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Low-Lying Electronic States of M3Og~ and M30g¢?~ (M = Mo, W)

Shenggang Li and David A. Dixon*

Department of Chemistry, The Umirsity of Alabama, Shelby Hall, Box 870336,
Tuscaloosa, Alabama 35487-0336

Receied: May 30, 2007; In Final Form: July 30, 2007

Multiple low-lying electronic states of BDy~ and MsOg>~ (M = Mo, W) arise from the occupation of the
near-degenerate low-lying virtual orbitals in the neutral clusters. We used density functional theory (DFT)
and coupled cluster theory (CCSD(T)) with correlation consistent basis sets to study the structures and energetics
of the electronic states of these anions. The adiabatic and vertical electron detachment energies (ADEs and
VDESs) of the anionic clusters were calculated with 27 exchange-correlation functionals including one local
spin density approximation functional, 13 generalized gradient approximation (GGA) functionals, and 13
hybrid GGA functionals, as well as the CCSD(T) method. For®o, CCSD(T) and nearly all of the DFT
exchange-correlation functionals studied predict¥hestate arising from the JakiTeller distortion due to

singly occupying the degenerateogbital to be lower in energy than tBA,' state arising from singly occupying

the nondegenerate’ arbital. For WOy, the?A; state was predicted to have essentially the same energy as
the A, state at the CCSD(T) level with core-valence correlation corrections included and to be higher in
energy or essentially isoenergetic with most DFT methods. The calculated VDEs from the CCSD(T) method
are in reasonable agreement with the experimental values for both electronic states if estimates for the
corrections due to basis set incompleteness are included. f@§*M the singlet state arising from doubly
occupying the nondegeneratg arbital was predicted to be the most stable state for botlr Mo and W.
However, whereas M@y~ was predicted to be less stable thansfg, Ws0s>~ was predicted to be more

stable than \AOg™.

Introduction by the unpaired electron in ¥y~ results in the?A;’ state in

Dz, symmetry as found by Huang et%lwhereas occupation

of the€ virtual orbital results in a JahtiTeller distortion leading

to a state with lower symmetry. As the orbitals are very close
in energy, either state could be the ground electronic state of
the anion. In fact, our time-dependent DFT (TD-DFT)
calculation&* 16 at the B3LYP level with the above basis set
on M3Og revealed three closely lying excited electronic states,
with excitation energies of 3.97, 3.99, and 3.99 eV for the
singlets and 3.55, 3.55, and 3.58 eV for the triplets for=M
Mo, and 4.29, 4.30, and 4.30 eV for the singlets and 4.01, 4.01,
and 4.02 eV for the triplets for M= W, consistent with the

There is substantial interest in aromatic molecules, especially
in metallic system$ Anionic photoelectron spectroscopy (PES)
experiments have recently been performed by Sun efal.
(WO3)h~ (n = 1-4) and by Huang et &.for M3Oy~ (M =
Mo, W). Adiabatic and vertical electron detachment energies
(ADEs and VDES) were measured. Huang et piedicted the
2A;' state inDaz, symmetry to be the ground state o®b~ on
the basis of density functional theory (DP*Palculations with
the B3LYP exchange-correlation functiofidl and extended
basis sets with effective core potentials on the metals. The
experimental spectrum for the transition from the ground state ~. . .
of M3Og™ to that of MsOg exhibits a broad profile, indicative simple orbital picture for the neutral clustér.

of large geometry changes upon electron detachment. This was In the curren_t stL_de, we have used .bOt.h DFT and coupl_ed
attributed to a strong metametalo-bonding interaction in the cluster theory with single and double excitations and perturbative

i i —20
ground state of MOo-, absent in that of MDs. Huang et af triple corrections (CCSD(T3}~20to calculate the structures and

concluded that d-d resonance (d-orbital aromaticity) was presen,[energetics of these_electrqnic staFes and compared the calculated
in MsOs~ and MiOg2- on the basis of calculated resonance ADEs and VDEs with their experimental values. As part of our

energies, orbital compositions, and nucleus-independent chemi-DFT calculations, we evaluated the performance of 27 exchange-

cal shifts? However, in our recent DFT studies on the (MQ correlation functionals.
(M = Cr, Mo, W; n = 1-6) clusters, we showed that the lowest

unoccupied molecular orbital (LUMO) of MDg is of €
symmetry, and that the next LUMO is af’ symmetry’® The DFT calculations were carried out for the neutral clusters and

energy difference between these two virtual orbitals was their mono- and dianions. Geometries were optimized with the
predicted to be 8.7 kcal/mol for M Mo and 0.7 kcal/mol for B3LYP exchange-correlation functional. Energies were calcu-
M = W at the B3LYP level with the aug-cc-pVDZ basis set lated with a variety of exchange-correlation functionals at the
for oxygertl12and the Stuttgart small core relativistic effective B3LYP-optimized geometries. The exchange-correlation func-
core potential (ECP) basis set for Mo and W (ECP28MWB and tionals studied include the local spin density approximation

ECP60MWB)!2 Occupation of thea,' virtual orbital in MyOg functional SVWN521.22the generalized gradient approximation
(GGA) functionals BLYP38 BP86%23 BPW91624 BB95525
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and the Handy family of functionals HCTH93, HCTH147,
HCTH4073335 and the hybrid GGA functionals B3LYP,
B3P86, BSPW97,B1B9525 B1LYP, mPW1PW9$¢é B98g 3’
B97138B9723° PBE1PBEZE O3LYP TPSSh!l and BMK !
All DFT calculations were carried out with the Gaussian 03
program packag®

Energies were also calculated at the CCSD(T) léve® All
CCSD(T) calculations were done with the MOLPRO 2068%.1
and NWChem 5845 program packages. The open-shell
calculations were done with the R/lUCCSD(T) approach where
a restricted open-shell Hartre€ock (ROHF) calculation is
initially performed and the spin constraint is then relaxed in
the coupled cluster calculatidfi.*8 We note that the calculated
(T) contributions are slightly different in the MOLPRO and
NWChem implementations for RIlUCCSD(T).

The B3LYP geometry optimizations were done with the
augmented correlation consistent doubl@ug-cc-pVDZ) basis
set for 01?2 and the aug-cc-pVDZ-PP ECP basis sets for Mo

Li and Dixon

orbital to form the?A,’ state inDz, symmetry or the' orbital

to form a Jahr-Teller distorted state in lower symmetry. Two
Jahn-Teller distorted states i@, symmetry, the?A; and?B,
states, were predicted as exped&@ompared with théA '
state of MOy, the?A;' state of MOy~ has slightly longer M=

O and M—0 bond lengths (by-0.02 A) and similar &M=0
bond angles, but much large-®1—0 bond angles (by-20°).

For the?A; and?B; states, the M-O bond lengths differ by up

to 0.2 A and range above and below the value in%kg state.
The G=M=0 and O-M—0 bond angles differ from each other

in these two states by up to 200ne set of G-M—0 bond
angles in the?A; and B, states is comparable to that in the
neutral and the other is much smaller. Both bond angles in the
2A; and?B; states are substantially smaller than the ones in the
A state. The triangles formed by the three metal atoms in the
2A; and?B; states deviate from an equilateral triangle, with the
unigue M-M—M angle in the?A; state of~55° and that in

the 2B, state of ~63°. The 2B, state has one imaginary

and W4 These basis sets are collectively denoted as aD. In frequency, 356 and 308 cthfor M = Mo and W, respectively,
addition, we also optimized these geometries at the B3LYP level although no lower energy conformation was found by further

with the aug-cc-pVTZ basis set for and the ECP28MWB
basis set for Mo and the ECP60MWB basis set forldy,

lowering the symmetry. This is consistent with previous work
on other triangle-shaped systems dominated by a conical

augmented with two f and one g functions as recommended by intersection at the equilateral triangle geomét§2 As shown

Martin and Sunderman®. These basis sets are collectively

by Huang et al3the singly occupied molecular orbital (SOMO)

denoted as aT-ECP. The DFT energy calculations were carriedof the 2A;’ state in Figure 2c displays strong metal d orbital

out with the aug-cc-pVTZ basis set for ®and the aug-cc-
pVTZ-PP basis sets for Mo and ¥¥denoted as aT. CCSD(T)

energy calculations were also done with the aD, aD-ECP, aT,

overlap. However, no such overlap was found for the SOMOs
of the 2A; and?B; states (Figure 2d,e). This is consistent with
the above discussion for the LUMOSs of3¥. The electron

and aT-ECP basis sets. Furthermore, core-valence correlatiorspin densities are consistent with the orbital descriptions with

corrections were evaluated at the CCSD(T) level with the aug-
cc-pwCVDZ basis set for &452and aug-cc-pwCVDZ-PP basis
sets for Mo and W?

the spin density for théA,' state shown in Figure 3a displaying
a large electron density inside the six-member metalygen
ring, whereas the spin densities for fidg and?B; states shown

The calculations were done on the Opteron-based Cray XD1in Figures 3b and 3c exhibit no such character.

and Itanium 2-based Altix supercomputers at the Alabama

For M3Og¢?~, three possible electron configurationay')?,

Supercomputer Center, on the Xeon-based Dell Linux cluster ()2, and ¢)Y(a,')!, were considered. Only tHa,' state arising

at the University of Alabama, on the local Opteron-based
Parallel Quantum Solutions Linux cluster, and on the Itanium
2-based Linux cluster at the Molecular Science Computing
Facility at the Pacific Northwest National Laboratory.

Results and Discussion

Geometries and Relative EnergiesOptimized geometries
at the B3LYP/aD and B3LYP/aT-ECP levels are given in Table
1 for the different electronic states of:@y, M3Og~, and MyOg?~
(M = Mo, W). We used the Cartesian coordinate system and

geometry parameters shown in Figure 1. Our results with the

B3LYP/aT-ECP method are identical to those obtained by
Huang et aP with the same method for tHé ;' state of MO,
the 2A;" state of MOy, and thelA; state of MOg?~ as

from (a;')? and the®A;’ state arising frome{)? are not subject

to Jahn-Teller distortions. The JahiTeller distorted states are
the 1A, 2A;, and®B; states, with two'A; states arising by
doubly occupying each of the twe& orbitals. Compared with
the2A;' state of MOy, the 1A’ state of MOg?~ has slightly
longer M=0O bonds (by~0.02 A), similar M—O bond lengths
and G=M=0 bond angles, and larger-&—0O angles (by
~10°). The 3A;’ state, on the other hand, has much smaller
O—M-0 angles (by~30°). The 1Ay, 3A;, and®B; states of
M30q%~ have varying bond lengths and bond angles as in the
case of MOg™. The3A; state has two imaginary frequencies,
both of ~150 cnt! for M = Mo and~320 cnt?! for M = W.
One of thelA; states has an imaginary frequency, 85 and
75 cnt! for M = Mo and W, respectively. ThéB, state of

expected. Furthermore, the optimized geometries using the aDVVSO‘BZ_."J"S0 has one imaginary frequency of 581¢m
and aT-ECP basis sets are essentially identical, so we base our Relative energies for the different electronic states Ot

discussion on the aD results. The ground state gDMwvas
predicted to be théA; state in Dz, symmetry as shown
previously310 The LUMO is a doubly degenerate orbital with
€ symmetry dominated by metal d orbitals in theplane as
shown in Figure 2a. The next lowest unoccupied orbital
(NLUMO) is of a;" symmetry, which is also dominated by metal
d orbitals in thexy plane as shown in Figure 2b. The primary

and MgOg?~ at the B3LYP and CCSD(T) levels are listed in
Table 2. At the CCSD(T)/aT level, the ground state ofO4
was predicted to be th#\; state. The!A ' state of MOy~ was
calculated to be higher in energy than fi#g state by 7.5 and
1.1 kcal/mol for M= Mo and W, respectively. With core-
valence correlation corrections at the CCSD(T)/aug-cc-pwCVDZ/
aug-cc-pwCVDZ-PP level, théA;' state of M@Og~ is higher

difference between these two sets of orbitals is the localization in energy than théA state by 6.3 kcal/mol. For M= W, these

of the metal orbitals for the' orbitals due to the requirement
for orthogonality. Thea;' orbital lies 11.6 and 3.8 kcal/mol
higher in energy than the orbital at the B3LYP/aD level for
M = Mo and W, respectively. Addition of an electron ta;®h
to form M3Og~ can result in the occupation of either thg

two states have essentially the same energy. Thus, the effect of
core-valence corrections is to lower the energy ofthg states
relative to the?A; states by about 1.2 kcal/mol. The ground
state of MOg?~ was predicted to be th®\;" state with all of

the other states for MDo?>~ higher in energy than thi\,' state
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TABLE 1: Optimized Metal Oxygen Bond Lengths (Angstroms) and Bond Angles (Degrees) for the Different Electronic States
of M30g"™ (M = Mo, W; n = 0—2) at the B3LYP Level with the aD and aT-ECP Basis Sefs

M=0 M—-0O O=M=0 O-M-0
state basis set a b c d e o p y o
M0309
A, abD 1.689 1.902 107.7 103.5
aT-ECP 1.680 1.896 107.8 102.9
Mo30g™
AL abD 1.711 1.918 110.2 121.7
aT-ECP 1.702 1.911 110.2 121.8
2A; ab 1.711 1.719 1.912 1.834 1.996 109.3 115.4 104.1 87.1
aT-ECP 1.702 1.710 1.906 1.827 1.990 109.3 115.3 103.5 86.2
B, abD 1.716 1.711 1.890 1.957 1.874 113.1 108.8 93.6 108.0
aT-ECP 1.707 1.702 1.884 1.953 1.867 113.1 108.8 93.9 107.3
M030927
A, abD 1.734 1.920 113.4 132.8
aT-ECP 1.726 1.914 113.4 132.7
SAL abD 1.741 1.916 115.0 95.8
aT-ECP 1.733 1.908 115.1 94.8
A1 (@) abD 1.737 1.745 1.938 1.835 1.969 112.5 117.8 104.8 79.5
aT-ECP 1.728 1.736 1.932 1.826 1.967 1125 117.9 104.6 79.0
1A (b) abD 1.742 1.735 1.886 2.018 1.850 116.5 109.5 88.1 109.9
aT-ECP 1.733 1.726 1.880 2.015 1.842 116.5 109.6 87.6 109.3
SAL abD 1.736 1.741 1.929 1.894 1.981 112.6 115.2 120.9 90.4
aT-ECP 1.727 1.732 1.922 1.887 1.976 112.7 115.2 121.2 89.6
B, abD 1.742 1.737 1.943 1.988 1.845 116.1 110.8 93.5 101.4
aT-ECP 1.733 1.728 1.939 1.982 1.838 116.0 110.9 92.5 100.9
Wsog
A/ abD 1.706 1.905 108.2 103.5
aT-ECP 1.706 1.908 108.2 102.9
W309™
AL abD 1.724 1.921 109.7 124.1
aT-ECP 1.724 1.923 109.7 123.8
°A; abD 1.726 1.729 1.914 1.837 2.014 109.5 113.1 104.0 82.7
aT-ECP 1.727 1.730 1.916 1.838 2.017 109.5 113.2 103.5 82.2
B, abD 1.730 1.726 1.895 1.964 1.876 1125 109.1 90.8 108.2
aT-ECP 1.731 1.727 1.898 1.968 1.878 112.6 109.1 90.4 107.5
W3ng_
A, abD 1.746 1.927 112.4 134.6
aT-ECP 1.747 1.928 112.5 134.2
A, ab 1.753 1.917 113.9 91.7
aT-ECP 1.755 1.920 114.0 91.2
1A (@) abD 1.749 1.753 1.939 1.833 1.995 111.9 115.3 104.8 75.3
aT-ECP 1.750 1.753 1.941 1.835 2.001 111.9 115.3 104.6 75.0
A1 (b) abD 1.751 1.748 1.897 2.032 1.850 114.5 109.8 84.7 109.2
aT-ECP 1.752 1.749 1.900 2.036 1.852 1145 109.8 84.5 108.7
SA; abD 1.748 1.748 1.938 1.896 1.992 112.4 112.7 124.6 86.2
aT-ECP 1.749 1.749 1.939 1.897 1.995 1125 112.8 124.4 85.8
B, ab 1.753 1.751 1.902 1.899 1.981 113.4 114.0 94.0 90.2
aT-ECP 1.753 1.752 1.901 1.892 1.985 113.3 114.1 94.1 90.1

a Geometric parameters listed are shown in Figure 1.

by more than 14 kcal/mol for M= Mo and more than 30 kcal/
mol for M = W. With core-valence correlation corrections, the
other states are destabilized by-2 kcal/mol relative to the
1A/ state. ThelA;' state of MOg?~ was predicted to be 9.1
kcal/mol higher in energy than ti#é; state of M\Og~ for M =

Figure 1. Schematic of the structure of J@s" (M = Mo, W; n =
0—2). In Dy symmetry, thez-axis is the threefold axis pointing out of
the plane of the page, whereasGg symmetry, they-axis is taken as
the twofold axis to correlate the orbitals in these two symmetries.

Mo, but 2.4 kcal/mol lower in energy for M W at the CCSD-
(T)/aT level, so that WOo?~ is a stable dianion relative to the
monoanion. The inclusion of core-valence correlation corrections
further stabilizes MgOg?~ and W02~ by 3.2 and 3.1 kcal/
mol, respectively. Thus, M@®s?~ now has a negative electron
affinity of 5.9 kcal/mol and WOg¢?>~ has a positive electron
affinity of 5.5 kcal/mol without extrapolation to the CBS limit,
which is expected to further stabilize the dianion. The CCSD-
(T)/aD method slightly underestimates the energy differences
at the CCSD(T)/aT level between tRa," and?A; states by

~1 kcal/mol, whereas the B3LYP/aD method slightly overes-
timates them by a similar amount.

Electron Detachment Energies.The calculated ADEs and
VDEs at the B3LYP and CCSD(T) levels ford@y~ are listed
in Table 3 and are compared to the experimental values.
Because of the large geometry changes upon electron detach-
ment, the photoelectron spectrum for the transition from the
ground state of the anion to that of the neutral cluster exhibits
a very broad profile. This prevents the accurate location of the
adiabatic transition and, to a lesser extent, the vertical transition.
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(a) M3Os ('Ar), LUMO (e') (b) M3Os ('A+"), NLUMO (ay")

Ce g
“
\

. [

® .
)
(c) M30g™ (?A4'), HOMO (a1") (d) MsOg™ (*A;), HOMO (a1) (e) M30g™ (?Bz), HOMO (bz)

Figure 2. First three LUMOs of théA,' state of MO (M = Mo, W) and the SOMOs of th&A ', 2A;, and?B, states of MOy~ at the B3LYP/aD
level.

£

(a) MaOs™ (*Ay)) (b) MzOg™ (*As) (c) M30g™ (*By)
Figure 3. Total electron spin densities of tRA;', 2A;, and?B, states of MOy~ at the B3LYP/aD level.

TABLE 2: Relative Energies in Kilocalories per Mole for the Electronic States of M\Og~ (M = Mo, W) with Respect to the?A;
State and MzOg?~ with Respect to theA;' State at the B3LYP and CCSD(T) Levels

M3Oq~ M30g?~
ZA]_ 282 2A1’ 1A1’ 3A2' 1A1 (a) 1A1 (b) 3A1 382

M = Mo
B3LYP/aD 0.0 1.4 8.2 0.0 13.1 14.2 15.4 20.5 13.9
B3LYP/aT-ECP 0.0 1.6 8.7 0.0 13.9 14.6 15.8 21.6 14.6
CCSD(T)/aD 0.0 3.0 6.5 0.0 24.1 18.6 16.1 29.0 23.8
CCSD(T)/aF 0.0 7.5 0.0 17.7 15.2
CCSD(T)/aT + CVo 0.0 6.3 0.0 202 19.1
CCSD(T)/aD-ECP 0.0 3.3 6.4 0.0 23.1 16.8 14.4 26.1 21.1
CCSD(T)/aT-ECP 0.0 8.2 0.0 17.2 14.6

M=W
B3LYP/aD 0.0 3.1 2.6 0.0 34.9 29.6 31.7 34.1 35.0
B3LYP/aT-ECP 0.0 3.2 3.3 0.0 335 28.6 30.7 33.2 33.8
CCSD(T)/aD 0.0 5.9 0.2 0.0 50.8 37.1 34.0 42.1 47.5
CCSD(T)/a® 0.0 1.1 0.0 36.1 33.0
CCSD(T)/aP+ CVP 0.0 -0.1 0.0 38.2 36.4
CCSD(T)/aD-ECP 0.0 6.1 1.4 0.0 435 334 29.7 38.2 43.0
CCSD(T)/aT-ECP 0.0 2.1 0.0 34.3 31.0

aB3LYP/aD geometries? CCSD(T)/aug-cc-pwCVDZ/aug-cc-pwCVDZ-PPB3LYP/aT-ECP geometries.

For M = Mo, the calculated VDE at the CCSD(T)/aT level is identical to the experimental value, whereas that for%he
smaller than the experimental value by0.1 eV for the2A; state is~0.4 eV lower. The VDEs from the B3LYP/aD
state and by~0.2 eV for the?A /' state. Atthe B3LYP/aD level,  calculations are larger than the experimental value-By2 eV
they are essentially identical and both are larger than the for the?A;’ state but smaller by-0.2 eV for the?A; state. The
experimental value by-0.2 eV. For M= W, the calculated CCSD(T)/aD results are smaller than the CCSD(T)/aT results
VDE for the 2A;' state at the CCSD(T)/aT level is essentially by ~0.1 eV. In terms of the ADEs, the CCSD(T)/aT results
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TABLE 3: Experimental and Calculated ADEs and VDEs in Electronvolts for M30g~ (M = Mo, W)

ADE(Mo) VDE(Mo) ADE(W) VDE(W)
approach 2A1 ZA]_' 2A1 ZA]_' 2A1 2A 1’ 2A1 2A1’

B3LYP/aD 3.52 3.17 4.17 4.16 3.23 3.12 4.06 4.44
B3LYP/aT-ECP 3.42 3.05 4.09 4.11 3.20 3.05 4.03 4.40
CCSD(T)/aB 3.32 2.95 3.80 3.69 2.99 2.98 3.73 4.09
CCSD(T)/a® 3.24 2.91 3.88 3.81 2.98 2.93 3.78 4.19
CCSD(T)/aF+ CV® 3.29 3.01 3.92 3.85 3.04 3.04 3.85 4.22
CCSD(T)/aD-ECP 3.33 3.05 3.72 3.56 3.05 3.00 3.71 3.94
CCSD(T)/aT-ECP 3.16 2.81 3.79 3.72 2.99 2.89 3.76 4.11
experimentdl 35 4.0 35 4.2

aB3LYP/aD geometries CCSD(T)/aug-cc-pwCVDZ/aug-cc-pwCVDZ-PPB3LYP/aT-ECP geometrie§.Reference 3.

are smaller than the experimental values by 0.25 eV for the given as Supporting Information. THe values for most of the
2A; state of M@Og~ and by 0.5-0.6 eV for all of the other molecules containing Mo as the metal with the aD basis sets
states. This indicates that the reported ADEs should be bestare on the order of 0.03 to 0.04, suggesting minimal multiref-
considered as upper limits. The effect of core-valence correlation erence character except for ¥@?~ (*A1 (a)), which has a value
corrections is in general to increase the ADE and VDE to bring of 0.051, suggesting some multireference character. Thhe
them into better agreement with experiment. Fordkgground diagnostics for most of the molecules containing W as the metal
state for M@Og™, the increase in the ADE is 0.05 eV, and itis  with the aD basis sets are smaller, near 0.03 except @V

0.04 eV in the VDE. For théA,' state for M@Og~, the ADE (*A1 (a)), which has a value of 0.042 and ™2~ (3A2') with
increases by 0.10 eV and the VDE by a smaller amount of 0.04 a value of 0.051. We note that there is some dependente of
eV. For the?A, state for WOy™, the increase in the ADE is  on the form of the metal basis set and ECP as the values with
0.06 eV, and it is 0.07 eV in the VDE. For th4,' state for the aD-ECP basis are somewhat smaller than the values with
W309~, the ADE increases by 0.11 eV and the VDE by a the aD basis.

smaller amount of 0.03 eV similar to that for May". DFT Predictions of Detachment EnergiesTable 4 presents
We can use results from a recent benchmark Sfudly the the calculated energy differences for th,’' and ?A; states

electron affinities of the monomers and dimers of the group .4 their ADEs and VDEs with various DFT exchange-

VIB metal oxide clusters to estimate the effects of extrapolating ., alation functionals at the B3LYP geometries. ForMo

the CCSD(T) energies to the complete basis set (CBS). In that ., i bET functionals predict tHé; state to be lower in enerygy

?;tgdgybﬁe/g;gd e>|<ce||e_nt ;a%r_eement bet}/veen experlﬁ?;_and except for the local functionals SVWN5 and BB95. In the most
(M) values Including core-valence correlalion Cor- o, .ome case, the BMK functional predicts fifg state to be

rections for the electron affinities of MaPWOs, and W:Oe. , —

. 21.6 kcal/mol more stable than th&,' state. The situation for
oct?sigrr)\?ézdfgor ttr;]engggéT%/?géessuI;sl, the fgg?vmg(bzf?sctzgrere M = W is more complicated. All of the pure DFT functionals
extrapolation effect on tr(1e)VDE i\é oL:1 '0042 eV whlereas predict the?A;' state to be lower in energy except for BLYP.

P k0. ! Among the hybrid DFT functionals, the B3P86, B3PW91,

for Mo;Q, it is +0.068 eV. For W@, there is at0.041 eV gy po5 po75 ‘pRE1PBE, and O3LYP functionals predict these
basis set extrapolation effect, and for®@¢, there is at-0.057 .

- ; . two states to have essentially the same energy, the B3LYP,
eV basis set extrapolation effect. Thus, we estimate that the ’ .

o B1LYP, mPW1PW91, B98, B971, and BMK functionals predict
VDEs of M3Og~ will increase by~0.1 eV when extrapolated the 2A; state to be lower in energy, whereas the TPSSh
H H — H 1 1

o the CBS limit. For MgQy", this leads to good agreement functional predicts théA,' state to be lower in energy. For the

with experiment within 0.1 eV (4.02 eV for th#\; state and
' ; . calculated VDEs of theA; state, those from the SVWNS5,
3.95 eV for the?A ' state versus 4.0 eV from experiment), which B1BOS, B1LYP, B9S, BO71, and B972 functionals are within

is within the experimental uncertainty for either state. We note -
b y 0.1 eV of the experimental value for ¥ Mo. For M = W,

that one cannot use the VDEs to distinguish between the two . . -
states for MaO.~ because thev are verv close in enerav with a only the mPWlPWQl_ and BMK functionals give valu_es within
@y y y 9y 0.1 eV from the experimental measurement. The predicted VDEs

difference of less than 0.1 eV. For 3@, the difference in for the 2A iahtl I 0 ol
the VDESs for the two states was predicted tot@4 eV atthe ~ [oF the*As’ state are slightly smaller by0.1 eV or essentially
identical to those for théA; state for M= Mo except for the

CCSD(T)/aT level with core-valence correlation corrections. The
correction for the basis set extrapolation brings the predicted SVWN25 a’nd BMK methods. For M= W, the calculated VDEs
value for the?A; state to within 0.25 eV of experiment from  [of the?As’ state are larger than those for fi#e, state by~0.4

below, whereas for théA,' state, the value is-0.12 eV too eV, and they are within 0.1 eV of the experimental value for
large. Thus, both values are still close to the experimental value Many functionals. Most of these functionals also give excellent
considering errors in the calculations and in the experiments, Values for the VDE of WOs~ within 0.1 eV from the
although the results may slightly favor t&, state. The  €xperimental valué

changes due to basis set extrapolation for the ADEs are expected Implications for Cluster Reactivity. The results from the

to be smaller, on the order o#0.05 eV (the basis set CCSD(T) and DFT calculations indicate that ## and?A;’
extrapolation effects from the aT basis set to the CBS limit are states of WOq~ lie extremely close in energy and should coexist

0.012, 0.019, 0.023, and 0.030 eV for MgM0,05, WOs, under the experimental conditions. Furthermore, the VDEs for
and WxOg, respectively), which will slightly improve the both states are close to the experimental values, so that one
agreement with experiment. cannot exclude the contribution from either state to the observed

An estimate of the potential for significant multireference spectra. The analysis of the experimental data is further
character in the wavefunction can be obtained from The  complicated because the FranrgRondon factors for overlap
diagnosti€® from the CCSD calculation. THE diagnostics are of the anion with the neutral molecule could be quite different
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TABLE 4: Energy Difference between the?A;" and 2A; States in Kilocalories per Mole, AE = E(?A') — E(?A1), and Their
ADEs and VDEs in Electronvolts for M309~ Calculated with Various Density Functional Methods as Compared to the
CCSD(T)/aT and Experimental Result$

AE(Mo) ADE(Mo) VDE(Mo) AE(W) ADE(W) VDE(W)
method ZA]_ 2A;|_' 2A1 2A1' 2A1 ZA:L, 2A1 2Al'

B3LYP 9.3 3.43 3.02 4.16 4.15 3.6 3.17 3.02 4.03 4.44
B3P86 6.1 3.90 3.64 471 471 -0.2 3.65 3.66 461 5.03
B3PW91 6.0 3.32 3.06 411 412 -04 3.07 3.09 4.02 4.45
B1B95 7.4 3.21 2.89 4.01 4.06 0.1 2.99 2.95 3.95 4.37
B1LYP 111 3.38 290 4.07 4.04 5.4 3.07 283 3.9 4.35
mPW1PW91 7.3 3.40 3.08 4.18 4.16 0.3 3.09 3.07 4.08 4.51
B98 8.0 3.30 295 4.08 4.09 14 3.02 296 3.95 4.39
B971 7.4 3.25 2.93 3.99 4.02 0.7 2.95 2.93 3.86 4.32
B972 6.4 3.10 2.83 392 397 -02 2.88 2.89 3.86 4.32
PBE1PBE 6.8 3.37 3.07 414 416 -0.3 3.04 3.05 4.04 4.49
O3LYP 5.6 3.05 2.81 3.80 3.88 —0.2 2.81 282 373 4.15
TPSSh 4.4 3.26 3.07 3.89 397 -21 2.96 3.06 3.82 4.27
BMK 21.6 3.75 2.82 459 4.25 8.8 3.18 280 4.15 4.58
SVWN5 -2.7 3.22 333 39 415 -87 3.00 337 392 4.38
BLYP 4.2 3.12 2.94 356 3.68 0.4 2.93 292 358 3.98
BP86 1.2 3.27 322 382 393 —4.1 3.05 3.23 382 4.21
BPW91 13 3.14 3.08 3.71 3.80 —4.6 291 3.11 3.68 4.09
BB95 -0.1 3.03 3.04 357 3.72 -56 2.80 3.04 354 3.94
PW91 1.2 3.22 3.17 3.79 3.90 —4.8 2.99 3.20 3.77 4.19
mPWPW91 1.3 3.19 3.13 3.75 3.86 —4.6 2.95 3.16 3.73 4.14
PBE 0.8 3.13 3.10 3.70 3.82 -51 291 3.13 3.69 4.11
OLYP 3.0 2.88 2.75 3.53 362 -24 2.64 275 347 3.88
TPSS 2.0 3.16 3.07 3.74 3.83 -39 291 3.08 3.68 4.12
VSXC 4.8 3.23 3.02 382 3.87 -1.9 2.98 3.07 375 4.20
HCTH93 2.4 2.98 2.88 3.67 3.77 —26 2.76 2.87 3.63 4.02
HCTH147 2.6 3.19 3.08 3.86 396 -3.1 2.96 3.09 381 4.23
HCTH407 35 3.19 3.03 3.89 3.98 -2.0 2.97 3.05 384 4.27
CCSD(T)/aT+ CV® 6.3 3.29 3.01 392 385 —0.1 3.04 3.04 3.85 4.21
experimental 35 4.0 35 4.2

a2 Geometries optimized at the B3LYP/aD level were usedCSD(T)/aug-cc-pwCVDZ/aug-cc-pwCVDZ-PP.

for the 2A;' and ?A; states of the anion, leading to different
widths and intensities.

The above calculations provide insights into the behavior of )
these transition-metal oxide clusters. An interesting conclusion €onclusions
is that when an electron is transferred into the trimer clusterto o, coupled cluster calculations including core-valence
form an anion, the electron can access at least two sets of loW-¢qrejation corrections predict the Jafifeller distorted?A;
lying virtual orbitals. The resulting anion states have substan- ga4e 1o be the ground state of My~ and that the’A; and
tially different spin distributions which could have significant 2 ' states are of essentially the same energy fegOW. We
effects on their catalytic behavior as the localized excess spinfond that different DFT exchange-correlation functionals yield
in the 2A; state could lead to higher reactivity than the qualitatively different results for WDs~, where the two
delocalized spin in théA,’ state. The fact that the two states  glectronic states were predicted to be very close in energy with
are so close to each other means that external perturbations coulghe coupled cluster method. With core-valence correlation
favor one state over the other, leading to different reactivity corrections and estimates for the basis set extrapolation cor-
characteristics and catalytic behavior. rections included, the CCSD(T) method gives good agreement

Itis clear that the addition of one electron to the vacant metal with the experimental electron detachment energies. However,
d orbitals can lead to different occupancies, either localized or the detachment energies for both the and2A;’ states are
delocalized, and, for M= W, that the two states are of close to the experimental values, preventing exclusion of either
essentially equal energy. The addition of a second electron tostate from contributing to the experimental spectrum based on
the metal d orbitals to form the dianion clearly leads to the such a comparison. M¢2~ was predicted to be a delocalized
stabilization of a delocalized HOMO for the ground-state singlet singlet in its ground electronic state, and it was calculated to
of the dianion. In the simplest model of these systems, the metalshbe less stable than /@y~ for M = Mo, but more stable for M
are in the+6 oxidation state and the O atoms in the = W. The existence of many low-lying states for these species
oxidation state. Thus, the metal d orbitals are nominally empty may have significant implication on the cluster reactivity, which
in the neutral and are separated from the oxygen p orbitals. Wecan contribute to the catalytic activity of these transition-metal
can then apply an approximata 4- 2 electron counting rule  oxide clusters.
to these systems for occupying the d orbitals. Rer 2, the
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