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ABSTRACT: Anion photoelectron spectroscopy and quantum  €r,0,5"
chemical calculations at the density functional theory (DFT),
coupled cluster theory (CCSD(T)), and complete active space
self-consistent field (CASSCF) theory levels are employed to
study the reduced transition metal oxide clusters M,0;,~ (M = @
Cr, W) and their neutrals. Photoelectron spectra are obtained
at 193 and 157 nm photon energies, revealing very different %

electronic structures for the Cr versus W oxide clusters. The T
electron affinity and HOMO—LUMO gap are measured to be Binding Eie,gy(e\,? 7 e

3.68 + 0.05 and 0.7 eV, respectively, for the Cr,O,y neutral

cluster, as compared to 4.41 + 0.04 and 1.3 eV for W,0,,. A comprehensive search is performed to determine the ground-state
structures for M,Oy and M0, in terms of geometry and electronic states by carefully examining the calculated relative
energies at the DFT, CCSD(T), and CASSCF levels. The ground states of Cr,O; and Cr,O,, have tetrahedral structures
similar to that of P,O,, with the anion having a lower symmetry due to a Jahn—Teller distortion. The ground states of W,0,,
and W,0,,™ have butterfly shape structures, featuring two fused five-member rings with a metal—metal multiple bond between
the central metal atoms. The much stronger WW bonding than the CrCr bonding is found to be the primary cause for the
different ground state structures of the reduced Cr,0,,”~ versus W,0,,”~ oxide clusters. The photoelectron spectra are assigned
by comparing the experimental and theoretical adiabatic and vertical electron detachment energies, further confirming the
determination of the ground electronic states of M0 and M,O,,". The time-dependent DFT method is used to calculate the
excitation energies of M;O;,. The TD-DFT results in combination with the self-consistently calculated vertical detachment
energies for some of the excited states at the DFT and CCSD(T) levels are used to assign the higher energy bands. Accurate
clustering energies and heats of formation of M,O,, are calculated and used to calculate accurate reaction energies for the
reduction of M,0, to M,0,, by CH;OH, as well as for the oxidation of M,O;, to M,O;, by O,. The performance of the DFT
method with the B3LYP and BP86 functionals in the calculations of the relative energies, electron detachment energies, and
excitation energies are evaluated, and the BP86 functional is found to give superior results for most of these energetic properties.
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1. INTRODUCTION clusters have been studied using both experiments‘_21 and
theory.m’ls’17’18’20_25 The potential for ferromagnetic versus

Early transition metal oxides (TMOs) have many technological
antiferromagnetic spin coupling in the Cr,0,”~ (n = 1-3)

. . 1 . . . .
applications.” For example, chromium oxides are industrial

catalysts,” and CrO, is widely used in magnetic recording clusters suggested the possibility of chleil}li)cal control of the
systems.” Chromium has a high spin ’S; (3d°4s!) electronic magnetic properties of small particles. ™ Two families of
configuration in its electronic ground state, and the role of stable oxide clusters, Crnoan_/OH and Crn02n+2_/0/+! were found
charge transfer between Cr and O in chromium oxides is in flow tube reactions with structures predicted from density
important in determining the spin on the metal, which affects functional theory (DFT)* calculations; each family was
their catalytic activity and magnetic properties. Similarly, there predicted to have distinct electronic and magnetic properties.'*
is substantial interest in the properties of tungsten oxides and There have been similar types of studies of tungsten oxide
their role in catalysis, especially as the tungsten oxide clusters clusters, which can have quite different properties due to the
can have a low spin configuration as compared to the high spin different spin states possible on the tungsten-21’27'28 Huang and
configurations often found for the chromium oxide clusters. co-workers”” reported results at the B3LYP* level with an
Gas phase TMO clusters are excellent molecular models with

well-defined structures, atomic connectivity, and controlled and Received: April 14, 2012

tunable stoichiometries, which can be used to gain insight into Revised:  May 1, 2012

complex catalytic processes.* In the gas phase, chromium oxide Published: May 2, 2012
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effective core potential and appropriate basis set for two
structures of W,0,, and W,0,,". They predicted the vertical
detachment energies (VDEs) using a generalized Koopmans’
theorem approach with an additional correction. For the first
VDE, this corresponds to a direct calculation of the VDE.
Experimentally, Jarrold and co-workers® recently examined the
chemical reactivity and electronic structure of some W oxide
clusters and relevant mixed oxide clusters.

We are using cluster molecular models to
study early TMO catalysts and to find new types of chemical
bonding in such clusters coupled with their energetic and
reactive properties.’**™* To provide more insight into the
properties of oxygen deficient clusters, we recently charac-
terized the structural and electronic properties of Cr;Og~ and
Cr;04 using a combination of photoelectron spectroscopy
(PES) and electronic structure calculations at the correlated
molecular orbital theory level and at the DFT level.>' These
results were compared to the corresponding W;05™ and W04
clusters. In the current contribution, we extend our work to the
oxygen deficient M,0,,” (M = Cr, W) anion clusters and their
neutrals, which can be considered as a reduced species derived
from the well-characterized stoichiometric MO, clusters.***?

The M,0;,~ and M,0,, (M = Cr, W) clusters possess a 4:10
stoichiometry, which is known to result in robust tetrahedral
molecular structures such as those of the M,0,, and M,0,,~
(M = V, Nb, Ta) clusters"* and the bimetallic oxide
V,_,Ti,0,0” (n = 1—4) clusters.** In addition, prior work has
shown that there is a special stability for the Cr,O,," cation'®
and that, for n < 8, the most prominent peaks in the Cr,0,”
mass spectrum are for Cr,O,,,,~."> It is thus of interest to
elucidate how the extra valence electrons in the M,0,,” and
M,0;y (M = Cr, W) clusters are spin coupled, what is the
nature of metal—metal bonding in them if any, and whether and
how this will lead to any structural distortion or even
completely different structures. The current comparative cluster
study shows that metal—metal bonding can play a critical role
in determining the structural and electronic properties of these
reduced TMO clusters. The weak metal—metal bonding in the
first row TMO clusters keeps the compact tetrahedral cage
structures intact without any apparent CrCr bonding
interaction for Cr,O,~ and Cr,O,,, whereas the much stronger
metal—metal bonding in the third row TMO clusters leads to
the more open butterfly shape structures with a WW multiple
bond for W,0,,” and W,O,. The combined experimental and
computational data also allow critical benchmarking of the DFT
method with the B3LYP and BP86* exchange-correlation
functionals in terms of the calculations of the relative energies,
electron detachment energies, and excitation energies for the
reduced Cr versus W oxide systems. The BP86 functional is
shown to give superior results for most of these energetic
properties, consistent with our previous benchmark studies on
the stoichiometric group 6 TMO clusters.”®

17-21,24,25,30—39

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

2.1. Photoelectron Spectroscopy. The experiments were
carried out using a magnetic-bottle-type PES apparatus
equipped with a laser vaporization cluster source, details of
which were described elsewhere.*” Briefly, the M,,0,” (M = Cr,
W) anion clusters were produced by laser vaporization of a
pure Cr or W disk target in the presence of a helium carrier gas
seeded with 0.5% O,, and analyzed using a time-of-flight mass
spectrometer. The Cr,O,,” and W,0,,” clusters of interest
were each mass-selected and decelerated before being photo-
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detached. Due to their relatively high electron binding energies,
the photodetachment experiments were conducted using high
photon energies at 193 nm (6.424 eV) from an ArF excimer
laser and 157 nm (7.866 V) from an F, excimer laser. Effort
was made to control the cluster temperatures and to choose
colder clusters (that is, those with longer resident times in the
nozzle) for photodetachment, which was shown previously to
be critical 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. The PES
spectra were calibrated using the known spectrum of Au”, and
the energy resolution of the apparatus was AE,/E; = 2.5%, that
is, ~25 meV for 1 eV kinetic energy electrons.

2.2. Computational Methods. Equilibrium geometries
and vibrational frequencies were calculated at the DFT level
with the B3LYP and BP86 exchange-correlation functionals for
both the neutral and anionic clusters to obtain the adiabatic
electron detachment energies (ADEs) and VDE:s for the anions.
Due to the potential for artificial symmetry breaking with the
B3LYP functional for open-shell transition metal compounds as
found in our recent studies on other TMO clusters,* we used
the zero-point energies (ZPEs) calculated at the BP86 level
unless otherwise noted. In addition, our recent benchmark
studies on the ADEs and VDEs for the monomers and dimers
of the group 6 TMO cluster anions have shown that functionals
with Hartree—Fock (HF) exchange (ie., hybrid functionals)
such as B3LYP tend to overestimate the electron detachment
energies when there is a potential for significant multireference
character, whereas functionals without HF exchange (i.e., pure
functionals) such as BP86 give better results, especially for first
row transition metals.”®> In the current DFT 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 the transition metals;”' these basis sets will be
collectively denoted as aVDZ. Single point energy calculations
were performed at the DFT level with these two functionals
using the aug-cc-pVTZ basis set for O and the aug-cc-pVTZ-PP
basis set for the transition metals; these basis sets will be
denoted as aVTZ. In addition, single point energies were also
calculated with the coupled cluster CCSD(T)** method with
the aVDZ basis set at the B3LYP/aVDZ and BP86/aVDZ
geometries. For open-shell systems, the R/UCCSD(T)
approach was used, where a restricted open-shell HF
(ROHF) calculation was initially performed and the spin
constraint was relaxed in the correlation treatment.>® For the
ground state of the neutral cluster, the valence electronic energy
at the CCSD(T) level was also calculated with the aVTZ basis
set. The core—valence correlation energy was calculated at the
CCSD(T) level with the cc-pwCVTZ basis set for O>* and the
cc-pwCVTZ-PP basis set for the transition metals in order to
improve the calculation of the heat of formation of the neutral
clusters; the core—valence basis set will be denoted as wCVTZ.

The above calculations were carried out for the lowest energy
state of each spin and spatial symmetry for each trial structure;
the electronic 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.
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The DFT calculations were performed with the Gaussian 09
program package.56 For the pure DFT methods such as BP86,
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 2010.1
program package.”® The TD-DFT calculations were performed
with the NWChem 6.0 program package.”® The calculations
were performed on our local Xeon and Opteron based Penguin
Computing clusters, the Xeon based Dell Linux cluster at the
University of Alabama, the Opteron and Xeon based Dense
Memory Cluster (DMC) and Itanium 2 based SGI Altix
systems at the Alabama Supercomputer Center, and the
Opteron based HP Linux cluster at the Molecular Science
Computing Facility at Pacific Northwest National Laboratory.
Molecular visualization was done using the AGUI graphics
program from the AMPAC program package.60

3. EXPERIMENTAL RESULTS

The PES spectra of the Cr,0;,” and W,0,,” clusters taken at
the 193 nm (6.424 eV) and 157 nm (7.866 eV) photon
energies are shown in Figures 1 and 2, respectively. The
observed spectral bands are labeled with letters (X, A—C), and
the measured ADEs and VDEs are summarized in Table 1.

(a) A

193 nm

(b)
157 nm

AB
X
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2 3 4 5 6 7
Binding Energy (eV)

Figure 1. Photoelectron spectra of Cr,0,,” at (a) 193 nm (6.424 V)
and (b) 157 nm (7.866 eV).

3.1. Cry040". The 193 nm spectrum of Cr,0,,~ (Figure 1a)
reveals three relatively sharp bands (X, A, and B). The ground-
state VDE is determined from the maximum of band X to be
3.76 eV (Table 1). Since no vibrational structure is resolved for
band X, the ground-state ADE is evaluated by drawing a
straight line along its leading edge and then adding the
instrumental resolution to the intersection with the binding
energy axis. The ADE thus determined for band X is 3.68 +
0.0S eV, which also corresponds to the electron affinity of the
corresponding Cr,O,, neutral cluster. Relative to band X, the
first excited-state band A (VDE: 4.44 eV) is more intense,
followed closely by a weaker band B (VDE: 4.72 eV).
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Figure 2. Photoelectron spectra of W,0 o~ at (a) 193 nm and (b) 157
nm.

Table 1. Experimental Adiabatic and Vertical Detachment
Energies (ADEs and VDEs) from the Photoelectron Spectra
of Cr,0,y" and W,0,,” Clusters

cluster feature ADE*? VDE*? X—A gap™*©
Cr,0," X 3.68 (5)4 3.76 (5) 0.7

A 439 (3) 4.44 (3)

B 472 (3)

C ~62 ~69°
W,0,” X 441 (4)¢ 4.61 (4) 13

A 5.69 (5) 6.02 (3)

B 6.20 (3)

C ~6.9 ~7.5°

“All energies are in eV. “Numbers in parentheses represent
experimental uncertainties in the last digits. “Estimated from the
ADE difference between bands X and A, which is an experimental
measure of the HOMO—LUMO gap of the neutral cluster. “Electron
affinity of the neutral species. “The broad band may contain multiple
overlapping electronic transitions.

The X/A/B spectral pattern appears to be consistent with a
closed-shell neutral Cr,O,, cluster. The relatively weak band X
suggests the occupation of a single electron in the anion
HOMO, hinting at the presence of a closed-shell neutral
cluster. The A/B ratio is consistent with the anticipated triplet
versus singlet final states upon detachment of a minority or
majority spin electron, respectively, from the anion HOMO-1.
The ADE difference between bands X and A defines a relatively
small energy gap (0.7 eV) for Cr,O,, between its highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO), where the extra electron in
Cr,0,,” resides. The VDE difference of bands A and B
represents the splitting between the first triplet and singlet
excited states (0.3 eV). Note that bands X, A, and B all show
similar widths (full width at half-maximum: ~0.2 eV),
suggesting relatively small geometry changes from the
Cr,0,,” anion to the neutral states. The 157 nm spectrum
(Figure 1b) reveals features at very high binding energies
(labeled as C). This band, centered at 6.9 eV, appears broad
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and intense, which likely contains multiple PES transitions, due
to a high density of states in this binding energy regime.

3.2. W,0;0". The PES spectra of W,0,, are shown in
Figure 2. The 193 nm spectrum (Figure 2a) reveals three well-
defined bands: X, A, and B. The ground-state band X (ADE:
441 + 0.04 eV; VDE: 4.61 eV) is well separated from the
higher binding energy bands, and it is much broader as
compared to the X band of Cr,0,,” (Figure 1a), suggesting a
more significant geometry change from the ground state of
W,0,,” to that of the neutral. Bands A (VDE: 6.02 ¢V) and B
(VDE: 6.20 eV) are close in binding energy and partially
overlap. The X—A energy gap (that is, the HOMO—-LUMO
gap for the W,0,, neutral cluster) is ~1.3 eV as estimated from
the ADE difference. The 157 nm spectrum (Figure 2b) shows
an intense and broad band at the highest binding energies: C
(~7.5 eV). This band may involve multiple overlapping
photodetachment transitions, similar to band C of Cr,O,,”
(Figure 1b).

3.3. Spectral Comparison between Cr,0,,” and
W,0,0". The PES spectra of the W,0,,” cluster exhibit
markedly higher electron binding energies relative to those of
Cr,O4y". The PES patterns for both anion clusters (Figures 1
and 2) are consistent with a closed-shell M,0,, (M = Cr, W)
neutral cluster with moderate HOMO—LUMO gaps. However,
the magnitude of the energy gap, defined by the ADE difference
between bands X and A, is very different for the two species:
0.7 eV for Cr,0, versus 1.3 eV for W,0,, (Table 1).
Interestingly, the ADE differences between bands X and C,
which represents the promotion energy in Cr,0,,/W,O, of an
electron from an O 2p derived orbital (band C; see theoretical
analysis below) to a Cr/W d based orbital (band X), are
evaluated to be nearly identical: ~2.6 eV for Cr,O,, versus ~2.5
eV for W,0,o. Thus, a remarkable difference between the
Cr,0, and W,0,," clusters appears to lie in the A/B bands,
4.44/4.72 eV for Cr,O,,” versus 6.02/6.20 eV for W,0,,,
hinting that their molecular orbitals may be distinctly different
in nature. Furthermore, the first three PES bands of W,0,,™ are
much broader compared to those of Cr,O,,”, suggesting the
W,0,," cluster is more floppy.

4. COMPUTATIONAL RESULTS

Several trial structures for M,0;, and M,0,,~ (M = Cr, W)
were optimized, with the most important structures shown in
Figures 3—6. Additional trial structures are given as Supporting
Information (Figures S1—S4). We focus on three structures: A,
B, and C. For Cr,0,, and Cr,0,,7, electronic states for
structure C are given as Supporting Information (Figures S1
and S2), as they lie much higher in energy than the ground
states. Structure A is similar to that of P,0,,*" with a
tetrahedral configuration for the metal atoms, and six bridge —
O— and four terminal =O atoms. Structures B and C are
similar to each other in that both involve two fused five-
member rings, but the two terminal =O atoms on the two
central metal atoms are in a cis configuration for structure B and
in a trans configuration for structure C. The symmetry
constraint in structure C causes the two rings to be nearly in
the same plane for the singlet state of this structure, whereas
the two rings in structure B have a butterfly shape. Due to the
large number of electronic states with different symmetries and
structures, we label them with the electronic and molecular
symmetries, as well as the structure type, for example, 'A;/T,

(A).
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Figure 3. Electronic states of Cr,O . Bond lengths in angstroms at the
B3LYP/aVDZ level and relative energies in kcal/mol at the BP86/
aVTZ//BP86/aVDZ level.

4.1. Cry04¢. As shown in Figure 3 and Table 2, the lowest
energy singlet state of Cr,O is predicted to be the 'A;/T, (A)

Table 2. Calculated Relative Energies at 0 K in kcal/mol for
Different Electronic States of Cr,0,, and Cr,0,,”

state CCSD(T)® B3LYP®  BP86° (S5 T,
CrOyp
1A,/T4 (A) 0.0 0.0 0.0 0 0.041
3B,/Dyy (A) 39.6 0.4 12.6 2.04 0.043
3A,/Dyq (A) 402 6.5 17.5 2.04 0.054
’B,/D,4 (A) 62.8 —9.4 21.6 6.10 0.047
SAL/Cy, (A) —-154 21.6 6.09
'A,/C,, (B) 103.9 62.5 66.4 0 0.052
Cr,0y0~
20, /Ty (A) 0.0 0.0 0.0 0.75 0.043
A,/Dyq (A) 2.0 —-202 -9.6 0.76 0.048
2A,/Cy, (A) -6.7 -61.1 -163 120 0.113
*B,/Dyy (A) 309 242 0.2 3.82 0.057
*A,/Dyy (A) 28.9 —38.9 -9.2 3.79 0.047
A/ Ty (4) 469 —474 -3.6 8.85 0.045

4CCSD(T)/aVDZ//BP86/aVDZ. "B3LYP/aVTZ//B3LYP/aVDZ
with ZPEs from BP86/aVDZ. “BP86/aVTZ//BP86/aVDZ. “BP86/
aVDZ. °CCSD(T)/aVDZ//BP86/aVDZ."As discussed in section 4.2,
the ?A,/C,, (A) state is predicted to be higher in energy than the A,/
T4 (A) state by 29.2 kcal/mol at the CCSD(T)/aVDZ//B3LYP/
aVDZ level. This discrepancy is attributed to the large multireference
character and the substantial spin contamination for the 2A,/C;, (A)
state. To avoid confusion, in Table 2, we list the calculated relative
energies at the CCSD(T)/aVDZ//BP86/aVDZ level, which are
consistent with the BALYP and BP86 results.

state at the CCSD(T), B3LYP, and BP86 levels. The electronic
configuration of this state is ...(Se)*(6e)*(St;)°(13t,)°(9a,)°..,
with orbital diagrams given as Supporting Information (Figure
S5). The 6e orbital (HOMO) and the St; orbital (LUMO) are
rather similar in that both sets of orbitals consist of nonbonding
3d orbitals on the four Cr centers. The LUMO differs from the
HOMO in that the triply degenerate orbital also has noticeable
contributions from the 2px orbitals on the bridge and terminal
O atoms. The Se orbital (HOMO—1) consists of 2px orbitals
mainly on the terminal =0 atoms, whereas the 13t, (LUMO
+1) and 9a; (LUMO+2) orbitals consist mainly of empty 3d,
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metal orbitals. The above orbital picture is consistent with
simple consideration of the oxidation states of the Cr centers in
structure A. Each Cr atom forms a terminal Cr=0 bond and
three bridge Cr—O bonds, so the formal oxidation state of Cr
is +5. Thus, each Cr atom potentially has one unpaired electron
in a d orbital. The 6e orbital (HOMO) clearly shows four
nonbonded d electrons localized on four Cr centers in a
degenerate pair of orbitals.

The critical issue in the electronic structure of this cluster is
the energy difference between the 6e and 5t, orbitals, ~2.5 eV
at the B3LYP level and ~1.3 eV at the BP86 level. If the energy
difference is sufficiently large, the singlet state with all electrons
paired will likely be the ground state. Otherwise, low energy
high spin states are possible, which may compete in energy with
the closed-shell singlet state. If we ignore the interaction of the
four nonbonding d electrons, one on each Cr, with each other
and with the electrons on the O atoms, the different spin states
arising from the possible spin (@ and /) orientations of these
four electrons will have comparable electronic energies.
However, excitation of one or two electrons from the 6e
orbitals into the St; orbitals necessarily lowers the symmetry of
the molecule due to the Jahn—Teller effect.®> We considered
only those excited states due to excitation from the 6e orbital to
the 5t; orbital, as the 5t, orbital is considerably lower in energy
than the 13t, and 9a, orbitals, by 0.6 to 0.7 eV at the B3LYP
and BP86 levels.

The T4 point group can be lowered in symmetry to the D,g,
C,,, or even lower order point groups. We also optimized the
various structures/states starting from C, symmetry, although
these C, states converged to the higher symmetry states. By
reducing the symmetry of the T4 point group to the D,y point
group, 6e becomes 14a, and 6b, and 5t; becomes Sa, and 17e.
From the T4 point group to the Cs, point group, 6e becomes
22e and St; becomes Sa, and 23e. Calculations were performed
for the excitation of one and two electrons from the HOMO to
the LUMO, as described in detail in the Supporting
Information.

The ground state of Cr, O, is predicted to be the 'A;/T, (A)
state at the CCSD(T) and BP86 levels. However, the B3LYP
method predicts the °A;/Cs, (A) state to be the ground state.
Even though the BP86 method predicts the same ground state
as the CCSD(T) method, the BP86 relative energies for the
various spin states differ substantially from the CCSD(T)
values by 22—41 kcal/mol. The B3LYP relative energies differ
from the CCSD(T) results by 38—72 kcal/mol. Consistent
with our previous study,”’ the BP86 method is more reliable
than the B3LYP method for the first row transition metal
energetics, so we predict the 'A;/Tq (A) state to be the ground
state of Cr,O,. The T, diagnostics63 for the CCSD(T)
calculations for the above neutral states are similar, ranging
from 0.04 to 0.0S. These values are typical for the first row
TMOs that are well-behaved.*>*® The large differences between
the B3LYP, BP86, and CCSD(T) relative energies could be due
to multireference character and/or spin contamination in these
electronic states especially for the B3LYP method.

To better understand the electronic structure, we calculated
the relative energies of the various spin states for structure A at
the equilibrium geometries of the 'A;/T, state with a
multiconfiguration self-consistent field (MCSCF) approach.
The MCSCEF calculation is first carried out for the A, /T (A)
state with an active space consisting of the 2 occupied orbitals
and 18 virtual orbitals from the HF reference wave function.
The active space is then reduced to include only the 6e, 5t;, and

5260

13t, orbitals (4 electrons in 8 orbitals) on the basis of the
occupation numbers of the natural orbitals from the larger
MCSCEF calculation of the wave function of the 'A,/T; (A)
state. For the 'A; /T, (A) state, the total occupation number for
the doubly degenerate e orbitals is 1.8 electrons, which is far
less than the expected 4 electrons in the simplest orbital filling
model; the total occupation numbers for the triply degenerate
St; and 13t, orbitals are rather close, ~1.1 electrons in each.
The coefficient for the configuration interaction (CI) vector for
the (6e)* configuration is <0.05, whereas the configurations
with the largest coefficients for the 'A;/T, (A) state have 2
electrons in the 6e orbital, 1 electron in the 5t; orbital, and 1
electron in the 13t, orbital. The essentially equal occupation
numbers of the 5t; and 13t, orbitals show that they are of equal
importance. We note that the nature of these natural orbitals
can be quite different from the corresponding DFT orbitals
despite the same orbital symmetries. Using the MCSCF
method and the same active space, we predict the 'T, *A;,
3T, 3A,, and °T states to lie higher in energy than the 'A; state
by 5.9, 89, 5.7, 10.1, and 9.8 kcal/mol, respectively. The
MCSCE relative energies for the various spin states of structure
A are in qualitative agreement with the BP86 relative energies,
as shown in Figure 3.

4.2. Cry0,¢". As shown in Figure 4, Table 2, and Table S1 in
the Supporting Information, the lowest energy doublet state for

1.572
1764 L 1568 1.774
1.750 1.761

27,/ Dy (A), 6.7 A, / Dag (A), 7.1

1578
1.759 1761 41970
1.802

27,/ T4 (A), 16.3 4B, / Doy (A), 16.5

2,/ Cqy (A), 0.0

oA,/ T4 (A), 12.7

Figure 4. Electronic states of Cr,Oy,". Bond lengths in angstroms at
the B3LYP/aVDZ level and relative energies in kcal/mol at the BP86/
aVTZ//BP86/aVDZ level.

structure A of Cr, O, is predicted to be the *A,/C;, (A) state
at the CCSD(T)/avVDZ//BP86/aVDZ, B3LYP, and BP86
levels. The additional electron in the anion would nominally be
added to the LUMO (5t,) of the 'A,/T4 (A) state. This results
in doublet states with a lower symmetry due to the Jahn—Teller
effect. The ?A,/D,4 (A) state with an electron configuration of
..(14a,)*(6b,)*(5a,)"(17¢)"... has imaginary frequencies of 245i
(e) and 221i at the B3LYP/aVDZ level and no imaginary
frequency at the BP86/aVDZ level. The ?A,/C;, (A) state with
an electron configuration of ...(22e)*(5a,)'(23e)°... has one
clearly artificial imaginary frequency of 1598i at the B3LYP/
aVDZ level indicative of substantial symmetry-breaking at this
level and no imaginary frequency at the BP86/aVDZ level.
Addition of an electron to the higher energy 9a, orbital of the
'A,/Ty (A) state leads to the 2A,/T; (A) state, which is
predicted to have no imaginary frequencies at the B3LYP/
aVDZ and BP86/aVDZ levels. The 2A,/D,; (A) state is
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1A, / Cyy (B), 0.0

1A,/ T4(A), 10.4

1A/ Cap (), 12.1

3B,/ Cyy (B), 29.5

3B,/ Cyp (C), 39.7

Figure S. Electronic states of W,O},. Bond lengths in angstroms at the B3LYP/aVDZ level and relative energies in kcal/mol at the CCSD(T)/

aVDZ//B3LYP/aVDZ level.

predicted to lie lower in energy than the ?A,/T4 (A) state by
~20 and ~10 kcal/mol at the B3LYP and BP86 Ilevels,
respectively; however, it is predicted to be higher in energy
than the *A;/T4 (A) state by ~2 kcal/mol at the CCSD(T)
level. The %A,/Cs, (A) state is predicted to lie lower in energy
than the ?A;/Ty (A) state by ~61 and ~16 kcal/mol at the
B3LYP and BP86 levels, respectively. It is calculated to lie
higher in energy than the ?A,/Tq (A) state by ~29 kcal/mol at
the CCSD(T)/aVDZ//B3LYP/aVDZ level but lower in energy
than the latter by ~7 kcal/mol at the CCSD(T)/avVDZ//
BP86/aVDZ level. The ?A,/T4 (A) and 2A,/D,; (A) states
have only small amounts of spin contamination at the B3LYP
and BP86 levels, but the *A,/C;, (A) state has significant spin
contamination with (S*) values of 2.5 and 1.2, respectively,
much larger than the expected value of 0.75 for a pure doublet
state. Calculations were also performed for the quartet and
sextet states for this structure, as described in detail in the
Supporting Information.

The T, diagnostics for the CCSD(T) calculations for the
above anion states are again similar, from 0.04 to 0.0S, except
for the *B,/D,q (A) state, which has a T, diagnostic of ~0.06,
and the *A,/Cs, (A) state, which has a T, diagnostic of 0.09 to
0.11, clearly indicative of significant multireference character for
the A,/C;, (A) state. As discussed above, this doublet state
also has substantial spin contamination especially at the B3LYP
level. Again, the large discrepancies between the B3LYP, BP86,
and CCSD(T) values are likely due to the presence of
multireference character in some of the states and spin
contamination in some of the calculations.

The MCSCF calculations for the various spin states of
structure A of Cr,O,~ are performed with the same active
orbitals as that for Cr,O}, plus an additional electron at the
equilibrium geometries of the *A;/T, (A) state. A *T state is
calculated to have the lowest MCSCF energy, with the *A;, *A,,
*T, A, and °T states lying higher in energy by 5.2, 21.8, 4.3,
4.9, and 26.3 kcal/mol, respectively. The configuration with the
largest coefficient for the CI vector for the A, state has three
electrons in the 6e orbitals and 2 electrons in the St; orbitals,
which indicates that it may not be the same electronic state as
the A, /T, (A) state as calculated at the DFT and CCSD(T)
levels. Again, the MCSCEF relative energies for the various spin
states are in reasonable agreement with the BP86 results, as
shown in Figure 4.
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In summary, the ground state of Cr,O,,” is predicted to be
the ?A,/C;, (A) state at the B3LYP, BP86, and CCSD(T)/
aVDZ//BP86/aVDZ levels. At the CCSD(T)/aVDZ//
B3LYP/aVDZ level, the 2A,/T4 (A) state is predicted to be
the ground state, but the 2A,/Cj,, (A) state has a very large T,
diagnostic, so its CCSD(T) energy is not reliable. The B3LYP
and BP86 relative energies are also very different from the
CCSD(T) values by up to ~90 and ~50 kcal/mol, respectively.
Judging from the trend in the calculated relative energies from
the different levels of theory, we conclude that the *A,/C;, (A)
state is most likely the ground state of Cr,O4".

4.3. W,40,¢. As shown in Figure 5 and Table 3, the ground
state of W,O, is predicted to be a closed-shell state of structure

Table 3. Calculated Relative Energies at 0 K in kcal/mol for
Different Electronic States of W,0,, and W,0,,”

state CCSD(T)®  B3LYP® BP86° (%) T,
W4010
'A,/C,, (B) 0.0 0.0 0.0 0 0.032
A,/T4 (A) 104 19.1 158 0 0.028
'A,/Cy, (C) 12.1 17.5 152 0 0.032
3B,/C,, (B) 29.5 244 24.7 2.00 0.033
*Bg /Cy, (C) 39.7 353 359 2.00 0.033
W,0,0~
’A,/C,, (B) 0.0 0.0 0.0 0.75 0.032
’B,/Cy, (C) 22.1 223 21.0 0.75 0.032
A,/ Ty (A) 59.8 72.1 63.3 0.75 0.029
*A/C,4 (A) 65.0 66.9 0.79

“CCSD(T)/aVDZ//B3LYP/aVDZ with ZPEs from BP86/aVDZ.
bB3LYP/aVTZ//B3LYP/aVDZ with ZPEs from BP86/aVDZ.
°BP86/aVTZ//BP86/aVDZ. “BP86/aVDZ. °CCSD(T)/aVDZ//
BP86/aVDZ.

B ('A,/C,,) at the CCSD(T), B3LYP, and BP86 levels. At the
CCSD(T) level, the singlet states for structures A (‘A;/T,) and
C (lAg/Czh) are predicted to lie 10—12 kcal/mol higher in
energy than the 'A;/C,, (B) state. The lowest energy triplet
states of structures B (*B,/C,,) and C (*B,/Cy,) are predicted
to lie 29—40 kcal/mol higher in energy than the 'A,/C,, (B)
state at the CCSD(T) level. The high spin states for structure A
are predicted to be at least ~35 kcal/mol higher in energy than
the 'A;/C,, (B) state at all three levels of theory (see the
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Supporting Information, Table S3). Diagrams of the highest
few occupied molecular orbitals and the lowest few unoccupied
molecular orbitals for the above closed-shell states of structures
A, B, and C are given in the Supporting Information (Figures
S6—S8). Spin contamination in the high spin states of W,0,, is
smaller than that of Cr,O,y and the T, diagnostics for the
various electronic states of W,0,, are no more than 0.035, so
they do not have significant multireference character.

For structures B and C, the HOMO of the above closed-shell
states can be considered to be an in-plane WW 7z bonding
orbital between the two central metal atoms. The other highest
few molecular orbitals consist mainly of 2pz orbitals on the
terminal =0 atoms with some contribution from the bridge —
O— atoms except for one molecular orbital, which is
dominated by a WW ¢ bonding molecular orbital between
the two central metal atoms. This WW ¢ bond in combination
with the WW 7 bond suggests that the WW bond in structures
B and C of W,0, should be considered as a double bond. This
is consistent with the simple formal oxidation state
consideration that the two central W atoms in these two
structures have +4 oxidation state, so that each of them has two
unpaired electrons that can form bonds with the other W atom.
The WW bond length is predicted to be 2.635 and 2.573 A for
the closed-shell states for structures B and C, respectively. For
comparison, the WW single bond in the structure of W30 with
a metal—metal bond is predicted to be 2.902 A at the B3LYP/
aVDZ level.*' The geometry for W,0,, and energy difference
between the isomers A and B from Huang and co-workers®’
calculated at the B3LYP level with a different basis set are
consistent with our B3LYP results.

The LUMO of the closed-shell state for structures B and C is
an out-of-plane WW 7 bonding orbital between the two central
metal atoms. As both the HOMO and LUMO are essentially 7
bonding orbitals, the lowest energy triplet state arising from
electron excitation from the in-plane WW 7 bonding orbital to
the out-of-plane WW 7 bonding orbital lies ca. <30 kcal/mol
for both structures at the CCSD(T) level. The WW bond
length in the triplet state is predicted to be slightly longer
(<0.02 A) than that in the singlet state for structure B and
slightly longer by ~0.07 A for structure C.

4.4. W,0,,". As shown in Figure 6 and Table 3, the ground
state of W,0,,” is predicted to be a doublet state of structure B

27, / Cyy (B), 0.0

1.729] 4 014

27,/ T4 (A), 59.8

2A/ C, (A), (65.0)

Figure 6. Electronic states of W,0,,”. Bond lengths in angstroms at
the B3LYP/aVDZ level and relative energies in kcal/mol at the
CCSD(T)/aVDZ//B3LYP/aVDZ level.
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(*A,/C,,) at the CCSD(T), B3LYP, and BP86 levels, arising
from the addition of one electron to the out-of-plane WW 7
bonding virtual orbital in the 'A,/C,, (B) state of the neutral.
Thus, the bond order for the WW bond in this state is 2.5, and
the WW bond length decreases by ~0.0S A from the singlet
neutral state to the doublet anion state despite the electron
repulsion due to the added electron. A similar doublet state for
structure C (*B,/C,,) lies ~22 kcal/mol higher in energy than
the ground state of W,0,,". The WW bond in this state is
shorter by ~0.01 A than that in the neutral singlet state of
structure C, suggesting a smaller influence in the increasing
WW bond order. Doublet as well as higher spin states for
structure A are also calculated as shown in the Supporting
Information (Table S3), which lie much higher in energy than
the ?A,/C,, (B) state.

All of the above anion states have fairly small spin
contamination and low T, diagnostics of <0.035 except for
the ?A,/C;, (A) and 2A/C; (A) states. The *A,/C;, (A) state
has a T, diagnostic of 0.07. For the *A/C; (A) state, we failed
to obtain the CCSD(T) energy due to its lower symmetry.
However, we expect the A/C; (A) state to be close in energy
to the %A,/C,, (A) state on the basis of the B3LYP and BP86
results. In summary, the A, /C,, (B) state is predicted to be the
ground state of W,0,,™ at all three levels of theory, and has the
same type of structure as the ground state of the neutral.

5. COMPARISON BETWEEN EXPERIMENT AND
THEORY

Tables 4 and S compare the calculated ADEs and VDEs for the
low energy electronic states of the Cr,0,,~ and W,0,,” anions
with the experimental PES measurements for the X band
(Figures 1 and 2). The assignment of the X band can be
established from such comparisons, which further helps to
assign the higher energy experimental band systems.

5.1. The X Band of Cr,0,,". Due to the large differences in
the calculated relative energies at the CCSD(T), B3LYP, and
BP86 levels for Cr,O,y and Cr,O,,”, we calculated the ADEs
for all the possible anion-to-neutral transitions between the
electronic states listed in Table 2, and these ADEs are
summarized in Table 4. For the VDEs, only those for a few
selected transitions without orbital relaxation and involving the
removal of an electron from a nondegenerate orbital are
calculated. When comparing the calculated ADEs and VDEs
against the experimental values, we pay close attention to the
calculated relative energies especially those of the anion, as we
expect only the transitions from the ground state or very low
energy state of the anion to be observed in the experiment.

The *A,/Cs, (A) state is predicted to be the ground state of
Cr,0,, at the B3LYP, BP86, and CCSD(T)/aVDZ//BP86/
aVDZ levels (see the Supporting Information, Table S1). For
Cr,0y, the 'A,/T4 (A) state is predicted to be the ground state
at the CCSD(T) and BP86 levels. The calculated ADE for the
'A,/T4 < *A,/C;, (A) transition at the BP86 level is within
0.15 eV of the experimental value. The ADE calculated at the
CCSD(T)/aVDZ//BP86/aVDZ level (Supporting Informa-
tion, Table S4) is within 0.35 eV of the experimental value. The
B3LYP value is ~1.6 eV higher than experiment. The calculated
VDEs for this transition at the BP86 and CCSD(T)/aVDZ//
BP86/aVDZ levels are lower than the experimental value by
0.14 and 0.40 eV, respectively. The B3LYP values are again too
low (by ~1.7 eV) and too high (by ~1.9 eV), respectively.
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Table 4. Calculated Adiabatic and Vertical Electron
Detachment Energies (ADEs and VDEs in eV) for Different
Electronic States of Cr,0,,

transition orbital”  CCSD(T)®  B3LYP® BP86“
ADEs (Expt = 3.68 + 0.05)¢
'A,/Tq < 2A,/Cs, (A) Sa, 1.80 5.31 3.55
3B,/Dyy < *A,/C;, (A) 22e 347 5.33 4.09
3A,/Dyy < 2A,/Cs, (A) 22e 3.51 5.59 431
'A;/Tq < 2A,/D,q (A) Sa, 2.99 3.54 3.26
3B,/D,y < *A,/D,y (A) 6b, 4.66 3.55 3.80
3A,/Dyy < *A,/Dyq (A) 14a, 4.70 3.82 4.02
1A,/ T, < 2A,/T4 (A) 9a, 3.06 2.66 2.84
3B,/D,y < 2A,/Ty (A) f 4.74 2.68 3.39
3A, /D,y < A, /Ty (A) f 478 2.94 3.60
3B,/D,y < *A,/D,y (A) f 3.53 4.36 3.78
3A,/D,q < *A;/Dyy (A) f 3.57 4.63 4.00
SB,/Dyy < *A,/Dyy (A) 6b, 4.50 3.94 4.18
A,/Csy, < *A;/Dyq (A) f 3.68 4.17
3B,/Dyy < “B1/Dyy (A) f 3.72 3.38
3A,/D,y < “B,/Dy (A) f 3.99 3.59
5B1/D,q < “B;/Dyg (A) 14a, 3.30 3.77
SA,/Csy, < *B,/Dy (A) f 3.04 3.76
B,/Dyy < ®A,/T4 (A) Sty 3.76 431 3.93
SAL/Cy, < °A/Ty (A) 5t, 4.08 3.93
VDEs (Expt = 3.76 + 0.05)°
'A /Ty < %A,/Cs, (A) 5a, 2.01 5.70 3.62
A1/ T4 < *A,/Dy (A) Sa, 2.97 3.70 341
'A /Ty < *A,/T, (A) 9a, 3.15 2.94 3.06

“The molecular orbital where the electron is removed. The electron
configuration for ?A,/Cs, (A) is ...(22¢)*(5a,)'(23e)", that for 2A,/D,4
(A) is ..(14a,)%(6b;)*(5a,)'(17e)°, that for 2A,/T4 (A) is ..
(6e)*(9a;)'(5t,)°(13t,)°, that for *B,/D,y (A) is ...
(14a,)*(6b,)'(17e)?(5a,)°% that for *A,/D,; (A) is ..
;(,6b1)2(14a1)1(176)2(532)0’ and that for °A,;/T,; (A) is ..(6e)%(5t,)%.
CCSD(T)/aVDZ//B3LYP/aVDZ with ZPEs from BP86/aVDZ.
‘B3LYP/aVTZ//B3LYP/aVDZ with ZPEs from BP86/aVDZ.
dBPSé/aVTZ//BPSé/aVDZ. “Experimental electron detachment
energies for the X band. FTransitions involve orbital relaxation.

Table 5. Calculated Adiabatic and Vertical Electron
Detachment Energies (ADEs and VDEs in eV) for Different
Electronic States of W,0,,~

transition orbital®  CCSD(T)”? B3LYP° BP86“

ADEs (Expt = 441 + 0.04)°

A,/C,, < *A,/C,, (B) 25a, 4.17 425 427

'A,/Cyy, < *B,/Cy, (C) 20b, 3.74 4.05 4.02

'A/Ty < *A,/T4 (A) 9a, 2.03 1.95 221

'A|/Ty < *A/C; (A) 25a 226 2.06
VDEs (Expt = 4.61 + 0.04)°

1A,/C,, < *A,/C,, (B) 25a, 4.38 4.64 4.57

'A,/Cy, < *B,/Cy, (C) 20b, 4.11 448 4.38

1A/ Ty < *A,/Tq4 (A) 9a; 2.66 2.78 2.87

'A,/Ty < *A/C; (A) 25a 2.70 249

“The molecular orbital where the electron is removed. The electron
configuration for ?A,/C,, (B) is ...(19b,)*(25a,)", that for *B,/Cy;, (C)
is ...(15a,)*(20b,)", that for 2Al/Tg (A) is ...(6e)*(9a,)(5t,)°(13t,)",
and that for 2A/C; (A) is ...(25a)". °CCSD(T)/aVDZ//B3LYP/aVDZ
with ZPEs from BP86/aVDZ. “B3LYP/aVTZ//B3LYP/aVDZ with
ZPEs from BP86/aVDZ. dBPSé/aVTZ//BPSé/aVDZ. eExperimental
electron detachment energies for the X band.
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The ADEs calculated for the ®B,/D,q < *A,/Cs, (A) and
3A,/D,q < *A,/Cs, (A) transitions at the BP86 level are higher
than the experimental value by 0.4—0.6 eV, and the B3LYP
values are higher by 1.6—1.9 eV, so the X band cannot be
assigned to these transitions from the doublet states to the
triplet states. The calculated ADEs for the 'A;/Ty < *A,/Dyy
(A) and 'A,/T4 « 2A,/T, (A) transitions at the BP86 level are
lower than the experimental value by ~0.4 and ~0.8 eV,
respectively, so the agreement with the experimental value for
these two transitions is not as good as that for the 'A; /T, «
?A,/Cs, (A) transition at this level of theory. This is true also
for the calculated VDEs at the BP86 level.

Among the calculated ADEs for transitions from the quartet
states to the triplet/quintet states at the BP86 level, those for
the °B,/Dyg < *A;/Dyq (A), *Ay/Dsq < *B1/Dyq (A), °B,/Dyy
« *B,/D,4 (A), and °A,/C;, < *B,/D,y (A) transitions are the
closest to the experimental value (within ~0.1 eV). That for the
3B,/D,q < *B,/D,q (A) transition differs from the experimental
value by ~0.3 eV. For the ADEs calculated at the B3LYP level,
those for the *B,/D,y < *A;/D,4 (A) and °A,/D,; < *A,/Dyy
(A) transitions are within ~0.1 eV of the experimental value.
Thus, some of the above quartet to triplet or quintet transitions
in principle could contribute to the X band, if these quartet
states of the anion have significant thermal populations in the
experiment. For the transitions from the sextet state to the
quintet states, the ADEs calculated at the BP86 level are higher
than the experimental value by ~0.25 eV, and that at the
CCSD(T) level for the *B,/D,q < SA;/T4 (A) is slightly higher
than the experimental value (within ~0.1 eV), so this transition
may also contribute to the X band if the sextet state of the
anion has a significant thermal population. However, we note
that, at the CCSD(T) level, the quartet and sextet states of the
anion are predicted to lie much higher in energy than the
doublet states.

In summary, the experimental band X of Cr,Oy~ is best
assigned to the 'A; /T, < 2A,/C;, (A) transition. Some of the
transitions from the quartet to the triplet or quintet states and
from the sextet to the quintet states are also consistent with
band X in terms of the binding energies, but their contribution
to the experiment is negligible because these anion structures
are predicted to be very high in energy at the CCSD(T) level.
For comparison, prior DFT calculations with the PBE
functional on Cr,Oy, yielded an adiabatic electron affinity of
3.33 eV for a doublet anion."> Our calculated DFT geometry
for the singlet neutral and doublet anion are comparable to
those calculated with the PBE exchange-correlation func-
tional."

5.2. The X Band of W,0,,". The assignment of the X band
for W,0,,” is much easier, as there are fewer transitions to
consider (Table ). First, the transitions from the doublet states
of all three anion structures (A, B, and C) to the triplet neutral
states cannot be assigned to band X, as the triplet states are
predicted to lie substantially higher in energy than the singlet
neutral states. Also transitions from higher spin states of anion
structure A cannot be assigned to band X, as these higher spin
states are predicted to lie much higher in energy than the
ground state of W,O,". As shown in Table S, the calculated
ADE at the CCSD(T) level for the electronic transition from
the anion ground state to the neutral ground state, the 'A,/C,,
« 2A,/C,, transition of structure B, is ~0.2 eV lower than the
experimental value. The calculated VDE at the CCSD(T) level
for this transition is ~0.2 €V lower than the experimental value.
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The calculated ADE and VDE at the CCSD(T) level for the
1Ag/ C,p < ?B,/Cy, transition of structure C are lower than the
experimental values by ~0.5—0.7 eV; thus, they are in worse
agreement with experiment than the above transition for
structure B. The calculated ADE and VDE at the CCSD(T)
level for the 'A,/T; < 2A,/T, transition of structure A are
much lower than the experimental values by ~1.9-2.4 eV. As
we failed to obtain the CCSD(T) energy for the ?A/C, state of
structure A, the ADE and VDE for the 'A,/T; < *A/C;,
transition of structure A are calculated only at the B3LYP and
BP86 levels, and they are again much lower than the
experimental values by ~1.9-2.3 eV. On the basis of the
above comparisons of the calculated and experimental ADEs
and VDEs, we assign the experimental X band of W,0,” to the
'A,/C,, « *A,/C,, transition of structure B, which is consistent
with the fact that both states are ground electronic states of the
neutral and anion. The predicted VDE by Huang and co-
workers®” of a value of 4.59 eV at the B3LYP level with a
different basis set is consistent with our result.

5.3. Higher Binding Energy Bands. As discussed eatlier,
the X band for Cr,Oy,~ is best assigned to the transition from
the Jahn—Teller distorted Cs, doublet anion state to the singlet
neutral state of structure A. The electron configuration of the
’A,/Cs, (A) state at the BP86 level is ...(22¢)*(5a,)'(23¢)"....
Diagrams of these orbitals are shown in Figure 7. The

G

LUMO+3, 24e LUMO+2, 22a,

e e o

LUMO+1,21a, LUMO, 23e SOMO, 5a,

I B i

DOMO, 22e

DOMO-1,21e

Figure 7. Singly occupied and highest few doubly occupied molecular
orbitals (SOMOs and DOMOs) for the ground state of Cr,O,y" at the
BP86/aVDZ level.

detachment of one electron from the SOMO (Sa,) leads to
experimental band X, as described above. Removal of an
electron from the doubly occupied molecular orbital (DOMO)
22e leads to a degenerate wave function, which is difficult to
calculate with the self-consistent methods employed in this
work. Thus, we will only discuss the higher energy bands for
Cr,0,, on the basis of our TD-DFT calculations, as described
in section 5.3.2.

5.3.1. Self-Consistent Electron Detachment Energies to the
Excited States of the Neutral Cluster for W,0;,". The
electronic configuration for the ?A;/C,, (B) state at the B3LYP
level is ...(15b,)*(10a,)*(23a,)*(24a,)*(18b,)*(19b,)*(25a,)"....
Diagrams of these orbitals are shown in Figure 8. The X band
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SOMO, 25a, DOMO, 19b, DOMO-1,18b,
DOMO-2, 24a, DOMO-3, 23a, DOMO-4,10a,
DOMO-5,15b,

Figure 8. Singly occupied and highest few doubly occupied molecular
orbitals (SOMOs and DOMOs) for the ground state of W, Oy, at the
B3LYP/aVDZ level.

results from the detachment of one electron from the SOMO
(25a,), as assigned in section S.2. Electron detachment from
the DOMOs results in triplet or open-shell singlet states,
depending on the coupling of the two electrons in the two
SOMOs. On the basis of our previous work on M;Og,*" the
singlet and triplet states arising from the same set of SOMOs
have very similar electronic energies unless the two orbitals are
localized in the same spatial region. Here, we use the same
approach as that in our previous work®' to calculate the VDEs
to the open-shell singlet states. Briefly, the difference for the
ROHEF energy for the triplet state and the two-configuration
HEF energy for the open-shell singlet state is used to obtain the
VDEs to the open-shell singlet states at the DFT and
CCSD(T) levels. The VDE calculated at the CCSD(T) level
for the 19b, orbital, which is an in-plane WW 7z bonding orbital,
is substantially lower than those for the other DOMOs. The
CCSD(T) VDE for the °B, state is 0.25 eV lower than the
experimental value for band A, whereas that for the 'B, state
(an open-shell singlet state) is 0.18 eV higher than the
experimental value for band B. The VDE difference between
the °B, and 'B, states is predicted by our theoretical approach
to be ~0.6 €V, which is consistent with the fact that the orbitals
involved, the HOMO and the LUMO, are both located
between the two central metal atoms, leading to a large energy
difference between the triplet and open-shell singlet states with
the triplet state being lower in energy. The experimental VDE
difference between the A and B bands is only ~0.2 eV,
suggesting that additional electron correlation is needed for the
accurate prediction of the energy difference between the °B,
and 'B, states.

The calculated VDEs at the CCSD(T) level to the triplet
states arising from electron detachment from the 18b,, 24a,,
and 23a, orbitals are ~7.3 eV, consistent with the VDE for the
broad band C (centered at 7.5 eV; see footnote f in Table 6),
suggesting that electron detachment processes from all three
orbitals should contribute to band C. The calculated VDEs at
the CCSD(T) level to the triplet states arising from electron
detachment from the 10a, and 15b, orbitals are between 7.60
and 7.75 eV, higher in energy than those for the 18b,, 24a;, and
23a, orbitals, so transitions from the former orbitals should
contribute to the higher binding energy portion of the broad
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Table 6. Calculated Vertical Electron Detachment Energies (VDEs in €V) to the Excited States of the Neutral Cluster for the
Ground State of W,0,,” “

transition orbital® CCSD(T)* B3LYP? BP86° Expt

3B, « ?A,/C,, (B) 19b, 5.77 5.84 5.73 6.02 + 0.03 (A)
'B, « 2A,/C,, (B)® 19b, 6.38 645 6.35 6.20 + 0.03 (B)
(®B, b) < %A,/C,, (B) 18b, 7.32 h h 7.45 + 0.10 (C)
(A, a) « %A,/C,, (B) 24a, 7.32 (7.29) 7.10 (7.07) 6.49 (6.52)

(A, b) <« 2A,/C,, (B) 23a, 7.33 (7.79) h h

3A, « ?A,/C,, (B) 10a, 7.60 (7.32) 7.57 (7.29) 6.93 (6.61)

3B, « ’A,/C,, (B) 15b, 7.75 (7.80) 7.65 (7.70) 7.02 (7.07)

“The values in parentheses are for the transitions to the corresponding open-shell singlet states. “The molecular orbital where the electron is
removed. The electron configuration at the B3LYP/aVDZ level for *A,/C,, (B) of W,0,,” is ...(ISb}()Z(1032)2(23211)2(2431)2(18b2)2(19b2)2(25a1)1.
°CCSD(T)/avVDZ//B3LYP/aVDZ. dB3LYP/aVTZ//B3LYP/aVDZ. “BP86/aVTZ//BP86/aVDZ. /Experimental excited-state bands. The broad
band C contains multiple overlapping electronic transitions, whose individual VDEs are estimated to be ~7.3—7.8 V. #The 'B, state is an open-shell
singlet state corresponding to the B, state. "This state is not the lowest energy state in this spin and spatial symmetry.

Table 7. Calculated Vertical Excitation Energies in eV of M,0,, (M = Cr, W) at the TD-DFT and Self-Consistent Levels at the
Ground State Geometries of the Anion and Experimental Vertical Electron Detachment Energy Differences (AE,,,)”

AE, ., AE, AE, ., AE,
excitation orbital® TD-DFT, B3LYP® TD-DFET, BP86% CCSD(T)® B3LYPS BP86% Expt
CryO10 lAI/C3v (A)
5E « A 22e = Sa, 0.88 x 2 (0.90 x 2) 023 X 2 (1.18 X 2) 0.68 (A)

CEDb) «'A; (22¢ - 0.21, 0.38 x 2, 0.58 (0.56,0.59 X 2, 0.51,0.78 X 2, 0.82 (1.29, 1.42 X 2,
23e) 1.10) 1.47)
W4OIO! IAI/CZV (B)
3B, « A 19b, — 1.10 1.10 1.39 1.20 1.16 141 (A)
25a,
B, « 'A 19, - 1.51 1.39 2.00 1.81 1.78 1.59 (B)
25a,
(B, b) « 18b, — 247 (2.55) 1.39 (1.54) 2.94 i i 2.84
'A, 25a, (cy
CA, a) «  24a, — 2.49 (2.56) 1.40 (1.46) 294 (291) 246 (243) 192 (1.95)
A, 25a,
(CA; b) « 23a, — 243 (3.15) 2.35 (2.70) 295 (3.41) i i
A, 25a,
A, « 1A 10a, — 2.99 (3.16) 2.22 (2.33) 321 (293) 293 (2.65)  2.36 (2.04)
25a,
3B, « A 15b; — 3.05 (3.25) 2.23 (2.35) 3.37 (3.42) 3.01 (3.06)  2.45 (2.50)
25a,

“Defined as the difference between the vertical electron detachment energies to the excited and ground states of the neutral. Numbers in parentheses
are for the corresponding open-shell singlet states. bThe corresponding electron excitation in the neutral. The values in parentheses are excitations to
the unoccupied orbitals other than the LUMO. The electron configuration at the BP86/aVDZ level for the 'A,/C,, (A) state of Cr,O at the
geometry of 2A,/Cs, (A) is ..(21e)*(22e)*(5a,)°(23e)°. The electron configuration at the B3LYP/aVDZ level for 'A;/C,, (B) of W,0,, at the
geometry of 2A,/C,, (B) is ..(23a,)%(92,)*(15b,)*(10a,)*(24a,)*(18b,)*(19b,)*(252,)°. “B3LYP/aVDZ. “BP86/aVDZ. “CCSD(T)/aVDZ//
B3LYP/aVDZ. fB3LYP/ aVTZ//B3LYP/aVDZ. $BP86/aVTZ//BP86/aVDZ. hThe 'B, state is an open-shell singlet state corresponding to the 3B,
state. “This state is not the lowest energy state in this spin and spatial symmetry. “The broad band C contains multiple overlapping electronic
transitions, whose individual vertical excitation energies are estimated to be in the 2.7—3.2 eV regime.

band C. The corresponding open-shell singlet transitions shell singlet state to lie lower in energy than the triplet state by
arising from electron detachment from the 24a; and 10a, ~0.3 eV.

orbitals are ~7.3 €V, whereas those from the 23a; and 15b, 5.3.2. TD-DFT Excitation Energies at the Anion Ground
orbitals are ~7.8 €V, so these transitions should also contribute State Geometries. The differences between the VDEs of the
to band C, further congesting the PES pattern. All five orbitals ground and excited states of the neutral cluster (AE,,,) can be

correlated with the TD-DFT excitation energies calculated at

S . . . . the anion ground-state geometries (Table 7). Also listed in this
hich ly a WW ¢ bonding orbital. As the 23a, orbital & &
which 15 mainy a ¢ bonding orbiia ¢ 233, orbita table are the AE,, values calculated self-consistently at the

and the LUMO are both located between the two central metal CCSD(T), B3LYP, and BPS6 levels for M = W.

atoms, the predicted energy difference between the open-shell For M = Cr. at the TD-DET level with the BP86 functional
singlet and triplet states arising from electron detachment from ! X

consist of mainly O 2p7x orbitals except for the 23a, orbital,

_ . the excitation energy to the lowest triplet excited state (°E), due
the 23a, orbital are quite large, ~0.5 eV. The 24a; and 15b, to electron excitation from the HOMO (22¢) to LUMO (5a,),
orbitals are both O-based orbitals, so the energy differences is lower than the experimental AE,,, value for band A by 0.45

between the open-shell singlet and triplet states arising from eV. The calculated excitation energies to the excited states due
electron detachment from these two orbitals are very small, to electron excitation from the HOMO (22e) to LUMO+1
<0.1 eV. In the case of the 10a, orbital, we predict the open (23e) are closer to the experimental AE,,, value for band A.
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However, these excited states arise from electron excitation to
the virtual orbitals other than the LUMO, which are
multielectron transitions and are not likely to dominate the
anion photodetachment PES spectra. Our TD-DFT calcu-
lations at the BP86 level also show that excited states with
excitation energy below about 2 eV are all due to electron
excitation to the virtual orbitals other than the LUMO, which is
consistent with the fact that the experimental AE,,, value for
band C is higher than 2.8 eV.

For M = Cr, at the TD-DFT level with the B3LYP functional,
the lowest excitation energies are predicted for the excited
states arising from electron excitation from the HOMO to the
LUMO+1. Moreover, the calculated excitation energy for
electron excitation from the HOMO to the LUMO is within
~0.2 eV of the experimental AE,,, value for band A, so the
B3LYP excitation energy is in better agreement with the
experimental value.

For M =W, at the TD-DFT level with the B3LYP functional,
the excitation energy to the lowest triplet excited state (°B,) is
much lower than those for the other triplet excited states. This
excitation energy is only ~0.3 eV lower than the experimental
AE,., value for band A, consistent with our assignment of the
transition to the °B,/C,, (B) state to band A (Table 6). The
corresponding triplet—singlet splitting for this electronic
excitation is predicted to be ~0.4 eV at the TD-DFT level
with the B3LYP functional, which correlates reasonably well
with the experimental splitting for bands A/B (~0.2 eV; Table
1). The AE,,, value calculated at the CCSD(T) level for this
state is also in excellent agreement with the experiment.

For M =W, at the TD-DFT level with the B3LYP functional,
the excitation energies to the next three triplet excited states
(®B, b, °A,; a, A, b) are calculated to be 2.4—2.5 €V, which are
slightly lower than the experimental AE,., value for the broad
band C by ~0.3 eV (see footnote j in Table 7), consistent with
our assignment for this band as discussed above. At the
CCSD(T) level, the AE,,, values for these three excited states
are calculated to be 2.7—3.0 eV, depending on the choice of the
optimized geometries. At the TD-DFT level with the B3LYP
functional, the excitation energies to the A, and B, states are
calculated to be ~3.0 eV, which fall in the upper end of the
experimental AE,, value for band C (see footnote j in Table
7). The AE,,,, values calculated at the CCSD(T) level for these
two triplet excited states are slightly higher (~3.2—3.4 eV).
Thus, for M = W, there is very good agreement between the
TD-DFT with the B3LYP functional, CCSD(T), and
experimental AE,,, values. The performance of the TD-DFT
with the BP86 functional appears to be much worse (as is the
self-consistent BP86 method for AE,,,, calculations). We note
that the predicted VDEs for the higher PES bands for W,0,,~
by Wang et al”’ from the modified Koopmans' theorem
approach are consistent with our current B3LYP TD-DFT
results.

5.3.3. TD-DFT Excitation Energies at the Neutral Singlet
State Geometries. Table 8 lists the lowest few TD-DFT
excitation energies calculated at the neutral singlet state
geometries. For the ground state of Cr,O, the lowest triplet
excitation energies are calculated to be 0.8—1.0 eV for the
excitation from the HOMO (6e) to the LUMO (5t,). The low
excitation energies are not surprising, as these five orbitals are
similar in that they all mainly consist of delocalized nonbonding
Cr d orbitals on the four metal centers. The calculated triplet
excitation energies from the HOMO to the 13t, and 9a,
orbitals are also fairly low, from 1.3 to 1.8 V. For the 'A,/
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Table 8. Calculated Vertical Excitation Energies in eV of
M,0,, (M = Cr, W) at the TD-DFT at the Ground State
Geometries of the Neutral

excitation  orbital® B3LYP? BP86°
Cr, 010 lAl/Tcl (4)
3T, < 'A; 6e — 5t; 043X 3,064 X3 (098X 079 X 3,096 X 3
3,125 X 3) (1.30 X 3, 1.55 X 3)
3T, « 'A; 6e — 1.02 X 3,1.36 X 3 (1.55 X 131X 3,163 X3
13t, 3) (1.84 x 3)
SE < 'A;  6e— 9a; 199 X2 (226 X 2) 1.82 x 2 (2.07 X 2)
W4010) 1AI/CZV (B)
3B, « 'A; 19b, - 1.14 (1.55) 1.17 (1.54)
25a,
(B, b) « 19b, » 226 (3.45) 2.82
'A, 11a,
CA, b) « 19b, » 256 (2.77) 2.78 (2.96)
1A, 16b,
(CA; b) « 23a, >  2.89 (3.59) 2.78 (3.15)
lA1 25a,
(B, b) « 18b, >  3.19 (3.25) 1.92 (1.96)
A 25a,
(CAya) « 244, > 320 (325) 1.93 (1.96)
A, 25a,
A, < 'A; 104, - 3.69 (3.89) 2.80 (2.91)
25a,
3B, « A, 1Sb, > 3.75 (3.97) 2.81 (2.91)
25a,
W4O]()! lle/Td (A)
3T, < 'A; 6e— 5t 0.65%3,1.02%x3 (127X 111 x3,131%X3
3, 1.63 X 3) (1.52 x 3, 1.80 X 3)
CEa) « 6e—9a, 139 x2 (1.69 X 2) 1.25 X 2 (1.53 X 2)
lAl
(T, a) « 6e — 1.60 X 3, 1.84 X 3 (203 X 1.77 X 3,198 X 3
A 13t, 3,283 X 3) (215 x 3,277 X 3)
CT,b) « 6e— 2.87x 3,289 x3(3.13x 280x%3,283X3
A, 14t, 3,328 x 3) (3.05 x 3,3.13 X 3)
CEDb) « 6e— 2.96 X 2 (3.01 x 2) 275 x 2 (2.81 X 2)
A, 104,
W,0,4 'Ay/Cyy (C)
B, « 'A, 154, > 130 (1.56) 1.29 (1.52)
20b,
B, < 'A, 15a4, > 233 (343) 273
15b,
(A, a) « 154, >  2.58 (2.96) 2.53 (2.84)
‘Ag 2la,
By b) « 15a, » 275 (2.95) 2.86 (3.00)
1 21b,
A, < 'A, 19b, = 333 (339) 2.07 (2.08)
20b,
(A, b) <« 14b, »  3.34 (3.36) 2.07 (2.08)
1Ag 2(§h

“The corresponding electron excitation. For Cr,O,, the electron
configuration at the BP86/aVDZ level for 'A,/T; (A) is ..
(6e)*(5t,)°(13t,)°(9a,)°. For W,0,,, the electron configuration at
the B3LYP/aVDZ level for 'A,/C,, (B) is
(14b,)%(23a,)2(9a,)*(15b,)?(10a,)*(24a,)?
(18b,)? (19b2) (2531) (16b)(11a2)° that for 'A,/Cy, (C) is ..
(19a,)%(14a,)%(20a,)?(18b,)*(13b,)?
(14b )§(19b )*(15a,)*(20b, )0(21a) (21b,)°(15b,)°, and that for 'A,/
fA) is ...(6e)*(5t,)° (931)0(13t7_) (14t,)° (lOal)O YB3LYP/aVDZ.
BP86/aVDZ

C,, (B) state, the lowest triplet excitation energy is predicted to
be ~0.5 eV for the excitation from the HOMO (19b,) to the
LUMO+1 (1la,). The HOMO to LUMO (25a,;) excitation
also has very low triplet excitation energy of ~0.8 eV. The
calculated results are consistent with the fact that the HOMO
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of the 'A,/C,, (B) state is a CrCr 7 bonding orbital, which
should have low excitation energies.

For the ground state of W,0,, the excitation energy to the
lowest energy triplet state (°B,) is ~1.1 eV, substantially lower
than those for the other excited states. Two triplet excited states
arising from electron excitations from the HOMO (19b,) to
the next two LUMOs (11a, and 16b,) are calculated to lie ~2.3
and 2.6 eV higher in energy, and these two triplet excited states
are expected to have higher excitation energies than those
calculated at the anion geometries (see Table 7). For the 'A,/
T4 (A) state, the lowest excitation energy is predicted to be
only ~0.7 €V for the transitions from the HOMO (6e) to the
LUMO (5t;) at the B3LYP level. The other low-lying excited
states are predicted to arise from electron excitations from the
HOMO to the next few LUMOs, as in the case of Cr,O,,. For
the 1Ag/ C,, (C) state, the lowest excitation energy is predicted
for the 3Bg state to be ~1.3 eV for the transition from the
HOMO to the LUMO at the B3LYP level.

6. DISCUSSION

6.1. Effect of Metal-Metal Bonding on Cluster
Structure. As shown in Figures 3 and 5 and Tables 2 and 3,
the ground state of Cr,O,, has a different structure from that of
W,0,,. For Cr,0,, the closed-shell state for structure A, which
is similar to that of P,0,,°" is clearly lower in energy by >100
kcal/mol at the CCSD(T) level than structures B and C, which
have a CrCr double bond (6 + 7). We can estimate the
dissociation energy of the cluster to the ground state of the
atoms by using our previously calculated*® average Cr=0 and
Cr—O bond energies (110.9 and 78.9 kcal/mol) and ignoring
other bonding and nonbonding interactions in the cluster
structures. With this approach, we estimate the dissociation
energy of structure A of Cr,Oyy to be ~1390 kcal/mol, and
those of structures B and C to be ~1297 kcal/mol, ~93 kcal/
mol higher in energy than structure A. This energy difference is
rather close to the value of ~104 kcal/mol calculated at the
CCSD(T) level (Table 2). Thus, the CrCr double bond found
in structures B and C must be quite weak.

For W,0,, the closed-shell state for structure B, which has a
WW double bond, is calculated to be lower by ~10 kcal/mol in
energy at the CCSD(T) level than those for structures A and C.
Following the above approach with our previously calculated*®
average W=0 and W—O bond energies (152.8 and 108.5
kcal/mol), we estimate the dissociation energy of structure A of
W,0,, to be ~1913 kcal/mol, and those of structures B and C
to be ~178S kcal/mol, ~128 kcal/mol higher in energy than
structure A. As structure A is actually predicted at the
CCSD(T) level to be ~10 kcal/mol higher in energy than
structure B for W,O,,, the contribution from the WW double
bond to the dissociation energy of structure B is ~140 kcal/mol
if we ignore other factors. Thus, we estimate that the WW
double bond in structures B and C is nearly as strong as the
terminal W=0O bond.

From the above discussion, it is clear that metal—metal bond
energy has a crucial influence on the relative stability of the
structures of the reduced group 6 TMO clusters. Similar
conclusions were drawn from our previous studies on the M;04
(M = Cr, W) dlusters.”* For Cr;O, we predicted the structure
with a CrCr single bond to lie ~38 kcal/mol higher in energy at
the CCSD(T)/aVDZ level than the ground state, which has no
metal—metal bond. Although the ground state of W3Oy also has
no metal—metal bond, the structure with a WW single bond lies
only ~8 kcal/mol higher in energy at the same level of theory.
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From the singlet and triplet energy difference, we estimated the
MM single bond energies in the above structure for M;Og to be
~7 kcal/mol for M = Cr and ~41 kcal/mol for M = W. The
estimated WW single bond energy in this structure of W3Oy is
much lower than that estimated for the WW double bond
energy in the ground state of W,0, of ~140 kcal/mol. We
note that both bond energies are estimates. However, it is clear
that the WW double bond energy is much larger than the single
bond energy. This is directly reflected in the calculated WW
bond lengths. At the B3LYP level, the WW bond length in the
above structure of W;Qy is calculated to be 2.902 A, which is
~0.27 A longer than that in the ground state of W,0,, of 2.635
A. The WW bond length in the above structure of W,0y is
comparable to typical WW single bond lengths (2.8—2.9
A).5*%5 The WW bond length in the ground state of W,0 is
~0.13—0.24 A longer than typical WW double bond lengths
(24-2.5 A).°*% Although the additionll WW 7z bond in
W,0,, might be expected to be fairly weak, the substantial
increase in the WW bond energy from the single bond in W;O4
to the double bond in W,0, could be due to strengthening the
WW o bond in the latter because of the much shorter WW
bond length.

The metal—metal bonding also has a similar effect on the
relative energies of the reduced group 6 TMO cluster anions.
For Cr 0,7, the ground state is predicted to be structure A
with lower symmetry. The anion of structure B is predicted to
lie higher in energy than the ground state by ~4S kcal/mol at
the CCSD(T) level. Thus, the energy difference between these
two structures is reduced from ~104 kcal/mol in the neutral to
~4S kcal/mol in the anion. This can be attributed to the
increasing electron repulsion in structure A upon the addition
of an extra electron, as well as the increasing metal—metal bond
strength due to increasing bond order in structure B.

For W,0,,7, the ground state is predicted to be structure B,
as in the case of the neutral. The lowest energy state for
structure A for the anion is predicted to lie ~60 kcal/mol
higher in energy than the ground state. Thus, the energy
difference between these two states increases from ~10 kcal/
mol in the neutral to ~60 kcal/mol in the anion. This change is
in the same direction and magnitude (50—60 kcal/mol) as in
the case of Cr O, due to similar reasons as discussed above
(increasing electron repulsion in structure A and increasing
metal—metal bond strength in structure B).

Similar observations were made in the case of M;O,~.>' For
Cr;047, the structure with the metal—metal bond is predicted
to lie ~32 kcal/mol higher in energy than the ground state,
which has no metal—metal bonding and is similar in structure
to the ground state of the neutral. The energy difference
between these two structures of Cr;Oy is reduced from ~38
kcal/mol in the neutral to ~32 kcal/mol in the anion. This
decrease in the energy difference can be attributed to a slight
increase in the metal—metal bond strength in the anion due to
an increase in the CrCr bond order. There is not much increase
in the electron repulsion from the ground state of Cr;Og to that
of Cr;047, as the third Cr d electron is delocalized to the third
metal center in the anion. For W;047, the ground state is
predicted to be the structure with the metal—metal bond, with
the structure similar to the neutral ground state lying ~2 kcal/
mol higher in energy. Thus, the energy difference between
these two structures is changed from ~8 kcal/mol in the
neutral to ca. —2 kcal/mol in the anion, where the negative sign
indicates the change in the direction of the energy difference.

dx.doi.org/10.1021/jp303604k | J. Phys. Chem. A 2012, 116, 52565271



The Journal of Physical Chemistry A

This change in the energy differences is mostly due to the
increasing metal—metal bond order in the anion.

The metal—metal bonding in structure B of M,O,, and its
anion for M = W is clearly shown in the molecular orbital
pictures in Figure 8 and in the electron spin density plot in
Figure 9 for W,0,,". As shown in Figure 8, the 23a, orbital is

of Cr,0,y, the DFT electron spin density is delocalized on all
four Cr centers.

6.2. Clustering Energies and Heats of Formation. We
follow on our previous work>>™>” in calculating the clustering
energies and heats of formation for the ground state of MO,

which are given in Table 9 with additional details given as Table

3

W,04,7,%A,/ C,, (B)

Cr,04,%A, 1 C5, (A)

Figure 9. Electron spin density for the ground states of Cr,O,,” and
W,0,0"

of metal—metal ¢ bonding character for the two central metal
atoms. The DOMO (19b,) and the SOMO (25a,) are of
metal—metal 7 bonding character, with the former in-plane and
the latter out-of-plane. Both the DOMO and SOMO also
involve some multicenter metal—metal bonding but are
dominated by the orbital overlaps on the two central atoms.

As the SOMO of the ground state of W,0,~ is a metal—
metal 7 bonding orbital, its dianion might form due to a further
increase in the WW bond order. At the B3LYP and BPS86 levels,
the 'A,/C,, (B) state of W,0,,> is predicted to lie higher in
energy than the ground state of W,0,,” by 0.2 and 5.0 kcal/
mol, respectively. At the CCSD(T)/aVDZ//B3LYP/aVDZ
level, W,0,,°" is more stable than W,0,,” by 2.4 kcal/mol, so
the dianion is likely to form at low temperatures. The WW
bond length in the dianion is predicted to decrease from 2.581
A in W,0,,” to 2.547 A in W,0,,"". The 'A,/C,;, (C) state of
W,0,,> is predicted to lie higher in energy than the ground
state of W,O,;,” by >30 kcal/mol at the B3LYP and BP86
levels. This state of the dianion is also higher in energy than the
B,/Cy, (C) state of W,0,,” by ~10 and ~14 kcal/mol at these
levels of theory, so the 'A,/Cy, (C) state of W,0,5> is not
likely to form. The WW bond length for the 'A,/Cy, (C) state
of W,0,,> is predicted to elongate slightly from 2.562 A in
W,0,,” to 2.579 A. Although the WW bond in structures B
and C of the dianion would have formal bond orders of 3, their
calculated bond lengths are much longer than typical WW
multiple bonds due to the strong electron repulsion from the
two negative charges. The 'A;/T, (A) state of W,0,o>", which
has imaginary frequencies at both the B3LYP and BP86 levels,
is predicted to lie much higher in energy than the ground state
of W,0,,” by ~100 kcal/mol at these levels of theory. Thus,
only the 'A,/C,, (B) ground state of W,0,,> is likely to form
for the dianion.

Multicenter metal—metal bonding has previously been
discussed for MO, (M = Mo, W), W;0,>", W;04*7, and
Ta,0,~.2"3"3%9% Thys, the multicenter metal—metal bonding
appears to be rather general for the second and third row TMO
clusters. This phenomenon could be associated with the strong
relativistic effects in these transition metal elements, especially
the third row metals, which lead to more diffuse d orbitals and
stronger metal—metal interactions. As shown in Figure 9, the
electron spin density plot for the ground state of W,0,,”
clearly shows the distributions of the electron spin on the out-
of-plane metal—metal 7 bonding orbital. For the ground state
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Table 9. Clustering Energies at 0 K (AEy), Heats of
Formation at 0 and 298 K (AHyk and AH,ge¢), and
Reaction Energies at 298 K (AH,gg) in kcal/mol Calculated
at the CCSD(T) Level®

energy M = Cr M=W
clustering energy, AEqc (M,Oy) 343.0 3482
heat of formation, AHyk (M,0,,) —499.6 —509.8
AHoex (M,0,) —504.4 —513.5
reaction energy, AH,ggc
M,0,, + 2CH,0H — M,0,, + 2CH,0 + 2H,0 -85.8 +754
M,Oy + O, = M,Oy, —140 —1472

“Error bars in the calculated heats of formation due to errors in the
experimental heats of formation of the atoms are +4 kcal/mol for
Cr,0,¢ and +6 kcal/mol for W,0,,. Theoretical heats of formation are
taken from ref 36 for CrO; (—61.4 kcal/mol) and WO, (—78.5 kcal/
mol) at 0 K, Cr,0;, (—490.4 kcal/mol) and W,0,, (—660.7 kcal/mol)
at 298 K, from ref 21 for CrO, (—16.9 kcal/mol) and WO, (2.3
kcal/mol) at 0 K, and from refs 67 and 68 for CH;OH (—48.0 + 0.6
kcal/mol), H,O (=57.8 + 0.2 kcal/mol), and CH,0 (-26.1 + 0.3
kcal/mol) at 298 K.

S8 in the Supporting Information. Similar to the case of M;0s,
we define the generalized clustering energy of M,O,, as

AE(M,0O,,) = 2E(MO,) + 2E(MO;) — E(M,0,) (1)
The heat of formation of M,O, is then given as
A¢Hyr (M,0y) = 2A:Hy(MO,) + 2A:H (MO;)
- AE(M4O10) (2

The clustering energies at 0 K for the ground states of Cr,O
(the 'A, /T state of structure A) and W, 0, (the 'A,/C,, state
of structure B) as defined in eq 1 are calculated to be —343.0
and —348.2 kcal/mol, respectively, at the CCSD(T)/aVTZ
level with the core—valence correction calculated at the
CCSD(T)/wCVTZ level. The difference between the calcu-
lated clustering energies at the CCSD(T)/aVTZ and CCSD-
(T)/aVDZ levels for M,Oy, (Supporting Information, Table
$8) is larger than that for M,O,, for M = Cr by ~30%, whereas,
for M = W, the difference for M,O,,, is less than half of that for
M,0,,.>° Thus, we expect the clustering energy in eq 1 for
M,0,, calculated at the CCSD(T)/aVTZ level to be close to
the CBS limit on the basis of our previous studies. The heats of
formation at 298 K for MO, calculated from eq 2 with our
previously calculated heats of formation of MO, and MO; at
the CCSD(T)/CBS level and the clustering energy of MO, at
the CCSD(T)/aVTZ level are —504.4 and —513.5 kcal/mol for
M = Cr and W, respectively. To our knowledge, there are no
experimental heats of formation for Cr,0,, and W,0,,, but we
expect these calculated heats of formation to have similar
accuracy as those®® for M,O,,, as they have quite similar T,
diagnostics.

6.3. Redox Chemistry. Oxidative dehydrogenation (ODH)
of CH;OH is often used to probe the redox properties of TMO
clusters. This catalytic process can be considered to have a
reduction step, where the TMO cluster is reduced by CH;0H
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to form CH,O and H,0, and a reoxidation stage, where the
reduced TMO cluster is reoxidized by O, to regenerate the
catalyst, with each stage potentially involving multiple
elementary steps. The extent of the reduction will depend on
the size of the TMO cluster. For M,O,, we can write the global
reactions for these two steps as

M,0,, + 2CH,OH — M,0,, + 2CH,0 + 2H,0  (3)

4)

In reaction 3, four electrons are transferred from CH;OH to
M,O,, leading to the loss of two lattice oxygen atoms from
M,O,. Reaction enthalpies at 298 K for the above reactions are
calculated from our theoretical heats of formation at 298 K for
M,0,;, and M,0,,, and those for CH;OH, CH,0, and H,O
from Feller et al.®” which are in excellent agreement with
experiment.%® As shown in Table 9, reaction 3 is predicted to be
exothermic for Cr,O;, by —85.8 kcal/mol but endothermic for
W,0y, by 754 kcal/mol. We compare these results to our
previous predictions for M;O,, where only two electrons are
transferred to M;0,, leading to the loss of only one lattice
oxygen atom to form M;04”>' The reduction of Cr,O;, to
Cr,0, is predicted to be much more exothermic, ca. —80 kcal/
mol, than that of Cr;O, to Cr;Og which is only slightly
exothermic by ca. —10 kcal/mol. For M = W, the reduction of
W, 0, to W,0y is predicted to be more endothermic by only
~185 kecal/mol than that of W;04 to W;O4. Thus, the extent of
reduction of the TMO cluster depends on the size of the cluster
and the structure of the reduced TMO cluster. Reaction 4 is
predicted to be only slightly exothermic by —14.0 kcal/mol for
M = Cr, and very exothermic by —147.2 kcal/mol for M = W.

M,045 + O, = MOy,

7. CONCLUSIONS

The reduced transition metal oxide clusters, M,O,, (M = Cr,
W) and their anions, are studied by anion photoelectron
spectroscopy and quantum chemical calculations. The ground-
state structures of M,0,,”~ are found to be different for M =
Cr and W. Cr,O,, and its anion have a tetrahedral
configuration for the metal centers like P,O,,, which has the
same formal oxidation state of +5, whereas W,0,, and its anion
have a butterfly shape with two metal centers in the formal
oxidation state of +6 and the other two in the formal oxidation
state of +4. The structure for W,0,, and its anion is stabilized
by a WW multiple bond, whose bond energy is predicted to be
much larger than that of a CrCr multiple bond. Our study
suggests that metal—metal bonds, including multiple bonds as
well as multiple center metal—metal bonds, are likely to occur
in reduced oxide clusters for the third row (and probably the
second row) transition metals. This is less likely to occur for the
first row transition metals without further reduction of the
oxide clusters, due to their much weaker metal-metal bond
energy. The dianion W,0,,>” is predicted to be more stable
than the monoanion W,0,,” at the CCSD(T) level, so the
dianion is likely to form at low temperatures.

Adiabatic and vertical electron detachment energies are
calculated and compared with the experimental values in order
to assign the experimental photoelectron spectra. For M = Cr,
the BP86 VDE for the ground-state transition is in good
agreement with the experimental value, whereas the B3LYP and
CCSD(T) values deviate significantly from the experimental
value due to the presence of multireference character. For M =
W, results from the three computational methods are all in
good agreement with the experimental value. The performance
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of the B3LYP and BP86 methods is also evaluated for
calculating the relative energies, with BP86 in general giving
superior results. However, the B3LYP functional appears to
perform far better for the excitation energies for M = W, at
both the TD-DFT and self-consistent levels.

The clustering energy and heat of formation of M,O,, are
calculated and used to calculate the reaction energies for the
partial reduction of M,;O,, by CH;OH and the oxidation of
M,0,, by O,. The partial reduction is predicted to be
exothermic for M = Cr, and endothermic for M = W, and
the oxidation is exothermic for both metals. By comparing to
the reaction energies for the partial reduction of M;Oy by
CH;O0H and the oxidation of M;O4 by O,, we conclude that
the extent of the reduction for a specific metal depends on the
size of the cluster as well as the structure of the reduced oxide
cluster.
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