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The electronic structure of the mononuclear hydroxo @MH)~ and methoxo M@OCH;)~ Group 6
oxometalate anions (M Cr, Mo, and W) were examined by photodetachment photoelectron spectroscopy
and electronic structure calculations at the density functional and CCSD(T) levels of theory. All of the anions
exhibited high electron binding energies4.9 eV), with the lowest-energy detachment features arising from
oxygen 2p-based orbitals. The combined experimental and theoretical results allowed the change in molecular
orbital energy levels to be investigated as a function of metal (Cr, Mo, or W) and lige@#i{—OCH;). A

number of fundamental thermodynamic properties of the anions and corresponding neutrals were predicted
on the basis of the theoretical calculations. The calculations indicate high nd dissociation energies

for MO,(OR)(O—H) (R = H, CHs3) and MG;(O—H), consistent with their high Brgnsted acidities (just below

that of SO, in the gas phase) and the high ionization energies of their conjugate base anions. This suggests
that the corresponding radicals should readily abstract H atoms from organic molecules.

Introduction provide information about the electronic and geometric struc-
ture of metal oxide species, which is also important for

The oxides of chromium, molybdenum, and tungsten are \nqgerstanding the reactivity and catalytic function of related
employed in a variety of catalytic reactions and are the focus specied? 22

eificient CAY i procbsséé.Curront applcations inciude e M- NYdrox0 M-OH and metatalkoxo M-OR frag:
ylucp : pp ments are important intermediates in many catalytic processes

dehydrogenation and isomerization of alkafes,alkene . | oxid f le. th dati
metathesi§; 8 and the selective oxidation of alcohols to alde- Oc° N9 at metal oxide surfaces. For examp e, the oxidation
’ of methane at molybdenum oxide surfaces is proposed to

hydes? Molybdenum oxides supported on zeolites are currently proceed by dissociation of methane to form MoH and Mo-

e o e S e o s !CH Tragmen's>= and a simiar methoramolbdenur

properties of the gxides differ significantly as a function of metal intermediate has been proposed as the source of formaldehyde

and of oxide stoichiometry, which impacts their catalytic n _the oxidation of methanol to fqrmaldehyde at molybde_num

aoolications ’ oxide surface$.Metal—hydroxo sites often represent an im-
PP " . . portant site of reaction at metal oxide surfaces, and the ability
The details of the molecular mechanisms of many reactions 5t gxo—metal fragments to activate-GH or O—H bonds of

occurring at oxide surfaces during catalytic processes are grganic substrates and form a metaydroxo fragment is crucial
not well-established or understood, in large part due to the (4 their catalytic function in many chemical, industriabnd
complexity of the catalyst surface and the possibility of dif- biological processe&:26

ferent sites of reaction. Studies of isolated molecules, notably . . T
. . - The present account describes an investigation into the
in the gas phase, are an alternative approach to developing a

mechanistic understanding of catalysis at a molecular level electronic structure of a series of hydroxand methoxe
allowing reactivity trends to be identified in the absence of oxometalate anions, M{OH)", and MQ(OCHy)~ (M = Cr,

many complicating factors18 In addition, fundamental Mo, and W) using PES and calculations at the density functional
thermodynamic properties of small oxmetal fragments and _mol_ecu_lar o_rb|ta_l (CCSD(T)) Ievels_ of theory. The fes“'FS
derived from these experiments can aid in the interpretation prowde_ insight into Important electromc and thermody_nam|c
of the reactivity of related metal oxide species on catalyst properties of these species. These anions can be considered as

surfaces. In parallel with these gas-phase studies into reactivity,Slmple models for metaihydroxo and metatmethoxo frag-

as-phase studies usin hotoelectron  Spectrosco (PESg1ents present at oxide surfaces, and so a detailed understanding
gas-p gp P by f their electronic and geometric structure should aid with an

interpretation of their reactivity. This study is an extension of

:Sv‘z;srﬁisnpg‘;gﬁig%a?gtﬂcr’]rivg‘srn?”5 Is.wang@pnl.gov. previous studies into the electronic structure of related mono-
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Experimental Details ground state of the product neutral with its geometry fixed at
that of the parent species. Differences in zero-point energy are
not defined for such a process so they are not included in the
bptyl) sa_lts of [CrQ]Z—,.[MoO4]2—, and [WOO‘]Z_ were synthe- VDE calculations. Chzfnges in the v)i/brational energies are
sized using standard literature meth6Hs! expected to be small, on the order of tenths of a kcalorie per
Electrospray Photodetachment Photoelectron Spectros- gl Theoretical predictions for the positions of VDESs for
copy. The design and Op_eratio_” of the eleCthpraY'PES detachment from the HOMO-1, HOMO-2, etc., were estimated
apparatus has been described in détaind only a brief 1y aqging the difference in the orbital energy between the

Synthesis. The tetran-butylammonium (ByN*, Bu = n-

description is provided here. The hydroxo anions [{QH)]~ HOMO and the deeper-lying orbitals to the VDE calculated for
were generated by electrospray of im solutions of (BuN).- electron detachment from the HOMO. ADE values were
[MO4] in CH3CN solvent. The methoxo anions [M@CHg)]~ calculated from the difference in energy between the optimized
were generated by electrospray of 10/ solutions of (BuN)z- structures for the anion and the corresponding neutral species.

[MO,] from solvent CHOH. The solutions were sprayed from At the CCSD(T) level, it was also possible to directly calculate
a 0.01-mm diameter syringe needle biased-at2 kV into a  y\/pEs and ADEs for detachment to the lowest-enetyystate
desolvation capillary maintained at70 °C. Negative ions  of the neutral radical, providing a test of the orbital energy
emerging from this capillary were transferred into a quadrupole approximation described above.
ion-trap and accumulated for a period of 100 ms, bgfore being |t is well established that the HOMO energy from DFT
passed into the extraction zone of a time-of-flight mass cgicylations is not a good approximation to the first ionization
spectrometer. Anions of interest were mass-select_ed and decel'potential due to problems with the asymptotic behavior of most
erated before being int_ercepted by a laser beam in the detaCh'exchange-correlation potentidfsHowever, energy differences
ment zone of a magnetic-bottle PES analyzer. The 193-nm (6.42eyeen the HOMO and more stable orbitals are expected to
eV) and 157-nm (7.87 eV) photons from an excimer laser were e el described by DFT method&#6 Therefore, to allow for
used for photodetachment. Photoelectrons were collected atyjrect comparison between calculated orbital energies and
nearly 100% efficiency by the magnetic-bottle and analyzed in oyperimental spectra, orbital energies have been shifted by a
a 4-m long photoelectron time-of-flight tube. Photoelectron time- qnstant value for each species in order to align the energy of
of-flight spectra were converted to kinetic energy spectra and the HOMO with the calculated VDE from the B3LYP calcula-
calibrated with the known spectra ofénd O. Binding energy  jons (Table 4). Accordingly, orbital energies presented in
spectra were calculated by subtracting the kinetic energy spectrq:igures 4-7 were shifted by-2.26,—2.24, and—2.25 eV for
from the known photon energies. The energy resolutidB/ ( CrOs(OH)~, MoOs(OH)~, and WQ(OH)", and by —2.14,
E) is estimated as approximately 2% (fwhm), that is, ap- —2.14, and—2.18 eV for CrQ(OCHs)~, MoOs(OCHs)~, and
proximately 20 meV for 1-eV electrons, as measured from the \yo,OCH,)-, respectively. It is interesting to note that the shift
spectra of T at 355 nm. is approximately constant at 22 0.1 eV for each of these
Theoretical Methods. Density functional theory (DFT)  species. Correlation diagrams giving the original orbital energies

calculations employing the B3LYP functiofalwere carried for each of MQ(OR)~ from the B3LYP calculations can be
out using the NWChem and Gaussian-03 progréti&Three- found in the Supporting Information.

dimensional contours of the calculated molecular orbitals were .
generated using the Extensible Computational Chemistry En- Experimental Results
vironment (Ecce) softwar®.The B3LYP calculations employed Photoelectron Spectroscopy of M@OH)~ and MOgs-
the aug-cc-pVTZ basis sets for H, C, and O and the Stuttgart (OCH3)~. Photoelectron spectra of the anions MOH)~ and
quasi-relativistic pseudo-potentials and basis sets augmentedviO3(OCHs)~ (M = Cr, Mo, and W) at 193 and 157 nm are
with two f-type and one g-type polarization function for Cr, presented in Figures 1 and 2, respectively. The lowest-binding-
Mo, and W (denoted aug-cc-pVTZ/SECP(2¢g§8 or the aug-  energy feature in each spectrum results from electron detachment
cc-pVDZ basis set and the Stuttgart basis set without the from the HOMO of the parent anion and is labeled X. The
additional f and g functions (denoted aug-cc-pVDZ/ SECP). If remaining features, resulting from detachment from deeper-lying
the geometries were optimized at this level, single-point molecular orbitals, are labeled A, B, C, and so forth, in order
calculations were done with the aug-cc-pVTZ/SECP(2f,g) basis of increasing electron binding energy. ADEs and VDEs for each
set. Additional calculations on the hydroxo anions QH)~ complex are given in Tables 1 and 2, respectively. ADEs were
(M = Mo, W) were carried out at the CCSD(T) le¥#&l* using estimated by drawing a straight line along the leading edge of
the program MOLPR®? These calculations were done at the the threshold band and then adding a constant to the intersection
R/ UCCSD(T) level with a restricted HF set of orbitals and an with the binding energy axis to take into account instrumental
unrestricted CCSD(T) for open-shell species. Geometries wereresolution. These were determined from the 193-nm spectra for
optimized using the aug-cc-pVDZ/SECP basis set. Single-point each complex. However, because of the lack of vibrational state
energies at these optimized geometries were calculated usingesolution, these estimates should strictly be considered as upper
the aug-cc-pVTZ/SECP(2f,g) basis set. CCSD(T) calculations limits to the true ADE. The VDE of each peak was measured
on the Cr-based structures were attempted but substantial issuefom the peak maximum. In many cases, detachment features
with wave function convergence made these calculations are expected to arise from multiple overlapping transitions, so
impractical, consistent with difficulties with molecular orbital the experimental VDEs should be considered as an average of
calculations on first-row transition metal species. For the bond these transitions.
energies and the adiabatic electron affinities, the zero-point  The spectrum of CrgOH)~ exhibited three features between
energy (ZPE) corrections were taken from the B3LYP results 4.6 and 5.8 eV, which are labeled X, A, and B (Figure 1a). The
except for MoQ, MoO,~, WOy, and WQ™, where the ZPE ~ more intense feature at about 6.35 eV is labeled D and has a
values were taken from calculations with the PW91 functifhal  shoulder on the low-binding-energy side labeled C. The feature
following our previous work? around 7 eV appears to arise from a sharper feature (labeled E)
Vertical detachment energy (VDE) values were calculated with a broader shoulder on the high-binding-energy side (labeled
from the difference in energy between the parent anion and theF).
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Figure 1. Photoelectron spectra of M@H)~ (M = Cr, Mo, and W) at 157 nm (7.87 eV, lower) and 193 nm (6.42 eV, upper). ()01,
(b) MoOs(OH)~, and (c) WQ(OH)~. The vertical bars correspond to the positions of theoretically predicted vertical detachment energies.
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Figure 2. Photoelectron spectra of M@CH;)~ (M = Cr, Mo, and W) at 157 nm (7.87 eV, lower) and 193 nm (6.42 eV, upper). (a}(OCH)",

(b) MoO;(OCHY)~, and (c) WQ(OCH)". The vertical bars correspond to

the positions of theoretically predicted vertical detachment energies.

TABLE 1: Experimental Adiabatic (ADE) and Vertical (VDE) Detachment Energies for MO 3(OH)~ (M = Cr, Mo, or W) 2

ADEP VDE
X X A B C D E F
CrOs(OH)~ 4.7(1) 4.90(5) 5.30(5) 5.50(5) ~6.2 6.35(5) 6.90(5) ~7.2
MoOs(OH)~ 4.9(1) 5.2-5.6 5.90(5) 6.50(5) 6.95(5) ~7.4
WOS3(OH)~ 5.0(1) 5.20(5) 5.50(5) 5.50(5Y 6.15(5) 6.70(5) 7.20(5) 7.45(5)

aNumbers in parentheses represent the experimental uncertainties in the lagtAdagitrepresents the electron affinity of the corresponding

MO3(OH) neutral species.Observed bands are expected to arise from
of these transitions.

multiple transitions, so the quoted VDEs should be considered an average

TABLE 2: Experimental Adiabatic (ADE) and Vertical (VDE) Detachment Energies for MO 3(OCH3)~ (M = Cr, Mo, or W) 2

ADEP VDE
X X A B C D E F
CrOy(OCHy)~ 4.7(1) 4.95(5) ~5.40 ~5.40 5.90(5) 6.05(5) 6.35(5) ~7.3
M0oO3(OCH) ~ 4.8(1) 5.1-5.5 5.8-5.9 5.8-5.% ~6.2 ~75
WO5(OCHs)~ 4.9(1) 5.1-5.5 5.95(5) 6.25(5) 6.85(5) ~7.4

2 Numbers in parentheses represent the experimental uncertainties in the la$tAdigitrepresents the electron affinity of the corresponding
MO3(OCHs) neutral species.Observed bands are expected to arise from multiple transitions, so the quoted VDEs should be considered an average

of these transitions.

The spectra for Mog{OH)~ and WQ(OH)~ are labeled to
maintain consistency with CHOH)~. The first feature ob-
served for MO@(OH)™ is broader than that for CHpOH)~ and
is shifted to slightly higher binding energy (Table 1). This

is shifted to higher binding energy compared with the corre-
sponding features for CHOH)~ (Table 1). Bands E and F
occur at similar energies for both anions, except that the feature
labeled E is more intense for Mg®H)~ and the shoulder

feature is assumed to arise from multiple detachment channelslabeled F is more clearly resolved (Figure 1b). The spectrum

and is labeled X,A,B. The second, third, and fourth features
for MoO3(OH)~ are sharper, and are labeled C, D, E, respec-
tively. Band C is shifted to lower binding energy while band D

of WO3(OH)~ appears very similar to that of Mg@H)~, as
expected from previous work on MO (M = Mo, W).2° The
feature labeled A,B exhibits a shoulder on the low-binding-
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methyl group were predicted to be only slightly higher in energy
(~0.5—1.0 kcal mot?), indicating that a range of conformers
are likely to be populated in the present experiments. The
electronic structures of these conformers do not differ signifi-
cantly, so their presence should not change the fundamental

interpretation of the PES results. Critical bond distances and
./? ?‘\‘ angles for the anions M§QOR)~ and neutrals MG(OR) and
MO,(OH), are given in Table 3. The geometries of MOH)~
and MG;(OCHgs)~ suggest they can be described as Obt
MO, (OHY MO,(OCH,) OCH;™ coordinated to neutral MOThe M—OH bond distances

in the anions are significantly longer than those predicted for
2 neutral MGQ(OH),, while the MOH bond angle in the anion is
X smaller than that in Mg§OH), (Table 3). For example, the

J WOH bond angle in WQ{OH), is near 120, substantially larger
\ than—HOH in H,O, and indicative of significant ionic character
in the OH group. Deprotonation of W{IDH), to the anion
WOg3(OH)~ results in this angle decreasing to about L&

the remaining OH group. The MO bond distances in the MO
MO, (OH), MO, (OH)(OCH,) unit of MO3(OR)~ increase slightly from tho3&2%in MO3 due

e 3 Calculated " R and MO(OH)(OR) (M to the presence of the additional negative charge.
Figure S Calcuated sructures of MEDR)-and MO(OHOR) Calculated VDES for MOs(OR)-. The calculated first VDEs

for each of MQ(OH)~ and MQ;(OCH;)~ at the B3LYP level
energy side, labeled X. Features C, D, and E all occur at about@r® given in Table 4 and are in good agreement with experiment

0.2-0.3 eV higher binding energy for WAIDH)~ compared (Tables 1, 2). In particular, the calculations reproduce the
with MoOs(OH)~, while feature F occurs at a similar position increase in detachment energy from Cr to Md)(3 eV), with
for both species (Table 1). a much smaller change from Mo to W. The calculations also

The spectra of CrgdOCHs)~ (Figure 2a) are qualitatively  indicate that s_ubs_titution of metho_xo for h_ydroxo has little effect_
similar to those of Crg{OH)", and a similar labeling scheme ~©n electron binding energy, again consistent with the experi-
is used. The first two features of C§CHs)~ are labeled X mental observations. Calculations at the higher CCSD(T) Ieyel
and A,B (Figure 2a). These appear similar to those for£r0 of theory f_or the Mo and W hydroxo anions are consistent with
(OH)~, and their energies are largely unchanged, except thatthe experimental and the B3LYP results.
features A,B are not resolved for Gf@CHs)~. The sharpest The higher-energy vertical detachment features were inter-
and most intense feature (labeled C) contains a shoulder on thepreted on the basis of the predicted orbital energies of the anion
high-binding-energy side (labeled D). The relative intensity of relative to that of the highest occupied molecular orbital
these features are analogous to those of C and D fog(Otd); (HOMO), in the spirit of Koopmans’ theorem. These theoretical
however, their order is reversed, with the shoulder shifting from estimates are indicated as vertical lines on the experimental
the low-binding-energy side for CEIDH)~ to the high-binding- spectra to denote the location of the predicted transitions and
energy side for CrgfOCHgz)~ (Figures 1a, 2a). The sharper and are not intended to reflect their relative intensities (Figures 1
more intense feature occurs at about 0.45 eV lower binding and 2)* The qualitative agreement between experiment and
energy for the methoxo anion (Tables 1, 2). Similarly, feature theory allowed for assignment of spectral features and enabled
E is shifted to about 0.55 eV lower binding energy for @grO  spectral shifts as a function of metal (Cr, Mo, or W) and ligand
(OCHg)~ (Tables 1, 2). The broad feature labeled F is more (OH, OCH) to be interpreted.

clearly resolved for Crg{OCHs)~ than for CrQ(OH)" and oc- Calculated ADESs for MO3(OR)~ and Structures of MOs-
curs at similar binding energies for both species (Tables 1, 2). (OR). The ground-state geometries of neutral MOR) were
The 157-nm spectra for MoflOCHs)~ and WQ(OCHs)~ calculated to allow a theoretical prediction for the ADEs of

are of poorer quality due to the weaker mass intensity of these MO;(OR)~ (Table 4). Calculated ADEs were in reasonable
species generated from the electrospray source (Figure 2b,c)agreement with experiment, and the experimental difference
The first features for both Mo§OCHs)™ and WQ(OCHs)~ between VDE and ADE of about 0:D.3 eV for each of
(labeled X,A,B) are broad and are again presumed to arise frommO4(OR)~ was reproduced by the calculations.
multiple detachment channels as for MGOH)™ and WQ(OH)™. The B3LYP calculations predicte8A” ground states for
This feature occurs at similar binding energies for both species, j 1, CrQ(OH) and CrQ(OCHs) with one short and two long
and it is only slightly higher than that for C_|§GDCH3)‘. T_he M—O bonds (e.g., CrgfOH): 1.56 and 1.64 A, respectively,
second feature labeled C,D for M@CH)~ is resolved into  pj6 3) indicating that the unpaired electron of GI@R)
two peaks for WQOCH,)". The next feature, labeled E, occurs g gelocalized over two oxo ligands. The situation for WO
at similar binding energies for both Me@CH,)~ and (OH) and MoQ(OH) is more complex, with three stationary
CrOy(OCHy)™, but at about 0.6 eV higher binding energy for qinis identified within about 1 kcal mol. For the case of W§
V\.IO;(OCHg)*. The broader feature labeled F appears at similar (OH), a2A" structure with two longer and one shorter\®
binding energies for each of M(IDCH,)~ (Table 2). bonds and a secortl\”” structure with two shorter and one
longer W-0O bonds were located at almost identical energy
(Table 3). However, both of these structures exhibited one
Structures of MO3(OH)~ and MO3(OCH3)~. The geom- imaginary frequency (an asymmetric stretch of the M@up
etries of MGQ(OH)~ and MOy(OCHg)~ were optimized under  coupled to the torsion about the-MD(H) bond) and were 1
Cs point group symmetry (Figure 3). Other conformers involving kcal mol~! above a structure of loweE; symmetry. ThisC;
rotation of the hydroxo/methoxo ligand and/or rotation of the structure has two shorter and one longer@/bonds, consistent

Theoretical Results
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TABLE 3: Optimized Geometry Parameters for MO 3(OR)~, MO3(OR), and MO,(OH)(OR) (M = Cr, Mo, and W; R = H, CH,)

molecule (state) methéd sym/state M=0 M—0O M—OR —MOR
CrO;(OH)~ B3LYP Cs, A’ 1.598,1.603¢2) 1.831 108.6
CrOs(OH) B3LYP Cs, 2A" 1.560 1.6402) 1.748 116.9
CrO,(OH), B3LYP Cy, A 1.557(x2) 1.754 114.7
CrO;(OCHg)~ B3LYP Cs, A’ 1.599,1.604%2) 1.818 117.7
CrO;(OCHg) B3LYP Cs, A" 1.562,1.645¢2) 1.734 122.5
CrO,(OH)(OCHg) B3LYP Cy, 1A 1.560, 1.562 1.760(H) 114.7(H)
1.737 123.1
MoO;(OH)~ B3LYP Cs 1A’ 1.752,1.750% 2) 1.974 113.3
CCSD(T) Cs, A 1.768,1.7702) 1.994 113.7
MoOs;(OH) B3LYP C1, %A 1.711,1.722 1.879 1.895 123.2
B3LYPP C, 2A" 1.716(x2) 1.879 1.891 129.2
B3LYP® Cs, 2A" 1.708 1.793k2) 1.897 123.1
CCSD(T) Cs, 2A" 1.729 1.812¢2) 1.917 122.0
CCSD(T) Cs, 2A’ 1.725(x2) 1.944 1.903 1334
MoO,(OH), B3LYP Cy, A 1.706(x2) 1.900 121.6
MoOs3(OCHz)~ B3LYP Cs, A’ 1.751,1.753¢2) 1.960 122.8
MoO;(OCH) B3LYP C1, %A 1.713,1.730 1.880 1.873 135.8
MoO,(OH)(OCH;) B3LYP Cy, 'A 1.710, 1.709 1.906(H) 121.3(H)
1.878 133.6
WO3(OH)~ B3LYP Cs, A’ 1.770,1.769¢2) 1.974 114.9
CCSD(T) Cs, A 1.784,1.7862) 1.989 115.0
WO3(OH) B3LYP Cy, %A 1.731,1.758 1.863 1.901 125.9
B3LYPP Cs 2A" 1.741(x2) 1.874 1.896 131.7
B3LYP? C, A" 1.731 1.806%2) 1.903 126.0
CCSD(T) Cs, 2A" 1.749 1.824%2) 1.920 124.5
CCSD(T) Cs, %A’ 1.744(x2) 1.952 1.907 134.4
WO,(OH), B3LYP Cy, A 1.727 1.906 123.8
WO3(OCHs)~ B3LYP Cs, A 1.770,1.771%2) 1.959 124.4
WO3(OCHg) B3LYP Ci, %A 1.734,1.767 1.862 1.879 138.8
WO,(OH)(OCH) B3LYP Cy, A 1.731,1.730 1.911(H) 123.4(H)
1.883 136.7

a Calculations were carried out using the aug-cc-pVDZ/SECP basis sets; the geometries baW@MO) = 1.576, 1.723, and 1.740 A for
M = Cr, Mo, and W, respectively>. These structures have one imaginary frequency as described in the text.

TABLE 4: Calculated Vertical (VDE) and Adiabatic (ADE)
Detachment Energies (eV) for MQ(OR)~ (M = Cr, Mo, or
W) at the B3LYP and CCSD(T) Levels of Theory

Cr Mo W
MO3(OH)~ VDE 4.95 5.18/5.25 5.13/5.26
ADE 4.66 4.86/4.96 4.86/4.98
MO3(OCHg)~ VDE 4.85 5.11 5.06
ADE 454 4.76 4.76

aValues after the “/” are the CCSD(T) values.

with the unpaired electron being more localized on a single oxo
ligand (Table 3). This symmetry breaking for M@R) (M =

Mo, W) is due to mixing between the two low-lyirfd"" states,
and similar behavior has previously been found in calculations
on MO, radicals?®

Calculations on MGQ(OH) (M = Mo, W) at the higher CCSD-
(T) level were carried out to investigate the relative energies of
the lowest?A” and2A’ states in more detail. The CCSD(T)
calculations, constrained @ symmetry, predictedA’ ground
states for both Mog{OH) and WQ(OH) with one short and
two longer M—O bonds (e.g., ME{OH): 1.73 and 1.81¢2)

A, Table 3). This geometry is consistent with the unpaired
electron being delocalized over two oxygen ligands and is
equivalent to that for CrgdOH) at the B3LYP level.

The CCSD(T) calculations predicted both MOH) and
WO3(OH) to have low-lying?A’ excited states occurring at only
0.22 and 0.26 eV, respectively, above fi#¢' ground states.
These?A’ excited states exhibit two shorter and one longer
M—0 bonds (e.g., MogfOH): 1.73x 2 and 1.94 A; Table 3),

The VDEs for detachment to ti&\" ground state and the
lowest-energyA’ excited state of neutral M§LOH) were also
calculated at the CCSD(T) level for both Mg@H)~ and
WO3(OH)~. The calculated values of 5.61 and 5.62 eV,
respectively, indicate a difference of 0.36 eV in both cases for
vertical detachment to the lowest-energfly’ and?A’ states.
This is consistent with the values of 0.27 and 0.28 eV (estimated
below) from the difference in orbital energy between the HOMO
(@") and the HOMO-2 (3 of MoO3(OH)~ and WQ(OH)-,
respectively, and supports the approximation of using the orbital
energies for the higher states.

Discussion

Electronic Structure. The anions MGOR)~ can be formally
considered as M d° centers. Of course, there is substantial
charge transfer, and the NBO chartjesn the metals in the
anions aret1.19efor CrO3(OH)~, +1.18efor CrO3(OCHg)

+ 1.99e for both anions of MOQ(OR)~, and+ 2.29e for both
anions of WQ(OR)~. Thus the ionic character at the metal
increases with increasing atomic number of the metal. The
highest-energy occupied orbitals are expected to be largely
derived from oxygen 2p atomic orbitals, with the three 2p atomic
orbitals on each of the three oxo and single hydroxo (methoxo)
ligands giving rise to 12 symmetry-adapted linear combinations
that can then potentially mix with metal-based d orbitals and/
or hydrogen (methyl)-based orbitals. The experimental and
theoretical data allowed changes in the orbital energies for the
series of hydroxo Mg{OH)~ and methoxo MGQOCH;)~ anions

consistent with the unpaired electron being localized on a single as a function of metal (M= Cr, Mo, or W) and ligand (OH,
oxygen ligand. These geometries closely resemble those of theOCHg) to be evaluated. The seven highest-energy occupied

lower C; symmetry predicted for MgOH) and WQ(OH) from
the B3LYP calculations.

molecular orbitals for CrgfOH)~ are illustrated in Figure 4.
The corresponding orbitals for Me@H)~ and WQ(OH)~ are
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CrO,(OHy CrO,(OCH,) CrO,(OH)y MoO,(OHy WO,(OH)
' ; HOMO, 243", -495 &V =
o d % HOMO, 282" % : : """"""""" -5.13
-4.95 eV -4.85eV . _5.38
-5.41
g HOMO-2, 222, -563 eV =" -545
HOMO-1, 23a" l% g HOMO-1, 27 a" ?’ 24, 5,01
-5.31eV -511eV d .......
) HOMO-3,21 @', -6.34 €V mmm"" _6.40
) HOMO-4 208" -6.40 @ mmrrrromwsi@A —_— 550
HOMO-2, 222’ %) HOMO-2, 262 ’5 =
_563eV _551 eV A HOMO-5, 19 @', -7.02 @V mmmeessseets ™ttt —_— 704
" U £ C—— —_— 742
— % > SO — 'g HOMO-6, 18 a', -7.59 eV ="

-634eV -598eV - Figure 5. Correlation diagram relating the seven highest-energy
occupied orbitals of MG{OH)~ (M = Cr, Mo, or W). Orbital energies
are from the B3LYP calculations and have been shifted for each species

\ ';o ?)Iign the energy of the HOMO with the calculated first VDE (see
; ext).
HOMO-4, 202" .)& HOMO-4, 24 a' .%
-6.40eV -6.03eV £
* %) overlapping feature for Mo§)OH)~ and WQ(OH)-, but
being resolved for CrgdOH)~ (Figure 1). The HOMO-3 and
HOMO-4 levels are predicted to be almost degenerate for
HOMO-5, 192’ HOMO-5, 23 a' > CrO3(OH)~, but are separated by0.5 eV for both MoQ(OH)~
-7.02eV -6.44 eV ' and WQ(OH)~. This is consistent with the experimentally
observed separation between bands C and D being much larger
3 for Mo and W (0.6 eV) as compared to Cr~Q.1 eV). The
. [ 3 predicted detachment energies for the HOMO-3 and HOMO-4
HOMO-6, 18a' - HOMO-6, 2@ . s levels of WQ(OH)~ are about 0.15 and 0.2 eV higher than the

-7.59eV * -7.47 eV @ position of features C and D, respectively, indicating that these

detachment energies might be underestimated for the case of

Figure 4. Molecular orbital pictures (contour cutoff 0.05 electron WO?(OH) (F'Qure 1c). The calculated detachment _energles for
au) at the B3LYP level for the seven highest-energy occupied orbitals €quivalent orbitals of Crg§OH)~ and MoQ(OH)™ are in closer

of CrOy(OH)™ (left) and CrQ(OCHs)~ (right). Orbital energies are ~ agreement with the experimental data (Figure 1a,b). The
from the B3LYP calculations and have been shifted for each species HOMO-5 and HOMO-6 levels are predicted to occur at similar
to align the energy of the HOMO with the calculated first VDE (see energies for each of the MiIDH)~ anions, again consistent
text). with the experimental observations (Figure 1).

o . . . _ The seven highest-energy occupied orbitals for {f0&Hsz)~
qualitatively very similar. A correlation diagram relating the 5.0 4150 illustrated in Figure 4, allowing comparison with the

energies of these orbitals is presented in Figurg . equivalent orbitals for CrgfOH)~. A correlation diagram
The calculated ground-state VDE for G(OH)™ is in good relating the energies of these orbitals is given in Figure 6. The

agreement with the experimental value of the first detachment HOMO to HOMO-2 levels of Crg{OH)~ and CrQ(OCHs)~

channel (feature X; Tables 1, 4). The HOMO-1"Yaand are predicted to occur at very similar energies, consistent with

HOMO-2 (d) levels of CrQ(OH)~ are more stable by 0.36 and  bands X, A, and B occurring at equivalent binding energies for
0.68 eV, respectively, relative to the HOMO, with detachment poth species. The HOMO-1 level is predicted to be slightly
from these orbitals predicted to occur in the region of features destabilized from CrgfOH)~ to CrOy(OCHs)~ (Figure 6),
A and B. The energetic separation between these orbitals isconsistent with features X and A being unresolved for
consistent with the experimental separation between featuresCrQ;(OCHs)~ (Figure 2). The HOMO-3 to HOMO-5 levels are
X, A, and B (Figure la, Table 1). Detachment from the gl predicted to be destabilized from GXOH)~ to CrO;(OCH)~,
HOMO-3 and HOMO-4 is predicted to occur at similar energies in qualitative agreement with the shift of bands C, D, and E to
in the region of features C and D. Feature E is assigned to |ower binding energy for Cr@fOCHs)~ (Tables 1, 2). The
detachment from the HOMO-5 level, and the broad feature calculations indicate that the HOMO-3 and HOMO-4 levels
labeled F is assigned to detachment from the HOMO-6 level. switch order from Crg{OH)~ to CrO;(OCHs) ™, consistent with
The experimental spectra (Figure 1) and the correlation the position of the weaker shoulder shifting from the low binding
diagram (Figure 5) allow the changes in molecular orbital energy energy side of the most intense feature for M)~ to the
levels of MQy(OH)~ (M = Cr, Mo, W) to be compared as a high-binding-energy side of this same feature for gECHz)~.
function of metal. The calculated VDEs for Mg@H)~ and The HOMO-5 is predicted to be destabilized ©9.6 eV from
WO3(OH)~ are both in good agreement with the experimental CrO;(OH)~ to CrO3(OCHs)~, consistent with the shift of band
values. The predicted separation between the HOMO andE to about 0.55 eV lower binding energy in the latter. In contrast,
HOMO-2 levels for MoQ(OH)~ and WQ(OH)~ is reduced to the HOMO-6 is shifted much less from Cs@H)~ to
~0.3 eV as compared to thed.7 eV predicted for CrgfOH). CrO3(OCHg), in agreement with the observation that feature
This is consistent with features X, A, B appearing as a broader F occurs at a similar binding energy for both species.
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CrO,(OHY CrO,(OCH,) TABLE 5: Calculated Gas-Phase Brgnsted Acidities (kcal
mol~1) for MO »(OR)(OH) (M = Cr, Mo, or W; R = H, CHg,
............ —-4.85 Absent) at the B3LYP and CCSD(T) Levels of Theory
HOMO, 24 2a",-495eV =="""" -

________ — 511 reaction Cr Mo w
HOMO-1, 232", -5.31eV =="" MO2(OH), — MO3(OH)~ + H* 316 317/317 317/317

_________ —_ 551 MO2(OCHg)(OH) —~ MO5(OCHs)~ + H* 318 319 319
HOMO-2,22 ', -563eV  ==""" MO3(OH) — MO, + H* 310 310/323 309/315

598 aValues after the “/” are the CCSD(T) values.
= 6,03

The geometries and molecular orbital pictures for JQH)~
HOMO-3,214', -6:34eV == — 44 and MG;(OCHg)~ provide insight into the changes in orbital
HOMO-4,20a", -6.40eV ' energies as a function of metal and ligand. The HOMO to
HOMO-7 levels of MQ(OR)~ are predominantly comprised
of oxygen 2p orbitals, suggesting that the relative energies of
these orbitals are governed by interactions between these oxo
ligands (Figures 4, 5). The €0 terminal bond distances in
-------------------- —-T4r CrOs(OH)~ (1.60 A) are significantly shorter than those for

Figure 6. Correlation diagram relating the seven highest-energy MoO5(OH) and_ WQ’(OH)_ (1.75 and 1.77 A, respt_ectlvely;
occupied orbitals of Cr@OH)- and CrQ(OCHs)-. Orbital energies Table 3),Iesultlng in closer contact beftween 0XO0 ILgands for
are from the B3LYP calculations and have been shifted for each speciesCTOs(OH)™ (~2.64 A) as compared with MofOH)™ and
to align the energy of the HOMO with the calculated first VDE (see WOs(OH)~ (~2.84 and 2.88 A, respectively). This shorter
text). distance results in stronger interactions between oxygen 2p
orbitals on these ligands and more significant energetic conse-
guences as a result of these interactions.

The HOMO of CrQ(OH)~ is best described as an antibond-

HOMO-5, 194, -7.02eV ™

HOMO-6, 18 d, -7.59eV ==

CrO4(OCH,)  MOoO,L(OCH,  WO,(OCH,)

HOMO, 282" -4.856V ==, ing combination of in-plane oxygen 2p orbitals on the €rO
HOMOA. 278" 511 eV 506 unit (Figure 4). The larger separation between oxo ligands in
heran-eAie 531 MoO3(OH)~ and WQ(OH)~ results in a reduction in this
............. -5.34 antibonding interaction and these orbitals being stabilized
HOMO-2, 26 @', -5.51 €V mummerss . hp i
relative to that of Crg(OH)~ (Figure 5). The HOMO-1 involves
585 a s antibonding interaction between O 2p orbitals on two oxo

HOMO-3,25a", -5.98 eV

J— ligands and ar antibonding interaction of an O 2p orbital on
HOMO-4,24 ', -6.03 eV =

the third oxo ligand with an O 2p orbital on the OH ligand.
These interactions are again expected to be less repulsive for
the Mo and W congeners as a result of the longer@®bonds

in these species, and this orbital is again stabilized for the heavier
species (Figure 5). The HOMO-2 involves an O@ponding
interaction between two oxo ligandscaa O 2plone pair on

-6.10

HOMO-5,23 @', -6.44 eV -

-6.64

......... e 732 the third oxo ligand. This favorable interaction is increased by

HOMO-6,22 2, -7.47 eV = the shorter CGrO bonds in CrQOH)~, and so this orbital is
Figure 7. Correlation diagram relating the seven highest-energy Stabilized with respect to the Mo and W congeners (Figure 5).
occupied orbitals of MGEOCHs)~ (M = Cr, Mo, or W). Orbital energies ~ The destabilization of the HOMO and stabilization of the
are from the B3LYP calculations and have been shifted for each speciesHOMO-2 results in the separation between these levels being
to align the energy of the HOMO with the calculated first VDE (see  much less for MoQOH)~ and WQ(OH)~ than for CrQ(OH)".

text). The HOMO-3 involves as bonding interaction between the

) ) ) ) ) three terminal oxo ligands, and so is stabilized for ¢MH)~
Acorr.elatlon diagram relatllng thg predicted energies for the yue to the shorter separation between these ligands. The

seven highest-energy occupied orbitals of §@CHs)~ (M = HOMO-4 orbitals are predominantly O 2p lone pairs on the
Cr, Mo, W) is given in Figure 7. The HOMO to HOMO-2 levels  oH ligand, and the decreasing repulsion of the lone pairs with
of MoO3(OCHs) ™ and WQ(OCHg) ™ are predicted to be closer  increasing size leads to a stabilization with increasing atomic
together as compared to the equivalent orbitals offldDOHs) number.
in agreement with bands X, A, and B being unresolved for the  The major changes from Cg@H)~ to CrO;(OCHs)~ are
Mo and W congeners. Equivalent observations were describeddestabilization of the HOMO-1 and the HOMO-3 to HOMO-5
above for the hydroxo anions. The predicted separation betweenevels (Figure 6). These orbitals all contain a significant
the HOMO-3 and HOMO-4 levels for MofQOCHs)~ and contribution from the methyl moiety (Figure 4). Since the
WO3(OCH)™ is about 0.14 and 0.25 eV, respectively, much —OCH; interaction in these three orbitals is antibonding in

less than that predicted for the equivalent hydroxo aniefsg nature, each of these orbitals is destabilized relative to those of
eV in both cases, Figure 5). This is consistent with the separationCrO;(OH)".
between bands C and D for Mg@H)~ and WQ(OH)~ being Bond Energies. Heterolytic and homolytic MGH bond

about 0.6 eV (Table 1) but much less for the methoxo dissociation energies for a variety of mononuclear medab
equivalents (Table 2). The HOMO-5 is predicted to be species were calculated and are presented in Tables 5 and 6,
destabilized by~0.1 eV from Cr to Mo, but stabilized by0.3 respectively. The energies for the heterolytic cleavage of the
eV from Mo to W. This is consistent with the spectral shift of O—H bond in MG(OH), and MG,(OH)(OCHs) correspond to
band E to slightly lower binding energy from Cr to Mo, but the gas-phase acidityt & K (proton affinity of the conjugate
higher binding energy from Mo to W. base anions) and are expected to be accurateltto 2 kcal/



11778 J. Phys. Chem. A, Vol. 109, No. 51, 2005 Waters et al.

TABLE 6: Calculated MO —H Bond Dissociation Energies TABLE 7: Calculated Hydroxide, Methoxide, and Fluoride
(kcal mol~?) for MO ,(OR)(OH) (M = Cr, Mo, or W; R = H, Affinities for MO 3 at the B3LYP and CCSD(T) Level of
CHgs, Absent) at the B3LYP and CCSD(T) Levels of Theory Theory?

reaction Cr Mo W Cr Mo W
MO,(OH)(O—H) — MOs(OH) + H 109 114/118 114/118 MO3(OH)™ — MOs + OH~ 128  138/138  151/151
MO2(OCH)(O—H) — MO3(OCHs) + H 108 113 113 MO3s(OCHs)~ — MOz + OCH;~ 120 130 142
MO3(O—H) — MO, +H 93 116/117 116/119 MOsF — MO3 + F~ 122 133 144
MO3(O—H)" — MO, +H 102 107/124 106/116

aValues after the “/” are the CCSD(T) values.

aValues after the “/” are the CCSD(T) values.

phase, including methane. These anions are readily generated
by laser vaporizatiof??° so this hypothesis could be tested
experimentally by mass spectrometry-based experiniefftsor
Scomparison, the related radical cation MgQs capable of

mol on the basis of prior calculations of aciditi®sThe results
from the B3LYP and CCSD(T) calculations are in good
agreement (Table 5). The calculated acidities of these center
are quite high, being only about 5 to 6 kcal/mol less acidic than activating methane and water.

H,SO, (acidity = 310.9 kcal/mol) in the gas phase. A d di iati | t to MOR)" is |
The acidities of MQOH were also calculated as their of ar?egf_p orlsgglcilt?I%Toir;)e;?gn:etﬁgal?/lQ?OR)* ():orlzplczesf

conjugate base anions MOare known in the gas pha&e° " i
. ) providing a measure of the Lewis acidity of neutral bi®@able
The B3LYP and CCSD(T) calculations were in reasonable 7). The energies for loss of hydroxide are predicted to increase

agreement for Wg{OH) but in poorer agreement for MO stepwi :

. ) pwise from Cr— Mo — W by about 20 kcal/mol in total.
(OH) (T"j.lble 5 dlf‘ferences of 6 and 14 kcal mblrespectively). Again, for M= Mo and W, the agreement of the B3LYP results
Comparison with _other calculated values suggested _that theyith the CCSD(T) results is excellent. Substitution of OCH
CCSD(T) calculations for Mog are problematic, consistent ¢ 11 jaads to a lowering of the heterolytic bond energy by

with the biggest spin contamination and largestiignosti¢® about 6 to 10 kcal/mol, consistent with the difference in electron
for this species. For example, the CCSD(T) ADE for Mo@ affinities of OH and OCH The high values of these

4.67 eV, in poor agreement with an experimental value of 5.20- heterolvti : ; :
) ytic bond energies are consistent with the metal centers
20
(7) eV.d In contrast, t,hﬁ C}iCSD(T) ADE f<|)r V\IID 'Sf5'08 e\g in MO;3 being extremely strong Lewis acids. Some of us have
in goo ?gree(r)n_entt\)/V|t dtd('e experimental value o 5'1(1]? V. previously developed a comprehensive Lewis acidity scale based
Homolytic O-H bond dissociation energies (BDE) for a o, qoride affinitiess® The fluoride affinities of Cr@, MoOs,

range of mononuclear centers are presente_d in Table 6. Thespand WQ (Table 7) are predicted to be higher than the fluoride
values are expected to be slightly underestimated on the baSISafﬁnities of very strong Lewis acids such as ShRgain
of the fact that only an aug-cc-pVTZ level basis set was used demonstrating the strong Lewis acidity of MO

at the CCSD(T) level. The ©H dissociation energy for M®
(OCHg)(OH) is similar to that of MG(OH),, consistent with a
negligible effect of the methyl group. The first and second BDEs
for MO,(O—H), are similar for M= Mo, W, but the second
BDE is lower for M= Cr due to the fact that the dissociation
product CrQ has a different structure with a peroxo ligand
bonded to Cr@ as compared to the two O radical centers in
MoO,4 and WQ,.1%-20Such homolytic MG-H bond dissociation
energies can alternatively be estimated from a thermodynamic
cycle involving the enthalpy of deprotonation of the parent
species (e.g., M@OH), — MO3zOH~ + HT, the acidities
calculated above; Table 5), the adiabatic electron affinity of the
corresponding radical (M§®OH~ — MO3OH + e, measured
experimentally and calculated above; Tables 1, 4), as well as
the ionization potential of H. The values obtained from this cycle
for MO,(OH), using the CCSD(T) data are 111, 116, and 119
kcal mol for M = Cr, Mo, and W, respectively, and they are
in good agreement with the values calculated directly (Table
6). The BDEs for each anion of M(@OR)(OH) and MQ(OH)

are comparable and are higher than that of methane and The electronic structure of the hydroxo and methoxo anions
approaching that of y0.5%5! These high G-H dissociation MO3(OR)” (M = Cr, Mo, W; R = H, CHg) were studied
energies suggest that neutral radicals of the form,MIOMOs- experimentally and theoretically by a combination of photo-
(OR) should readily abstract H atoms from most organic electron spectroscopy and electronic structure calculations.
molecules to initiate catalytic reaction processes, and may beSystematic comparisons between species with different metals
relevant to the catalytic activity of molybdenum and tungsten (M = Cr, Mo, W) and ligands (OH, OC#)l allowed their effect
oxides. On the basis of the reactions of OH radicals, these on electronic structure to be elucidated. The comparison between
reactions should occur with modest-to-low barriers dependenttheory and experiment and between the different theoretical
on the C-H bond strengti?-54 The dissociation energy for = methods gave good agreement and indicated that density
the anions MQOH)~ to form MO,~ and H are also high. As  functional theory can be used to reliably predict the energetics
described above, differences in the B3LYP and CCSD(T) results of these Group VI oxe-metal clusters. The experimental and
for MoO3(OH)~ are due to the problems with calculating the computational data demonstrate the existence of low-energy
MoO,~ species at the CCSD(T) level. The high dissociation excited states of neutral Mi(DH) (e.g.,~0.3 eV for M= Mo,
energies for MQ(OH)~ suggested that the anions MGshould W) in which the radical character localized on an oxygen is
be capable of activating many organic molecules in the gas shuffled between a MO and M@ragment of MQ(OH). These

It is also possible to calculate the homolyticAMDH bond
energy in neutral MG{OH) to form MO; + OH. The bond
energies at the B3LYP/aug-cc-pVTZ/ SECP(2f,g) level are 63,
68, and 80 kcal mott for M = Cr, Mo, and W, respectively.
The CCSD(T)/ aug-cc-pVTZ/SECP(2f,g) bond energies for Mo
and W are 64 and 76 kcal/mol, in reasonable agreement with
the B3LYP results. These MOH dissociation energies are
substantially lower than those calculated for MB (Table 6).

Finally, the hydride affinities for M@were calculated from
the reaction MQ(OH)™ — MO, + H™. These values are very
high with hydride affinities of 179, 207, and 207 kcal mbl
for Cr, Mo, and W, respectively, at the B3LYP/ aug-cc-pVTZ/
SECP(2f,g) level. The CCSD(T)/aug-cc-pVTZ/SECP(2f,g) val-
ues of 215 and 217 kcal mdlfor Mo and W, respectively, are
about 10 kcal/mol higher than the B3LYP values and support
similar hydride affinities for MoQ and WQ.

Conclusions
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low-energy excited states and resulting changes in electronic
d Klemperer, W. G.; Shum, Wnorg. Chem.1985 24, 4055.

and geometric structure might be important in the reactivity an
catalytic activity of related molybdenumand tungsteroxo
sites. The calculations predict high-® bond dissociation
energies for the neutrals M@@H) and MQ(OH), and the anion
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