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ABSTRACT: Spin accommodation is demonstrated to play a
determining role in the reactivity of silver cluster anions with
oxygen. Odd-electron silver clusters are found to be especially
reactive, while the anionic 13-atom cluster exhibits unexpected
stability against reactivity with oxygen. Theoretical studies
show that the odd—even selective behavior is correlated with
the excitation needed to activate the O—O bond in O,.
Furthermore, by comparison with the reactivity of proximate
even-electron clusters, we demonstrate that the inactivity of

Ag,;” is associated with its large spin excitation energy, ascribed to a crystal-field-like splitting of the orbitals caused by the bilayer
atomic structure, which induces a large gap despite not having a magic number of valence electrons.

B INTRODUCTION

Bulk silver is a shiny noble metal widely used in jewelry,
silverware, and welding. Silver is susceptible to strong oxidizers
and is used in the development of photographic film. When
exposed to the atmosphere, the metal can be corroded in
humid environments (by H,S and other sulfites, chlorates, and
HC], to form Ag,S and AgCl). In addition to the bulk, silver
particles also exhibit unique optical, electrical, and thermal
properties and have found applications in photovoltaics,
antibacterial coatings, chemical sensors, and so on.! This
wide range of applications has inspired extensive studies on
small silver clusters and, in particular, the oxidation and
catalytic properties of small clusters containing two to a few
dozen atoms.””'® Recently Klacar et al.'' examined the
reactivity of Ag, (n < 9) clusters with O, within a density
functional theory (DFT) scheme and showed that dissociation
of the molecular oxygen could be preferred on larger-sized
clusters while molecular adsorption was favored for n < S.
Bernhardt et al.'® measured the energies for binding of O, to
small silver anion clusters. Studies by Hagen et al."> observed
cooperative effects in the binding of multiple O, molecules to
even-electron clusters, while single molecules preferred to bind
to odd-electron clusters. Furthermore, the even-atom cluster
anions (i.e, clusters having an odd number of valence
electrons) were found to be more reactive than the odd-atom
cluster anions for the reaction of the first O,. Socaciu et al.'?
investigated the reactivity of anionic silver clusters Ag,”
containing 1—11 atoms with O, and found some unusual
trends. Their results showed that Ag,~ (n = 1—11) clusters
react readily with molecular oxygen to generate Ag,O,”
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products for clusters containing an even number of silver
atoms, (Ag,” was found to bind three O, molecules), while the
clusters containing an odd number of silver atoms (except n =
1) react to bind two O, molecules.

It is well-known that molecular oxygen is a spin triplet in its
ground state and that the two half-filled molecular orbitals are
antibonding in nature. The cleavage of an O—O bond requires
the filling of the half-filled antibonding orbitals in *O,, and this
process reduces the multiplicity of the molecule from triplet to
singlet.'* However, silver and oxygen are expected to have
negligible spin—orbit effects, and hence, their reaction should
follow the Wigner—Witmer rules of spin conservation (i.e., the
reaction should conserve the overall spin of the system)."*”'
For silver anion clusters with an odd number of electrons (i.e.,
Ag,,”), the spin of the cluster can be aligned opposite to that of
the *0, molecule, allowing a spin-conserved pathway to the
final product (eq 1).

ZAan_ + 302 - Z[Aanoz:] - 2Ag2n02_ (1)
However, silver cluster anions with an even number of
electrons (ie, Ag,,.; ) require a spin excitation of the
remaining portion to conserve the total spin (eq 2).13
— Spin crossing 1 —
Ag2n+1()2

@)
In these equations, the ground states of the Ag clusters have the
lowest spin multiplicity (singlet for even-electron clusters and

lAg2n+1_ + 302 - 3[Ag2n+102:|
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doublet for odd-electron clusters). It is notable that for clusters
with an even number of electrons, two-state reactivity'® may be
hypothesized to play a role, as it allows intersystem crossings
from one spin channel to another; however, the spin
conservation of Al-based clusters reacting with oxygen has
been unambiguously confirmed."*'® Experimental studies of
the reactivity of oxygen with Ag,~ clusters have been performed
on smaller-sized clusters, but clusters with 11 < n < 20 remain
to be further explored.

It is worth mentioning that because oxygen is a strong
etchant, stable clusters can be identified via their resistance to
etching. For example, Al};™, Alj;1,,7, Al L7, AL,C™, and ALH,~
have previously been identified as stable clusters that are
resistant to etching by oxygen, and their enhanced stability has
been linked to the spin excitation energy.'” > Among these
magic clusters, the number 13 has attracted extensive interest,
and several other classes of metal clusters have also been found
to exhibit similar stability, such as Au,;~ and Pd;3~.>*** 1t
would be interesting to ascertain whether similar principles can
be applicable to silver clusters. A silver atom has a filled 4d shell
with a single electron in the Ss orbital. The electronic behavior
of silver clusters, including the progression of the geometry
with size, is often rationalized within a confined nearly free
electron gas (NFEG) model developed originally for alkali
atom clusters. The Ag);~ cluster contains 14 valence electrons
and does not correspond to a filled shell in the confined NFEG
as modeled in the spherical jellium model,*® for which the
superatomic electronic shells exhibit an ordering 1S* 1P° 1D*
28% 1F" 2P% ... (We denote delocalized orbitals with upper-
case letters and atomic orbitals with lower-case letters.)

In this work, by employing a magnetron sputtering (Mag$S)
cluster source, we undertook a synergistic study combining
experiments on the reactivity of silver cluster anions with
oxygen and first-principles DFT calculations to examine the
atomic and electronic structures of Ag,” clusters containing up
to 20 silver atoms and their reactivity with oxygen. As shown
below, the experimental studies indicated that Ag clusters with
an even number of electrons exhibit lower reactivity than those
with an odd number of electrons. More importantly, Ag,;~ was
identified as a stable species that is resistant to etching by
oxygen. It is notable that 13-atom clusters generally have
compact geometric shapes,®® leading to a jellium grouping of
states; however, 14 is not a magic number of electrons, so one
would expect Ag;;~ to react with O,. The size-selective
resistance to oxidation of Ag;~ is due to its large HOMO—
LUMO gap and large spin excitation energy. The unexpectedly
large HOMO—LUMO gap for Ag,;~ with 14 valence electrons
is due to its bilayer structure, which opens a large gap via a
crystal-field splitting of the delocalized 1D orbitals.>” Such
investigations further the understanding of mechanisms
involved in cluster reactivity.

B EXPERIMENTAL AND THEORETICAL METHODS

High-purity helium (Praxair, Inc., purity >99.995%), ultrahigh-purity
argon (Praxair, Inc., purity >99.99%), and high-purity oxygen (Praxair,
Inc, 99.99%) were used. The silver disk (99.99% pure, SO mm
diameter, 6 mm thickness) was obtained from Kurt J. Lesker
Company. The reactions leading to the current findings were carried
out in a previously described apparatus that uses a MagS$ cluster source
to provide a tunable size distribution of silver clusters.****> A DC
power supply (TDK-Lambda Americas Inc., Genesys 750 W/1500 W)
was used to provide the high voltages needed for the MagS source.
High-purity helium was introduced from the inlet at the rear of the
magnetron chamber to carry the clusters through an adjustable iris into

a flow tube, where they encountered and reacted with O, at room
temperature. The oxygen gas was introduced to the cluster beam ~30
cm downstream from the source and allowed to react with the Ag
clusters over a 60 cm distance and a time of ~8 ms. The pressure in
the reaction flow tube was kept at 0.7 Torr, that is, the number of
collisions for the clusters and reactant could be up to 100.'® The
products were then extracted into a differentially pumped ion-guide
vacuum system and analyzed with a quadrupole mass spectrometer
(Extrel QMS).

To investigate the mechanism of oxidation and the origin of the
reactivity in these species, we carried out theoretical investigations of
the ground-state geometries and electronic properties of neutral Ag,
and anionic Ag,” clusters containing up to 17 Ag atoms. We also
studied the binding energy of O, to selected Ag,” clusters (n = 1—17)
to probe the nature of the bonding and the spin-transfer effects. A first-
principles molecular orbital approach was used wherein the cluster
wave function was expressed as a linear combination of atomic orbitals
centered at the atomic sites and the exchange—correlation effects were
included within a generalized gradient approximation (GGA) DFT
formalism. The actual calculations were carried out using the deMon2k
set of computer codes.** For the exchange and correlation functionals,
we used the Perdew—Burke—Ernzerhof (PBE) GGA functional.*' The
silver atoms were described using a 19-electron quasi-relativistic
effective core potential (QECP) with a corresponding valence basis set
as proposed by Andrae et al,*" while the DZVP-GGA basis set*> was
used for the oxygen atoms. The auxiliary density was expressed as a
combination of primitive Hermite Gaussian functions by using the
GEN-A2* auxiliary function set.*> To determine the geometries and
spin multiplicities of the ground states, the configuration space was
sampled by starting from several initial configurations and spin
multiplicities and then optimizing the geometric structures via the
quasi-Newton Levenberg—Marquardt method.** To allow for full
variational freedom, all of the structures were fully optimized in
delocalized redundant coordinates without imposing any symmetry
constraints.

B RESULTS AND DISCUSSION

Figure la presents the mass spectrum of Ag,” clusters, and
Figure 1b—e shows the mass intensity of the reacted species
after the clusters were exposed to different quantities of oxygen.
Figure 1la shows that the unreacted species exhibited a nearly
normal distribution of sizes with a broad maximum at clusters
containing 13—15 atoms. The distribution of sizes changed
dramatically upon reaction with oxygen (Figure 1b—e). These
experimental findings show three distinct features: (i) clusters
containing an even number of Ag atoms (odd number of
valence electrons) showed a decrease in intensity upon
reaction, with the simultaneous formation of Ag,O,” products;
(ii) clusters containing an odd number of Ag atoms
demonstrated reduced reactivity toward oxygen, except for
Ag,s, for which a clear Ag O, peak was observed; and (iii)
Ag,;” appeared as a magic species in the mass spectra of the
reacted species. Figure le shows that at an oxygen flow rate of
18 sccm, Ag ;™ was the only pure silver cluster with significant
intensity, proving that it is the Ag,~ cluster with the lowest
reactivity toward O, among clusters with n = 9—17. Figure 1c,d
shows the spectra at intermediate flow rates of 4 and 7 sccm, in
which more oxides of the Ag,™ clusters were observed,
including a weak peak for Ag;;O,™. It is notable that Figure
1d,e shows substantial intensity of Ag,O,”, which provides
evidence that some clusters were etched down to smaller sizes,
although in the case of Ag,O,”, the other products in this
reaction were neutralized and undetectable in the mass spectra.
Such an etching effect resembles the fragmentation of
aluminum clusters upon reaction with oxygen.'*'® The
observation of Ag,0,” is also in accordance with the results

dx.doi.org/10.1021/ja303268w | J. Am. Chem. Soc. 2012, 134, 18973—18978



Journal of the American Chemical Society

Intensity

+18 sccm O,

Ag.'O(

T L T B T A4 T ® T L T . T . T
300 600 900 1200 1500 1800 2100 2400
Mass (amu)

Figure 1. Mass spectra of (a) silver cluster anions produced via a Mag$S
source and (b) after exposure to different quantities of oxygen.

of previous studies of charge-state-dependent adsorption
behavior of O, on silver dimers.*

To compare the reactivities of these silver clusters, Figure 2
displays the integrated intensities for Ag;~, Ag;,~, Agi3~, Agiy~

Ag +0,—
8- Ag,,

- Ag 0,
F-Ag,,
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Ag,
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Figure 2. Integrated intensities of Ag),”, Ag;,™, Agi3™, Agi ) Agis,
Agis”, Agi, Ag,0,7, and Ag;,0,” as functions of oxygen flow rate
(0—8 sccm). The points represent the data and the lines are drawn
only to aid the reader.

AgisT, Agis, Agir, Ag0,7, and Ag;,0,” as functions of
oxygen flow rate. Ag;,” and Ag,,” react strongly even at a flow
rate of 2 sccm, while Ag,;™ is most abundant even at the highest
concentration of O, (Figure le). Among the even-electron
cluster anions, Ag;s~ and Ag;,” are more reactive than Ag,;”
and show mild reactivity even at low oxygen rates. Moreover,
Ag;” remains a magic species with a different size distribution

of initial clusters as shown in Figure S3 in the Supporting
Information. The intensities of Ag;,0, and Ag;,O,” were not
observed to increase linearly with the quantity of oxygen, in
part because of successive reactions with O, to produce
Ag,0, and Ag,O,, respectively.*> Furthermore, the larger
clusters may be etched down to form smaller clusters at high
oxygen flow rates.'”

Figure 3 shows the ground-state geometries of silver cluster
anions containing up to 17 atoms. The Ag clusters with n < 6

Figure 3. Ground-state structures of Ag,” clusters (n < 17) obtained
via DFT with a gradient-corrected functional.

exhibit a quasi-planar structure, while those with n > 6 display
three-dimensional structures. A similar progression from quasi-
planar to compact structures also occurs in alkali-metal clusters
and can be rationalized within the confined NFEG model in
terms of initial filling of the 1S, 1P,, and 1P, orbitals to make
planar structures that become compact upon filling of the 1P,
orbitals. The ground state of Age™ is planar with regular
triangular symmetry. In comparison with its isomer having a
tetrahedral Ag,” core and two faces decorated with Ag atoms,
the planar Ags~ cluster was found to be 0.06 eV lower in
energy. Ag,” is a square bipyramid with one face decorated with
a Ag atom. Further addition of Ag atoms leads to compact
structures until n = 13, where Ag);~ was found to present a
bilayer structure instead of the compact icosahedral structure
exhibited by many metallic clusters (e.g., Al;3). The bilayer
structure of Ag;;” is reminiscent of a similar structure recently
identified as the ground state of Pd,; and is different from the
ground state of Au,;~, which is a planar structure.®® The ground
state of Ag;;” is followed by close-lying isomers (for more
details of the geometries and relative stabilities of the isomers of
Ag,;”, see Figure S4 in the Supporting Information). Further
addition of Ag to Ag;;~ (to form larger species) results in more
compact species. The calculated structures of Ag,” are almost
the same as those reported previously, except for A§12_, for
which we found a slightly lower energy structure.**™*

To examine the energetic stability of Ag,~ clusters, we
calculated the incremental binding energy (IBE), that is, the
energy gain as a Ag atom is added to a certain cluster, defined
as

IBE = E(Ag") + E(Ag ") — E(Ag ") (3)

where E(Ag°), E(Ag,_,”), and E(Ag,”) are the total energies of
a Ag atom and cluster anions containing # — 1 and n Ag atoms,
respectively. The IBEs are displayed as the red symbols in
Figure 4A. An even/odd oscillation is evident, with the even-
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Figure 4. (A) Calculated incremental binding energies (red @) and
second energy differences (blue @) of the Ag,” clusters; (B) vertical
spin excitation energies (red @), adiabatic spin excitation energies
(blue @), and HOMO—-LUMO gaps (black A) of the Ag,™ clusters.

The lines are drawn as guides to the eye.

electron Ag,” clusters exhibiting higher IBEs than the odd-
electron clusters. This pattern is due to the enhanced stability

of clusters with fully occupied orbitals.

To examine further any magic clusters, we also calculated the

second difference in energy (A,E), defined as

red, blue, and black symbols show the VSE, ASE, and HOMO—
LUMO gap, respectively. The strong even/odd effects in both
the HOMO—LUMO gap and the spin excitation energies are
evident. Ag;;™ has the highest VSE and HOMO—-LUMO gap
among the Ag,~ clusters with 8 < n < 17, and the large spin
excitation energy is responsible for its reduced reactivity and
enhanced stability.

For cluster anions with n = 2—17, we also calculated the
adiabatic electron detachment energy (DE), defined as DE =
E(Ag,”) — Ei(Ag,”), and found that the DE of Ag;;™ is
larger than those for all of the other clusters (n < 16), as shown
in Figure S, where a comparison with previously reported
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Figure S. Calculated adiabatic electron detachment energies (A) and

experimental*® detachment energies (O) of Ag,” cluster anions. The
lines are drawn to guide the eye.

experimental results is displayed. It is notable that except for
Agy™, which lies on the threshold of transition from a two-
dimensional to a three-dimensional structure, all of the values
from the literature accord very well with our theoretical
results,* "

Figure 6 presents the calculated energies for binding of the
oxygen molecule to the anionic silver clusters, in which the O—
O bond remains intact. The oxygen binding energies exhibit a
strong even—odd alternation, with the values for Ag,,O0,™ being
consistently higher than those of the adjacent Ag,,,;0,”. An

AE(n) = E(Ag,_|7) + E(Ag,, ") — 2E(Ag,") (4)

These values are shown as the blue symbols in Figure 4A.
Other than the even/odd pattern, A,E(n) also shows no
distinctive peaks. In particular, the IBE and A,E of Ag ;™ are
similar to those of the other odd-atom silver cluster anions.
What then makes Ag;;~ a magic species in the reaction of Ag,~
with oxygen?

Furthermore, we compared three classes of calculated values:
(1) the HOMO-LUMO energy gap; (2) the vertical spin
excitation energy (VSE), which is the lowest energy required to
excite the cluster (Ag,,,;”) from the original singlet state to the
triplet state with no geometry rearrangement; and (3) the
adiabatic spin excitation energy (ASE), which represents the
energy difference between the ground state of the anion
(singlet) and the triplet state with relaxed geometry rearrange-
ment. The odd-electron species (Ag,,”) were treated as having
no spin excitation (i.e., both the VSE and ASE were set equal to
0) because Ag,,0, can have the same spin multiplicity as the
original bare cluster Ag,,”, eliminating the need for spin
excitation. In contrast, the clusters with an even number of
electrons (Ag,,,;”) may show variable reactivity that correlates
with the VSE. The results are shown in Figure 4B, where the
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Figure 6. Energies for binding of O, to Ag,”. The dashed line is drawn
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overall decrease in O, binding energy was found for larger
cluster sizes of even-electron clusters. However, Ag ;0,~
showed the second-lowest O, binding energy (lower than
that of Ag;s0,7). It is worth mentioning that the calculated
bindin% energies are larger than those measured in experi-
ments, ° probably as a result of a delocalization error that
results in overbinding of O,. The O, binding energies to Ag,”
(n = 2—S5) were experimentally estimated in ref 10 to be 1.64,
0.37, 1.23, and 0.57 €V, compared with our calculated values of
1.43, 0.69, 1.32, and 0.84 eV, respectively. It should be noted
that the calculated values show the same trend as the
experimental ones.

To demonstrate the role of spin in the reactivity of O, with
Ag clusters, we performed theoretical investigations on the
binding of an O, molecule to Ag;;~. Figure 7a shows the

E,=0.55 eV

E,=0.86 eV

Figure 7. (a) Optimized geometry and electronic spin density of
3[Ag;;0,]", obtained by taking the difference between the spin-up and
spin-down charge densities; (b) geometry of Ag,;O,”, in which oxygen
is completely inserted into the silver cluster. The atoms and bonds are
displayed as tube models (Ag, gold; O, red).

optimized geometry and spin density of the resulting complex,
obtained by taking the difference between the spin-up and spin-
down charge densities. Also given is the net binding energy
(BE) of the O, molecule to the cluster, calculated as

BE = E(°0,) + E(Ag,,") — E(*[Ag,0,]) (s)

It should be noted that the energy required to excite an O,
molecule from the triplet state to the singlet state is 0.98 eV.>*
Figure 7a shows that the spin is localized on the O, molecule,
which is ascribed to the relatively large spin excitation energy
(VSE = 1.28 eV). This also lowers the energy for binding of the
O, molecule to the cluster. To confirm this further, we also
examined the reaction of Ag;;~ with singlet O,. However, it was
found that the O—O bond broke and the O atoms were
inserted into the cluster. This means that the observed stability
of Ag);™ in the reaction with O, is related to its large spin
excitation energy (1.28 eV).

For comparison, we also considered Ag,s~, which is reactive
despite having an even number of electrons. The VSE of Ag,s~
is 0.65 eV, versus 1.28 eV for Ag;;~. To examine the reaction,
we brought an O, molecule toward the cluster while optimizing
the geometry by moving atoms in the direction of the
interaction force (Figure 7b). After optimization, the oxygen
was completely inserted into the silver cluster, with no O—O
bond remaining. This is the same as the result seen for the odd-
electron systems (Aan_), where the spin excitation energies are
negligible.'"* The spin transfer results in the filling of the
antibonding orbitals, and hence, the activated oxygen reacts
readily with minimal energetic cost for insertion into the
cluster.

The Ag;;™ cluster has a large HOMO—-LUMO gap, even
though it has 14 valence electrons, which do not correspond to

a filled electronic shell within the spherical jellium model.*®

Figure 8 shows the molecular orbitals in the cluster. The
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Figure 8. Calculated molecular orbitals for Ag,;™.

electronic states below —3.3 eV are mostly composed of Ag 4d
states that can be regarded as core states. Following the core
sequence are a set of delocalized orbitals spread throughout the
cluster. The delocalized NFEG orbitals are best described as
1S* | 1P* | 1P? 28% | 1D* Il 1D®, where the single vertical lines
indicate observed gaps and the double vertical line indicates the
gap between the filled and unfilled orbitals. The splitting of 1P
and 1D' into separate subshells demonstrates that the
spherical jellium model does not describe the electronic
structure of Ag;;”. The geometric distortion of the cluster to
a bilayer structure results in a splitting of these orbitals that can
be viewed as the crystal-field splitting of the D orbitals.>” In the
present case, two of the 1D orbitals in the plane of the bilayer
structure are stabilized while three are unfilled, leading to a
large crystal-field splitting at the subfilling of the D shell.
Consequently, the quasi-inert behavior of Ag);™ is rooted in its
bilayer structure that leads to a crystal-field splitting of the D
manifold, resulting in a large HOMO—LUMO gap and electron
detachment energy.

B CONCLUSIONS

We have shown that the variation in the reactivity of silver
cluster anions with oxygen and the unusual magic nature of
Ag, ;™ are associated with the spin excitations needed to activate
the O—O bond in O,. The clusters with an even number of Ag
atoms (odd numbers of electrons) are quite reactive, as such
clusters and the product after reaction with O, can have the
same spin. Clusters with an odd number of Ag atoms (even
number of electrons), however, require a spin accommodation
(as the antibonding orbitals of the O, are filled) to activate/
break the O—O bond. The reactivity of these Ag,™ clusters is
related to the spin excitation energy, and clusters with low spin
excitation energy bind O, strongly and are more reactive.
Finally, clusters such as Ag,;™ have high spin excitation energy
and are not observably reactive. Here, the high spin excitation
energy results from a distortion in geometry that leads to a
splitting of the D shell, leading to a large electron detachment
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energy and HOMO-LUMO gap at a subshell level. The
present studies demonstrate how spin conservation, the ability
of clusters to accommodate spin excitation, and the
modification of electronic shells via geometrical distortions
can account for the observed variable reactivity of silver clusters
with oxygen.
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Schematics of the experimental setup and the MagS source,
data for different size distributions, and the isomers of Ag;;™.
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