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Two polyoxometalate Keggin-type anions,PM;:040° (M = Mo, W), were transferred to the gas phase by
electrospray; their electronic structure and stability were probed by photoelectron spectroscopy. These triply
charged anions were found to be highly stable in the gas phase with large adiabatic electron detachment
energies of 1.7 and 2.1 eV for M Mo and W, respectively. The magnitude of the repulsive Coulomb
barrier was measured as3.4 eV for both anions, providing an experimental estimate for the intramolecular
Coulomb repulsion present in these highly charged anions. Density functional theory calculations were carried
out and compared with the experimental data, providing insight into the electronic structure and valence
molecular orbitals of the two Keggin anions. The calculations indicated that the highest occupied molecular
orbital and other frontier orbitals for PiD,,®>~ are localized primarily on the,-oxo bridging ligands of the
polyoxometalate framework, consistent with the reactivity onithexo sites observed in solution. It was
shown that the HOMO of PWO,¢*~ is stabilized relative to that of PMg@D.s> by ~0.35 eV. The experimental
adiabatic electron detachment energies of @M~ (i.e., the electron affinities of PMO4,?") are combined

with recent calculations on the proton affinity of R}, to yield O—H bond dissociation energies in
PM;,039(OH)?~ as~5.1 eV.

Introduction

Polyoxometalate anions are early transition metal oxide
clusters (e.g., M=V, Mo, W) that find wide applications in
analytical chemistry, biomedicine, and catalysi¥Their high
thermal stability, Brasted acidity and ability to undergo
multiple reversible reductions make them ideal reagents for @
acid—base chemistry, redox reactions, and bifunctional catalysis.
They are soluble in a range of common solvents and can be
viewed as “soluble metal oxides”. More interestingly, these
species provide plausible molecular models for metal oxide

surfaces.

. ; Figure 1. Polyhedral and stick representations of the Keggin anion

Anions of the general formula XMOao™ (e.g._, X=_ siV, a-?PMole4o]3*y (molybdenum in grgy, oxygen in red, phos%%orus in

PV, 8/, M = Mo¥!, W') are known as the Keggin anions and  magenta). The four inequivalent oxygen sites are labeledteninal;
adopt highly symmetric quasi-spherical structures (Figure 1). Oy, edge-sharing bridging:); Oy, corner-sharing bridging); and
The clusters are composed of twelve edge- and corner-shared., central fuz).
MOg pseudo-octahedral units around a central X&rahedron
(Figure 1). The triply charged anions R¥Ds*>~ (M = Mo, Keggin anions have been the subject of a number of
W) contain a central phosphorus(V) heteroatom and are two of {hegretical studies, with the most recent using methods based
the more important examples historicalfy. The most common  5on density functional theory (DFTE These studies have
structure observed is theisomer ofTq point symmetry: three  5cused on electronic structufe? vibrational frequenciet) 11
MOs units share edges to form ans®hs “cap” and four caps  the stapility of different isomefsi2and acid-base propertie 15

condense around the central X@trahedron (@ u4-O; Figure Most of these works have assumed isolated,®M#~ an-
1). The twelve metal atoms are in equivalent environments jons16.17However, their fundamental properties in the gas phase
whereas there are four unique oxygen sites (Figure 1). as isolated molecular entities have not been explored experi-

mentally, in large part because of difficulties associated with
* To whom correspondence should be addressed. E-mail: Is.wang@ generation of these highly charged anions in the gas phase and

pnl.gOV. . . . e .
TWashington State University and Pacific Northwest National Labora- _uncertamtles about their Stab”.lty due to the anticipated '?‘rge

tory. intramolecular Coulomb repulsion. However, electrospray ion-
*The University of Melbourne and the Bio21 Institute. ization (ESI) permits transfer of a wide range of solution-phase
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Figure 2. Photoelectron spectra recorded at 157 nm (lower) and 193 nm (upper) of (a)fPM& and (b) [PW2O4q]®~. The faint vertical line

is to guide the eye and relate the position of spectral cutoff in the 193 nm spectrum from the repulsive coulomb barrier to features observed in the

157 nm spectrum.

species into the gas phase and has been applied previously t@onverted into kinetic energy spectra, calibrated by the known

a number of polyoxometalates including the Keggin anions
[PM12040]3~.18720 We have studied previously, using ESI,
smaller doubly charged oxoanions, such agi~ (M = Cr,

Mo, W) and MiO12~ (M = Mo, W).21-22 Here, we report an
experimental and theoretical investigation of the large Keggin
anions o-PM12040*~ (M = Mo, W) by a combination of
photoelectron spectroscopy (PES) and DFT calculations.

Experimental Details

Photoelectron SpectroscopyThe PES experiments were
carried out on a newly built low-temperature instrument that
couples an ESI source to a magnetic bottle time-of-flight
photoelectron spectromet&¥2* The new instrument, which is
similar to the one described in detail bef@befeatures a
cryogenically cooled ion trap, in which anions from the ESI
source are stored and collisionally cooled. Briefly, the anions
[PM12040]%~ (M = Mo, W) were transferred to the gas phase
by electrospray from solutions of (BN)3[PM12040] (M = Mo,

W) in CH3CN (~0.1 mg mL%). Anions from the ESI source

were guided by an RF-only octopole device into a quadrupole

mass filter (operated in the RF-only mode in the current
experiment), and then guided by &96n bender into the cooled
3D ion trap. The incoming ions were trapped and collisionally
cooled by a background gas-{ mTorr N;) for a period of
20—-100 ms &(2—10) x 10° collisions) to a nominal temper-

spectra of OsGF~ and I7.23-25 Electron binding energy spectra
were obtained by subtracting the kinetic energy spectra from
the detachment photon energies. Energy resolutMfii) was
estimated to be-2% (fwhm), i.e., approximately 20 meV for
1 eV electrons, as measured from the spectra @ft1355 nm.
Theoretical Calculations.DFT calculations were carried out
using the hybrid B3LYP function#2” and the Stuttgart 14-
valence electron pseudo-potentials and basis sets for molyb-
denum and tungstefi,and the 6-3%+G* basis sets for oxygen
and phosphoru&:3° Calculations were performed using the
NWChem 4.6 prograrit The geometries of [PMO4q]3~ were
optimized undefly symmetry, as observed in the solid st&te>
Vertical detachment energies for R¥D4°~ were calculated by
the ASCF method, i.e., the difference in energy between the
ground states of the parent R}M40*~ and product PNbO4e>~
at the geometry of the parent. The energies of the product
PMy,04¢2~ were calculated without orbital symmetry constraints
to avoid JahrTeller problems due to three electrons occupying
the doubly degenerate HOMO (formally e undgisymmetry).
Three-dimensional contours of the calculated molecular orbitals
were generated using the Extensible Computational Chemistry
Environment (Ecce) softwaré.

Experimental Results

Photoelectron spectra of RMD4 >~ (M = Mo, W) were

ature of about 70 K. The ions were pulsed into the extraction recorded at 157 and 193 nm, as presented in Figure 2. The 157
zone of a time-of-flight mass spectrometer at a 10 Hz repetition nm spectra exhibit more detachment features due to the higher
rate. lons of interest were mass selected and decelerated beforphoton energy, whereas the 193 nm spectra generally exhibit
being intercepted by a detachment laser beam (157 nm frombetter resolution due to the lower photon energy resulting in
an k, or 193 nm from an ArF excimer laser) in the interaction lower kinetic energy photoelectrons. The first detachment feature
zone of the magnetic-bottle photoelectron analyzer. The lasersfor each species is labeled X, and the remaining ones are labeled
were operated at a 20 Hz repetition rate with the ion beam off A, B, etc. in order of increasing binding energy. Due to the
at alternate shots for background subtraction. The photodetachedack of vibrational resolution, the adiabatic detachment energies
electrons were collected with high efficiency by the magnetic- (ADE’s) were measured by drawing a straight line along the
bottle and analyzed in a 5-meter long electron flight tube. leading edge of the threshold band to estimate the onset of the
Photoelectron time-of-flight spectra were collected and then first detachment feature and then adding a constant to correct



Photoelectron Spectroscopy of Keggin Anions J. Phys. Chem. A, Vol. 110, No. 37, 20080739

for the instrumental resolution and possible thermal broadening.
The vertical detachment energies (VDE'’s) were measured from
the peak maximum. Errors were expected taH@el ancd-0.05

eV for the ADE’s and VDE'’s, respectively.

Repulsive Coulomb Barrier. The photoelectron spectra for
PM12040°" are truncated at binding energies below the photon
energies due to the repulsive Coulomb barrier (RCB), a general
feature for electron detachment from multiply charged ariérs.

This barrier to electron detachment arises from the superposition
of short range electron attachment and long range Coulomb

PMO1 20403_ PW1 20403_

HOMO, €, -0.96 ———._

HOMO-1, ty, -

1.20

" HOMO, &, -1.29

repulsion between the two negatively charged photoproducts HOMO-2,t;, -1.35
(e.g., PM2O40®~ — PM12040%~ + €7). The magnitude of the
RCB is shown to be equivalent to the intramolecular Coulomb
repulsion within a multiply charged aniéfi-#! The RCB man- HOMO-3, t;, -1.55 =
ifests itself by preventing photoelectrons of lower kinetic en- . ", == HOMO-1, t;, -1.50
ergies (higher binding energies) from leaving the parent anions, Lomo.4, t, 1.67 m— e HOMO-1, t, -1.65
resulting in spectral cutoff at the higher binding energy side. HOMO.5. 6. 1.75

The effect of the RCB is clearly evident in the spectra of HOMO-6, a;, -1.76 ———=
PMy;,040°~ (Figure 2). For example, the features labeled D, E, HOMO-7, t;, -1.83 =,
and F were evident in the 157 nm spectrum of RMg®~ in HOMO-8, t,, -1.88 ——. oo :«_-119953
the binding energy range of 3:2.5 eV, but not in the 193 nm = HOMO-5.t,, -1.97
spectrum, despite the photon energy (6.424 eV) exceeding the —— HOMO-6, e, -1.99
binding energies of these features (Figure 2a). Similarly, features HOMO-7, t, -2.00

e HOMO-8, 5, -2.09

C, D, and E were present in the 157 nm spectrum of fOAf*~

in the binding e”erQY range 3-3.8 eV but yvere absent in the Figure 3. Correlation diagram relating the predicted energies for
193 nm spectrum (Figure 2b). The magnitude of the RCB can the nine highest energy occupied orbitals (HOMO to HOME) of

be estimated roughly from the spectral cutoff in the 193 nm PMo,,0.6* and PW:0u6*. Orbital energies are relative to the vacuum.
spectra for the two PMOy®>~ species. Figure 2 shows that the
cutoff in the 193 nm spectra for both anions occurs-8teV,
resulting in a RCB of about 3.4 eV for both trianions (photon
energy minus the cutoff). The similar RCBs for both R e*~
and PW,040°" are consistent with their similar sizes and
identical ionic charges.

Photoelectron Spectra of PM@,O40*". The first ADE and
VDE of PMo012040° were measured as 1.7 and 1.94 eV,
respectively. The first two features labeled X and A were  The geometries of PMgOsg*~ and PW-Oss*~ were opti-
relatively weak, followed by a number of more intense and mized under thely point symmetry. Calculated bond lengths
closely spaced features at higher binding energies (Figure 2a).are in good agreement with experimental val%e® as

Feature B appears as a shoulder on the low binding energy sid&ypected on the basis of recent theoretical studies using similar
of feature C in the 157 nm spectrum but is more clearly resolved methodology?~1113 The first VDE's for PMa;Os®~ and

at 193 nm. Feature C is observed at both 157 and 193 nm, andp\;,0,~ were calculated as 1.99 and 2.35 eV, respectively,
feature D is partially cut off in the 193 nm spectrum due to the i very close agreement with the experimental values of 1.94
RCB. Features E and F are observed in the 157 nm spectrumang 2.30 eV. In particular, the shift of 0.36 eV to higher binding

but were completely cut off in the 193 nm spectrum by the energy from the Mo to W species was accurately reproduced
RCB. Electron detachment beyoneél.5 eV in the 157 nm  py the calculations.

complicated with very closely spaced occupied molecular
orbitals. This is understandable, considering the large size of
these anions, and is also born out from our DFT calculations
described below.

Theoretical Results

spectrum is prevented by the RCB.

Photoelectron Spectra of PW,040°". The first ADE and
VDE of PW;,04° were measured as 2.1 and 2.30 eV,
respectively, about 0.4 eV higher than that for RM®*~. The

The calculations predicted an extremely high density of
molecular orbitals for about 6 eV below the HOMO, consistent
with previous theoretical calculatichand the congested PES
spectra (Figure 2). A correlation diagram relating the calculated

first two features labeled X and A in the 157 nm spectrum are orbital energy levels for the nine highest occupied orbitals

also relatively weak, similar to the equivalent features for (HOMO to HOMO-8) of PMoOs* and PW,040% is

PMo,2040°~. These are again followed by a series of closely presented in Figure 3. These frontier orbitals are most relevant

spaced and more intense features in the 157 nm spectrum. Theo the first few detachment features observed experimentally

most intense feature in the 157 nm spectrum, feature C, as well(Figure 2). In general, equivalent orbitals for PW,,>~ were

as features D and E, was absent in the 193 nm spectrum due tgyredicted to be stabilized relative to those of RMh*~ by

the RCB. The peak at about 3.1 eV in the 193 nm spectrum ahout 0.3 eV. In particular, the HOMO of PMD#~ is

(labeled as *) corresponds to the lower binding energy side of stabilized by 0.33 eV, consistent with the VDE of PMV,e3~

feature C but appears as a peak in the 193 nm spectrum due tgeing 0.36 eV higher than that for PM®4®~. The doubly

the effect of cutoff by the RCB. The absence of the most intense degenerate HOMO (of e symmetry) is separated from the

feature C in the 193 nm spectrum means that the relative HOMO-1 () by 0.24 and 0.30 eV for PMgOs*~ and

intensity of the weaker features X and A appears higher than pw;,0,53~, respectively. The HOM©2 and HOMO-3 levels

in the 157 nm spectrum. are predicted to occur at closer energies, whereas the HEBIO
Overall, the PES spectra of the two Keggin anions were rather to HOMO—8 are closely spaced and occur within about 0.3 eV

congested, suggesting that their valence electronic structures aré¢Figure 3).
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HOMO-8

Figure 4. Kohn—Sham molecular orbital contour plots for the nine
highest energy occupied frontier orbitals of PMg®".

HOMO-7

Kohn—Sham molecular orbital contour plots are presented
in Figure 4 for the HOMO to HOM® 8 levels of PM@;O40°".
The equivalent orbitals for P¥0O40*~ are qualitatively very
similar, but with some change in ordering (Figure 3). These
orbitals are predominantly composed of oxygen 2p lone pairs
across the four inequivalent oxygen sites. The HOMO and
HOMO-1 levels involve lone pairs on thg,-oxo ligands.
Similarly, the HOMG-2, HOMO-3, and HOMG-4 levels are
localized onuz-oxo ligands with a smaller contribution from
terminal oxo ligands mixed in. The HOMEB also contains a
significant contribution from thets-oxo ligands of the central
PO, unit. The HOMG-5 to HOMO—-8 levels contain more
significant contributions from the terminal oxo ligands.

Discussion

The photoelectron spectra for RMD4>~ are dominated by

Waters et al.

The HOMO-1 and HOMG-2 levels are predicted to lie
between the HOMO and a dense band of orbitals beginning at
the HOMO-3. Feature A is likely to arise from detachment
from these two orbitals. The HOME3 to HOMO-8 levels
are predicted to occur at very similar energies, and detachment
from these orbitals should contribute to the more intense features
B, C, and D; the higher intensity of these features is consistent
with the superposition of multiple detachment transitions. As
mentioned above, the calculations predicted numerous closely
spaced molecular orbitals within6 eV of the HOMO, and
features at higher binding energies should arise from the
superposition of detachment from these orbitals.

The calculations presented above indicated that the majority
of the frontier occupied orbitals of PiO40°>~ were localized
on the bridginguz-oxo ligands, where nucleophilic reactions
are known to take place. For example, alkylated derivatives
PM12039(OCHz)?~ have been prepared by electrophilic alkyla-
tion of PM;2040°~ with the trimethyloxonium ion MgO*. The
methyl group is bound to a,-oxo ligand (@, Figure 1)#243
This is consistent with the frontier orbitals of RMD40*~ being
located on the bridging oxo ligands of the Keggin framework,
and alkylation at the alternative bridging sitep¢OFigure 1)
being disfavored by its lower steric accessibility (Figuret2L).

The adiabatic detachment energy of BBLe®~ corresponds
to the electron affinity of the doubly charged equivalent
PM;,04¢%~. The homolytic G-H bond dissociation energy for
PMo0;,039(OH)?~ (to PM0;04¢%~ + H) can be estimated from
a thermodynamic cycle involving the proton affinity of the
parent species (e.g., RMD3g(OH)?~ — PMO40°~ + HT),
the adiabatic electron affinity of the corresponding radical
(PM12040%~ + € — PM1,040%", determined as 1.7 and 2.1 eV
for M = Mo, W, respectively, in the present work), and the
ionization potential of H (13.60 eV#:*>The gas-phase proton
affinities of PMa 040>~ have been estimated in recent theoreti-
cal studies as 17.1 and 16.6 eV, respectively, for PXag°®~
and PW,040°".1346 These quantities allow for very similar
estimates of-5.2 and~5.1 eV for the G-H bond dissociation
energies in PMgO3o(OH)?~ and PW;039(OH)?~, respectively.
These values are higher than the i@ bond energy of methane
and other hydrocarbons (e.g., GH.55 eV)# and similar
to that estimated for smaller oxometalate anions J{CGH),

(M = Mo, W).47

Conclusions

broad detachment features, which are expected to arise from
the superposition of multiple detachment transitions, as can be The anions PMgO4®~ and PW04¢°~ were transferred to
seen from the closely spaced molecular orbital energy levelsthe gas phase using electrospray and their valence electronic

(Figure 3). In addition, most of the frontier orbitals are
degenerate, so the first-order Jafwreller effect is expected to
lead to structural distortions frofy symmetry in the product
PM1204¢%, resulting in broad spectral features. The high spectral

structures examined by photodetachment photoelectron spec-
troscopy. Highly congested photoelectron spectra were observed
for both species, consistent with the dense valence molecular
orbitals from density functional calculations. Both anions were

density and closely spaced molecular orbital energy levels meanfound to be stable gas-phase species, with adiabatic electron
that a detailed assignment of the experimentally observed binding energies of 1.7 and 2.1 eV, respectively. The repulsive
detachment features is not possible. However, the position andCoulomb barrier was estimated as3.4 eV for both species,

intensity of the first few spectral features show qualitative
agreement with the molecular orbital energy level scheme of
Figure 3.

The HOMO-1 for both of PM04¢®~ are predicted to occur
about 0.2-0.3 eV below the HOMO, consistent with the
experimental separation between features X and A@f3 eV

providing an approximate magnitude for the intramolecular
Coulomb repulsion in these species. Vertical electron detach-
ment energies calculated using density functional theory were
in good agreement with the experimental data. The theoretical
calculations showed that the frontier orbitals of BOLs®>~ were
located on bridging oxo ligands, consistent with their nucleo-

in both cases. This suggested that feature X should arise fromphillic reactivity at these sites. Experimental and theoretical

a single detachment transition from the HOMO for both
PM12040°~ anions. The width of the X band should be a result

data indicated that the HOMO of P¥D4¢>~ is stabilized relative
to that of PMQ@:040>~ by ~0.35 eV. The adiabatic electron

of the Jahn-teller effect because of the double degenerate natureletachment energies of RMD4®>~ (electron affinities of

of the HOMO.

PM;1,040%") were combined with recent theoretical calculations
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on the proton affinity of PMpO40®~ to estimate the ©H bond
dissociation energy in PMO3(OH)*" as ~5.1 eV. These
Keggin anions both have molecular dimensions larger than 1

nm; and the current study suggests that it is feasible to probe

the electronic structures of individual nanopatrticles in the gas
phase using ESI and PES.

Acknowledgment. This work was supported by the Chemi-

cal Sciences, Geosciences and Biosciences Division, Office of

Basic Energy Sciences, U.S. Department of Energy (DOE),
under grant No. DE-FG02-03ER15481 (catalysis center pro-
gram) and was performed at the W. R. Wiley Environmental
Molecular Sciences Laboratory (EMSL), a national scientific
user facility sponsored by DOE'’s Office of Biological and
Environmental Research and located at Pacific Northwest
National Laboratory, operated for DOE by Battelle. Calculations
were performed on the EMSL Molecular Science Computing
Facility.

References and Notes

(1) (a) Pope, M. THeteropoly and Isopoly OxometalateSpringer-
Verlag: Berlin, 1983; 180 pp. (Hpolyoxometalates: from platonic solids
to anti retroviral activity; Mdiller, A., Pope, M. T., Eds.; Kluwer Academic
Publishers: Boston, 1994; 411 pp. (éplyoxometalate Chemistry from
Topologyvia Self-Assembly to ApplicationBope, M. T., Muier, A., Eds.;
Kluwer Academic Publishers: Netherlands, 2001; 467 pp.

(2) Thematic Issue on Polyoxometalates. Hill, C. L., Ethem. Re.
1998 98, No. 1.

(3) Pope, M. T. Polyoxo Anions: Synthesis and StructureCom-
prehenige Coordination Chemistry JIMcLeverty J. A., Meyer, T. J., Eds.;
Transition Metal Groups 36, Vol. 4; Wedd, A. G., Vol. Ed.; Elsevier:
Amsterdam, 2004; pp 635%78.

(4) Rohmer, M. M.; Benard, M.; Blaudeau, J. P.; Maestre, J. M.; Poblet,
J. M. Coord. Chem. Re 1998 180, 1019.

(5) Poblet, J. M.; Lopez, X.; Bo, GChem. Soc. Re 2003 32, 297.

(6) Lopez, X.; Maestre, J. M.; Bo, C.; Poblet, J. .Am. Chem. Soc.
2001 123 9571.

(7) Maestre, J. M.; Lopez, X.; Bo, C.; Poblet, J. M.; Casan-Pastor, N.
J. Am. Chem. So@001, 123 3749.

(8) Bridgeman, A. J.; Cavigliasso, @. Phys. Chem. 2003 107,
6613.

(9) Guo, Y. R.; Qing-Jiang, P.; Wei, Y. D.; Li, Z. H.; Xin, L1. Mol.
Struct. (THEOCHEMQ004 676, 55.

(10) Bridgeman, A. JChem. Phys2003 287, 55.

(11) Bridgeman, A. JChem—Eur. J.2004 10, 2935.

(12) Lopez, X.; Poblet, J. Minorg. Chem.2004 43, 6863.

(13) Ganapathy, S.; Fournier, M.; Paul, J. F.; Delevoye, L.; Guelton,
M.; Amoureux, J. PJ. Am. Chem. So@002 124, 7821.

(14) Janik, M. J.; Campbell, K. A.; Bardin, B. B.; Davis, R. J.; Neurock,
M. Appl. Catal., A2003 256, 51.

(15) Janik, M. J.; Davis, R. J.; Neurock, M. Am. Chem. SoQ005
127, 5238.

(16) Lopez, X.; Fernandez, J. A.; Romo, S.; Paul, J. F.; Kazansky, L.;
Poblet, J. M.J. Comput. Chen2004 25, 1542.

(17) Lopez, X.; Nieto-Draghi, C.; Bo, C.; Avalos, J. B.; Poblet, J.JM.
Phys. Chem. 2005 109, 1216.

(18) Colton, R.; Traeger, J. @norg. Chim. Actal992 201, 153.

(19) Tuoi, J. L.; Muller, E.Rapid Commun. Mass Spectrofi®94 8,
692.

(20) Lau, T. C.; Wang, J.; Guevremont, R.; Siu, K. W. Khem.
Commun.1995 877.

J. Phys. Chem. A, Vol. 110, No. 37, 20080741

(21) Zhai, H. J.; Huang, X.; Waters, T.; Wang, X. B.; O’'Hair, R. A. J,;
Wedd, A. G.; Wang, L. SJ. Phys. Chem. 2005 109 10512.

(22) Yang, X.; Waters, T.; Wang, X. B.; O’Hair, R. A. J.; Wedd, A.
; Li, J.; Dixon, D. A.; Wang, L. SJ. Phys. Chem. 2004 108 10089.
(23) Wang, X. B.; Woo, H. K;; Kiran, B.; Wang, L. ngew. Chem.,
Int. Ed. 2005 44, 4968.

(24) Wang, X. B.; Woo, H. K.; Wang, L. Sl. Chem. Phys2005 123
051106.

(25) Wang, L. S.; Ding, C. F.; Wang, X. B.; Barlow, S. Rev. Sci.
Instrum.1999 70, 1957.

(26) Becke, A. D.J. Chem. Phys1993 98, 5648.

(27) Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B 1988 37, 785.

(28) Andrae, D.; Haussermann, U.; Dolg, M.; Stoll, H.; Preus$ti¢or.
Chim. Actal99Q 77, 123.

(29) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Physl972 56,
2257.

(30) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon,
M. S.; Defrees, D. J.; Pople, J. 8. Chem. Phys1982 77, 3654.

(31) (a) Apra E.; Windus, T. L.; Straatsma, T. P.; Bylaska, E. J.; de
Jong, W.; Hirata, S.; Valiev, M.; Hackler, M.; Pollack, L.; Kowalski, K.;
Harrison, R.; Dupuis, M.; Smith, D. M. A.; Nieplocha, J.; Tipparaju, V.;
Krishnan, M.; Auer, A. A.; Brown, E.; Cisneros, G.; Fann, G.; éhtl, H.;
Garza, J.; Hirao, K.; Kendall, R.; Nichols, J.; Tsemekhman, K.; Wolinski,
K.; Anchell, J.; Bernholdt, D.; Borowski, P.; Clark, T.; Clerc, D.; Dachsel,
H.; Deegan, M.; Dyall, K.; Elwood, D.; Glendening, E.; Gutowski, M.;
Hess, A.; Jaffe, J.; Johnson, B.; Ju, J.; Kobayashi, R.; Kutteh, R.; Lin, Z,;
Littlefield, R.; Long, X.; Meng, B.; Nakajima, T.; Niu, S.; Rosing, M.;
Sandrone, G.; Stave, M.; Taylor, H.; Thomas, G.; van Lenthe, J.; Wong,
A.; Zhang, Z.NWChem, A Computational Chemistry Package for Parallel
Computers, Version 4;,®acific Northwest National Laboratory: Richland,
WA 99352-0999, 2004. (b) High Performance Computational Chemistry:
an Overview of NWChem a Distributed Parallel Application. Kendall, R.
A.; Apra, E.; Bernholdt, D. E.; Bylaska, E. J.; Dupuis, M.; Fann, G. |.;
Harrison, R. J.; Ju, J.; Nichols, J. A.; Nieplocha, J.; Straatsma, T. P.; Windus,
T. L.; Wong, A. T.Comput. Phys. Commug00Q 128 260.

(32) Ugalde, M.; Gutierrez-Zorrilla, J. M.; Vitoria, P.; Luque, A.; Wery,
A. S. J.; Roman, PChem. Mater1997, 9, 2869.

(33) Bi, L. H.; Wang, E. B.; Xu, L.; Huang, R. Onorg. Chim. Acta
200Q 305, 163.

(34) Brown, G. M.; Noespirlet, M. R.; Busing, W. R.; Levy, H. Acta
Crystallogr. B1977, 33, 1038.

(35) You, W. S.; Wang, E. B.; Zhang, H.; Xu, L.; Wang, Y. B.Mol.
Struct.200Q 554, 141.

(36) Black, G.; Didier, B.; Elsethagen, T.; Feller, D.; Gracio, D.; Hackler,
M.; Havre, S.; Jones, D.; Jurrus, E.; Keller, T.; Lansing, C.; Matsumoto,
S.; Palmer, B.; Peterson, M.; Schuchardt, K.; Stephan, E.; Taylor, H.;
Thomas, G.; Vorpagel, E.; Windus, T.; Winters,Ezce, A Problem Saing
Environment for Computational Chemistry, Software, Version 3Razific
Northwest National Laboratory: Richland, WA 99352-0999, 2005.

(37) Wang, L. S.; Ding, C. F.; Wang, X. B.; Nicholas, J.Phys. Re.
Lett. 1998 81, 2667.

(38) Wang, X. B.; Ding, C. F.; Wang, L. $hys. Re. Lett. 1998 81,
3351.

(39) Wang, X. B.; Wang, L. SNature 1999 400, 245.

(40) Wang, L. S.; Wang, X. BJ. Phys. Chem. £00Q 104, 1978.

(41) Dreuw, A.; Cederbaum, L. £hem. Re. 2002 102 181.

(42) Knoth, W. H.; Harlow, R. LJ. Am. Chem. S0d.981, 103 4265.

(43) Knoth, W. H.; Farlee, R. Dinorg. Chem.1984 23, 4765.

(44) http://lwebbook.nist.gov/chemistry/.

(45) Blankshy, S. J.; Ellison, G. BAcc. Chem. Re®003 36, 255.

(46) Values for the proton affinity at the different bridging oxo sites
Op; and Gy, were reported as 17.2 and 17.0 eV for P@y®~ and 16.5
and 16.7 eV for PWO4¢°~ in ref 13. We have used the average values of
17.1 and 16.6 eV, respectively, in these calculations.

(47) Waters, T.; Wang, X. B.; Li, S.; Kiran, B.; Dixon, D. A.; Wang,
L. S.J. Phys. Chem. R005 109, 11771.

G.



