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(0,)]: Models for the Interaction of O, with
Reduced W Sites on Tungsten Oxide Surfaces**
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High-valent transition-metal oxides (for example, VY, Mo"’,
WYY are employed in a variety of important oxidation
processes, and atmospheric dioxygen is commonly employed
as a terminal oxidant." Reoxidation of the metal oxide
catalyst proceeds by a complex series of redox reactions, with
the initial step generally assumed to be electron transfer from
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a reduced metal site to dioxygen to form a bound superoxo
complex.”! Metal oxide clusters are being actively studied as
model systems to obtain molecular-level information for
surface and catalytic processes.”*! Herein we present a joint
experimental and theoretical study of two O-rich tungsten
oxide clusters, [W,0g]” and [W;0;]”. Their electronic and
geometric structures and chemical bonding were investigated
by using photoelectron spectroscopy (PES) and density
functional theory (DFT) calculations. The two anionic
clusters are characterized as [W,04(0,7)] and [W504(0,7)],
respectively, that is, a superoxide species interacting with the
neutral clusters [W,0q] and [W;0,] (chemisorption). In
contrast, the neutral [W,0Oq] and [W;0,] clusters are found
to contain an O, molecule weakly interacting with the [W,Oq]
and [W;0] clusters (physisorption). The [W,0Og]” and
[W;0,,]” clusters can be considered to be formed by non-
dissociative electron transfer of the single W 5d electron in
[W,04] and [W50,]™ to dioxygen (W 5d—0O, x*) and are
thus ideal molecular models for understanding the impor-
tance of reduced metal sites for the activation of O, on metal
oxide nanostructures and surfaces.

The tungsten oxide clusters were produced by laser
vaporization of a tungsten target in the presence of a
helium carrier gas seeded with 0.5% O, and analyzed by
using time-of-flight mass spectrometry.”! Under the O,-rich
source conditions, clusters of the general formula [W,0,,]”
were formed, which appeared to terminate at the stoichiom-
etry [W,0p,42)]  (n=1-3) as shown in Figure 1. The mono-
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Figure 1. Time-of-flight (TOF) mass spectrum of [W,,0,]” clusters
produced from laser vaporization of a pure tungsten target in a helium
carrier gas containing 0.5% O,.

tungsten species [WO,]” (n=2-5) and the ditungsten series
[W,0,]” (n=1-6) have been reported previously.*”) The
present communication focuses on two O-rich clusters,
[W,04]” and [W;0,;]". The photoelectron spectra of these
two species recorded at 157 nm are compared with those of
the two 1:3-stoichiometric clusters [W,0¢]™ and [W;0,]™ in
Figure 2. The spectra of the 1:3-stoichiometric species each
exhibit a single, broad, low-binding-energy feature followed
by a large energy gap. The low-binding-energy feature is due
to detachment of the single W 5d electron in [W,04]” and
[W;0,]~.,["® and its absence in the spectra of both [W,04]"
and [W;0,;]” suggests that these clusters are formally
WY d° species. The spectra of the two O-rich clusters display
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Figure 2. Photoelectron spectra of a) [W,0]~, b) [W504]7, ¢) [W,O4] ",
and d) [W;0,]” recorded at 157 nm (7.866 eV).

broad detachment features with very high electron binding
energies that are due to electron detachment from oxygen
2p orbitals. The detachment thresholds of [W,Og]” and
[W30,,]” were estimated from the spectral onset of the first
feature as about 6.4 and 6.9 eV, respectively. As shown below,
there are large changes in the geometry between the anion
and neutral ground states and these detachment thresholds do
not represent the adiabatic detachment energies of [W,Og]~
and [W;0,]".

The structure and bonding of the two clusters [W,0¢]” and
[W30,] have been described previously.”*! To obtain insight
into the structure and bonding of [W,04]™ and [W;0,,]” we
carried out DFT calculations at the B3LYP level (see
Methods Section). A variety of geometries for both the
anions and their corresponding neutral species were tested
and optimized to search for the global-minimum structures.
The lowest-energy structures of the anions are shown in
Figure 3 along with those of [W,0,]™ and [W;0,] . A subset
of the tested structures and their neutral species are given in
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Figure 3. Calculated ground-state structures for a) [W,0] ", b) [W50,] ",
c) [W,O4] ", and d) [W;0;;]". Distances in A.
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the Supporting Information. The optimized structures for
[W,04] and [W;0,,]" with C; ((A) symmetry bear some
resemblance to those of [W,04]” and [W;0,]~, respectively,
and can be viewed as the addition of an O, unit to one of the
tungsten sites in the 1:3-stoichiometric clusters. The calcu-
lated O—O bond lengths of the O, units (1.33 A) are very
similar to that of the free superoxide (O,”) anion (1.34 A at
the B3LYP level), which suggests that these systems can be
regarded as an O, ion bound to neutral [W,0;] and [W50,]
clusters, respectively. The superoxide fragment is bound in an
asymmetric, side-on fashion, with W—O bond lengths of 2.06
and 227 A in [W,04]" and 2.06 and 226 A in [W;0,,]"
(Figure 3).

To gain further insight into the nature of the chemical
bonding in the O-rich systems, we analyzed their valence
molecular orbitals (MOs). The frontier orbitals of [W;0,,]~
are illustrated in Figure 4. The singly occupied MO is one of
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Figure 4. Molecular orbital contour surfaces for the three highest-
energy occupied orbitals of [W;0;,]".

the two m* orbitals of the bound O, unit, and the highest-
energy doubly occupied MO is the second nt* orbital of O,
that is singly occupied in free O,. This orbital occupation is
consistent with the O—O bond length described above and
supports the description of [W;0,;]” as an O, unit bound to
the neutral [W;0,]. The remaining valence MOs are all
derived from oxygen 2p orbitals on the terminal and bridging
oxo ligands (see, for example, 64a in Figure 4). The valence
MOs of [W,Oq4]™ and its chemical bonding are qualitatively
similar to those of [W;0;]".

The optimized structures of the [W,0Og] and [W;0,]
neutral clusters (see Supporting Information) are dramati-
cally different. In particular, the calculations predict a large
increase in the separation between the O, fragment and the
tungsten site; the calculated W—O distances increase from
2.06 and 2.27 A in [W,04]  to 2.67 and 3.49 A in neutral
[W,Oq], and from 2.06 and 2.26 A in [W;0,,]" to 3.83 and
457 A in [W;0,,]. Furthermore, the O—O length in the O,
unit is reduced from 1.33 A in the anions to 1.20 A in the
neutral species, which is very close to that of free O, (1.21 A at
the B3LYP level). These results suggest that removal of an
electron from the doubly occupied m* orbital of the O,
moiety significantly weakens the interaction of O, with
[W,0¢] and [W;30,], and that [W,0g4] and [W;0y;] are best
described as O, physisorption onto [W,04] and [W;0,],
respectively. It should be pointed out that the weak inter-
action between O, and [W,0¢] or [W;0,] means that the W—
O, distances in these species calculated by using B3LYP
should only be considered qualitatively, as such weak
interactions are known to be poorly described by DFT
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methods.”) However, the effect of slight changes in these bond
lengths on the exact geometry of O, in the neutral clusters
should not alter the interpretation of the results, and the
qualitative conclusions from these calculations are expected
to be reliable.

The calculated vertical detachment energies (VDEs) for
[W,04]” and [W;0] are 6.40 and 6.88 ¢V, respectively,
which are in reasonable agreement with the experimental
data (Figure 2). However, the theoretical adiabatic detach-
ment energies of 4.68 and 4.44 eV for [W,0;]™ and [W;0,]7,
respectively, are significantly smaller than the corresponding
VDESs because of the large structural changes between the
ground states of the anions and the neutral species. These
results are consistent with the broad photoelectron spectral
features shown in Figure 2, which indicates that the exper-
imental threshold values do not represent the adiabatic
detachment energies of [W,04]” and [W;0;]” and only
represent their upper limits. As shown below, electron
detachments involving the O, orbitals from [W,04]” and
[W30,,]™ are essentially dissociative detachments ([W,Og] —
[W,O4] + O, + e7; [W305] —[W;0,] + O, + €7) because of
the weak interaction between the neutral W,04 and W50,
clusters and O,. VDEs for higher-binding-energy detachment
channels were also computed and are shown in the Support-
ing Information; each VDE was fitted with a Gaussian
function of 0.04-eV width to approximately simulate the
photoelectron spectra.

To further understand the nature of interactions in
[W,04]” and [W;0,,]7, we computed the dissociation energies
for the removal of the O, molecule [Egs. (1) and (2)].1""

[W,04] — [W,04] + 0, 124V (1)
[W50,,]" — [W;04]” + 0, 1.42eV 2)

The reverse of Equations (1) and (2) can be viewed as the
reactions of O, with the anionic clusters. The presence of the
extra 5d electrons in the [W,04] and [W;0,]” ions makes
them susceptible to reaction with O, through transfer of one
electron to O, to form the [W,04(0O,7)] and [W;0,(0, )]
superoxide complexes, respectively. This result is consistent
with the nature of the frontier orbitals in [W,0O4] and
[W,0]" (Figure 4), which suggests that the interactions
between [W,0q] or [W;0,] and O, are mainly electrostatic.
Conversely, the neutral clusters have extremely weak inter-
actions with O, (calculated as <0.1eV in both cases) and
essentially only form physisorbed [W,040O,)] and
[W30,(0,)] van der Waals complexes.”! This behavior illus-
trates the importance of electrostatic interactions in the
anionic species. In contrast, the O, interaction with the
smallest 1:3-stoichiometric, neutral [WO;] cluster is quite
different. We showed previously that O, and [WO;] form a
charge-transfer complex [(WO;%)(0,7)] as a result of the low
coordination number of W in the Cj,-symmetric [WO;]
monomer.*

The anionic clusters [W,04(O,”)] and [W;0,(O,7)] can be
considered as molecular models for the activation of O,
through electron transfer between a reduced metal site and
dioxygen at a metal oxide surface to form a coordinated
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superoxide species.”! The present work demonstrates this
phenomenon at the molecular level in two model systems. In
contrast, the absence of the W 5d electron in the neutral
[W,04] and [W;0s] clusters leads to physisorbed O, in [W,O4]
and [W;0y,], which can be compared to O, interacting with
perfect [WO;] surfaces.

Methods Section

Photoelectron spectroscopy: The photodetachment experiments were
carried out by using a magnetic-bottle PES apparatus equipped with a
laser-vaporization supersonic-cluster source.l! Briefly, the [W,,0,]”
cluster anions were produced by laser vaporization of a pure tungsten
target in the presence of helium carrier gas seeded with 0.5% O, and
were analyzed by using a time-of-flight mass spectrometer. The
[W,0O4]™ and [W;0,]™ species of current interest were mass-selected
and decelerated before being photodetached by a laser beam of
wavelength 157 nm (7.866 ¢V) from an F, excimer laser. Photo-
electrons were collected at nearly 100 % efficiency by the magnetic
bottle and analyzed in a 3.5-m long electron flight tube. Photoelectron
spectra were calibrated by using the known spectrum of Rh™, and the
energy resolution of the apparatus was AE/E,~2.5%, that is,
ca. 25 meV for 1-eV electrons.

Theoretical calculations: The theoretical calculations were per-
formed by using the hybrid DFT method B3LYP."! Geometries were
optimized by using analytical energy gradients, and vibrational
frequency calculations were performed to verify the nature of the
stationary points. The Stuttgart 14-valence-electron relativistic pseu-
dopotentials and the (8s7p6d)/(6s5p3d) valence basis sets aug-
mented with two f- and one g-type polarization functions (§(f) =
0.256, 0.825; &(g) = 0.627) were used for tungsten,'” and the aug-cc-
pVTZ basis set was used for oxygen.!"”! Vertical detachment energies
(VDEs) were calculated by using a combined ASCF-TDDFT
approach.'¥ In this approach, the ground-state energies of the
anions and the neutral species were calculated from the ASCF energy
difference at the B3LYP level, whereas the excited states of the
electron-detached species were obtained from TDDFT calculations
of the neutral species. The dissociation energies were calculated as the
total energy differences of the relevant species at their ground-state
structures. Calculations were carried out by using the NWChem 4.6
program at the Molecular Science Computing Facility located at the
Environmental Molecular Sciences Laboratory.'”! Three-dimensional
contours of the calculated Kohn-Sham orbitals were generated with
the Extensible Computational Chemistry Environment (Ecce) soft-
ware package.!'"!
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