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We report a comparative study of reduced transition metal oxide clusters, M30g~ (M = Cr, W) anions and
their neutrals, via anion photoelectron spectroscopy (PES) and density functional theory (DFT) and molecular
orbital theory (CCSD(T)) calculations. Well-resolved PES spectra are obtained for M30s~ (M = Cr, W) at
193 and 157 nm photon energies. Different PES spectra are observed for M = Cr versus M = W. Extensive
DFT and CCSD(T) calculations are performed to locate the ground and low-lying excited states for the neutrals
and anions. The ground states of Cr;Og and Cr3Og ™ are predicted to be the B, and *B, states of a C,, structure,
respectively, revealing ferromagnetic spin coupling for Cr 3d electrons. In contrast, the ground states of W5Og
and W30y~ are predicted to be the 'A’ state (C, symmetry) and the 2A; state (C,, symmetry), respectively,
showing metal—metal d—d bonding in the anion. The current cluster geometries are in qualitative agreement
with prior DFT studies at the PBE level for M = Cr and the B3LYP level for M = W. The BP86 and PW91
functionals significantly outperform the B3LYP functional for the Cr species, in terms of relative energies,
electron detachment energies, and electronic excitation energies, whereas the B3LYP functional is better for
the W species. Accurate heats of formation for the ground states of M;Og are calculated from the clustering
energies and the heats of formation of MO, and MOj3. The energetics have been used to predict redox reaction

thermochemistry.

1. Introduction

Early transition metal oxides (TMOs) have broad technolog-
ical applications.! Chromium oxides are catalysts for many
industrial processes,> and CrO, is widely used in magnetic
recording tapes and other magnetic media.> Chromium possesses
a half-filled 3d4s! electronic configuration and various oxidation
states which give rise to oxides with different physical and
chemical properties. Gas phase chromium oxide clusters with
well-defined structures and atomic connectivity and tunable
stoichiometries serve as ideal molecular models for mechanistic
insight into the complex surface and catalytic processes at a
molecular level.* In the gas phase, chromium oxide clusters have
received both experimental’>™?° and theoretical'+!517:18:20724 ¢
tention over the past two decades. The potential for ferromag-
netic versus antiferromagnetic spin coupling in the Cr,0,%" (n
= 1—3) clusters was particularly intriguing, raising the interest-
ing possibility of chemical control of magnetic properties.'*!’
In a recent work, two families of stable oxide clusters,
Cr, 03, and Cr,0,,+, """, were found from a combination
of flow tube reactions and density functional theory (DFT)
calculations; each family was predicted to have distinct elec-
tronic and magnetic properties.!> Among the latter series is the
Cr;0g4~ cluster, which was predicted to possess three unpaired
spins, reminiscent of the magnetism of the CrO, films.3

* Corresponding authors. E-mail: Is.wang@pnl.gov (L.-S.W.); dadixon@
bama.ua.edu (D.A.D.).

" The University of Alabama.

# Washington State University and Pacific Northwest National Laboratory.

10.1021/jp9082008 CCC: $40.75

However, the structural and electronic properties of the Cr;Og~
and Cr;Og clusters remain poorly characterized.

We are interested in developing cluster models
early TMO catalysts and in elucidating new types of chemical
bonding in TMO clusters.?®3°™3 In our prior studies, we
characterized three series of chromium oxide clusters, CrO,~
(n = 1-5)," Cr,0,” (n = 1-7)," and Cr,03,” (n = 1-5),%°
using photoelectron spectroscopy (PES) and electronic structure
calculations. Chromium and its complexes are known to be
challenging targets for computational chemistry.*® Synergistic
experimental and computational studies on chromium oxide
clusters are thus highly desirable to benchmark theoretical
methods. In addition, tungsten oxides and clusters are also
important catalytically and the tungsten oxide clusters tend to
have lower spin states than do the chromium oxide clusters.
Thus a comparison between tungsten oxide clusters and
chromium oxide clusters provides unique insights into how the
cluster property changes with changes in atomic number in a
column of the periodic table.

17—20,23—29 for

In the current contribution, we report a comparative study of
the M;03~ (M = Cr, W) anions and their neutrals, which can
be considered as reduced species of the well-characterized
stoichiometric M50y (M = Cr, W) clusters.!>2023:26.27,32.34 pEg
spectra are obtained for M3Og~ (M = Cr, W) at photon energies
of 193 nm (6.424 eV) and 157 nm (7.866 eV). Very different
overall PES patterns are observed for the Cr versus W species.
Extensive DFT and molecular orbital theory (CCSD(T)) cal-
culations were performed to locate the ground and low-lying
excited states for the neutrals and anions. The ground states of
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Cr;05 and Cr;0g” are predicted to be the B, and *B, states of
a G, structure, respectively. In contrast, those of W;0g and
W03 are predicted to be the 'A” state (C, symmetry) and the
A, state (C,, symmetry), respectively. The M;Ogs~ (M = Cr,
W) cluster geometries are in qualitative agreement with prior
DFT studies at the PBE level with a double-{ basis set for M
= Cr" and at the B3LYP level with a triple-{ basis set.”’
Ferromagnetic spin coupling is predicted for the ground states
of Cr;0g and Cr;Og~, whereas metal—metal d—d bonding is
predicted for the ground state of W;Og ™. The current combined
experimental and theoretical data also benchmark the perfor-
mance of DFT methods for the Cr and W oxide clusters. The
energetic results have been used to predict the energetics of the
oxidative dehydrogenation of CH;OH to probe the potential
redox properties of these clusters.

2. Experimental and Computational Methods

2.1. Photoelectron Spectroscopy. The experiment was car-
ried out using a magnetic-bottle PES apparatus equipped with
a laser vaporization cluster source, details of which have been
described elsewhere.*® Briefly, M,,0,” (M = Cr, W) clusters
were produced by laser vaporization of a pure Cr or W disk
target in the presence of a He carrier gas seeded with 0.5% O,,
and analyzed using a time-of-flight mass spectrometer. The
Cr;05™ and W303™ clusters of current interest were each mass-
selected and decelerated before being photodetached. Due to
the relatively high electron binding energies, high photon
energies were used in the photodetachment experiment: 193 nm
(6.424 eV) and 157 nm (7.866 eV). Efforts were made to choose
colder clusters (i.e., clusters with long resident times in the
nozzle) for photodetachment, which has proved essential for
obtaining high-quality PES data.*® Photoelectrons were collected
at nearly 100% efficiency by the magnetic bottle and analyzed
in a 3.5 m long electron flight tube. PES spectra were calibrated
using the known spectrum of Au~ and the energy resolution of
the PES apparatus was AE/E; ~ 2.5%, i.e., ~25 meV for 1 eV
electrons.

2.2. Computational Methods. Equilibrium geometries and
vibrational frequencies were calculated at the DFT level with
the B3LYP,?” BP86,* and PW91* exchange-correlation func-
tionals for both the neutral and anionic clusters to obtain the
adiabatic and vertical electron detachment energies (ADEs and
VDEs) for the anions. Due to the potential for artificial
symmetry breaking with the B3LYP functional for several
anionic clusters as found in our recent studies,” we used the
zero-point vibrational energies (ZPEs) calculated at the BP86
level. Our recent benchmark studies on the ADEs and VDEs
for the monomers and dimers of the group VIB TMO cluster
anions have shown that functionals with Hartree—Fock (HF)
exchange (i.e., hybrid functionals) such as B3LYP tend to
overestimate the electron detachment energies when there is a
potential for significant multireference character, whereas func-
tionals without HF exchange (i.e., pure functionals) such as
BP86 and PW91 give better results.?* In these calculations, we
used the aug-cc-pVDZ basis set*” for O and the aug-cc-pVDZ-
PP basis set based on the relativistic effective core potential
(RECP) for transition metals;*! these basis sets will be col-
lectively denoted as aVDZ. The RECP-based basis sets for Cr
were constructed in the same manner as those for the second-
and third-row transition metal atoms. Single point energy
calculations were carried out at the DFT level with these
functionals using the aug-cc-pVTZ basis set for O and the aug-
cc-pVTZ-PP basis set for Cr and W; these basis sets will be
denoted as aVTZ. In addition, single point energies were also
calculated with the coupled cluster method at the CCSD(T)*?
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level with the aVDZ and aVTZ basis sets at the B3ALYP/aVDZ
geometries. For open-shell systems, the R/'UCCSD(T) approach
was used, where a restricted open-shell Hartree—Fock (ROHF)
calculation was initially performed and the spin constraint was
relaxed in the correlation treatment.*> Core—valence correlation
corrections were calculated at the CCSD(T) level with the aug-
cc-pwCVDZ basis set for O* and the aug-cc-pwCVDZ-PP basis
set for the transition metals; these basis sets will be denoted as
awCVDZ. This method follows on the approach developed
previously for the accurate prediction of the heats of formation
for a wide range of compounds.*’

The above CCSD(T) and DFT calculations were carried out
for the lowest energy state of each spin and spatial symmetry
for each trial structure; the electron excitation energies and
detachment energies calculated in this manner are denoted as
self-consistent energies. In addition, we used the time-dependent
DFT (TD-DFT) method*® with the above functionals to calculate
the lowest few excitation energies from the optimized neutral
and anionic ground state geometries for the neutral. An
asymptotic correction*®® for the B3LYP exchange-correlation
functional was employed, and no significant effect was observed
on the transition energies for these relatively low energy excited
states.

The DFT calculations were carried out with the Gaussian 03
program package.?’ For the pure DFT methods (BP86 and
PWO1), the density fitting approximation was employed to speed
up the calculations.* The density fitting sets were automatically
generated from the atomic orbital primitives.*’ The CCSD(T)
calculations were carried out with the MOLPRO 2006.1 program
packages.*” The TD-DFT calculations were performed with the
NWChem 5.1 program packages.™ The calculations were carried
out on the Opteron-based dense memory cluster (DMC) and
Itanium 2-based Altix supercomputers at the Alabama Super-
computer Center, the Xeon-based Dell Linux cluster at the
University of Alabama, the local Xeon-based and Opteron-based
Penguin Computing Linux clusters, and the Opteron-based
Linux cluster in the Molecular Science Computing Facility at
the Pacific Northwest National Laboratory.

3. Experimental Results

Figure 1 shows the PES spectra of Cr;Og~ at the 193 and
157 nm photon energies. The 193 nm spectrum (Figure 1a)
exhibits two intense and relatively sharp bands (X and A). The
ground state VDE (4.44 eV; Table 1) was determined from the
peak maximum of the leading X band. Because no vibrational
structure was resolved, the ground state ADE was determined
by drawing a straight line along the leading edge of band X
and then adding the instrumental resolution to the intersection
with the binding energy axis. Although this was an approximate
procedure, we were able to obtain a consistent ADE for band
X from the spectra taken at the two different photon energies.
The ADE (i.e., the electron affinity of the corresponding Cr;Og
neutral species) thus determined is 4.31 eV. Band A (ADE, 4.78
eV; VDE, 4.95 eV) shows a similar bandwidth and intensity
relative to band X. The electron signals beyond band A are weak
and congested, covering the binding energy regime of 5.2—6.2
eV in the 193 nm spectrum (not labeled).

The 157 nm spectrum (Figure 1b) further reveals intense
bands beyond 6 eV, which are labeled “B”, “C”, and “D”. Bands
B (6.47 eV) and D (7.69 eV) are sharp and well-resolved,
whereas band C covers a regime of 6.7—7.2 eV, probably
containing multiple overlapping electronic states. Note that the
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Figure 1. Photoelectron spectra of Cr;Og~ at (a) 193 nm (6.424 eV)
and (b) 157 nm (7.866 eV).

TABLE 1: Observed Adiabatic (ADE) and Vertical (VDE)
Electron Detachment Energies from the Photoelectron
Spectra of Cr;Os~ and W30~

cluster feature ADE? (eV) VDE*“ (eV)
Cr;05~ X 431(3)° 4.44(3)
A 4.78(5) 4.95(5)
B 6.30(5) 6.47(3)
C - 6.7—7.2
D - 7.69(2)
W;04™ X 4.37(5)% 4.62(5)
A 6.65(3) 6.78(3)
B - 7.23(5)
C - 7.65(5)

“Numbers in parentheses represent the experimental uncertainty
in the last digit. ” Electron affinity of the corresponding neutral
species.

higher binding energy bands (B, C, and D) all show significant
higher intensities relative to the lower binding energy bands
(X and A).

The 157 nm spectrum of W30g~ was presented in a previous
paper on the W30,” (n = 7—10) series®’ and is included here
for completeness (Figure 2b). The 193 nm spectrum (Figure
2a) displays only a single ground state band X (ADE, 4.37 eV;
VDE, 4.62 eV). At 157 nm (Figure 2b), band X is followed by
a large energy gap (2.28 eV as evaluated from the ADE
difference) and three well-defined bands at higher binding
energies: A (ADE, 6.65 eV; VDE, 6.78 eV), B (VDE, 7.23 eV),
and C (VDE, 7.65 eV). All the observed electron binding
energies for the two M3;0g™ species are given in Table 1.

4. Computational Results

The M;03 (M = Cr, W) cluster can be derived from the M;09
cluster!>-20:23.26.27.32.34 by removing one oxygen atom. Four types
of structures were studied in the current calculations, as shown
in Figure 3. Our recent studies predicted the ground state of
M;0y to be the ring structure (Figure S1, Supporting Informa-
tion), where the six-membered ring is puckered for M = Cr
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Figure 2. Photoelectron spectra of W;05™ at (a) 193 nm and (b) 157
nm.

C D

Figure 3. Molecular structures of the M;0g and M;05~ (M = Cr, W)
clusters.

and planar for M = W.20:232627 Assuming the cluster structure
is not significantly changed by removing one oxygen atom, one
arrives at structures B and C by removing one terminal and
one bridge oxygen atom, respectively. Structure A can be
obtained from structure B by rotating an MO, group to convert
a terminal oxygen atom into a bridge oxygen atom. Structure
A was proposed by Bergeron et al.'> as the ground states of
Cr;0g and its anion. We previously predicted that the chain
structure of M30y (Figure S1, Supporting Information) is ~34
and 25 kcal/mol higher in energy than its ring structure at the
B3LYP/aVTZ//B3LYP/aVDZ level for M = Cr and W, respec-
tively.?® Structure D for M3Og can be obtained from the chain
structure of M30y by removing the terminal oxygen atom from
the central metal atom.

Structures of the low-lying excited electronic states calculated
at the B3LYP/aVDZ level with single point energies at the
CCSD(T)/aVDZ level are given in Figure 4 for Cr;Os, in Figure
5 for Cr;0Oy™, in Figure 6 for W50Og, and in Figure 7 for W505™.
Electronic energies of most of these structures were also
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Figure 4. Low-lying electronic states of Cr;Og calculated at the CCSD(T)/aVDZ//B3LYP/aVDZ level. Relative energies are given in kcal/mol.
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Figure 5. Low-lying electronic states of Cr;Og~ calculated at the CCSD(T)/aVDZ//B3LYP/aVDZ level. Relative energies are given in kcal/mol.

calculated at the CCSD(T)/aVTZ level with the core—valence
corrections calculated at the CCSD(T)/awCVDZ level. Relative
energies calculated at the various levels of theory are listed in
Table 2 for M = Cr and in Table 3 for M = W. Additional
higher energy structures together with their relative energies
are given as Supporting Information (Figures S2—S5). Electron
detachment energies (ADEs and VDEs) for the ground state
and numerous excited states were calculated at DFT and
CCSD(T) levels as shown in Tables 4, 5, and 6. The relative
energies between the quintet and triplet excited states for
structure A of Cr;Og and the triplet and open-shell singlet states
for structure C of W3Oy at the anion geometries are shown in
Table 7. Excitation energies were also calculated at the TD-
DFT level at the anion ground state geometries, as shown in
Table 8.

4.1. Cr30s. The ground state of Cr;Og (Figure 4) was
predicted to be the *B, state of structure A with C,, symmetry.
It was consistently calculated as the lowest energy state at the
CCSD(T), B3LYP, BP86, and PWO1 levels (Table 2). At the
CCSD(T)/aVDZ level, five additional low-lying structures were
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1.587
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1.711  1.894

4A, | Dygy (D), 13.1

predicted to lie within 15 kcal/mol from the ground state: the
('A; @), ('A, b), and A, states of structure A also with C,,
symmetry, the A" state of structure B with C; symmetry, and
the 3B, state of structure D with D,; symmetry. The ('A; a)
and (‘A b) states of structure A have different highest occupied
molecular orbitals (HOMOs).

The ground state structure of Cr;Og has four terminal Cr=0
bonds of ~1.55 A and eight bridge Cr—O bonds of ~1.78 A at
the B3LYP/aVDZ level with little variation in each group. These
metal—oxygen bond lengths are comparable to those for the
ring structure of Cr;Og with terminal Cr=0 bonds of ~1.55 A
and bridge Cr—O bonds of ~1.76 A at the same level of
theory.?’

4.2. Cr;0s . The ground state of Cr;Og" is predicted to be
the “B, state of structure A with C,, symmetry (Table 2). The
2A” state of structure B with C,; symmetry (Figure S3 and Table
S1, Supporting Information) is predicted to be lower by 5.8 kcal/
mol at the CCSD(T)/aVDZ level but has a very large T,
diagnostic of ~0.13 at this level, showing that a single reference
wave function is inappropriate and that the overall wave function
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Figure 6. Low-lying electronic states of W3Og calculated at the CCSD(T)/aVDZ//B3LYP/aVDZ level. Relative energies are given in kcal/mol.
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Figure 7. Low-lying electronic states of W3Og~ calculated at the
CCSD(T)/aVDZ//B3LYP/aVDZ-PP level. Relative energies are given
in kcal/mol.
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TABLE 2: Relative Energies at 0 K in kcal/mol Calculated
at the CCSD(T), B3LYP, BP86, and PW91 Levels for the
Low-Lying Electronic States of Cr;Og and Cr;Og™ ¢

CCSD(T) B3LYP BP86 PWOIl
state aVDZ aVTZ¢ aVTZ+CV¢ aVTZ¢ aVTZ aVTZ#
Cr30g
3By/Cy, (A) 0.0 0.0 0.0 0.0 0.0 0.0
('A, a)/Cy, (A) 3.7 34 8.7 334 15.6 15.8
(A} b)IC,, (A) 6.5 6.0 7.1 29.2 9.5 9.5
3A”IC, (B) 6.6 - - 11.8 13.1 13.2
3Bo/Dyy (D) 12.6 14.2 14.3 15.4 9.2 9.8
3ACy, (A) 12.8 13.8 14.0 23.0 14.4 14.6
Cr;0g
“B,/Cy, (A) 0.0 0.0 0.0 0.0 0.0 0.0
2A/Cy, (A) 4.0 34 4.2 25.5 6.4 6.5
“B,/D,y (D) 7.7 9.1 9.2 10.7 53 59
“Bi/Cy, (A) 8.6 7.7 8.0 10.1 0.6 0.2
*Ao/Dyy (D) 13.1 13.4 13.2 13.6 22 —2.1

@ZPE corrections at the BP86/aVDZ level. * CCSD(T)/aVDZ//
B3LYP/aVDZ. ¢ CCSD(T)/aVTZ//B3LYP/aVDZ. ¢ CCSD(T)/aVTZ//
B3LYP/aVDZ with core—valence corrections calculated at the
CCSD(T)/awCVDZ//B3LYP/aVDZ level. ¢B3LYP/aVTZ//B3LYP/
aVDZ. /BP86/aVTZ//BP86/aVDZ. ¢ PW91/aVTZ//PW91/aVDZ.

is not being properly described. The ?A’ state of structure B
was predicted to lie substantially higher in energy than the B,
state of structure A by 43.7, 20.1, and 20.9 kcal/mol at the
B3LYP/aVTZ, BP86/aVTZ, and PW91/aVTZ levels, respec-
tively. Although the *A, state of structure D with D,, symmetry
was predicted to be ~2 kcal/mol lower in energy than the *B,
state of structure A at the BP86/aVTZ and PW91/aVTZ levels,

TABLE 3: Relative Energies at 0 K (kcal/mol) Calculated at
the CCSD(T), B3LYP, BP86, and PW91 Levels for the
Low-Lying Electronic States of W3;03 and W;0g™ ¢

CCSD(T) B3LYP BP86 PWOIl
state aVDZ? aVTZ¢ aVTZ+CV? aVTZ¢ aVTZ aVTZ#
W304
IA'IC, (B) 0.0 0.0 0.0 0.0 0.0 0.0
IA/Cy, (A) 7.0 8.6 7.4 14.2 9.8 9.1
IA/C,, (C) 8.0 8.7 94 9.6 8.9 9.6
3A,/Cy, (B) 9.8 10.1 11.3 5.6 12.9 13.2
3By/Cyy (A) 12,6 14.5 13.8 12.6 16.1 16.0
W;505™
2A/Cy, (C) 0.0 0.0 0.0 0.0 0.0 0.0
2A’ICy (B) 1.8 1.2 - 2.5 4.5 4.0
2A”IC, (B) 4.6 4.0 — 4.0 7.4 6.9

@ ZPE corrections at the BP86/aVDZ level. » CCSD(T)/aVDZ//
B3LYP/aVDZ. ¢ CCSD(T)/aVTZ//B3LYP/aVDZ. ¢ CCSD(T)/aVTZ//
B3LYP/aVDZ with core—valence corrections calculated at the
CCSD(T)/awCVDZ//B3LYP/aVDZ level. ¢ B3LYP/aVTZ//B3LYP/
aVDZ. /BP86/aVTZ//BP86/aVDZ. ¢ PW91/aVTZ//PW91/aVDZ.

the *A, (D) state was predicted to be ~13 kcal/mol higher in
energy than the “B; (A) state at the CCSD(T)/aVTZ and B3LYP/
aVTZ levels. A similar situation occurs for the “B; (A) state
(Table 2) and the A, (D) state (Table S1, Supporting Informa-
tion), which were predicted to lie very close in energy to the
‘B, (A) state at the BP86/aVTZ and PW91/aVTZ levels.
However, at the CCSD(T)/aVTZ and B3LYP/aVTZ levels, these
two states were predicted to be ~10 and 20 kcal/mol higher in
energy than the “B, (A) state, respectively. At the CCSD(T)/
aVDZ level, two additional states were predicted to lie within
15 kcal/mol of the ground state (Figure 5), the 2A; (A) state,
and the “B, (D) state.

Compared to the ground state structure of Cr;Og (Figure 4),
the ground state structure of Cr;Og~ (Figure 5) was predicted
to have similar terminal Cr==0O bond lengths within 0.04 A.
However, the bridge Cr—O bonds in the anion between the metal
center with two terminal Cr=0O bonds and the metal centers
with only one terminal Cr==O bond were predicted to have
substantially different bond lengths than those in the neutral
cluster, with two of them elongated by ~0.13 A and two
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TABLE 4: Adiabatic and Vertical Electron Detachment Energies (ADEs and VDEs in eV) Calculated at the CCSD(T), B3LYP,
BP86, and PW91 Levels for the Low-Lying Structures of Cr;Og~, Compared to the Experimental Electron Detachment Energies
for the X Band”

CCSD(T) B3LYP BP86 PWO1
transition orbital” aVDZ¢ avTZ4 aVTZ+CV* avVTZ/ aVTZ# avTZ! exptl
ADEs
4B, — 3B,/Csy (A) 234, 422 425 424 458 3.94 3.89 431(3)
2A — 3By/Cy, (A) i 4.05 4.10 4.06 3.48 3.66 3.61
2A — ('A) b)ICy, (A) 23a; 4.33 4.36 4.36 4.74 4.08 4.03
‘B, — 3By/Cy, (A) 6a, 3.85 3.92 3.89 4.14 3.92 3.88
“B, — 3By/Dyy (D) 13a; 4.44 4.47 4.46 4.79 4.11 4.06
‘A, — *Bo/Dyy (D) 3b, 4.20 4.29 4.29 4.66 4.44 441
VDEs
4B, — 3B,/Cy, (A) 23a, 4.67 4.75 4.76 5.16 4.24 4.19 4.44(3)
2A — 3By/Cy, (A) i 5.58 5.68 5.62 5.14 4.91 4.88
2A; — (‘A b)/Cy, (A) 23a, 4.86 4.94 4.94 5.30 4.38 4.34
4B — 3B,y/Cy, (A) 6a, 4.02 4.13 4.12 442 4.05 4.02
4B, — By/Dyy (D) 13a, 4.81 4.89 4.92 5.46 4.32 4.28
YA, — 3Bo/Dyy (D) 3b, 4.61 4.74 4.78 5.34 4.67 4.65

@ ZPE corrections for the ADE at the BP86/aVDZ level. ® The molecular orbital where the electron is removed. The electron configuration at
the BP86/aVDZ level for the “B, state of structure A is ...(22a;)'(15b,)!(23a;)". That for the 2A, state of structure A is ...(23a;)". That for the
4B, state of structure A is ...(15b,)'(22a,)'(6ay)!. That for the “B, state of structure D is ...(12b,)'(12a;)'(13a;)!. That for the “A, state of
structure D is ...(12b,)'(12a;)'(3by)!. ¢ CCSD(T)/aVDZ//B3LYP/aVDZ. ¢ CCSD(T)/aVTZ//B3LYP/aVDZ. ¢ CCSD(T)/aVTZ//B3LYP/aVDZ with
core—valence corrections calculated at the CCSD(T)/awCVDZ//B3LYP/aVDZ level. /B3LYP/aVTZ//B3LYP/aVDZ. ¢ BP86/aVTZ//BP86/
aVDZ. " PW91/aVTZ//PW91/aVDZ. ' Transitions involve orbital relaxation.

TABLE 5: Adiabatic and Vertical Electron Detachment Energies (ADEs and VDEs in eV) Calculated at the CCSD(T), B3LYP,
BP86, and PW91 Levels for the Low-Lying Structures of W3;05~, Compared to the Experimental Electron Detachment Energies
for the X Band”

CCSD(T) B3LYP BP86 PWOI1
transition orbital” aVDZ¢ aVvTzZ? aVTZ+CV¢ avVTZ/ aVTZ# aVvTZ" exptl
ADEs
A — 1A/Cy, (€) 20a, 3.77 3.75 3.86 3.90 4.06 4.02 4.37(5)
A" — 1A'IC, (B) 32a’ 3.34 3.35 - 3.37 3.48 3.43
A" — AIC, (B) 23a” 3.22 3.22 - 3.31 3.35 3.31
VDEs
2A; — 'AY/Cy, (O) 20a, 4.31 441 4.45 4.66 4.65 4.62 4.62(5)
2N — TA'IC, (B) 322’ 3.73 3.84 - 4.07 3.96 3.92
A" — AN'IC, (B) 23a” 3.61 3.73 - 3.95 3.88 3.84

@ZPE corrections for the ADE at the BP86/aVDZ level. » The molecular orbital where the electron is removed. The electron configuration at
the B3LYP/aVDZ level for the 2A, state of structure C is ...(20a;)!. That for the 2A’ state of structure B is ...(32a’)!. That for the 2A” state of
structure B is ...(23a”)!. ¢ CCSD(T)/aVDZ//B3LYP/aVDZ. ¢ CCSD(T)/aVTZ//B3LYP/aVDZ. ¢ CCSD(T)/aVTZ//B3LYP/aVDZ with core—
valence corrections calculated at the CCSD(T)/awCVDZ//B3LYP/aVDZ level. /B3LYP/aVTZ//B3LYP/aVDZ. ¢ BP86/aVTZ//BP86/aVDZ.
" PW91/aVTZ//PW91/aVDZ.

shortened by ~0.07 A. The other bridge Cr—O bonds were W—0 bonds.*? The six-membered ring in the ground state of

predicted to have rather similar bond lengths in the neutral and W30Og is nonplanar in contrast to the planar ring in the ground
anionic clusters. state of W30y (Table S1, Supporting Information).

4.3. W;04. The ground state of W30z was predicted to be 4.4. W;04 . As shown in Figure 7 and Table 3, the ground
the 'A” state of structure B with C, symmetry at the various state of W30z~ was consistently predicted to be the 2A; state

levels of theory (Figure 6 and Table 3), and it is different in of structure C with C,, symmetry at the CCSD(T), B3LYP,
structure from the ground state of Cr;Og. At the CCSD(T)/aVDZ BP86, and PWI1 levels. Our previous B3LYP calculations

level, four additional low-lying structures were predicted to lie reached the same ground state for W30g~.27 The 2A” and A"
within 15 kcal/mol of the ground state, the 'A; and °B, states states of structure B were predicted to lie ~2 and 5 kcal/mol
of structure A, the 3A, state of structure B, and the 'A; state of above the ground state, respectively. Compared to the 'A; state
structure C. of structure C of W;0s, the %A, state of structure C of W;O0g~

The ground state structure of W3Og was predicted to have has similar metal—oxygen bond lengths but a shorter W—W

five terminal W=0 bonds of ~1.70 A and six bridge W—0 bond length.
bonds of 1.85—1.95 A at the B3LYP/aVDZ level, consistent

with our previous calculations at the same level.?” The two 5. Comparison between Experiment and Theory

bridge W—O bonds on the metal center with only one terminal Tables 4 and 5 compare the calculated ADEs and VDEs for
W=0 bond are shorter than those on the other two metal a variety of anionic and neutral isomers and states with the
centers. These bond lengths can be compared to those calculated experimental values for the X bands of Cr;Og~ and W30g™. Due
for the ring structure of W3Oy at the same level of theory: ~1.71 to the presence of two isomers each with up to three low-lying

A for the terminal W=0 bonds and ~1.91 A for the bridge electronic states for the anionic clusters and up to three isomers
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TABLE 6: Adiabatic and Vertical Electron Detachment Energies (ADEs and VDEs in eV) to the Excited States of the Neutral
Cluster Calculated at the CCSD(T), B3LYP, BP86, and PW91 Levels for the Ground State of Cr;Os~ and W30, Compared to
the Experimental Electron Detachment Energies for the Higher Energy Bands®

CCSD(T)* B3LYP¢ BP86¢ PWO1¢
transition orbital” avDZzZ¢ avVTZ¢ aVTZ+CV/ aVTZ# avTZ" aVTZ' exptl
Cry05~, ADEs
4B, — A /Gy, (A) 15b, 4.78 4.85 4.85 5.58 4.57 4.52 4.78(5) (A)
4B, — SAYCy, (A) 12b, 6.20 6.28 6.30 6.18 591 5.87 6.30(5) (B)
4By — SA/Cy, (A) 14b, 6.78 6.88 6.90 6.77 6.41 6.37
4B, — "B,/Cy, (A) 21a, 6.75 6.89 6.94 7.12 6.54 6.50
4B, — "Bi/Cy, (A) Sa, 7.17 7.28 7.29 7.27 6.84 6.80
Cr;05~, VDEs
4B, — 3A/Cy, (A) 15b, 5.16 5.24 5.26 6.04 4.95 491 4.95(5) (A)
4B, — SAYCy, (A) 12b, 6.60 6.73 6.73 (6.75) 6.48 (6.49) 6.05 (6.06) 6.01 (6.02) 6.47(3) (B)
4B, — SA/Cy, (A) 14b, 7.07 7.22 7.24 (7.25) 7.09 6.56 6.52 6.7—7.2 (C)
4B, — B,/C,, (A) 21a 6.87 7.00 7.04 (7.07) 7.23 6.59 6.55
4B, — SB/Cy, (A) Sa, 7.43 7.56 7.56 (7.59) 7.59 (7.51) 7.05 (7.05) 7.01 (7.01) 7.69(2) (D)
W3037, ADEs
2A, — 3A/Cay (C) 19a, 6.41 6.44 6.54 6.39 6.17 6.16 6.65(3) (A)
2A; — 3A,/Cy, (C) 8a, 6.92 7.02 7.03 6.84 6.35 6.30
2A; — 3By/Cy, (C) 12b, 6.85 6.98 6.99 6.90 6.50 6.45
2A; — (®By b)/Cy, (C) 14b, 7.57 7.68 7.69 7.42 6.79 6.75
W}Ogi, VDEs
2A, — 3A,/Cy, (C) 19a, 6.61 6.70 6.76(138) 676 6.49 6.45 6.78(3) (A)
2A, — 3AY/Cyy (C) 84, 7.12 723 724(732)  7.04(7.05)  649(651)  645(646)  7.23(5) (B)
2A, — (B, @)/Cyy (C) 12b, 7.28 739 740 (7.70)  7.09(7.10)  6.83 7.01 7.65(5) (C)
2A, — (B, b)/Cay (C) 14b, 7.85 7.96 798 (8.12)  751(759) 689 (693)  6.84 (6.89)

@ ZPE corrections at the BP86/aVDZ level. ” The molecular orbital where the electron is removed. The electron configuration at the BP86/
aVDZ level for the “B, state of structure A of Cr;Og” is ...(5a,)%(10b;)*(21a,)*(14b,)*(11b,)*(12b,)*(22a,)'(15b,)'(23a,)'. That at the B3LYP/
aVDZ level for the ?A; state of structure C of W305™ is ...(14by)*(11b,)?(12b;)*(82,)%(19a;)*(20a;)". < Numbers in the parentheses are for the
corresponding low spin states (triplets for M = Cr and open-shell singlets for M = W). See text. ¢ CCSD(T)/aVDZ//B3LYP/aVDZ.
¢ CCSD(T)/aVTZ//B3LYP/aVDZ. /CCSD(T)/aVTZ//B3LYP/aVDZ with core—valence corrections calculated at the CCSD(T)/awCVDZ//
B3LYP/aVDZ level. ¢ B3LYP/aVTZ//B3LYP/aVDZ. " BP86/aVTZ//BP86/aVDZ. | PW91/aVTZ//PW91/aVDZ.

TABLE 7: Relative Energies in kcal/mol between the
Quintet and Triplet States for Structure A of Cr;Og and the
Triplet and Open Shell Singlet States for Structure C of
W;03 at the Anion Geometries®

Cr;04/Ca, (A) AE W304/Cs, (C) AE
ECA)—ECA) 0.4 ECA)—ECA) 14.2
ECA)—ECA) 0.3 E('A)—ECA,) 1.7
ECBy)—ECB,) 0.7 E('B, @)—ECB, a) 6.8
ECB1)—ECB)) 0.6 E('B, b)—ECB, b) 32

“ Electronic energies of the high spin states were calculated at the
ROHF/aVDZ//B3LYP/aVDZ level, and those of the low spin states
were calculated at the CASSCF/aVDZ//B3LYP/aVDZ level. See
text.

with up to four electronic states for the neutral clusters, we have
calculated the ADE and VDE for each allowed transition from
these structures/low-lying electronic states of the anion to the
lowest-lying electronic state(s) of the neutral cluster of the same
structure. Table 6 compares the calculated ADEs and VDEs
for the excited states with the experimental observations. ADEs
and VDE:s calculated for additional transitions to higher energy
structures/states of the neutral are given as Supporting Informa-
tion (Tables S3—S5).

5.1. The X Band of Cr;0s". For Cr;Og7, the ground state
(the “B, state of structure A) has an electron configuration of
...(52,)%(10b,)*(21a;)%(14by)*(11b,)*(12b,)*(22a,)'(15b,) ' (23a;)!
at the BP86/aVDZ level (Figure 8). Removal of an electron
from its singly occupied molecular orbitals (SOMOs) leads to
the °B, and 3A; states of the neutral. The ADE and VDE for
the transition from the ground state of the anion, “B, (structure
A), to the ground state of the neutral cluster, 3B, (structure A),
were calculated to be 4.24 and 4.76 eV at the CCSD(T)/aVTZ

level (Table S3, Supporting Information). These can be com-
pared with the experimental values for the X band of 4.31 and
4.44 eV, respectively. The ADE is in better agreement than the
VDE, consistent with our recent benchmark study on the
electron detachment energies of the MO3;~ and MO~ (M =
Cr, Mo, W) clusters, where the calculated ADEs at the
CCSD(T)/aVTZ level for M = Cr are in excellent agreement
with the experimental values within 0.05 eV, and the calculated
VDEs are larger than the experimental values by ~0.1 and 0.2
eV for the monomer and dimer, respectively.?* The ADE and
VDE for this transition calculated at the CCSD(T)/aVDZ level
are smaller by <0.1 eV than those calculated at the CCSD(T)/
aVTZ level, and the core—valence corrections calculated at the
CCSD(T)/awCVDZ level are negligible.

The calculated ADE and VDE for the 2A” — 3A” transition
at the CCSD(T) level are substantially larger than the experi-
mental values by 0.4—0.5 eV (Table 4) and the A’ state of
structure B is ruled out as the ground state. The calculated ADE
and VDE at the CCSD(T) level for the “B; — B, transition of
structure A are smaller than the experimental values by 0.3—0.4
eV, and thus, the “B; state of structure A can be ruled out as
well. The higher energy “B, (D) state and the 2A; (A) state have
VDEs at the CCSD(T) level larger than the experimental value
by ~0.5 eV, consistent with the fact that these states are not
present in the experiment. In addition, one of the transitions
(?A; — 3B, of structure A) listed in Table 4 and some of the
transitions included as Supporting Information (Tables S3—S5)
cannot be described by one-electron processes.

The *A, — *B, transition of structure D is comparable to the

“B, — 3B, transition of structure A in terms of the ADE and
VDE at the CCSD(T) level (Table 4). The A, state of structure
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TABLE 8: Excitation Energies in eV of M305 (M = Cr, W) Calculated at the TD-DFT Level with the B3LYP/aVDZ, BP86/
aVDZ, and PW91/aVDZ Methods at the Ground State Geometries of the Anion, Compared with Those Calculated
Self-Consistently at the CCSD(T)/aVDZ//B3LYP/aVDZ, B3LYP/aVTZ//B3LYP/aVDZ, BP86/aVTZ//BP86/aVDZ, and PW91/
aVTZ//PW91/aVDZ Levels, and the Experimental Vertical Electron Detachment Energy Differences (AE )"

TD-DFT¢ AE e AE yent
excitation orbital” B3LYP! BPS6¢ PWOLl/ CCSD(T)*  B3LYP" BPS6 PWOV/ exptl
CI'30§;, 3B2/C2U (A)
3B, — %A, 15b, — 23a, 1.19 0.56 0.55 0.49 0.88 0.71 0.72 0.51(5) (A)

3B, — (B, b)*  22a, — 23a, 0.99 0.65 0.64 - - - —

B, — (B a) (22a; — 6a,) 1.00 0.92 0.90 1.05 1.33 0.85 0.85

B, — (CAya)  (15b, — 6a,) 239 1.02 1.00 1.29 1.72 1.01 1.00

B, — (CA, b)  (22a; — 13b))  1.10 1.46 1.44 1.32 1.78 1.28 1.28

3B, — (*B; b)  (15b, — 13b;) 2.51 1.50 1.48 1.56 1.77 1.34 1.34

B, — By o) (22a;, — 7a,)  2.21 1.71 1.70 - — — —

B, — (A b)  (22a; — 16by)  2.12 1.78 1.78 1.73 1.98 1.91 1.91

B, = CAy o) (15b, — 7a,) 261 1.82 1.82 - — - —

3B, — SA, 12b; — 23a, (1.91) (1.87) (1.87) 1.93(1.95) 1.31(1.33) 1.81(1.82) 1.82(1.83) 2.03(5) (B)

3B, — (PB, ¢)*  (15b, — 16b,) 2.33 2.04 2.03 - — - -

3B, — (CA, b)*  11b, — 23a, (2.36) (2.13) (2.12) - - — —

‘B, — CB, d)f  (22a; — 24a;) 2.76 227 227 - — — -

B, — B, 21a; — 23a, (2.53) (2.31) (2.31) 2.20(223) 2.06 2.35 2.36 2.3—-2.8 (C)

3B, — A, 14b, — 23a, (2.37) (2.33) (2.33) 240 (2.41) 1.92 2.32 2.33

B, — B, Sa, — 23a, (2.78) — - 2.75(2.78) 2.43(2.35) 2.81(2.81) 2.82(2.82) 3.25(5) (D)
W;0s, 'A/C, (€)

A, — %A, 19a; — 20a, 1.82(2.53) 1.75@2.31) 1.64(2.31) 230(2.92) 2.10 1.84 1.83 2.16(5) (A)

A — A, 8a, — 20a, 2.50(2.66) 1.63(1.75) 1.62(1.75) 2.81(2.89) 2.38(2.39) 1.84(1.86) 1.83(1.84) 2.61(5) (B)

A, — (Bya) 12b; — 20a, 2.56(2.70) 1.55(1.66) 1.54(1.66) 297 (3.27) 243 (2.44) 2.17 2.39 3.03(5) (C)

A, — (B, b)* 11b; — 20a, 2.58(2.74) 1.71(1.82) 1.70(1.82) — - - —

A, — (B, b) 14b, — 20a, 2.95(3.24) 2.17(2.38) 2.15(238) 3.26(3.40) 2.85(2.93) 2.24(228) 2.22(2.27)

A, — CA, b)Y 7a, — 20a, 3.03(3.20) 2.21(2.33) 220(2.33) -— - - —

A, — (A, b)*  18a; — 20a, 3.14 (3.53) 242(2.79) 239(2.79) — - — —

A, — (B, e)f  13b, — 20a, 3.22(3.66) 2.64(2.86) 2.60(2.85) — - - —

A, — (B, ¢)*  10b, — 20a, 3.43(3.66) 2.67(2.83) 2.65(2.82) — - - —

“Defined as the difference between the vertical electron detachment energies to the excited and ground states of the neutral. ” The
corresponding electron excitation in the neutral. Those in parentheses are excitations to the unoccupied orbitals other than the LUMO. The
electron configuration at the BP86/aVDZ level for the °B, state of structure A of Cr;Og at the geometry of the ground state of the anion is
...(522)%(10b,)*(14b,)*(21a,)*(11b;)*(12b;)%(15b,)'(22a,) " (23a,)°(6a,)°(13b,)°(7a,)°(16b,)°(24a,)°. The electron configuration at the B3LYP/aVDZ
level for the 'A; state of structure C of W30y at the geometry of the ground state of the anion is ...(10b;)*(13b,)*(18a;)*(7a,)*(14b,)>-
(19a;)%(11b;)*(8a,)%(12b;)*(20a;)°. < Numbers in the parentheses are for the corresponding low spin states (triplets for M = Cr and open-shell
singlets for M = W). See text. ‘B3LYP/aVDZ. ¢BP86/aVDZ. /PW91/aVDZ. ¢ CCSD(T)/aVDZ//B3LYP/aVDZ. "B3LYP/aVTZ//-
B3LYP/aVDZ. ' BP86/aVTZ//BP86/aVDZ. / PW91/aVTZ//PW91/aVDZ. * This state is not the lowest energy state in this spin and spatial
symmetry, and excitation energies are calculated at the TD-DFT level only.

D was calculated to be ~13 kcal/mol higher in energy than the
4B, state of structure A at the CCSD(T) and B3LYP levels with
the aVTZ basis set (Table 2). We note that the BP86 and PW91
functionals predict that the *A, state of structure D is the ground
state. The calculated VDEs and ADEs with the BP86 and PW91
functionals for the *A, state of structure D do not allow us at
this level to distinguish between this state and the “B, state
(structure A). Based on the above comparison, the X band in
the PES of Cr;Og~ is best assigned to the “B, — *B, transition
of structure A at the CCSD(T) level but the BP86 and PW91
functionals do not allow us to completely eliminate the *A, state
of structure D. Other calculations on (CrOs), clusters show that
the chain structures are usually much higher in energy, so it is
unlikely to be present. In any case, a high spin ground state is
predicted.

5.2. The X Band of W3;0g . The ground state of W;0g™
(the %A, state of structure C) has an electron configuration of
...(14b,)*(11b)%(12b,)*(82,)*(192a,)*(20a,)" at the B3LYP/aVDZ
level (Figure 9). Removal of an electron from its SOMO leads
to the 'A; state of the neutral. The ADE and VDE for the A,
— 1A, transition of structure C were calculated to be 3.86 and
4.45 eV at the CCSD(T)/aVTZ level (Table 5), which can be
compared with the respective experimental values for the X band
of 4.37 and 4.62 eV. The ADE and VDE are underestimated

by ~0.5 and 0.2 eV, respectively, consistent with the errors
predicted for W30y™.32 We note that the VDE value is in quite
good agreement, whereas the difficulty in extrapolating to the
ADE contributes to the difference between theory and experi-
ment. The ADE calculated at the CCSD(T)/aVDZ level is
essentially the same as that calculated at the CCSD(T)/aVTZ
level, and the VDE calculated at the CCSD(T)/aVDZ level is
smaller by ~0.1 eV. The core—valence correction is ~0.1 eV.
These results are also consistent with our recent benchmark
study on the electron detachment energies of the MO;~ and
M,0¢~ (M = Cr, Mo, W) clusters for M = W.>* Even though
the 2A” state of structure B is only 1—2 kcal/mol above the anion
ground state (Table 3), the ADE and VDE calculated at the
CCSD(T)/aVTZ level for the 2A” — 'A’ transition are lower
than the experimental values by 0.8—1.0 eV. The 2A” state of
structure B was predicted to be 4—5 kcal/mol higher in energy
than the anion ground state, and the ADE and VDE calculated
for the 2A” — 'A’ transition of structure B are also lower than
the experimental values by 0.9—1.2 eV. Based on these
comparisons, we can eliminate these states from contributing
to the observed spectra.

5.3. Higher Binding Energy Bands. Table 6 lists calculated
ADEs and VDE:s to the excited states of the neutral from the
anion ground state (Cr;05~, “B, (4) and W305™, 2A; (C)), which
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Figure 8. Singly occupied and highest few doubly occpuied molecular
orbitals (SOMOs and DOMOs) for the ground state of Cr;Og™ at the
BP86/aVDZ level.
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SOMO, 20a, DOMO, 19a, DOMO-1, 8a,
DOMO-2, 12b, DOMO-3, 11b, DOMO-4, 14b,

Figure 9. Singly occupied and highest few doubly occpuied molecular
orbitals (SOMOs and DOMOs) for the ground state of W3Og™ at the
B3LYP/aVDZ level.

are compared to the experimental values in order to assign the
higher binding energy band systems in the PES. Additional
calculated ADEs and VDEs for transitions that cannot be
described as one electron processes are given as Supporting
Information.

5.3.1. Cr;0s™. Removal of an electron from the SOMOs 23a;,
15b,, and 22a; of Cr;Og~ (the “B, state of structure A) leads to
the 3B, ground state and the 3A; and (°B, b) excited states of
the neutral, respectively. The A, excited state can be assigned
to band A in the PES based on the calculated ADE and VDE
at the CCSD(T)/aVTZ level (calculated, 4.85 and 5.26 eV;
experimental, 4.78 and 4.95 eV in Table 6). The slight
overestimation of the ADE and VDE is consistent with that for

J. Phys. Chem. A, Vol. 113, No. 42, 2009 11281

the ground state transition (Table 4). As the (°B, b) excited state
has the same spin and spatial symmetry as the B, ground state,
it cannot be calculated with such ground state methods as
CCSD(T) and DFT. At the TD-DFT level, however, the (°B,
b) excited state was predicted to lie very close in energy to the
3A, excited state (Tables 8 and 9); thus, the (*B, b) excited state
may also contribute to the A band.

Removal of an electron from the doubly occupied molecular
orbitals (DOMOs) 12by, 14b,, 21a,, and 5a, leads to the quintet
excited states 3A,, Aj, °B,, and B, and their corresponding
triplet excited states. These quintet states are formed by
removing an electron with -spin, whereas these triplet states
are formed by removing an electron with a-spin leaving a single
B-spin electron in the orbital. Molecular structures of the quintet
states are given as Supporting Information (Figure S2). The
quintet and triplet states are expected to have similar energies
in most cases as long as there is some spatial difference in the
orbitals as the only difference is spin pairing of electrons in
two open-shell orbitals. Relative energies between the quintet
states and their corresponding triplet states are calculated at the
neutral and anionic geometries (Table 7). The quintet state is
calculated at the ROHF/aVDZ level, whereas the triplet state
is calculated at the complete active space self-consistent field
(CASSCF) level with the same basis set by occupying each of
the four open-shell orbitals in the quintet state with exactly one
electron. The triplet states are calculated to be slightly higher
in energy than the quintet states by 0.3—0.7 kcal/mol at both
geometries as expected.

The A, excited state can be assigned to band B in the PES
based on the calculated ADE and VDE at the CCSD(T) level
(calculated, 6.28 and 6.73 eV; experimental, 6.30 and 6.47 eV
in Table 6). By comparing the VDEs calculated at the CCSD(T)
level for these quintet states and the experimental VDEs for
the C and D bands, the C band can be assigned to the B, —
SA; and “B, — 7B, transitions (calculated, 7.24 and 7.04 eV;
experimental, 6.7—7.2 eV), and the D band can be assigned to
the “B, — B, transition (calculated, 7.56 eV; experimental, 7.69
eV). The calculated VDEs to the corresponding triplet states
are very close to those to the quintet states (Table 6), indicating
these triplet states are likely to be contributing to bands B—D
as well.

The VDEs calculated at the CCSD(T)/aVDZ level for the
transitions from the *B, state to the CA, a), B, a), CA, b),
and (°B; b) states (Table S5, Supporting Information), which
cannot be described as one-electron processes, are 0.8—1.3 eV
higher than that of the A band, but are 0.2—0.5 eV lower than
that of the B band. After geometry relaxation, all of these triplet
states have one or more imaginary frequencies at the B3LYP/
aVDZ, BP86/aVDZ, and PW91/aVDZ levels, so they will form
lower symmetry structures; however, this does not affect the
predicted VDEs. These shake-up transitions may contribute to
the electron signals between band A and band B, consistent
with their low intensities (Figure 1).

5.3.2. W;05 . For W503~ (the %A, state of structure C),
removal of an electron from the DOMOs 19a,, 8a,, 12b,, and
14b, leads to the triplet excited states 3Aj, 3A,, B; a), and
(®B, b), and the corresponding open-shell singlet states. Relative
energies between the triplet states and their corresponding open-
shell singlet states are calculated at the neutral and anionic
geometries (Table 7). The triplet state is calculated at the ROHF/
aVDZ level, whereas the open-shell singlet state is calculated
at the CASSCF/aVDZ level by occupying each of the two open-
shell orbitals in the triplet state with exactly one electron. The
singlet states are calculated to be higher in energy than the triplet
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TABLE 9: Lowest Few Excitation Energies in eV of M;03 (M = Cr, W) Calculated at the TD-DFT Level with the B3LYP/
aVDZ, BP86/aVDZ, and PW91/aVDZ Methods, Compared with the Adiabatic and Vertical Excitation Energies (AEEs and
VEEs) Calculated Self-Consistently at the CCSD(T)/aVDZ//B3LYP/aVDZ, B3LYP/aVTZ//B3LYP/aVDZ, BP86/aVTZ//BP86/
aVDZ, and PW91/aVTZ//PW91/aVDZ Levels

TD-DFT AEE VEE
excitation orbital® B3LYP? BP86° PW91¢ CCSD(T)* B3LYP BP86¢ PW91" CCSD(T)* B3LYP' BP86* PWO9l”
Cr;Og, 3B2/C2U (A)
*B, — (’B; a) 22a; — 6a, 0.96 0.78 0.76 0.89 1.16  0.65 0.64 0.99 1.30 0.75 0.74
B, — (CAz a) 15b, — 6a, 1.06 0.98 0.96 0.71 1.20 049 0.49 1.25 1.76 0.98 0.98
3B, — (B, by  22a,—23a, 217 107 107 - - - - - - - -
3B, — A 15b, — 23a, 2.37 1.17 1.18 0.55 1.00  0.62 0.63 1.98 231 1.46 1.48
B, — (A, b) 22a; — 13b, 2.86 1.42 1.40 1.15 1.58 0.99 0.99 1.34 1.81 1.20 1.20
*B, — (°B; b) 15b, — 13b, 2.60 1.57 1.55 1.26 1.80 1.13 1.12 1.58 2.13 1.41 1.41
3B2 e (SB] C)i 2231 - 72[2 2.82 1.95 1.94 - - - - - - - -
B, — CAre)  15b, — Ta, 262 215 215 - - - - - - - -
3B, — %A, 12b; — 23a, (2.53Y 227y (2.25Y 1.98 1.60 1.97 1.98 - 1.96 224 2.26
Cr;04, *A”IC, (B)
SN — 3N 23a” — 32a’ 1.38 1.27 1.27 1.02 0.81 0.70 0.71 1.39 1.17 1.10 1.11
SA” — (GA” b)Y 233" — 24a” 2.05 1.40 1.42 - - - - - - - -
A" — (A" ¢) 3la” — 322’ 1.49 1.54 1.53 - - - - - - - -
SA” — (CA’ b) 3la” — 24a” 2.51 1.65 1.67 1.72 1.67 1.34 1.33 - 2.40 1.88 1.90
Cr30s, *Bo/Daq (D)
B, — %A, 12a; — 3b, 0.51 0.59 0.55 0.42 0.37 0.36 0.34 0.41 0.38 0.47 0.45
3B, — 3B, 12b, — 3b, 0.35 0.80 0.78 0.29 0.15 0.59 - 0.29 0.16 - -
B, — (B, b) 12a; — 13a, 243 1.14 1.12 - - - - - - - -
3B, — A/ 12b, — 13a, 2.46 1.61 1.60 - - - - - - - -
W30y, 'AIC; (B)
IA'IC; — 3A)/Cy, 312" — 2327 1.00 1.56 1.48 0.42 024  0.56 0.57 1.23 1.11 1.52 1.54
A — 3N 3la” — 32a’ 1.57 1.70 1.56 1.55 1.37 1.28 1.28 1.89 1.68 1.67 1.68
W30s, 'AY/Cy, (A)
A, —3A, 22a; — 6a, 1.44 1.45 1.44 0.79 0.60 0.57 0.60 1.66 1.48 1.44 1.47
A —3A, 22a; — 233 1.81 1.56 1.55 1.03 0.88 0.76 0.77 2.13 1.88 1.68 1.72
A, — 3B, 22a; — 15b, 2.11 2.54 2.49 0.24 —0.07 0.27 0.30 2.60 2.36 2.61 2.66
W30s, 'AY/Cy, (€)
A — A, 19a; — 20a, 2.62 2.60 2.50 2.64 249 2.11 2.14 3.12 2.90 2.64 2.64
'A; — Bz a) 19a; — 15b, 3.13 3.46 3.36 1.78 1.34 1.66 1.70 3.81 3.61 3.54 3.56
A —3A, 8a, — 20a, 3.50 2.67 2.66 3.15 2.94 2.29 2.28 3.92 3.51 2.88 2.88
'A; — (B a) 11b; — 20a, 3.56 2.70 2.70 3.08 3.00 2.44 243 4.00 3.59 3.09 2.92
'A; — (B, d) 19a; — 13b, 3.67 3.66 3.55 391 3.62 3.31 3.31 4.29 3.95 3.65 3.65
'A; — (B, b) 12b; — 20a, 4.01 2.74 2.73 - - - - - - - -
'A; — (B, b) 14b, — 20a, 4.04 3.32 3.30 3.80 3.52 2.74 2.73 4.33 4.15 3.38 3.38

@ The corresponding electron excitation. The electron configuration at the BP86/aVDZ level for the °B, state of structure A of Cr;Og is
...(12b)*(15b,)!(22a,) " (62,)°(23a,)°(13b;)°(7a,)°. That for the *A” state of structure B of Cr;Oy is ...(31a")'(23a”)'(32a")°(24a”)°. That for the 3B,
state of structure D of Cr;Oy is ...(12b,)'(12a;)'(3b;)°(13a;)". The electron configuration at the B3LYP/aVDZ level for the 'A’ state of structure
B of W;0g is ...(31a")%(23a2”)°(32a"). That for the 'A; state of structure A of W;Og is ...(22a,)%(6a,)°(23a,)°(15b,)". That for the 'A, state of
structure  C of  W30g is  ...(14by)%(11b;)%(12b1)%(8a2)%(192,)%(20a,)°(15b,)°(13b))°.  ®* B3LYP/aVDZ. ©BP86/aVDZ. ¢PW91/aVDZ.
¢ CCSD(T)/aVDZ//B3LYP/aVDZ. / B3LYP/aVTZ//B3LYP/aVDZ. ¢ BP86/aVTZ//BP86/aVDZ. " PW91/aVTZ//PW91/aVDZ. ' This state is not
the lowest energy state in this spin and spatial symmetry, and excitation energies are calculated at the TD-DFT level only. / For the low spin
triplet state (CA,).

states at both the anion and neutral geometries by 1.7—3.2 kcal/
mol for the 3A; and (*B, b) states, by 4.3—6.9 kcal/mol for the
(B, a) state, and by 14—15 kcal/mol for the 3A, state. The large
singlet—triplet splitting for the A, state is due to the fact that
the open-shell orbitals 19a; and 20a; (the DOMO becomes
singly occupied in the neutral; Figure 9) both have substantial
electron density between the two bonded W atoms. The 3A;
excited state can be assigned to band A in the PES based on
the calculated ADE and VDE at the CCSD(T) level (calculated,
6.54 and 6.76 eV; experimental, 6.65 and 6.78 eV). By
comparing the VDEs calculated at the CCSD(T) level and the
experimental VDEs for the B and C bands, the B band can be
assigned to the 2A; — 3A, transition (calculated, 7.24 eV;
experimental, 7.23 eV), and the C band can be assigned to the
2A; — (*B; a) transitions (calculated, 7.40 eV; experimental,
7.65 eV). The 2A; — (°B, b) transition may also contribute to
band C (VDE calculated, 7.98 eV; experimental, 7.65 eV). The

calculated VDE:s for the open-shell singlet states corresponding
to the 3A,, (B, b), and (*B; a) states are fairly close to these
triplet states, indicating these singlet states are likely to
contribute to bands A—C as well.

5.3.3. TD-DFT Excitation Energies. Our recent studies on
chromium trioxide clusters have shown good agreement between
the TD-DFT excitation energies at the anionic geometries and
the calculated VDE differences from the anion to the ground
and excited states of the neutral cluster.?’ Table 8 compares
the excitation energies calculated at the TD-DFT level from
the B, state of structure A for Cr;Og and the 'A, state of
structure C for W30y at the anion ground state geometries. They
are compared to the experimental and calculated AE,. values,
which are defined as the differences between the VDEs to the
ground and excited states of the neutral.

For Cr;0g, the AE, . values calculated at the CCSD(T)/aVDZ
level for the 3A;, °A,, A;, and °B, states are in excellent
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agreement with the experimental values for the A, B, and C
bands within 0.1 eV, and that for the B, state is smaller than
the experimental value for the D band by ~0.5 eV. The AE .y
values calculated at the CCSD(T)/aVDZ level for the (°B; a),
(CAz a), CAy b), B b), and (°A, b) states are larger than that
for the A band by =0.5 eV and smaller than that for the B
band by more than 0.3 eV, consistent with the above spectral
assignment. The AE,. values were not calculated for several
other states, as they are not the lowest energy state for their
spin and spatial symmetry. The TD-DFT excitation energies
for the A, and (°B, b) states calculated at the BP86/aVDZ and
PW91/aVDZ levels are in good agreement with the experimental
AE, . value for the A band within 0.15 eV. Those for the A,
and (°A; b) states (calculated from the TD-DFT triplet states
corrected by the quintet—triplet splitting) are also within 0.15
eV of the experimental AE,., value for the B band. The TD-
DFT excitation energies for the °B, and 3A states (obtained by
correcting the triplet states) also agree with the experimental
AE, value for the C band. The TD-DFT excitation energies
for the B, a), CA, a), CA, b), B, b), CB, ¢), CA, b), and
(*A; c) states at the BP86/aVDZ and PW91/aVDZ levels range
from 0.9 to 1.8 eV, which are larger than the experimental AE,
value for the A band of 0.51 eV, but are smaller than that for
the B band of 2.03 eV. The TD-DFT results for these triplet
states are consistent with the CCSD(T) results, which show that
transitions to these states are not one-electron transitions. The
TD-DFT excitation energies for the (°B; ¢) and (°B; d) states
are in good agreement with the experimental AE,. values for
bands B and C, respectively. Where a direct comparison can
be made, the TD-DFT excitation energies calculated at the
BP86/aVDZ and PW91/aVDZ levels for Cr;Og at the anion
ground state geometry are within ~0.1 eV from the AE,., values
calculated at the CCSD(T)/aVDZ level.

For W30y, the AE,; values calculated at the CCSD(T)/aVDZ
level for the *Aj, 3A,, and (°B, @) states are in good agreement
with the experimental values for the A, B, and C bands within
0.2 eV. The TD-DFT excitation energy for the A, state
calculated at the BALYP/aVDZ level is in good agreement with
the experimental AE,., value for the B band within 0.15 eV,
whereas those for the A, and (*B, a) states are lower than the
experimental AE,., values for the A and C bands by ~0.3 and
0.5 eV, respectively. The TD-DFT excitation energy for the (°B;
b) state calculated at the B3ALYP/aVDZ level is essentially the
same as that for the (B, @) state, indicating transitions to both
states are likely to contribute to band C. Where a direct
comparison can be made, the TD-DFT excitation energies
calculated at the B3LYP/aVDZ level for W30y at the anion
ground state geometry are lower than the AE,., values calculated
at the CCSD(T)/aVDZ level by 0.3—0.5 eV.

5.4. Comparison of Cr;Og~ and W30g". The Cr;Og™ anion
exhibits congested PES bands at lower binding energies (Figure
1), in contrast to W30g~ (Figure 2). The SOMOs and LUMO
for the ground state of Cr;Og (the B, state of structure A) consist
of Cr 3d orbitals with minor contributions from the O 2p orbitals,
which are similar to the SOMOs for the ground state of its anion
(the “B, state of structure A, Figure 8). Thus, the ground state
and lowest few excited states for Cr;Og arise mainly from Cr
d—d transitions, which correspond to bands X and A with low
binding energies and low excitation energies. The few highest
energy DOMOs of the neutral and anion mainly consist of the
O 2pm orbitals (Figure 8). The quintet excited states arising
from these orbitals and the corresponding triplet states can be
considered as O 2pz — Cr 3d transitions, which have
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significantly higher binding energies and correspond to bands
B to D (Tables 6, 8, and 9).

Similar to the HOMO for the 'A| state of structure C of W5Os,
the highest DOMO for the anion ground state (the 2A, state of
structure C, Figure 9) is primarily W—W o bonding with
predominant d character. The next few DOMOs are of O 2px
character mainly on the terminal oxygen atoms. The LUMO of
the 'A, state of structure C of W3Os is similar to the SOMO
for the anion ground state (Figure 9), which is a d—d 7 orbital
and the next few unoccupied MOs also consist of d orbitals on
the W centers. The lowest two excited states for the 'A; state
of structure C of W30Og arise from the W—W bonding d orbitals
and show high adiabatic excitation energies (AEE, 1.78 and
2.64 eV; Table 9), in contrast to those from the Cr—Cr
nonbonding d orbital in Cr;0g (AEE, 0.55 to 1.26 eV; Table
9). The lowest O 2pzr — W 5d excitation for W3Og corresponds
to band B (Tables 6 and 8).

6. Discussion

6.1. Cluster Structures and Metal—Metal Bonding. For
both Cr;Og and W;0g clusters, multiple low-lying states were
predicted within 15 kcal/mol at the CCSD(T)/aVDZ level: six
states for Cr;Og and five states for W50y (Figures 4 and 6).
This is in contrast to the (MO3), (M = Cr, Mo, W; n = 1—6)
clusters,”® where no very-low-lying structures were predicted,
except for M = Mo and W for n = 6 due to substantial geometry
changes. The situation of M3Oys is, however, similar to that for
the (Ti0»), (n = 1—4) clusters.?’ For these clusters, there are
three very-low-lying structures for n = 2—4 within ~15 kcal/
mol at the CCSD(T)/aVTZ level, likely due to the low
oxygen—metal atom ratios, which enables the formation of more
compact structures in order to increase the average number of
oxygen atoms around each metal center.

Comparison of the relative energetics for the different
structures for Cr;Og and W30g shows that Cr;Og prefers a high
spin configuration whereas W;0Og prefers a low spin configu-
ration. For structures A and B, the lowest triplet states of Cr;Og
are lower in energy than the lowest singlet states by ~7 and 19
kcal/mol, respectively, at the CCSD(T)/aVDZ level. For W3O,
the lowest triplet states are higher in energy by ~6 and 10 kcal/
mol, respectively. For structures C and D, both M;Og clusters
prefer the same spin multiplicity: the singlet state for structure
C (due to potential metal—metal bonding) and the triplet state
for structure D. However, the energy difference between the
lowest singlet and triplet electronic states are very different for
both structures. For structure C, the lowest triplet state is only
~7 kcal/mol higher in energy than the lowest singlet state for
Cr;0g, whereas the triplet is ~41 kcal/mol higher in energy than
the singlet for W;3Og. For structure D, the lowest triplet state is
~14 kcal/mol lower than the lowest singlet state for Cr;Os,
whereas the triplet is only ~6 kcal/mol lower in energy than
the singlet for W30Og. The preference for high spin multiplicity
for the chromium oxide cluster may be due to the larger
repulsion between the 3d electrons as they are much closer to
the nucleus than the 5d electrons in W. Similar conclusions can
be reached for Cr;Og~ and W50g™, as the ground state of Cr;Og™
was predicted to be the 4B, state of structure A, and that of
W30z~ was predicted to be the 2A; state of structure C. In fact,
most of the low-lying states for Cr;Og~ were predicted to be
quartets, whereas all the low-lying states for W;0g~ were
predicted to be doublets. The electron spin densities for the open-
shell ground state structures of Cr;Og, Cr;0g~, and W;0g™ are
depicted in Figure 10. The difference in the electron spin density
for the ground states of Cr;Og and Cr;Og” is that the two



11284 J. Phys. Chem. A, Vol. 113, No. 42, 2009

Cr;04,°B, / Cy,
Figure 10. Electron spin density for the ground states of Cr;Og, Cr;Og”, and W30g™.

unpaired electrons in Cr;Oyg are essentially localized on the two
equivalent Cr centers, whereas in Cr;Og~ the three unpaired
electrons are approximately equally distributed among the three
Cr centers.

The HOMO for the 'A; ('A) state of structure C for W50s
(Cr;0g) indicates the presence of metal—metal d—d o bonding
character. For Cr;Os, this state is predicted to be ~38 kcal/mol
higher in energy than its ground state, whereas for W50y it is
predicted to be only ~8 kcal/mol above the ground state at the
CCSD(T)/aVDZ level. The ground state of W30z~ was predicted
to be the 2A| state of this structure, and the anion clearly shows
the presence of multicenter metal—metal d—d bonding (Figure
9). For Cr;04, this state was predicted to be ~32 kcal/mol
higher in energy than the ground state. The SOMO for the
ground state of W30g™ is similar to that for the 2A,” state of
M;0y~ (M = Mo and W) and the HOMO for the 'A,’ state of
M;0y>7,%32 in that they both display multicenter metal —metal
d bonding character. The multicenter metal—metal d bonding
is further enhanced by adding an extra electron to the SOMO
of the ground state of W30y~ to form the 'A; state of W30g>",
which is predicted to be 0.9 kcal/mol lower in energy than
W05~ at the CCSD(T)/aVTZ level. By including the core—
valence correction calculated at the CCSD(T)/awCVDZ level,
the 'A; state of W30g?™ is predicted to be 2.5 kcal/mol lower
in energy than the ground state of W30g~. The W—W bond
length shrinks from the neutral (~2.90 A), to the monoanion
(~2.81 A), to the dianion (~2.72 A). Our prediction of the
relative stability of the monoanion and dianion of W3Oy is
consistent with that for W30y, where the ground state of W30¢%~
was predicted to be 5.5 kcal/mol lower in energy than that of
W;04™.%

One can estimate the metal—metal bond energy in the 'A;
state of structure C for M;0g from the energy difference between
this state and the °B, state of the same structure, as the
metal—metal bond is broken in this triplet state. The metal—metal
bond energy estimated with this approach can be considered as
a lower limit. For W;0g, the W—W bond energy is estimated
to be 41 kcal/mol at the CCSD(T)/aVDZ level. For Cr;Og, the
Cr—Cr bond energy is estimated to be only 7 kcal/mol. The
calculated W—W bond lengths in both the 'A; and %A, states
of structure C are significantly longer than the WW multiple
bond (2.1—2.3 A)>" and double bond lengths (2.4—2.5 A)%2%
but comparable to the typical WW single bonds (2.8—2.9 A).%2%
This is consistent with the qualitative oxidation states of the W
centers as there is one electron left over for each after accounting
for the two terminal W=O0 bonds and the bridge W—O bond.
The W—W single bond is likely to be very active and can be
easily oxidized due to the much weaker metal—metal bond as
compared to the very strong metal—oxygen bonds.?*

6.2. Performance of DFT. The current comparative study
allows the evaluation of the performance of different DFT

Cr;057, 4B, / Cyy

Li et al.

W;0;7,2A,/ Cy,

exchange-correlation functionals for Cr versus W oxides. Due
to the structural variety and d—d interaction (ferromagnetic
versus antiferromagnetic spin coupling), the current reduced
M;0g and M;05~ (M = Cr, W) clusters are more challenging
than the stoichiometric (MOs), and (MOs),” clusters.?**> We
expect the conclusions drawn here to be widely applicable to
other Cr versus W compounds as well.

6.2.1. Relative Energies. The relative energies calculated at
the B3LYP/aVTZ level in comparison with our best CCSD(T)
values for W5Og and its anion can have differences of up to 7
kcal/mol (Table 3). For Cr;Og and its anion, the differences are
up to 25 kcal/mol (Table S1, Supporting Information). For
the 2A” state of structure B, the difference is ~50 kcal/mol (Table
2), although in this case the CCSD(T) result is no longer accurate
due to the significant multireference character of the wave
function. The relative energies calculated at the BP86/aVTZ
and PW91/aVTZ levels are very close to each other (Tables 2
and 3). They are within 3 kcal/mol of the CCSD(T) relative
energies for W3Oy and its anion. For Cr;Og and its anion, the
differences are up to 8 kcal/mol, and for the *A, state of structure
D (Table 2) and the 2A’ state of structure B (Table S1,
Supporting Information), the differences are ~15 and 25 kcal/
mol, respectively. Thus, the relative energies calculated with
the BP86 or PW91 functionals are usually closer to the CCSD(T)
values than those with the B3LYP functional especially for
systems with substantial multireference character, such as Cr,
although they can give qualitatively different results from
CCSD(T). Thus, DFT calculations for these challenging species
should be carried out with at least two functionals, preferably
one hybrid and one pure functional.

6.2.2. Electron Detachment Energies. For Cr;0g™, the VDEs
calculated at the B3LYP/aVTZ level are higher than the
experimental value by 0.7—1.1 eV for bands X and A (Tables
4 and 6), but they are in good agreement with the experimental
values for bands B—D (Table 6). For W30g~, the calculated
VDEs are in good agreement with experiment within 0.2 eV
for bands X—C (Tables 5 and 6). The VDEs calculated with
the BP86 and PW91 functionals are close to each other as
expected. For Cr;Og~, they are in good agreement with the
experimental value for band A, lower than the experimental
values by 0.2—0.3 eV for bands X and C, and lower by 0.4—0.7
eV for bands B and D (Tables 4 and 6). For W303~, the BP86
and PWO1 values are in good agreement with the experimental
value for band X, but lower than the experimental values by
0.3—0.8 eV for bands A—C (Tables 5 and 6). The performance
for the B3ALYP, BP86, and PW91 functionals in calculating
VDEs is consistent with our recent benchmark studies* in that
the BP86 and PW91 functionals are on par with the B3LYP
functional for systems with less multireference character, for
example, for the Mo and W oxides, and they significantly
outperform the B3LYP functional in case of the strong multi-
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reference systems, for example, for the Cr oxides. The perfor-
mance difference is mainly due to the presence of some
component of Hartree—Fock exchange in the hybrid functionals.

6.2.3. Electronic Excitation Energies: Self-Consistent DFT.
The AEEs and vertical excitation energies (VEEs) calculated
self-consistently at the DFT levels are compared with those at
CCSD(T) in Table 9, and the AE,, values are compared with
CCSD(T) and experimental values in Table 8. At the CCSD(T)/
aVDZ level the AEEs to the lowest excited states calculated
for the ground state of Cr;Og (the *B, state of structure A), the
3A” state of structure B, and the *B, state of structure D range
from 0.3 to 1.0 eV. Those for the ground state of W;Og
(the 'A’ state of structure B) and the 'A, state of structure A
range from 0.2 to 0.4 eV, and both are much smaller than that
for the 'A| state of structure C by 1.3—1.5 eV. The ground state
of M30g (M = Cr and W) has very-low-lying excited states
with the first AEE starting from ~0.2 eV. Due to the very low
excitation energies for the majority of these structures, the low-
lying excited states may play an important role in reactions
involving these clusters. Our recent studies on the (TiO,), (n =
1—4) clusters have shown that different structures of these
clusters can have very different first excitation energies, which
may play a role in their applications in photocatalysis.?’

For Cr;0g, the AE, values calculated self-consistently at
the BP86/aVTZ and PW91/aVTZ levels are in good agreement
with the CCSD(T) values within 0.1—0.3 eV, and are also in
good agreement with the experimental values within 0.2 eV for
bands A—C and are lower than the experimental value by ~0.4
eV for band D (Table 8). The AE,., values calculated self-
consistently with the BBLYP functional are overestimated by
0.3—0.5 eV when compared to the CCSD(T) values, and are in
worse agreement with experiment: ~0.4 eV higher for band A,
and 0.7—0.8 eV lower for bands B and D.

For W;0g, the AE,. values calculated self-consistently at
the BP86/aVTZ and PW91/aVTZ levels are significantly lower
than those at the CCSD(T) level by 0.5—1.0 eV, and are also
lower than the experimental values by ~0.3 eV for band A and
by 0.6—0.9 eV for bands B and C. Those calculated at the
B3LYP/aVTZ level are in better agreement with CCSD(T)
values, and are lower by <0.2 eV for bands A and B and by
~0.6 eV for band C compared to experimental measurements.
Thus, as for the calculated relative energies and electron
detachment energies, the calculated electronic excitation energies
are in general better for Cr;Og with the BP86 and PWO91
functionals and better for W50y with the B3LYP functional.

6.2.4. Electronic Excitation Energies: TD-DFT. Table 9
presents the excitation energies from some of the low-lying
states of the neutral cluster calculated at the TD-DFT level at
their equilibrium geometries. They are compared with the AEEs
and VEEs calculated self-consistently at the CCSD(T) and DFT
levels. As the excited states calculated at the TD-DFT level
with the B3LYP functional tend to have significant mixing
between different orbital transitions especially for M = Cr, their
orbital assignments are approximate. Those calculated with the
BP86 and PWI1 functionals usually have much less mixing.
Furthermore, the order of the excitation energies for the different
excited states calculated at the TD-DFT level with the B3LYP
functional can be quite different from those calculated with the
BP86 and PWO91 functionals.

For structure A of Cr;Og, the excitation energies calculated
at the TD-DFT level with the BP86 and PW91 functionals are
in good agreement with the VEEs calculated at the CCSD(T)
levels within 0.3 eV except for the A state of structure A,
where it is underestimated by TD-DFT by ~0.8 eV (Table 9).
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The excitation energies calculated at the TD-DFT level with
the B3LYP functional are in good agreement with the VEEs
calculated at the CCSD(T) level for the (°B, a), (*A, a), and
3A, states, but they are overestimated by 1.0—1.5 eV for the
(*A; b) and (°B, b) states. The excitation energy to the (°B; b)
state calculated at the TD-DFT level with the B3LYP functional
is ~1.1 eV larger than those calculated with the BP86 and PW91
functionals.

The TD-DFT excitation energies calculated at the anion
ground state geometries for the band A of Cr;Og with the BP86
and PW91 functionals are in excellent agreement with the
experimental AE,.. value, whereas that calculated with the
B3LYP functional is higher by ~0.7 eV (Table 8). The TD-
DFT excitation energies for the quintet states (by correcting
the TD-DFT triplet state energies) at the B3LYP, BP86, and
PWO1 levels are in good agreement with the experimental values
within 0.2 eV for bands B and C.

For structure C of W30g, the excitation energies calculated
at the TD-DFT level with the B3LYP functional are smaller
than the VEEs calculated at the CCSD(T) level by 0.3—0.7 eV
(Table 9). Those calculated at the TD-DFT level with the BP86
and PWO91 functionals are smaller than the VEEs calculated at
the CCSD(T) level by up to 1.3 eV.

Compared to the experimental values, the TD-DFT excitation
energies of W;Og at the anion ground state geometries (Table
9) calculated with the BP86 and PW91 functionals are lower
than experiment by 0.4—0.5 eV for band A, by ~1.0 eV for
band B, and by ~1.5 eV for band C. Those calculated with the
B3LYP functional are lower than the experimental values by
<0.3 eV for bands A and B, and by ~0.5 eV for band C. The
above comparison between the excitation energies calculated
self-consistently and those calculated at the TD-DFT level
indicates the TD-DFT method is useful for locating low-lying
excited states for these TMO clusters where there may be many
closely lying electronic states, but there may be substantial error
in the TD-DFT excitation energies.

6.3. Clustering Energies and Heats of Formation. We have
recently developed an accurate approach to calculate the heats
of formation of large TMO clusters from the heat of formation
of the monomer and the normalized clustering energies
(NCEs) of the large clusters, which has been successfully applied
to group IVB and VIB TMO clusters up to the tetramers.?*
We now apply this approach to the reduced TMO clusters M;0g
M = Cr, W), with the clustering energy of M;Og defined as

AEM;0;4) = E(MO,) + 2E(MO;) — E(M;04) (1)
The heat of formation of M;Os is then given as

AH;(x(M;05) = AH,;((MO,) + 2AH, ((MO;) —
AEM;0y)  (2)

The results are presented in Table 10 with more details given
as Supporting Information (Tables S6—S9). Following our
previous work,” the total atomization energy (TAE) was
calculated to be 229.4 kcal/mol for the ground state of CrO,
(®B4/C,,) and 318.7 kcal/mol for that of WO, (*A,/C,,) at the
CCSD(T)/CBS level including additional corrections (Support-
ing Information), giving AH{CrO,) = —16.9 and —17.3 kcal/
mol, and AH{WQO,) = 2.3 and 1.7 kcal/mol at 0 and 298 K,
respectively. Our calculated heat of formation of CrO, is in
excellent agreement with the JANAF value of —18.0 & 10 kcal/
mol at 298 K, taken from the equilibrium vaporization of Cr,0O3
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TABLE 10: Clustering Energies at 0 K (AE, k), Heats of
Formation at 0 and 298 K (AH;yx and AH;39sk), and
Reaction Energies at 298 K (AH k) in kcal/mol Calculated
at the CCSD(T) Level”

M = Cr M=W
clustering energy, AE,x(M3Og) 187.0 224.6
heat of formation
AHx(MO,) —-16.9 -2.3
AH{vzgg K(MOz) 7]73 717
AHf,O K(MgOg) 73267 73839
AH 03 x(M303) —329.9 —386.8
reaction energy, AH,os
M;0g5 + (1/2)0, — M350 —26.9 —95.1

¢ Error bars in the calculated heats of formation due to errors in
the experimental heats of formation of the atoms are £1 kcal/mol
for CrO,, £1.5 kcal/mol for WO,, 43 kcal/mol for Cr;Og, and +
4.5kcal/mol for W30g. Theoretical heats of formation are taken from
ref 55 for CrO; (—61.4 kcal/mol) and WO; (—78.5 kcal/mol) at 0
K, Cr;09 (—356.8 kcal/mol) and W509 (—481.9 kcal/mol) at 298 K,
and from ref 61 for CH3;0H (—48.0 + 0.6 kcal/mol), H,O (—57.8 £+
0.2 kcal/mol), and CH,O (—26.1 + 0.3 kcal/mol) at 298 K.

work of Grimley et al.’’ Our calculated heat of formation of
WO, differs from the JANAF value of 18.3 £+ 7 kcal/mol at
298 K based on the partial pressure work of DeMaria et al.’® as
well as the experimental value of 13.2 kcal/mol from the mass
spectrometric study of Chupka et al.* The difference in the
calculated heat of formation for WO, from experiment is similar
to that for W03, —79.6 kcal/mol calculated versus —70.0 +
7 kcal/mol from experiment at 298 K. As the calculated values
are more negative than the experimental ones, we prefer our
values.

The clustering energies for the ground states of Cr;Og (the
3B, state of structure A) and W3Og (the 'A’ state of structure B)
as defined in eq 1 were calculated to be 187.0 and 224.6 kcal/
mol at the CCSD(T)/aVTZ level with the core—valence cor-
rection calculated up to the CCSD(T)/wCVTZ level. The basis
set dependence for the calculated clustering energy at the
CCSD(T) level for M30g (Supporting Information) is similar
to that for M30,,%> and we expect that the clustering energy in
eq 1 for M;0g calculated at the CCSD(T)/aVTZ level is
essentially converged to the CBS limit. The heat of formation
of M;0g calculated from eq 2 with the heats of formation of
MO, and MO; at the CCSD(T)/CBS level and the clustering
energy of M;Og at the CCSD(T)/aVTZ level is —326.7 and
—329.9 kcal/mol for M = Cr, and —383.9 and —386.8 kcal/
mol for M = W at 0 and 298 K, respectively. Our calculated
heat of formation of W30Oyg is to be compared with the JANAF
value of —408.7 £ 10 kcal/mol at 298 K based on the work of
Ackermann and Rauh.%

6.4. Redox Chemistry. Oxidative dehydrogenation (ODH)
of CH3;0H can be used to probe the redox properties of TMO
clusters. The catalytic process can be written as a two-stage
global process. The first stage conceptually is the reduction of
TMO clusters by CH;0H to form CH,O and H,O (reaction 3),
and the second stage is the subsequent oxidation of reduced
TMO clusters by O, to regenerate the catalyst (reaction 4), with
each stage involving multiple elementary steps.

M0, + CH;OH —~ M0, , + CH,0 + H,0 (3

Li et al.

Mxoyfl + ZOZ - Mxoy (4)

Reaction enthalpies at 298 K for the above reactions for M30q
can be obtained from our calculated heats of formation at 298
K for M;50¢ (—356.8 and —481.9 kcal/mol for M = Cr and W,
respectively)® and M;Og, and those for CH;0H (—48.0 kcal/
mol), CH,O (—26.1 kcal/mol), and H,O (—57.8 kcal/mol) from
Feller et al.®’ As shown in Table 10, at 298 K reaction 3 is
predicted to be exothermic for Cr;Oy by —9.0 kcal/mol, but
endothermic for W3Oy by 59.2 kcal/mol. This is not surprising
as Cr;0q is a stronger oxidant than W309 and the W=0 bond
energy (153 kcal/mol) is much larger than the Cr=0O bond
energy (111 kcal/mol).>® At 298 K, reaction 4 is predicted to
be exothermic for both oxides, —26.9 kcal/mol for M = Cr
and —95.1 kcal/mol for M = W, and the oxidation of W30y is
much more exothermic than that for Cr;Og. The high endot-
hermicity for reaction 3 for W30y may prevent the complete
oxidation of CH3;0H, enabling it to be used as a potential
catalyst. The water elimination can occur in a reaction coupled
to the exothermic oxidation step as shown in reaction 5, where
the MO, _,(OH), species is generated by reaction 6.

M,0, ,(OH), + 40, — M,0, + H,0 )

M,0, + CH,0H — M0,

_,(OH), + CH,O  (6)

In reaction 5, dehydration is facilitated by the high exothermicity
of the cluster oxidation.

7. Conclusions

In conclusion, we have conducted a comparative study of
reduced transition metal oxide clusters, M3Og~ (M = Cr, W)
anions and their neutrals, via anion photoelectron spectroscopy
and density functional theory and molecular orbital theory
(CCSD(T)) calculations. Well-resolved PES spectra are obtained
for M305~ M = Cr, W) at 193 and 157 nm detachment photon
energies, and very different overall PES patterns are observed
for the Cr versus W species. Extensive DFT and CCSD(T)
calculations are performed to locate the ground and low-lying
excited states for the neutrals and anions. The ground states of
Cr30g and Cr;0g™ are predicted to be the *B; and *B, states of
structure A, respectively, revealing ferromagnetic coupling in
the species. In contrast, the ground states of W30z and W30g™
are the 'A’ state of structure B and the 2A, state of structure C,
respectively, showing strong metal—metal d—d bonding in the
anion. The M;03~ (M = Cr, W) cluster geometries are in
qualitative agreement with prior DFT studies at the PBE level
for M = Cr and at the B3LYP level for M = W. The current
combined experimental and theoretical data also benchmark the
performance of DFT methods for the Cr versus W oxide clusters.

Multiple low-lying excited states were located for reduced
oxide clusters such as Cr;Og and W;Og, in contrast to the
stoichiometric (MO3), (M = Cr, W) clusters. This may have
significant catalytic implications. As the relative energies
between the different structures depend strongly on the metal,
the cluster size, and the chemical environment, very different
chemistry may be accomplished by slight variations in the
chemical composition of the catalyst. Thus, a thorough under-
standing of the relationship between the chemical structure and
the catalytic reactivity and selectivity is critical for rational
design of catalysts. The many possible low-lying structures also
pose a significant challenge to the successful modeling of
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catalytic processes involving redox chemistry using the metal
oxide clusters as chemical models. For larger metal oxide
clusters, even more low-lying structures may be expected, due
to the increasing numbers of possible atomic arrangements. The
chemical modeling of the catalytic processes is further com-
plicated by the difficulty in predicting accurate relative energies
with computationally efficient methods such as DFT. This needs
to be addressed by more comprehensive benchmarking of these
methods against highly accurate calculations and experimental
measurements.

We applied our recently developed approach for calculating
accurate heats of formation for TMO clusters from the normal-
ized clustering energies to these reduced oxide clusters. The
heats of formation of M;Og are calculated from the generalized
clustering energy of M3;Og and the calculated heats of formation
for the monomers, MO, and MO;. We use the calculated heats
of formation to predict the reaction energetics for the two global
reactions in the oxidation dehydrogenation of CH30H catalyzed
by M;0y. The reduction step is predicted to be slightly
exothermic for M = Cr. It is calculated to be very endothermic
for M = W, which is likely to be important for preventing
complete oxidation of the organic alcohol.
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