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Abstract: Vanadium oxide clusters, (V2.0s),, have been predicted to possess interesting polyhedral cage
structures, which may serve as ideal molecular models for oxide surfaces and catalysts. Here we examine
the electronic properties of these oxide clusters via anion photoelectron spectroscopy for (V20s),~ (n =
2—4), as well as for the 4d/5d species, Nb,O1o~ and Ta;O10~. Well-resolved photoelectron spectra have
been obtained at 193 and 157 nm and used to compare with density functional calculations. Very high
electron affinities and large HOMO—LUMO gaps are observed for all the (V20s), clusters. The HOMO—
LUMO gaps of (V20s),, all exceeding that of the band gap of the bulk oxide, are found to increase with
cluster size from n = 2—4. For the M4O1¢ clusters, we find that the Nb/Ta species yield similar spectra,
both possessing lower electron affinities and larger HOMO—LUMO gaps relative to V,O1. The structures
of the anionic and neutral clusters are optimized; the calculated electron binding energies and excitation
spectra for the global minimum cage structures are in good agreement with the experiment. Evidence is
also observed for the predicted trend of electron delocalization versus localization in the (V2Os),~ clusters.
Further insights are provided pertaining to the potential chemical reactivities of the oxide clusters and
properties of the bulk oxides.

1. Introduction combination with high-level calculations have emerged as a
powerful approach toward mechanistic insights into the complex

Transition-metal oxides are of extensive current interests in metal oxide surfaces and catalytic processes at the molecular
chemical, materials, and surface sciences because of their d'VerSFevel 1617
physicochemical properties and technological applicatldns.
particular, group VB metal oxides are widely used as catalysts (9 \(/\{7) V\éu M Wang, L. %yg‘gong 1'31*‘73’571335 108 5310. (b) Zhai, H. J.;
for important industrial chemical transformatiohs, such as (10) (a) Dinca, A.; Davis, T. P.; Fisher, K. J.; Smith, D. R.; Willett, G.IBt.
— H i i H it H J Mass Spectron1999 182 73. (b) Jackson, P.; Fisher, K. J.; Willett, G.
SO, — SG; oxidation and selective reduction of nitric oxide D. Chem. Phys2000 262 179
by ammonia or hydrocarbon conversions. To help elucidate the (11) (a) Asmis, K. R.; Bimmer, M.; Kaposta, C.; Santambrogio, G.; von Helden,
G.; Meijer, G; Rademann, K.; Wte, L.Phys. Chem. Chem. Phyz002
m|crosc_:op|c details of the catalytic processes, expenmental _and 41101, (b) Asmis, K. R Meijer, G.. Bramer, M.. Kaposta, C.:
theoretical works have been performed on vanadium oxide Santambrogio, G.; Waie, L.; Sauer, J. Chem. Phys2004 120, 6461.
clusters in the past decafié Indeed, gas-phase studies in (2 mcjl'gll‘é_'(' S.; Jaeger, T. D.; Duncan, M. 8. Chem. Phys2005 123
(13) Asmis, K. R.; Santambrogio, G.; Bnumer, M.; Sauer, JAngew. Chem.,
Int. Ed. 2005 44, 3122.

IWaS_,hlngton State University. (14) Janssens, E.; Santambrogio, G:rBmer, M.; Wate, L.; Lievens, P.; Sauer,
Pacific Northwest National Laboratory. J.; Meijer, G.; Asmis, K. RPhys. Re. Lett. 2006 96, 233401.
§ Humboldt UniversitaBerlin. (15) (a) Dong, F.; Heinbuch, S.; He, S. G.; Xie, Y.; Rocca, J. J.; Bernstein, E.
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York, 1995. Phys. Chem. 2005 109, 3803.

(2) (a) Wachs, I. E.; Chen, Y.; Jehng, J. M.; Briand, L. E.; Tanaka&;atal. (16) For selected examples, see: (a) Waters, T.; O’'Hair, R. A.; Wedd, A. G.
Today2003 78, 13. (b) Wachs, I. E.; Briand, L. E.; Jehng, J. M.; Burcham, Am. Chem. So003 125, 3384. (b) Zhai, H. J.; Kiran, B.; Cui, L. F.; Li,
L.; Gao, X.Catal. Today200Q 57, 323. X.; Dixon, D. A.; Wang, L. S.J. Am. Chem. So@004 126, 16134. (c)

(3) (a) Weckhuysen, B. M.; Keller, D. EEatal. Today2003 78, 25. (b) Surnev, Huang, X.; Zhai, H. J.; Waters, T.; Li, J.; Wang, L./ Sgew. Chem., Int.
S.; Ramsey, M. G.; Netzer, F. Prog. Surf. Sci2003 73, 117. Ed.2006 45, 657. (d) Feyel, S.; Daler, J.; Schider, D.; Sauer, J.; Schwarz,
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(5) Ushikubo, T.Catal. Today200Q 57, 331. Rozanska, X.; Sauer, J.; Schwarz, Ahgew. Chem., Int. EQR00§ 45,

(6) (a) Vyboishchikov, S. F.; Sauer, J.Phys. Chem. 2001 105 8588. (b) 4677. (f) Das, U.; Raghavachari, K.; Jarrold, C.JCChem. Phys2005
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Sauer and co-worker discovered a series eOg), polyhedral tion cluster source, details of which have been described previti#ly.
cage clusters using density functional theory (DFT) calculations Briefly, the transition-metal oxide clusters were produced by laser
previously® A subsequent study on §®@s),~ (n = 2—4) vaporization of a pure V, Nb, or Ta disk target in the presence of a He

combining infrared multiple photon dissociation (IRMPD) carrier gas seeded with 0.5% @nd analyzed using a time-of-flight
spectroscopy and DFT calculations confirmed the cage structures{F1ass spectrometer. The AVg),~ (n = 2—4) and MO~ (M = Nb,

. . o .__.. Ta) clusters of current interest were each mass-selected and decelerated

and predicted a size-dependent delocalization versus Iocallzatlorb - .
. : efore being photodetached. Two detachment photon energies were

of the extra electron in these cluster anidh#nother recent

o used in the current study: 193 nm (6.424 eV) from an ArF excimer
IRMPD and DFT study further showed that substitution of V' |aser and 157 nm (7.866 eV) from a F2 excimer laser. Because of the

by Ti in bimetallic oxide clusters, (d0s)n-1(VTiOs)~ (n = 2—4) high heat of formation, nascent clusters can contain large amounts of
maintains the cage frameworksThe structural robustness of  thermal energies. We found previously that under our experimental
the (V20s), cage clusters makes them ideal molecular models conditions clusters coming out of the nozzle late are adequately
for catalytic reaction&®d However, the electronic properties of thermalized and are relatively cold, yielding well-resolved PES sp&ctra.
these cage clusters, which are essential to allow a full Thus, we tried to select such clusters by carefully tuning the timing of
understanding of their chemical reactivities, have not been the cluster extractions, which has proven to be essential for obtaining
examined experimentally. high_ quality PES data. Ehotoelectrons were cqllected at nearly 100%
In the current contribution, we use photoelectron spectroscopy e.ﬁlc'ency by the magnetic bottle "’.md analyz_e dina3.5mlong electron
. . . . . . flight tube. PES spectra were calibrated using the known spectrum of
(_PES) of size-selected anions, in conjunction with DFT calcu_la- Au-, and the energy resolution of the PES apparatus AB/EK~
tions, to probe the electronic structure of the vanadium oxm_ie 2.5%, that is~25 meV for 1 eV electrons.
cage Cluswr.s' a§ well as two 4d and. 5d analogueg. PES of size- 2.2. Computational Methods. The DFT calculations used the
selected anions is a powerful experimental technique to probepgz| yp functionaf? with triple-¢ valence plus polarization basis sets
the electronic structure of atomic clusters and can yield direct (TzvpPy2 and the corresponding effective core potentials for Nb and
spectroscopic information about the energy gaps and electronicTa as implemented in TURBOMOL®, the DFT code employed
transitions of neutral clusters. However, PES of,Q¥),~ throughout this study. Unrestricted KohBham calculations were made
clusters has been rather challenging because of their relativelyfor the open shell anions. “Vertical” excitation energies of the neutral
h|gh e|ectr0n blnd|ng energies and |arge energy gaps ForSyStemS were calculated by performing TDDFT calculafiowith the
example, the commonly available harmonics of the YAG laser ESCF module at the equilibrium structures of the anions. Adiabatic
are not sufficient to detach electrons from any@y).~ clusters. excitatioq ener.gies were _also obtained from SCF calcula?io_ns for th_e
Even the 193 nm (6.424 eV) photons can access only the neutrals in their lowest triplet states. Structures were optimized until

Cartesian gradients were smaller thax L0~ Hartree/Bohr and the

electronic ground state of these species, while the 157 nm (7.866energy change was smaller than 1 10 Hartree. The SCF

eV) photons (the highest photon energy from currently available ¢,nyergence criterion was & 10-® Hartree for the energy and

commercial lasers) are needed to fully reveal their energy gaps.10-2 au for the root-mean-square of the density (gridsize, m5).
For the present work, we have measured PES spectra at both

193 and 157 nm for (30s),~ (n = 2—4), as well as for two 4d 3. Experimental Results

ﬁnd 5g C|UStebrtS’.wé°_ ((I;/I = Nb, Ta). VXeII-{ﬁsICD)I';/?d Sfefl’”t?‘ Figure 1 shows the PES spectra obQd,~ (n = 2—4) at
ave been obtained and are compared wi caleulations | 932 4 157 nm. The spectra of Mo and TaOyy~ are

to further confirm the cage structures for both the anions and presented in Figure 2, along with those of0do™ for compari-

gegltr?ljno(f)ft?he:eessrrly trzns]::ct)l:émétalioxr:d_e gl_uztecrls. -{ehre S12€son. For clarity, the 193 nm spectra, which can only reveal the
volut gy gap! U)o~ (n= ) Clusters ground-state transitions (X), are shown as insets in both Figures

and the peiloddu_:”t]rer::dEusw (tjh? MTO_ (M Ij v, Nb_’ Ta)tslerle_z 1 and 2. The 193 nm data are better resolved and yield more
are presented. Tne ata also yleld experimental eVidence, .., e electron binding energies. The 157 nm spectra show
for the predicted d-electron delocalization versus localization

. . the ground-state transition as a relatively weak feature, followed
in the (\»0s),~ clusters. Interestingly, the HOMELUMO 9 y

o o - . a large ener ap and more intense features at very high
excitation energies in these stoichiometric clusters are observec€y 9 gy 9ap y g

. . inding energiesX6.7 eV). The ground-state vertical detach-
to _be Iargt_ar _than thFT band gaps of th_ew corresponding bulk ment energy (VDE) is obtained from the maximum of band X.
oxides. This is most likely due to the unique cage structures of

- The VDE of band A can be evaluated for all the species except
the small clusters and may be relevant to understanding the

. . . for VgOoo, for which only the threshold part of band A is
electronic and structural properties of the oxide surfaces and 820 y P
supported catalysts. It has indeed been shown that the activity o Wang, L. S.: Cheng, H. S.. Fan,dl.Chem. Phys1995 102, 9480.

of supported vanadium oxide catalysts correlates with the-UV  (20) Wang, L. S.; Wu, H. IrCluster Materials Duncan, M. A., Ed.; Advances

; ; ; in Metal and Semiconductor Clusters, Vol. 4; JAI Press: Greenwich, CT,
vis absorption edg¥ and the edge energies reported for 1998; pp 299 343.

vanadium oxide and niobium oxide particles supported on (21) (a) Wang, L. S.; Li, X. IrClusters and Nanostructure Interfacelena, P.,

alumina fall in the same range as the HOMOUMO excitation 53;”336_5@?-,;5;2; JB_'; f,,aﬁﬁﬁ]e,‘fv (,)\;I_‘? ,ﬁgf,(”,;'{;ﬁ ”f“,fajﬁéfneg;hzagoti?p

energies derived from the current PES results of the gas-phase  X.; Wang, L. S.Phys. Re. B 1999 60, R11297. (c) Wang, L. S; Li, X.;
Zhang, H. F.Chem. Phys200Q 262 53. (d) Zhai, H. J.; Wang, L. S;

clusters. Alexandrova, A. N.; Boidyrev, A. IJ. Chem. Phys2002 117, 7917.
. . 22) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang, W.;
2. Experimental and Computational Methods 2 égrr’ R. G.Phys. Re. B 1988):/37, 7§5_ () g

. : (23) Schiger, A.; Huber, C.; Ahlrichs, RJ. Chem. Phys1994 100, 5829.
2.1. Photoelectron Spectroscopyl he experiments were carried out (24) (a) Ahlrichs, R.; B M.; Haser, M. Homn, H.; Kémel, C. Chem, Phys.

using a magnetic-bottle PES apparatus equipped with a laser vaporiza- ~ Lett 1989 162, 165. (b) Treutler, O.; Ahlrichs, Rl. Chem. Phys1995
102 346. (c) Eichkorn, K.; Treutler, O.;@n, H.; Haer, M.; Ahlrichs, R.

(18) (a) Khodakov, A.; Olthof, B.; Bell, A. T.; Iglesia, B. Catal.1999 181, Chem. Phys. Lettl995 242 652.
205. (b) Chen, K. D.; Bell, A. T.; Iglesia, E.. Catal 2002 209, 35. (c) (25) (a) Bauernschmitt, R.; tsar, M.; Treutler, O.; Ahlrichs, RChem. Phys.
Gao, X.; Wachs, I. EJ. Phys. Chem. R00Q 104 1261. (d) Gao, X; Lett. 1997, 264, 573. (b) Furche, F.; Ahlrichs, Rl. Chem. Phys2002
Wachs, I. E.; Wong, M. S.; Ying, J. YJ. Catal.2001, 203 18. 114, 7433.
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Figure 1. Photoelectron spectra of (ay®10™, (b) VeO1s~, and (c) 6Oz~ Figure 2. Photoelectron spectra of hB;g~ (b) and TaO10~ (c) at 193
taken at 193 nm (6.424 eV) and 157 nm (7.866 eV) photon energies. The and 157 nm, compared to whose af®{¢". The 193 nm spectra are shown
193 nm spectra are shown as insets. as insets.

observed (Figure 1c). Since no vibrational structures are of size for the (\MOs),~ clusters, resulting in a reorganization
resolved, the ground-state adiabatic detachment energy (ADE),energy of 0.20 eV fom = 3 and 0.61 eV fom = 4 and
that is, the electron affinity of the neutral species, is evaluated suggesting more significant anion-to-neutral structural relaxation
by drawing a straight line along the leading edge of band X for the larger clusters.
and then adding the instrumental resolution to the intersection The overall PES patterns of all the five species are charac-
with the binding energy axis. Although this is an approximate teristic of stable closed-shell neutrals with large energy gaps
procedure, we are able to obtain a set of consistent ADEs from between their highest occupied molecular orbitals (HOMOSs)
the well-defined spectral onsets of band X at different photon and lowest unoccupied molecular orbitals (LUMOS). The extra
energies. The ADE for band A is evaluated from the 157 nm electron in the anions occupies the LUMO of the neutral clusters,
spectra following the same procedure. The obtained ADEs andyielding a singly occupied MO (SOMO) for the anions and
VDEs are given in Table 1. giving rise to the X band in the PES spectra. The A band
The ground-state ADEs for all three {¥s),~ clusters are involves electron detachment from those orbitals, which cor-
quite high with a relatively small size-dependence, increasing responds to the neutral HOMO. Thus, the ADE difference
only by 0.06 eV fom = 3 and 0.13 eV fon = 4. The ADE of between bands X and A, as also given in Table 1, provides an
band A is more sensitive to cluster size and increases®@?5 experimental measure of the HOMQUMO gap for the neutral
eV per \LOs unit fromn = 2 to 4. For the MOyo~ series (Figure  clusters, although strictly speaking it represents the singlet
2), N;yOy1o~ and TaOso~ show nearly identical PES spectra triplet excitation energies in the neutral systems. The HGMO
with relatively low electron binding energies for the ground- LUMO gap shows a moderate size-dependence from 2:58
state transition in comparison ta,¥;0~. The electron binding 2.78— 2.90 eV along the (¥Os), (n = 2—4) series. For the
energies of band A are similar for all three;®h clusters. M4O10™ clusters, the 4d and 5d species possess nearly identical
The difference between the ADE and VDE of the ground- HOMO—-LUMO gaps, which are much larger than the 3d
state transition defines a reorganization enerfgyof, Table species.
1), which characterizes the anion-to-neutral structural change
upon photodetachment. The X band for the thregOM~
clusters is relatively sharp and broadens slightly going down  The structures of the (Ds),~ (n = 2—4) anions have been
the periodic table, suggesting only minor structural changes optimized previously? The respective neutral systems are
between the ground states of®o~ and their corresponding  optimized in the current work, resulting in highly symmetric
neutrals. The X bandwidth increases significantly as a function structures withTy, Dap, and D4y Symmetries, respectively, as

4. Computational Results

13272 J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007
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Table 1. Observed Vertical (VDE) and Adiabatic (ADE) Detachment Energies for Detachment Transitions to the Ground State (X) and the
First Excited State (A), Reorganization Energies (Ereorg), and the X—A Energy Gaps for (V20s),~ (n = 2—4), NbsO10~, and TasO10~.2

band X band A
ADE"¢ VDEP Ereorg ADE? VDEP X-A gap® bulk band gap
V4010~ 4.26(3) 4.31(3) 0.05 6.84(3) 6.97(3) 2.58(3)
VeOis5~ 4.32(3) 4.52(10) 0.20 7.10(3) 7.41(3) 2.78(3) ®RB1-2.F
VgOa0~ 4.45(5) 5.06(10) 0.61 7.35(5) 2.90(5)
NbsO10~ 2.87(3) 2.96(3) 0.09 6.75(10) ~7.2 3.88(10) 3438
TayO10- 2.98(4) 3.24(3) 0.26 6.85(10) ~7.2 3.87(10) 3.54.9

aThe bulk band gaps of the #@s (M = V, Nb, Ta) oxides are included for comparison. All energies are in"dNumbers in parentheses represent the
experimental uncertainties in the last digit€lectron affinity of the neutral specie$From ref 31.6VOy supported on AlOs (ref 18).f From ref 33.
9NbO supported on AlOs (ref 18)." From ref 34.

B a4

a) V4010 (Ta) b) V5015 (Dan) €) VgOzo (Dan) SOMO/7b;4 HOMO/17a4

Figure 3. The optimized structures of (a){d10, (b) VsO1s, and (c) \kOzo.

Table 2. B3LYP Results for Vertical (VDE) and Adiabatic (ADE)

Detachment Energies to the Ground (X) and First Excited State

(A), the Reorganization Energies (Ereorg) for the X Band, and the

X—A Gap? .
X A

ADE VDE Eewg ADE  VDE®  X-Agap HOMO-1/6b, HOMO-2/16b,
V4010~ Dy?B; 4.41 4,49 0.08 6.56 7.13 2.15 ’ N Aari
VeOre C.2A! 455 528 073 680 763 555 51%1?4. The 3d-based SOMO and the top O2p-derived HOMOs of
Co %A, 4.45 4.75 0.30 '
VgOoo~ Cs2A" 4.68 5.48 0.80 7.02 7.86 2.34
Co,2A, 4.59 5.00 0.41
NbsO1g~ Dog?B: 3.24 3.34 0.10 6.76 6.87 3.52
TaO10- D2A 2.78 2.87 0.09 6.65 6.80 3.87

a All energies are in eV. The symmetries for the neutral clustégsfor
M4010 (M =V, Nb, Ta); Dap for V6O1s, Dan for VgOoo. bVDE(A) =
VDE(X) + excitation energy calculated with TDDFT at the structure of
the cluster aniont AEscy excited (triplet) state optimized (SCF).

HOMO-1/77a’

HOMO/52a"

shown in Figure 3. Other noncage clusters have been considered
previously%@ but they are much higher in energy.

The lowest energy structures of My and TaO;o are also
of Ty symmetry similar to O1o (Figure 3a) and their corre-
sponding anions are @,y and D, symmetry, respectively. In HOMO-2/76a’ HOMO-3/75a" HOMO"_513"
Ta,010-, the distortion fromDog to D, is associated with avery \I—;ig(t)lrei 5. The 3d-based SOMO and the top O2p-derived HOMOs of
small energy change of 1.5 meV (0.035 kcal/mol) only. "* %"
Application of the genetic algorithm as described by Sierka et
al?® and applied to WO~ aniong” did not yield any other
structures of lower symmetries or energies.

to ligand-to-metal charge transfer). The VDE of band X is
obtained as the difference between the DFT energies of the
neutral and the anion at the equilibrium structure of the anion.

Table 2 shows the calculated ADE and VDE values with 1q \/pE of band A is obtained from the VDE of band X by
respect to the ground state (X) and the first excited state (A) of 5qing the energy for the excitation of the neutral in its lowest

the respective neutrals. In the anions, the extra electron occupiesyiy|et state at the equilibrium structure of the anion. As there
the_ neutra] LUMO, which con5|st§ primarily of _the .metal d are many O2p-based states within a narrow energy interval (a
orbitals (Figures 4:.6). As schematl_cally shown in F.lgure 7 few 02p-type orbitals near the HOMO are shown in Figures
detachme'nt from this SOMO results in the lowest binding energy 4-6), it does not come as a surprise that there is a multitude of
feature X in the PES spectra, whereas detachment of an electron,,qgetically close excited states, all of ligand-to-metal charge-
from the filled HOMO (mainly of O2p states, Figures-8) yanster character. Table 3 shows the lowest excited states, both
leads to an excited state of the neutral (feature A, correspondlngsinglet and triplet, that correspond to electron detachment from

doubly occupied O2p-type orbitals of the anions (Figureg§}

(26) Sierka, M.; Dabler, J.; Sauer, J.; Santambrogio, G.; Braer, M.; Waste,

L.; Janssens, E.; Meijer, G.; Asmis, K. Rngew. Chem., Int. E®007, as obtained from TDDFT.
46, 3372. St ; ;

(27) Santambrogio, G.: Bramer, M.. Waste, L. Dibler, J.: Sauer, J.: Meijer, Opt_lmlzatlon of the neutrgl oxide clusters yields the total
G.; Asmis, K., to be submitted for publication energies needed for calculating the ADE values of the X band,
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o A

SOMO/68a" HOMO/105a" HOMO-1/67a"
HOMO-2/66a" HOMO-3/65a" HOMO/104a"

Figure 6. The 3d-based SOMO and the top O2p-derived HOMOs of

VgOoo.

Figure 7. Schematic diagram showing two detachment channels from the

X A
_— LUMO —— M. d
—t— HOMO  —f—
—H—  HOMO-1 —H— L0 2p
—#—  HomO-2 —H—

——  sSOMO (M, d)

Anion ——
—H— r0,2p

H

SOMO and HOMO of the cluster anions.

Table 3. Excitation Energies (eV) for the Neutrals at the Structure

of the Respective Anions as Obtained by TDDFT. “Adiabatic”

Excitation Energies Obtained from SCF Calculations for the Anion
and the Neutral Are Also Given

state TDDFT transition ionization from optimized SCF
V4010 (D2g)?
1 3A; 2.64 6h—7b; HOMO-1 Ci-3A 2.15
2 3B, 2.70 17a—7h HOMO Cs3A" 2.16
4 1B, 2.75 17a—7h HOMO
6 1A, 2.81 6h—7b; HOMO-1
9 A, 2.90 16b—7b; HOMO-2
V015 (Co)?
1 SA! 2.35 774784 HOMO Cs3A" 2.25
2 SA 2.36 524—784d HOMO-1 Cs3A" 251
3 SA! 2.39 754784 HOMO-3
4 A 2.40 774784 HOMO
5 A" 2.42 524—784d HOMO-1
6 A 2.48 754784 HOMO-3
Vg020(Cy)?
1 SA! 2.39 674—68d’ HOMO-1 Cs3A’ 2.33
2 SA" 2.39 105a-684d’ HOMO
3 A 2.39 664 —68d’ HOMO-2
4 SA! 2.40 654—68d’ HOMO-3
5 SA" 241 104&a-684d’ HOMO-4
6 A 241 674684’ HOMO-1
7 A" 241 105a-684d’ HOMO
8 A 2.43 664—68d’ HOMO-2
9 A" 2.47 104a-684d’ HOMO-4
10 A 2.50 654 —68d’ HOMO-3

a Calculated at the structure of the cluster anion.

tures, they exhibit much larger reorganization energies upon
electron detachment (0.73 and 0.80 eV, respectively) than any
of the MyO1~ clusters (0.080.10 eV). For \éO15~ and VsOzp~
there also exisC,, structures that represent transition structures
(saddle points on the potential-energy surface) for the inter-
conversion of two equivaler@s structures’ Since the barrier
is very low, theC,, structure might be a better representation
of the average structure of the anion even in the vibrational
ground state. Therefore, results for th&€sg anion structures
are also included in Table 2. The reorganization energies for
the Cy, structures are smaller, 0.30 and 0.41 eV, because they
represent smaller geometry changes relative to the neutral
clusters, but they are still significantly larger than that for
V4010~

The ADEs for the A band are obtained by taking the
difference between the energy of the optimized structure of the
neutral in its first excited (triplet) state and the ground-state
energy of the anion. This is the equivalent of adding the first
adiabatic excitation energy of the neutral to the first ADE (X
band). The first excited triplet states all have reduced sym-
metries,C1 for V4019 and Cs for VeOis5 and \V020.

5. Discussion

5.1. (V.Os)q~ (n = 2—4): Evolution of the Electronic
Structure as a Function of SizeThe electron binding energies
of the (V,Os)n~ (n = 2—4) clusters are all quite high>@.2
eV), indicating that the neutral ¢Os), cages are highly
electronegative despite the fact that these are closed-shell and
stoichiometric species. The ADE of the X band seems to show
very weak size-dependence, consistent with the nature of the
SOMO (Figures 4-6), which is composed mainly of vanadium
3d states. The ADE of the A band exhibits a stronger size-
dependence, increasing by0.25 eV per ¥Os unit. This
observation suggests that the O2p-derived orbitals HOE)
are more sensitive to the degree of aggregation, probably due
to increased electrostatic interactions in the larger clusters. The
stabilization of the O2p-derived states as a function of size,
which has also been observed in the (3O clusters recentlys
is the main cause for the increase of the HOMQJMO gap
in (V20s), as a function of size. For the (T clusters, it was
observed that the HOMOLUMO gap already reaches the bulk
band gap fom > 6.16

The evolution of the HOMGLUMO gap suggests that the
(V20s)n clusters should exhibit size-dependent chemical reac-
tivities. The smaller gap in Y010 suggests that it should be
more reactive, in particular for those reactions involving ligand-
to-metal charge transfers, such as H-abstraction reactichs, V
=0+ HR — VV—0H + «R.16i The V,0:5" cation has been
shown recently to be able to abstrax H from CH, via a
barrierless reactiotf?

5.2. M4O10~ (M =V, Nb, Ta): Periodic Trend. As shown
in Figure 2, the NBO1p~ and TaOio~ species exhibit almost
identical PES spectra, which display some significant differences
from those of \JO,0~. The spectra of ¥O,0~ are sharper with
higher electron binding energies and a smaller energy gap. Thus,
despite the similarity in their symmetry and electronic structure,

as given in Table 2. All neutrals have the full symmetry expected the spectrum of the 3d system seems to be quite different from

for polyhedral structures of identical building units (Figure 3,
see also ref 6) for ¥O15 and VO Since the ¥Oi5~ and
Vg0, anions have broken symmetr€d equilibrium struc-
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those of its 4d/5d counterparts. Similar trend from 3d to 4d/5d
transition-metal oxides has also been observed in our previous
PES work for group VI elements, MO and MO2~/~ (M =
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agreement with the experimental values (4.32 and 4.45 eV).
More importantly, the calculated VDEs for tl&, structures
(4.75 and 5.00 eV for 015~ and 5O, ~, respectively) agree
well with the experimental data (4.52 and 5.06 eV, respectively).
These results suggest that under our experimental conditions

A _ o (close to room temperature) the structures fgOM~ and
a) V401 (D2q) b) NbsO1p (D2¢) ) TasO1o (D2) VgOyo~ are likely to beC,, on average.
Figure 8. Comparison of the SOMO and structures of0¢o~, NbsO1o7, The larger reorganization energies for the ground-state
and TaOxo™. All bond lengths are in A. transitions, both observed (Table 1) and calculated (Table 2),

1602820 for VeOi15~ and VsOzo~ compared to WOi0~ provide further
Cr, Mo, W),1222%%where the Cr-O systems are found to be  gyigence for a size-dependent symmetry breaking because of
different from the corresponding Mo/W oxide systems. In g gjectron localization in the SOMO of the larger clusters
general the 3d orbitals are more contracted than the 4d/5d(Figures 4-6)13

orbitals, which result in the higher electron binding energies in

the VLO. cluster b th tra elect ides i | ¢ We also calculated the ADEs and VDEs to the first excited
€ Vaio cluster because the extra electron resides in an aimosly; iaq of the neutral clusters (Table 2), corresponding to the A
pure 3d-type MO.

; band in the PES spectra. In the cases gD} and VsOz0,
In Figure 8 we compare the SOMO and key structural

B calculations were done only for the global minimu@y
parameters for the three &,o- clusters. Indeed, we see that g ctyres. We found that the calculations underestimated the

both the bridging O and terminal ¥=O bond distances are  5pg values for the A band by about 0.28.33 eV, whereas
much shorter thz?\n the correspgndmgﬂb/Nb=O and Ta- . the calculated VDE values for the A band seem to agree better
O_/Ta=O bond d|stanc_es, consistent with the relative atomic with the experiment. The underestimation of the ADEs for the
sizes. The smaller 010~ cage suggests that there may be more 5 pand also led to lower calculated HOM@QUMO gaps, as

significant d-d interactions, providing further stabilization o ¢,qvn in Table 2 although the size dependence is consistent
the extra electron. This stabilization of the LUMO iny®o with the experime’ntal observation.

also leads to a reduced HOMQ.UMO gap, in comparison to For the ground-state transitions of Mg~ and TaOxg-, we

that in NbO;0 and TaO;0. Again, this difference in the ) .
L . found much larger discrepancies between the calculated electron
HOMO—-LUMO gap implies that VO10 should be more reactive L - .
. binding energies (Table 2) and the experimental measurements.
than its Nb/Ta counterparts. o L - .
This is perhaps not too surprising because of the increasing

N The ?Pe(gt@ (l)—'f' Nhlg’ gn(;z! T?OW are potr}'bro?der thatn importance of the relativistic effects for the 4d and 5d systems,
hose 0 VE) 0 ( 'gt’r:e ), in |ca(|jng m(t)rel ?_Ignll Icta? gefomti ryN which are only partially accounted for in the pseudopotentials
changes between the anion and neutral final states for the Nb, ' o ool Bl L e

and Ta clusters. This observation is consistent with our . . -
- . The PES features in the high binding energy range are all
theoretical calculations. The neutrals of all thregvp clusters .
ossesdy symmetry (Figure 3a). In the anion, the symmetry glue tq detachment from fully occup!ed OZp-pre MOs. Thgre
b ; is a high density of such MOs, which also increases rapidly

E Olevvg\e/;erdtth?ésrzogt:/;ﬁé% az:]n(ié\l g(glr(zal 331?2;3;2??@%&—' with cluster size. Experimentally, we were able to resolve two
' g y peaks in this spectral range fon®;0~ and only a broad band

In comparison with Nth(_) and TaO%o " Hence, both our for VeO15-, as shown in Figure 1. We computed, for the three
experimental and theoretical results indicate that the smaller o . )
. . neutral (\bOs), (n = 2—4) clusters, the energies of the first
V4010 cage is more rigid. 2 . - )
. . . few transitions corresponding to excitations of the occupied O2p
5.3. Comparison of Experimental and Theoretical Elec- : . .
. . electrons, as shown in Table 3. Indeed, a very high density of
tron Detachment Energies.The calculated detachment energies . . .
states are obtained, in particular, for the= 3 and 4 cases.

I:Oarlcilllaigl; :El)ué t(e4rs4 free\/)gg:; \}gg ?fligzévl):?cr;ﬁg, :gﬁn 4- Even for V,010, many states are obtained within an energy range
: ) 9 of ~0.3 eV, suggesting the two peaks in the 157 nm spectrum

state transition are in very good agreement with the experimentalof V.O1s- (Figure 1a) may also contain several overlappin
values (4.26 and 4.31 eV, respectively). The theoretical calcula- o 4> (F19ure - y bping
detachment transitions.

tions overestimate the ADE and VDE by about 06-T618 eV, 54 C . ith Bulk Oxides. Th tal
not unexpected for the level of theory used. For the two larger 4. Lompanson wi ulk Lxides. the metaroxygen
bond in the group VB metal oxides is quite ionic and one can

clusters \{O;5~ and VO.0~, much larger discrepancies are ~. .
observed. The calculated ADESs for the ground-sBaftructures view the metal atom to donate all its valence electrons to the
| O2p orbitals. In the stoichiometric oxides, the O2p orbitals form

are higher than the experimental valuest.23 eV. However, . .
the calculated VDEsS seem to be much higher than the the fully occupied valence band and the empty metal sd orbitals

experimental data, by 0.76 and 0.42 eV fgO¢5~ and Oy, fo”ﬁ” trr:e cotndyct:jo? badnd \t’v'ﬂ? a Iar%e E)ansl gap._tliuﬂob}/ls q
respectively. We further computed the ADE and VDE values Well characterized o adopt a layered structure with a band gap

2,30,31 . "
for the C,, structures of both clusters, which are low-energy of 2.3 eV The layers are made up of double ribbons, in

saddle points connecting two equival@structures. As can which the V atoms are pentacoordinated within a layer in a
be seen in Table 2, the calculated ADEs (4.45 eV fgD)- tetragonal pyramidal arrangement with an additional weak

and 4.59 eV for ¥O,q) for the C,, structures are in good

(30) Krishna, M. G.; Bhattacharya, A. KMater. Sci. Eng. B2001, 86, 41.
(31) (a) Van Hieu, N.; Lichtman, DJ. Vac. Sci. Technoll98], 18, 49. (b)

(28) Gutsev, G. L.; Jena, P.; Zhai, H. J.; Wang, LJSChem. Phys2001, 115, Cogan, S. F.; Nguyen, N. M.; Perrotti, S. J.; Rauh, RJDAppl. Phys.
7935. 1989 66, 1333. (c) Moshfegh, A. Z.; Ignatiev, Athin Solid Films1991,

(29) zhai, H. J.; Huang, X.; Waters, T.; Wang, X. B.; O'Hair, R. A. J.; Wedd, 198 251. (d) Ramana, C. V.; Smith, R. J.; Hussain, O. M.; Chusuei, C. C;
A. G.; Wang, L. SJ. Phys. Chem. 2005 109, 10512. Julien, C. M.Chem. Mater2005 17, 1213.
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interlayer bond, resulting in a distorted 6-fold coordinafién.  to contradict a notion in surface chemistry, which says the band
Bulk Nb,Os and TaOs oxides form a number of polymorphs  gap of surface species of the group VB oxides decreases with
and are less well-characterized in comparison 0=/ The band its number of nearest oxide neighbors and that the isolated
gap of NkOs is known to be 3.4 e\?:3033However, the band  monomers possess the highest energy’dapppears that this
gap of TaOs in the literature spreads over a wide energy range notion needs to be revised in light of the current observation.
from 3.5 to 4.5 e\23

It would be interesting to compare the observed HOMO 6. Conclusions
LUMO gaps to the bulk band gaps, even though the atoms in
the clusters are all on the surface. As shown in Table 1, the
observed energy gaps for the ).~ clusters exceed that of
the bulk. Similarly, the observed energy gap for,8k~, to
some extent for T~ as well, is also greater than that of the
bulk oxide. In a recent PES study on (B (n = 1—-10)
clusters, we observed that the HOMQUMO gaps in the TiQ
clusters increase as a function of size and reach that of the bulk
value forn = 6.1 However, the HOMG-LUMO gap in the
small TiO, clusters never exceeds the bulk value. The current
observation of the large HOMELUMO gaps in the group VB
metal oxide clusters relative to their bulk oxides is surprising.
This is very likely due to their unique polyhedral cage structures,
in which the metal centers are tetracoordinated with one terminal
O atom and three bridging O atoms. This coordination environ-
ment differs substantially from the bulk oxides, inducing the
observed size effect in the HOM&.UMO gaps.

In conclusion, we have studied the electronic properties of
two series of group VB oxide clusters, {8),~ (h = 2—4)
and MhO10~ (M =V, Nb, Ta), via photoelectron spectroscopy
and density functional calculations. Well-resolved photoelectron
spectra were obtained and compared with computational data,
further confirming the polyhedral cage structures for these oxide
clusters in both the anionic and neutral charge states. Large
HOMO—-LUMO gaps were observed for all clusters and they
increase with cluster size for the {Us), series. The HOM©
LUMO gaps in NQO;p and TaO;p are similar and they are
larger than that in ¥YO10. The HOMO-LUMO gaps of all these
clusters are shown to be larger than the band gaps in the
corresponding bulk oxides, which are ascribed to their unique
cage structures with different coordination environment than
the bulk. The first PES band for the {¥s),” clusters was
observed to become broader, consistent with the predicted

The enlarged energy gaps in the cage clusters may also haV(%ransition from_ elegtron delocalizati_on far= 2 to Iocalization_
implications for oxide surfaces and catalysts. It has been reported orn=> 2. InS|ght .'T‘to _the bulk ox!de surfaces and the size-
from surface studies that supported group VB metal oxides dependent reactivities is also obtained.
usually possess significantly greater band gaps than the?Bilk.

However, the exact identity of the surface species or the origin Washington was supported by the Chemical Sciences, Geo-
of the observation is not well understood. The current observa- sciences and Biosciences Division. Office of Basic Er,1ergy
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