
spheres indicate silver atoms. Bond lengths (black fonts) and angles (blue fonts) are given in angstroms and degrees, respectively. Spin multiplicities

are provided in parentheses.
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Ag;0,,%, only one singlet state has been found in each series. On
the other hand, the two smallest clusters in the series of Ag,0,,*
and Ag,O,," are doublets.

The geometry of the clusters in their ground state is planar if
the total number of atoms in the cluster is equal to or less than
four. The remaining clusters adopt a 3D structure. This is
markedly different to the results reported by Roithova et al.*®
and Wang et al,** where Ag,O,," clusters are 3D starting from
tetra-atomic systems.

Interestingly, when m > 2, the Ag,O,,* clusters have a terminal
O, fragment attached to an Ag atom. The O—O bond length in
these clusters has a length of 1.20 A, which is almost equal to that
of the free O, molecule (1.21 A).®” In these clusters, the Ag—O
bond lengths are elongated (2.41—2.57 A) compared to those of
the pure AgO molecule (2.0 A).%” These results suggest that O,
is weakly bonded to the Ag,O,,_," clusters and can, therefore,
dissociate more easily, as discussed further below. A
consequence of the weakly bounded O, is that the minimum
energy geometry of a particular series of Ag,O,," is similar to that
ofthe Ag,O,,_," clusters, with the exception of the case where an
additional O, is attached to a terminal Ag atom. These
observations are consistent for all Ag,O,,* clusters studied in
this work when the number of Ag atoms in the cluster remains
the same. However, there are some notable deviations when the
two oxygen atoms are bonded with two separate Ag atoms, and
there is no O, moiety at the extremity (Ag,0," and Ag,0,"; see
Figures 2b and 4b). In these two cases, the O—O distance is
slightly elongated (ranging from 1.32 to 1.34 A), and the Ag—O
distance is shortened (from 2.19 to 2.23 A) when compared to
other clusters with m > 2.

Our results also show that the Ag—O bond length in the AgO*
cluster is 2.34 A (Figure 1a) but increases to 2.52 A for AgO,"
(Figure 1b). In AgO;*, the Ag—O bonds are further elongated to
2.60—2.61 A, while the distance in the O—O bond increases
compared to that of AgO," (from 1.20 to 1.25 A, respectively)
(Figure 1c). We note that AgO;" has a planar geometry and only
a slight difference in the two Ag—O bond lengths, thus deviating
from a C,, point group symmetry. An incremental difference in
the Ag—O bond length between Ag,O* (Figure 2a) and Ag,0,"
(Figure 2b) (2.15 and 2.21 A, respectively) is also observed.
With the exception of the linear AgO™ ion, the most symmetric
structure (in terms of the total number of symmetry operations)
found in this study is that of the Ag;O" cluster, which has a
trigonal planar geometry with a short AgO bond length (2.09 A;
see Figure 3a). On the other hand, the Ag;O,"* cluster can be
considered as Ag atoms sitting at the corners of an equilateral
triangle having sides with a length of ~2.8 A, with one of them
being attached to an O, molecule (Figure 3b). Interestingly, the
positively charged pure Ag;" ion is also an equilateral triangle
with similar side lengths, as reported by McKee and co-
workers.”' Therefore, the ground state of the Ag;O," cluster can
be considered as the combination of Ag;* and O, fragments in
close proximity. Similarly, the Ag,O," cluster (Figure 4b) has a
structure similar to that of Ag;O,", with the fourth Ag atom
attached to the terminal O atom of the O, moiety.

Some discrepancies are observed by comparing the geo-
metries determined in our study with those already reported in
the literature. Most notably, we find that the ground state of the
Ag,0" cluster (Figure 2a) is almost linear with ZAgOAg =
172.2°, which is in line with the results reported by Roithova et
al.”” but in contrast with those provided by Schmidt et al."® and
Wang et al.** The energy of this structure is at least 0.18 eV (0.13
eV for M06 calculations in this work) lower compared to that of
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the bent structure as obtained in the two latter studies. Indeed,
we find that both PBE and LSDA functionals (with the same
basis set as employed in this study) refer to the ground state
having a bent geometry, which has respectively at least 0.07 and
0.28 eV lower energy compared to that of the linear geometry.
We find that the Ag—O bond length is also marginally longer
(2.15 A) than those previously reported by Schmidt et al. and
Wang et al. (2.09 and 1.98 A, respectively).

Similarly, Schmidt et al. and Wang et al. reported that the
ground state of Ag;O* (Figure 3a) and Ag,O" (Figure 4a)
clusters have respectively a tetrahedron-like and capped
tetrahedron geometry, both belonging to the C;, point group
symmetry. In contrast, we find that the ground state of these
clusters belongs to the Dy, (Ag,0*) and C, (Ag,O*) symmetric
configurations, which have 0.40 and 0.15 eV, respectively, lower
energy than the previously reported C;, geometries. We should
note, however, that the Ag,O" cluster marginally deviates by an
Ag—O bond length of +0.07 A (see Figure 4a) from having a
pure tetrahedral geometry. Additional geometrical discrepancies
are also seen for the Ag,0," (Figure 2b) and Ag,O," (Figure 4b)
clusters. These discrepancies may stem from the difference in
the accuracy of the ab initio methods employed, the convergence
criteria, or the total number of candidate structures and their
geometries considered in the respective studies. Nevertheless,
we have found good agreement with the previous reports for a
few species, including the AgO,* (Figure 1b) and Ag,O,"
(Figure 3b) clusters.

In addition to the ground-state geometries, we have also
determined other properties of the oxidized silver clusters, such
as the dipole moment y and the vertical electron affinity (VEA).
The calculated values are provided in Table 2. Since the dipole
moment of an electrically charged species is not invariant under
the choices of the coordinate frame, it has been calculated at the
center of mass of the cluster. The direction of the dipole vectors
is fully consistent with the partial charges determined by the
NPA method; ie. they point toward the plane containing the
positively charged Ag atom(s) (see SI for charges calculated by
the NPA method on the Ag,O,," clusters). As expected, some
symmetric structures, such as those of Ag,0," (Figure 2b) and
Ag,O" (Figure 3a), have zero net dipole moments. The Ag,O,,"
clusters appear to have higher dipole moments than other
Ag,0,," series, most likely due to a greater number of partially
charged Ag atoms located away from the center of mass (Figure
4a). Finally, the VEA values can be distinctly categorized with
respect to the value of n. For n = 1—3, the VEA values decrease as
n increases. For example, the VEAs span from 6.9 to 7.4 eV for
the AgO,,* series but decrease to the range of 5.8—6.2 eV for the
Ag,0,," clusters and to 5.1—5.5 eV for the Ag;0,,". Interestingly,
the VEAs of the Ag,0,," clusters are spread over a rather broad
range: ie., from 6.0 eV for Ag,0;" to 3.0 eV for Ag,O;".

3.2. Stabilization Energies of the Ag,,0,," Clusters. The
ZPVE corrected AE of the Ag,O," clusters are provided in
Table 2 and shown in Figure Sa. Evidently, the stabilization of
the clusters with m > 2 is comparatively lower than those with m
= 1. These clusters preferably dissociate by eliminating a weakly
bonded oxygen molecule. The calculated AE values for the
clusters with m > 2 range from approx. — 0.27 to 0.28 eV,
suggesting that some clusters are unstable (AE < 0; viz.,, AgO,",
Ag;0,", and Ag;Os*) and will promptly dissociate. The AE
values of most of the remaining Ag,0,,* clusters (with m > 2)
have a value of ~0.2 eV. One exception to this generalization is
the AgO;" cluster, for which the calculated stabilization energy is
significantly greater than those of other clusters (~0.8 eV). We
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Figure 5. () Stabilization energies, AE, of the Ag,O,," clusters (n = 1—
4 and m = 0—S5) with respect to the lowest energy dissociation channel.
The AE values are calculated by the CCSD(T) method. (b) Mass
spectra of atomic silver clusters produced by atmospheric-pressure
spark ablation provided by Maisser et al. (ref 43). The abscissa of panel
(a) has the same value, unit, and label as that of panel (b).

should highlight here that in AgO;", the Ag atom is directly
bonded with two O atoms, and the third O atom is centrally
bonded with those (see Figure 1c). We determine that this ion
will most readily dissociate not through the release of O, but of
an ozone molecule and a silver cation Ag*. Dissociation of AgO;*
to yield AgO" + O, would require surmounting a potential
energy barrier of around 1.1 eV. The AE values for Ag,O,"
clusters calculated in this work are considerably smaller (i.e., less
stable clusters) than the O, binding energy reported by Wang et
al.>* For example, we estimate that the binding energy of O, on
Ag,0,"is 0.2 eV, whereas Wang and co-workers report a value of
1eV.

With the exception of AgO5”, the stabilization energy of the
Ag,O" clusters is, in general, far larger than those of the clusters
with m > 2 (see Table 2). This finding is consistent with those
reported by Schmidt et al.®® in the condensed phase, who
showed that the detection intensity of Ag,O" clusters was
substantially higher than that of their Ag,O," counterparts. AE
of Ag;0" and Ag;O" have similar values (~2.8 eV) and are
notably larger than those of AgO* (0.5 eV) and Ag,O* (1.2 eV),
in agreement with previous DFT level calculations reported by
Schmidt and co-workers'® and Roithova et al.** The enhanced
stabilization energy of the Ag,O" and Ag;O" clusters can
seemingly be attributed to a stronger Coulombic interaction
between partially positive Ag atoms surrounding the negatively
charged O atoms at a shorter distance (cf., Figure S1 for charges
calculated by the NPA method for the Ag,O* clusters).
Interestingly, in the equilibrium geometry of AgO¥, there is no
net charge on the O atom. This suggests that there is no effective
Ag to O charge transfer in AgO", in contrast to the neutral AgO
cluster, whereas the potential energy curve of AgO" has a shallow
well of ~0.5 eV (see Figure S2). The bond dissociation energy of
Ag"—O reported here is somewhat smaller than the purely
speculative experimental value of 1.23 + 0.05 eV,”* or the DFT
calculated values reported by Wang and co-workers,”* but have a
better agreement with those provided by Schmidt (~0.8 eV).
For n =2 and 4, the lowest energy dissociation channel leads to
the formation of a silver cluster cation and a single O atom
(Ag,0* — Ag,* + O). In contrast, Ag;O" would preferably
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dissociate into Ag,O* + Ag, which has a 0.2 eV lower energy than
the Ag;" + O channel.

Figure Sa shows the stabilization energies of the Ag,O,"
clusters predicted in this work, whereas Figure Sb provides the
mass spectra (MS) of Ag-based cations reported by Maisser et
al.”® As the signal strength in the experimentally determined MS
can be a measure of relative abundances and consequently
related to the relative stabilization energy of the clusters, we can
qualitatively compare them with the theoretically determined
stabilization energies. In all cases, the mass spectrometry signals
of Ag,0,," clusters for n > 1 and m > 2 are weaker than those
obtained for m = 0 or 1. These signals progressively become
weaker with increasing m. This is, in general, in agreement with
the calculated stabilization energies of the Ag,O,," clusters and
the experimental validation by Schmidt et al."® Similarly, AgO,,*
clusters with m = 1, 2, and 3 have comparable signal strengths in
the MS, in accordance with the corresponding AE values. By
comparing the stabilization energies of the pure Ag," clusters
(ie, Ag,", Ags*, and Ag,") with respect to the lowest energy
dissociation channel (Ag,_,* + Ag for even n, and Ag,_; + Ag"
for odd n) with those obtained for Ag,0* (n = 2—4), we can
interpret the remaining peaks of the MS. For instance, the AE of
Ag,0" is much greater than that of the Ag," ion (2.82 and 1.48
eV, respectively), which can explain the stronger signal in the
case of the oxidized species. On the other hand, the difference in
AE between Ag;O" and Ag;* (2.86 and 2.57 eV, respectively) or
Ag,O" and Ag," (1.16 and 1.00 eV, respectively) pairs are very
small and consequently can explain the similar magnitudes of the
respective signals in the MS. These comparisons show that as the
silver clusters increase in size, they have a smaller tendency to
react with oxygen. Formation of predominantly pure silver is to
be expected for clusters with n > 10. It should be noted that the
AE values of the pure Ag," clusters have also been determined at
the CCSD(T) theory with ZPVE correction. Despite the
excellent qualitative agreement between measurements and
calculations, one should also consider that the MS have
contributions from hydroxy silver cluster cations, Ag,OH,,", as
shown by Maisser et al.”” To properly interpret the experimental
MS, one would need to estimate the stabilities of the Ag,OH,,"
clusters and additionally conduct kinetic studies on pure,
oxygenated, and hydroxygenated silver cluster cations in order
to determine their relative abundances. This, however, is beyond
the scope of this study.

3.3. Collision Cross Sections and Electrical Mobilities
of the Ag,0,," Clusters. The average CCSs for the Ag,0,,*
clusters calculated by the PA, EHSS, and TM methods are
provided in Table 2. In the remainder of this article, we
specifically analyze results obtained by the TM approach as this
has been reported to provide the most accurate results among
the three methods and, most importantly, because it considers
the long-range interactions between the ion and the buffer gas.*’
As the CCS is essentially a measure of cluster size, it increases as
the number of oxygen atoms in a family of Ag,O,," increases.
One deviation from this generalization is observed for the
Ag,0," cluster, which has a smaller CCS value than its Ag,O5"
counterpart that has one oxygen atom less (57.96 and 59.66 A?,
respectively). This anomaly can be explained by carefully
inspecting the corresponding optimized geometries of the
Ag,0;* and Ag,0O," ions. As already shown in Figure 4d, the
ground state of Ag,0," is a compact cage-like structure with a
total molecular area of 47.30 A%, whereas Ag,O" (Figure 4c) has
a more spread-out geometry and an increased molecular area

(50.76 A?).

https://doi.org/10.1021/acs.jpca.2c02809
J. Phys. Chem. A 2022, 126, 6376—6386


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c02809/suppl_file/jp2c02809_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c02809/suppl_file/jp2c02809_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c02809?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c02809?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c02809?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c02809?fig=fig5&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c02809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Figure 6 shows the experimentally determined inverse
mobility Z™! spectrum measured by Maisser et al,'” where
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Figure 6. Inverse electrical mobility, Z™, (in V s m™) of Ag,0,,"
clusters (n = 1—4; m = 1-5) and Ag,* clusters (n = 2—9) in He
calculated at 20 °C and 1 atm. Z™" values of Ag,0,," clusters have been
calculated by the trajectory method (TM), and for Ag,", the clusters are
based on the experimental collision cross sections reported in the
literature (ref 17). They are both labeled as vertical lines on the
experimental mobility spectrum provided by Maisser et al. (solid red
lines, ref 13).

respective values of the oxidized and pure (the latter taken from
ref 17) silver cluster cations are also labeled. The calculated
values of Z™! are also provided in Table 2. We should note that
the Z™! values for Ag," clusters are marginally smaller than those
provided by Maisser et al.'’ because they account for
particularities in the calibration procedure used in the
experiments. Similarly to the CCS, Z™" increases with m for a
particular series of Ag,O,," clusters, except for Ag,0," due to its
smaller size compared to Ag,O;" as discussed in the previous
paragraph.

A number of peaks and troughs that were previously
unassigned in the experimental electrical mobility spectrum
can now be labeled as belonging to a family of cationic clusters.
For example, in the case of AgO,", the inverse mobility that
coincides with the first experimental peak at Z™' = 570 V.s m ™
appears alongside the signal corresponding to the Ag," cluster.
Similarly, the most prominent peak at Z™' & 700 V s m~> has
contributions from both Ag;* and Ag,0,". The following two
peaks at larger Z™" values of around 870 and 1000 V s m™” that
are also labeled, respectively, contain the family of Ag,0,,* (m =
1—4) and the AgO,+ clusters. Likewise, the troughs appearing
around 800, 950, and 1100 V s m™? correspond to Ag;O* and
Ag,0;*, Ag;0;", and Ag,O;*, and Ag;O;* clusters, respectively.

It is evident that the relative abundances of the AgO,,*
clusters labeled on the experimental electrical mobility spectrum
do not precisely match the calculated stabilization energies,
contradicting the comparison with the reported MS discussed in
the previous section. This is particularly true for the Ag;O"
cluster. The stabilization energy of Ag;O" is 2.86 eV exhibiting
the highest AE value compared to the rest of the species
investigated in this work, corroborating the strong signal in the
MS reported by Maisser et al.* However, Ag;O* falls at a trough
in the experimentally determined electrical mobility spectrum,
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which may suggest that the ground state of Ag;O" would
dissociate rapidly. This seemingly contradictory observation
could be the result of one or a combination of the following
factors. First, there could be isomers of Ag;O" that are
sufficiently long-lived and have ion mobilities that fall under
the adjacent peaks in the mobility spectrum. We have calculated
that the tetrahedron-like structure reported by Schmidt et al.'®
and Wang et al,,** and the first triplet state of Ag;O" (cf,, Figure
S$3) have a Z™" value of 744 V s m™ This value, which is lower
than that estimated for the Dy, structure (corresponding to 773
Vs m™?) may signify a greater abundance of these two isomers.
Second, it has been reported that for small and medium ions,
when optimized Lennard-Jones parameters are used in the
computation of CCS, the accuracy of the TM method of the
MOBCAL code usually falls within 4% of the experimental
value.”"* Due to the lack of experimental data on either CCS or
electrical mobility of silver oxide cations, we have utilized
nonoptimized Lennard-Jones parameters in this study. Lastly,
the signals in both the mass and the electrical mobility spectra
are affected by the penetration of the instruments, which can
well depend on the mass and mobility of the measured clusters,
respectively.

To further investigate the agreement between the theoretical
calculations carried out here and the respective mobility
measurements reported by Maisser et al,'” we compare the
predicted mobility distributions determined from the signal
strength of the MS of ref 43 (cf,, Figure S4). Evidently, there is a
good agreement between the measured and the predicted
inverse mobility spectrum. However, few notable differences are
also observed since the electrical mobility and the mass spectra
measurements have been performed separately, and hence,
important differences in the composition of the resulting clusters
cannot be ruled out. The most prominent discrepancy arises for
the Ag," cluster as its relative abundance is 0.9 au in the
predicted mobility spectrum and 0.1. a.u. in the experimental
spectrum. Remarkably, Ag;O" falls at a peak in the predicted
mobility spectrum since it is accompanied by a strong signal in
the corresponding MS. Unsurprisingly, Ag;*, Ag;O", Ag,”, and
Ag,O" clusters have similar relative abundances and signal
strengths in the predicted mobility and the experimental spectra.

The weakening signal with growing cluster size (Figure 6) can
also be connected to experimental artifacts. First, the trans-
mission of the clusters through the mass spectrometer is mass-
dependent and, in principle, decreases with increasing mass. In
addition, clusters produced by spark ablation typically have a
log-normal mobility/size distribution,43 which also leads to a
size-dependent signal of the clusters that can vary with the
operating parameters of their production during the experi-
ments. Finally, we should stress again that the Ag-based clusters
produced during the experiments contain a high fraction of
hydroxyls, resulting to species that can be more stable than their
Ag,0,," cluster counterparts. To make a quantitative compar-
ison between theory and experiment, we need to consider those
clusters as well as their mass/size-dependent penetrations in the
MS measurements.

The deviation in the ion mobilities between the pure Ag,*
cluster and its oxidized counterparts having the same number of
silver atoms n can give valuable insights into the amount of
oxidation, i.e., the total number of O atoms, in the cluster. Figure
7 shows the difference in inverse mobility Z~' between pure Ag,*
clusters with their oxygenated counterparts, Ag,O,," for a
particular value of n against m. Naturally, with increasing the
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Figure 7. Difference in inverse electrical mobility, AZ™, (in V s m™2)
between (a) Ag" and AgO,,", (b) Ag," and Ag,0,,", (c) Ags* and
Ag;0,* and (d) Ag,* and Ag,0,,". Here, m = 1—5. Z™' values of
Ag,0,," clusters have been calculated by the trajectory method (TM),
and for Ag,", the clusters are based on the experimental collision cross
sections reported in the literature (ref 17).

number of oxygen atoms in the cluster, AZ™" increases as a result
of the larger cluster size, except for the Ag,O," cluster.

The large difference in the AZ™" values between Ag,* and
Ag,0,," clusters can be explained by inspecting their respective
ground-state geometries. For example, Ag,0%, Ag;O*, and
Ag,O" can be considered as structures in which an oxygen atom
is placed at the center of pure Ag,*, Ag;*, and Ag," clusters,
respectively (see Figure SS). This leads to an increased Ag — Ag
bond length in the oxidized clusters compared to their pure
counterparts (by 0.74—1.45 A) and, in general, a larger cluster
size. Since the significant contribution to the electrical mobility
originates from the larger Ag atoms, it is not surprising that
adding an O atom has a much smaller effect on the electrical
mobility than adding an Ag atom. The deviation of the mobility
of the Ag,O,," species from their pure counterparts is high
enough to be resolved by mobility analysis reported by Maisser
etal,” as this ranges from 24 to 160 V™' s™! cm? depending on
the number of O atoms the clusters can contain for our study.
Since the mobilities of some oxygenated species are very close to
those of the pure clusters, and also among themselves, two or
more species can correspond to each peak in the mobility
spectrum obtained from low resolution DMA, as shown in
Figure 6. For example, Ag;0," has a Z™! value 0f 994.64 Vs m 2,
which is very close to the respective value calculated for Ag,O,*
(995.65 Vs m™). Similarly, Ag,O" and Agy" have comparable
77! values (~1190 V s m™2). In order to better resolve different
oxidized species and have a more rigorous comparison with the
theoretical results, one can combine mobility classification with
mass spectrometry that can give further insights into the
relationship between cluster mobility, mass, sizes, and
stability.”*”"

4. CONCLUSIONS

We have calculated the minimum energy structures, stabilization
energy, electrical mobilities and various electronic properties of
Ag,O,," clusters (n = 1—4; m = 1—5) using a rigorous ab initio
method. Geometry optimizations of the Ag,O,,* clusters have
been performed at the CCSD level of theory, while single-point
energies are determined by additionally incorporating the triples
correction to the CCSD method (CCSD(T)). We find that the
ground state of the larger cations tends to have a greater
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multiplicity. In general, the ground state geometry of the Ag, O,
clusters is similar to those of the Ag,O,,_,* clusters, with an
additional O, attached at their extremity, although there are
some exceptions to this rule (e.g, Ag,O," and Ag,0,*). The
Ag,O" clusters adopt a geometry that inherits higher symmetry
than other clusters and also has greater stabilization energy with
respect to the lowest energy dissociation channel. This is
apparently due to a strong Coulombic attraction between
positively charged Ag atoms and a negatively charged O atom.
On the other hand, Ag,O,," clusters with m > 2 are less stable
due to the easy elimination of an O, molecule attached to a
terminal Ag atom, signaling a higher inertness of the silver
clusters toward oxygen. We expect that this is a general feature
and that larger clusters also split off O,. Under this hypothesis
and considering that even the bulk stable Ag,0O decomposes
when heated,” it is well possible that silver oxide clusters
produced by spark ablation (or other similar aerosol-based
techniques) at atmospheric pressure can be reduced by heating
their carrier gas, leading to an effective yet cost-effective way of
producing pure silver clusters.

When comparing the structures of the oxidized silver clusters
determined in this work with those previously obtained by DFT
calculations, we find a number of disparities, e.g., in the case of
the Ag,O" cluster. Through more rigorous computations, we
find that the ground-state structure of Ag,0" is almost linear, in
contrast to the bent geometry reported previously. Despite these
discrepancies, however, the good qualitative agreement with
experimentally determined mass spectra®® builds trust in the ab
initio calculations caried-out in this work.

The collision cross-section (CCS) and electrical mobilities of
the Ag,O,," clusters have also been calculated and labeled on a
measured spectrum of silver-based atomic clusters produced by
spark ablation at atmospheric pressure.'> This comparison
provides further insights into the species that can contribute to
each peak of the measured mobility spectrum and verify the
calculations that depend on the estimated structure of different
clusters. Finally, estimated deviations in the ion mobilities of the
pure silver cluster cations from their oxidized counterparts
indicate that the resolving power of the measured mobility
spectrum is high enough to distinguish between clusters having a
different number of Ag atoms but not between clusters having
the same number of Ag atoms and a different number of oxygen
atoms since they appear in the same region of the mobility
spectrum and consequently a peak or a trough may be the result
of the presence or absence of more than one species. This
limitation can be overcome by using accurate quantum chemical
calculations or Differential Mobility Analysis-Mass Spectrome-
try (DMA-MS) in the future.
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