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The vibrational spectra of vanadium oxide anions ranging from V2O6
� to V8O20

� are studied in

the region from 555 to 1670 cm�1 by infrared multiple photon photodissociation (IRMPD)

spectroscopy. The cluster structures are assigned and structural trends identified by comparison of

the experimental IRMPD spectra with simulated linear IR absorption spectra derived from

density functional calculations, aided by energy calculations at higher levels of theory. Overall,

the IR absorption of the VmOn
� clusters can be grouped in three spectral regions. The transitions

of (i) superoxo, (ii) vanadyl and (iii) V–O–V and V–O� single bond modes are found at

B1100 cm�1, 1020 to 870 cm�1, and 950 to 580 cm�1, respectively. A structural transition from

open structures, including at least one vanadium atom forming two vanadyl bonds, to caged

structures, with only one vanadyl bond per vanadium atom, is observed in-between tri- and

tetravanadium oxide anions. Both the closed shell (V2O5)2,3VO3
� and open shell (V2O5)2–4

�

anions prefer cage-like structures. The (V2O5)3,4
� anions have symmetry-broken minimum energy

structures (Cs) connected by low-energy transition structures of C2v symmetry. These double well

potentials for V–O–V modes lead to IR transitions substantially red-shifted from their harmonic

values. For the oxygen rich clusters, the IRMPD spectra prove the presence of a superoxo group

in V2O7
�, but the absence of the expected peroxo group in V4O11

�. For V4O11
�, use of a genetic

algorithm was necessary for finding a non-intuitive energy minimum structure with sufficient

agreement between experiment and theory.

Introduction

Transition metal oxides are interesting materials due to their

structural variability and redox activity. Vanadium oxides, in

particular, are found in such diverse applications as supported

catalysts,1 cathode materials in lithium batteries,2 bolometric

detectors3 and spintronic devices.4 One of the most intriguing

aspects is the change of structure and properties as a function

of the aggregation level such as bulk crystals, thin films,

nanotubes as well as nano-sized and subnano-sized clusters.

In the important area of supported transition metal oxide

catalysts,5 neither the size and distribution of the active

particles on the support surface, nor their structure are

sufficiently known. While some progress has been made to

mass-selectively deposit and characterize supported clusters,6

the interpretation of these experiments remains complex. It

therefore proves useful to study the size-dependent properties

of transition metal oxide clusters under well-controlled condi-

tions in the gas phase, i.e. in the absence of any interactions

with a medium or support.7

One of the first experimental gas phase studies on negative

ions of vanadium oxide clusters was performed by Rudnyi

et al.,8 who unexpectedly detected VO2
�, VO3

�, V2O5
�,

V3O8
� and V4O10

� in the vapor of vanadium oxide at tem-

peratures of 1200–1500 K, hinting at a particular high stability

of these vanadium oxide anions towards dissociation as well as

electron detachment. Collision induced dissociation studies9

supported these results. In general, dissociation rather than

electron detachment was observed. Whereas the same building

blocks (VO2, VO3, and V2O5) were found as before for the

respective cations, the average oxygen content was higher and

evidence was presented for higher adsorption energies for

molecular oxygen in the negative ions. The reactivity of

smaller VmOn
� clusters towards carboxylic acid esters,10 hy-

drocarbons11 and, more recently, alcohols12 was studied (see

ref. 13 and references therein for a summary of reactivity

studies on cationic and neutral VmOn clusters) and a decreas-

ing reactivity with cluster size was found. In particular, V3O8
�

and V4O10
� did not react, indicating particularly stable

structures containing fully coordinated V atoms. Anion
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photoelectron spectroscopy14,15 has been used to measure

electron detachment energies of mono- and divanadium oxide

anions. Some of the oxygen-rich VmOn clusters were found to

have exceptionally high electron affinities (45 eV). Vyboish-

chikov and Sauer16 were the first to characterize the structure

and detachment energies of smaller VmOn
� anions (up to m =

4 and n = 11) employing density functional theory (DFT).

Information on the structure of the gas phase ions is difficult

to get experimentally. Trapped ion electron diffraction17 has

been successfully applied to large silver and gold clusters (see

ref. 18 and references therein), but has not been extended to

metal oxide clusters yet. Here, we examine the vibrational

spectra of VmOn
� clusters ranging from V2O6

� to V8O20
� by

mass-selective infrared multiple photon photodissociation

(IRMPD) spectroscopy,19–21 which is currently one of the

most sensitive, generally applicable structural characterization

approaches for cluster ions. The low number densities in the

gas phase require intense and tunable IR radiation in the

fingerprint region of metal oxide clusters,22 i.e., the region

from 500 to 1600 cm�1, which is provided by a free electron

laser.23 Structure determination is indirect. The observed

spectra are compared with spectra predicted by DFT for

energy minimum structures and, in special cases, for low-

energy transition state structures.

Three types of vanadium oxide anions are studied. The

open-shell (V2O5)n
� anions are closely related to the neutral

(V2O5)n clusters, which represent the gas phase analogs of the

crystalline phase of V2O5 in which vanadium is in its highest

(+V) oxidation state. In the corresponding anions the electron

added to these clusters will occupy vanadium 3d states and its

effect on the cluster structure is size-dependent.24 It localizes at

one vanadium site in the n= 3, 4 anions, whereas it delocalizes

in the n = 2 anion, keeping the full fourfold symmetry of the

corresponding neutral V4O10 cluster. To form fully oxidized,

closed shell anions, a VO3
� unit is needed, resulting in clusters

of the type (V2O5)nVO3
�. We will show that both the

(V2O5)2,3VO3
� and (V2O5)2�4

� anions form stable cage-like

structures that fundamentally differ from the layered structure

of the crystal. For V4O10
� and (V2O5)2–4 such structures16,25

had been predicted before by DFT. The oxygen rich clusters,

V2O6
�, V2O7

�, and V4O11
�, are of interest because their

neutral counterparts may contain superoxo and peroxo species

(formally O2
� and O2

2� instead of O2�) that may play a role in

the re-oxidation of reduced vanadium oxide sites26 on the

surface of supported vanadium oxide catalysts. However, as

we will show, the extra electron that is needed to turn the

neutral V4O11 cluster into the V4O11
� cluster anion prevents

the existence of peroxo groups.

A communication reporting preliminary results on the

experimental and calculated IR spectra of V4O10
�, V6O15

�

and V8O20
� was previously published24 and mainly focussed

on the reliability of DFT functionals to correctly describe

electron delocalization in these systems. In a separate study,

the effects of oxygen deficiency and addition of methyl groups

on the V4O10
� core have been studied by IRMPD spectro-

scopy of vanadium oxide containing ions from an ion spray

source.27 Reference to the results of the present original article

has been made in two review papers,19,22 which included

overview figures (Fig. 4, 6 and 16 of ref. 22 and Fig. 11 and

13 of ref. 19) summarizing the experimental and some of the

computational data. Here, we present the first complete report

on this study and discuss the procedure of how we arrive at the

assigned structures. In particular, we give the first detailed

description of both, the experimental and calculated IR spec-

tra, including measured IR band positions for different frag-

ment ions, calculated dissociation energies and electron

affinities, as well as simulated IR spectra for ground, as well

as energetically higher lying isomers. We also report coupled

cluster results for the relative stability of different isomers and

compare them with B3LYP predictions.

Experimental

The experiments were carried out on a previously described

tandem mass spectrometer–ion trap system,28 which was

temporarily installed at the ‘‘Free Electron Laser for Infrared

eXperiments’’ (FELIX) user facility29 of the FOM Institute

Rijnhuizen (The Netherlands). Briefly, VmOn
� clusters are

prepared by a pulsed laser vaporization source. The second

harmonic of a Nd :YAG laser (Quantel Brilliant Ultra,

532 nm, 8 ns, B10 mJ pulse�1), operated at 20 Hz, is focused

on a translating and rotating vanadium rod (Alfa Aesar,

99.5% purity). The plasma containing vanadium atoms are

entrained in a pulse of 1.5% O2 seeded in He carrier gas,

expanded through a clustering channel and passed through a

2 mm diameter skimmer. The beam of negative ions is

collimated in a radio frequency (RF) decapole ion guide.

The ion guide is filled with argon in order to compress the

ion phase space distribution and to thermalize the internal

degrees to room temperature through many collisions with the

buffer gas atoms. The ions are then guided into the first RF

quadrupole mass filter, which is typically operated at unit

resolution. Mass-selected cluster ions are directed into a

cooled, He-filled (B0.02 mbar), RF hexadecapole ion trap,

where they are accumulated and thermalized close to ambient

temperature (B16 K) through inelastic collisions with the He

buffer gas.

IR photodissociation spectra are obtained by photoexcita-

tion of the trapped ions with pulsed radiation from FELIX,

which is operated at 5 Hz and applied collinearly to the ion

trap main axis. A measurement cycle is initiated by the trigger

signal of the previous FELIX pulse and the ion trap is filled

with mass-selected ions for a fixed time tfill. After entering the

ion trap region the ions are cooled, which is assumed to

proceed on a time scale of up to a few milliseconds. Directly

after FELIX fires, the ions are extracted from the ion trap and

the mass-selected ion yield is monitored. This cycle is repeated

multiple times and then FELIX is set to the next wavelength.

In order to check the stability of the source conditions, the

parent ion yield is measured once at the beginning and once at

the end of each wavelength step. Its variations are typically on

the order of 10%.

When the FELIX macropulse intensity is high enough,

multiple IR photons can be absorbed; the cluster is heated

and eventually, when sufficient energy has been deposited into

the system, either dissociates, producing ionic and neutral

photofragments, or undergoes electron detachment, producing
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neutral products. The present conditions, i.e., the characteristic

macro pulse structure of FELIX (a 5 ms macropulse is com-

posed of five thousand 1 ps micropulses spaced by 1 ns), favor a

sequential and incoherent multiple photon absorption mechan-

ism,21,30 rather than coherent multiphoton absorption. In this

picture, photons will only be absorbed by the initially vibra-

tionally cold cluster ions, if the wavelength is resonant with a

fundamental vibrational transition. However, absorption of all

photons in only a single vibrational ladder is unrealistic at

moderate laser intensities. Rather, the absorbed energy dif-

fuses, due to anharmonic coupling, over the bath of vibrational

background states, effectively de-exciting the bright vibrational

transition before the next micropulse arrives. At high laser

fluence (and low density of states) the probability of multi-

photon transitions as well as directly exciting overtones is

enhanced,31 complicating the interpretation of the IRMPD

spectra. Under the present experimental conditions, V2O6
�

was the smallest cluster for which we could detect fragment

ions. The fragment ion yield was less then 5% of the parent

yield for the smaller anions, and increased with cluster size up

to more than 80% for V8O20
�, the largest cluster studied.

Ideally, with tfill less than 200 ms, the experiment can

make use of the full FELIX repetition rate of 5 Hz. In practice,

longer filling times sometimes proved to yield a superior

ratio between signal statistics and acquisition time; filling

times between 150 to 350 ms are used throughout the experi-

ments described here. Note, for fill times larger than 200 ms

some trapped ions experience multiple FELIX macropulses.

Generally, an overview spectrum is first measured in the region

from 6 up to 18 mm with a step size of 0.1 mm. Then, the

possible fragment channels are determined by measuring an

‘‘on-resonance’’ fragment ion mass spectrum with FELIX

tuned to the vanadyl absorption band at B10 mm and

scanning the second mass filter. Spectra with smaller step sizes

and longer accumulation times are then measured for the

fragment ions of interest. During one spectral scan, up to

four ions of different mass are monitored. The output of

FELIX is introduced into the ion trap region through a coated

ZnSe window, a 48 cm focal length KBr lens and a 5 mm

thick KBr window. Focusing of the FELIX beam is required

to avoid light scattering off the ion trap exit and entrance

lenses. The transmission efficiency of the KBr optics is 485%

between 3 and 20 mm, while the efficiency of the coated

ZnSe window is 485% between 8 and 15 mm and about

50% at 6 and 17 mm. The experiments on the larger

cluster ions were performed using a KRS-5 window instead

of the ZnSe window. Its transmission (70–75%) is lower

than that of ZnSe, but considerably less dependent on wave-

length near the edges of the region studied here. All IRMPD

spectra shown here were not corrected for this transmission

dependence, because this would require the knowledge of the

cross sections of the individual absorption steps comprising

the sequential multiple photon absorption process. In the

present experiments, the FELIX bandwidth (RMS) varied

from 0.3 to 0.5% of the central wavelength and the pulse

energies ranged from 30–60 mJ per macropulse, measured

before the ZnSe and KBr optics. The accuracy of the deter-

mined vibrational frequencies is generally within 1% of the

central wavelength.

Computational methods

The DFT calculations use the TURBOMOLE program.32 The

B3LYP hybrid functional33 is employed. The TZVP basis sets

applied are the triple-zeta valence basis sets developed by

Ahlrichs and coworkers34 augmented by polarization func-

tions, a d-set for oxygen and a p-set for vanadium.35 Structure

optimizations use tight convergence criteria. Structures are

optimized until Cartesian gradients are smaller than 1 � 10�4

Eh a0
�1 and the energy change is smaller than 1 � 10�6 Eh (see

ESI for absolute energies).w The SCF convergence criterion is

1 � 10�7 Eh for the energy and 1 � 10�7 a.u. for the root mean

square of the density. Harmonic vibrational frequencies are

obtained from second analytic derivatives.36 It is known that

B3LYP vibrational frequencies are systematically too large

(see, e.g., ref. 37) and, therefore, agreement with observed

frequencies can be improved by scaling. Scaling accounts of

both anharmonicities and systematic errors of the calculated

harmonic force constants (calculated harmonic wave numbers

are compared to observed fundamentals including anharmo-

nicities). We use scaling parameters,38 that we determined for

small vanadium oxide cluster cations. Vanadyl, peroxo and

superoxo modes are scaled by 0.9167 and all V–O–V modes by

0.9832.

The global optimizations of V4O11
� structures use an im-

plementation39 of the genetic algorithm that closely follows

the ideas of Daeven and Ho.40 A population of 16 structures

has been used. In each of the 40 generations 8 child structures

have been optimized by B3LYP using the smaller SVP basis

set. The lowest energy structures emerging have been

re-optimized with B3LYP/TZVP.

There are several VmOn
� anions for which B3LYP yields

small stability differences between the lowest energy structures

(V2O6
�, V4O11

�, V5O13
�) or for which B3LYP and BHLYP

yield conflicting results (V4O10
� and V6O15

�). In these cases,

we have checked the performance of TZVP in DFT calcula-

tions by comparing with B3LYP calculations using the larger

def2-TZVP basis set [6s4p4d1f]/[5s3p2d1f].41 The energy dif-

ferences between optimized structures of the two lowest energy

isomers are smaller than 2.5 kJ mol�1 in all cases (see Table 5

below), indicating that the TZVP basis set is sufficient for

systems without and with occupied d-states. In addition,

explicit electron correlation calculations have been made with

CCSD(T). The TZVP basis set used is far from yielding

converged results; nevertheless it provides further support

for the reliability of the predicted stability sequences. Coupled

cluster calculations with single and double substitutions and

perturbative treatment of triple substitutions, CCSD(T),42 are

made with MOLPRO 2002.6.43 The open-shell calculations

use a restricted Hartree–Fock (ROHF) reference and were

performed in the frame of restricted coupled cluster

RCCSD(T).44 The TZVP basis set is adopted and only the

valence electrons are correlated (3d and 4s for vanadium). For

the CCSD(T) structure optimization on V2O6
� isomers, ana-

lytical UCCSD(T) gradients (ROHF reference function)45

have been used as implemented in ACES II.46

For two cases (V6O15
� and V8O20

�) we went beyond the

harmonic approximation and solved the one-dimensional

vibrational eigenvalue problem for the symmetric double-well
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potential connecting the saddle point C2v structure with the

two equivalent Cs minimum structures. The potential was

approximated by a 16th-degree polynomial function, which

was fit to 21 points of the relaxed DFT potential energy curve.

The simplest analytical expression for a symmetric double-well

potential, the quartic polynomial function (F and Q are

harmonic and quartic force constants, respectively)

VðqÞ ¼ � 1

2
Fq2 þ 1

24
Qq4 þ 3F2

2Q

and the more sophisticated Manning-type47 potential (A, D, k

and r are parameters)

VðqÞ ¼ 1

kr2
� AþDð Þsech2 q

2r

� �
D sech4

q

2r

� �h i

were also tested. Eigenvalues and eigenfunctions were calcu-

lated numerically using a modified version of the Berkeley

PES4 code48 (see ESIw for additional information, including a

list of the DFT data points, potential parameters and eigen-

functions).

Results and discussion

IRMPD spectra were measured for cluster sizes in-between

V2O6
� and V8O20

� by monitoring the most abundant frag-

ment ions. No photodissociation was observed for VmOn
�

anions smaller than V2O6
�, presumably due to the decreasing

efficiency of the multiple photon absorption mechanism with

decreasing cluster size. For most parent ions multiple frag-

mentation channels are observed, producing similar IRMPD

spectra at different fragment ion masses. All observed frag-

mentation channels and experimental band positions are listed

in Table 1. Simulated linear absorption spectra, derived from

scaled harmonic frequencies and IR intensities, of the lowest

energy isomers are used to aid in the assignment. The simu-

lated spectra were generated by convoluting stick spectra,

based on B3LYP/TZVP scaled harmonic frequencies and

oscillator strengths (see Table 2 for the parameters of the

lowest energy isomer and the ESIw for the parameters of the

other isomers), with a Gaussian line shape function corre-

sponding to a FWHM of 2.4% of the central wavelength. In

principle, it would be advantageous to base an assignment on

the comparison with simulated IRMPD spectra.21 However,

such a strategy is not applicable here, because it requires

detailed knowledge of the underlying potential energy surface,

in particular with respect to anharmonicities and anharmonic

couplings, which are generally not well characterized for

transition metal oxide clusters. Discrepancies, in particular

with regard to the relative band intensities and widths, which

result from the different nature of the experimental and

simulated spectra, are thus expected and will be discussed as

we proceed. In the assignment of the spectra we thus mainly

rely on the position of the allowed absorption bands and to a

lesser degree on their relative intensity.

General trends

In the previous vibrational predissociation study on mono-

and divanadium oxide cations three types of vibrational

modes were identified in the region from 600 to 1600 cm�1

and assigned to (i) superoxo- (B1160 cm�1), (ii) vanadyl-

(1060–910 cm�1) and the (iii) V–O–V vibrational modes

(o840 cm�1).38 A similar grouping of vibrational modes is

observed for the VmOn
� clusters: (i) superoxo- (B1100 cm�1),

(ii) vanadyl- (1020–870 cm�1) and the (iii) V–O–V and term-

inal V–O� single bond vibrational modes (o950 cm�1). Based

on this classification the following observations can be made

(see also Fig. 1, 2, 4 and 5). (a) The only cluster that absorbs in

region i is V2O7
�. (b) All spectra show a single, rather narrow

and intense band, in some cases with additional structure, in

region ii. (c) This band is shifted monotonically to the blue,

from 959 cm�1 in V2O6
� to 1004 cm�1 in V8O20

�, with the

exception of the corresponding band in V6O15
�. (d) All

clusters show absorption in region iii, but with some distinct

differences, for example, both V2O7
� and V4O10

� show no

absorption in the 800 to 925 cm�1 region, while all other

clusters do. (e) The simplicity of the IRMPD spectrum of

V4O10
� is clearly different from all others, indicating a parti-

cular interesting cluster. (f) All larger clusters, starting with

V5O13
�, show either no or only very weak absorption below

750 cm�1. (g) The V–O–V band in these spectra broadens

considerably and evolves into a continuous, structureless

absorption band extending from 750 to 1000 cm�1 in

V8O20
�. All these observations are reproduced reasonably

well by the calculations, with the exception of the last one,

which we attribute to anharmonic effects (see discussion) not

included in the computational model.

The closed shell anions (V2O5)nVO3
�
, n = 1–3

(V2O5)nVO3
� clusters are particularly stable, because they

form closed-shell species, containing fully oxidized V atoms,

Table 1 Experimental vibrational frequencies (in cm�1) of VmOn
�

clusters determined from the respective IRMPD spectra, measured
monitoring fragment ions mass-selectively. Vibrational frequencies are
determined from band maxima or estimated based on observed
shoulders (sh) formed by overlapping transitions

Parent ion Fragment
ion(s)

Position of observed bands

V2O6
� V2O5

� B975 (sh), 959, 930, 911, 888, 800,
775, 738, B620a

V2O7
� V2O5

� 1112, 987, B965 (sh), 952, 775, 705, 627
V3O8

� V3O7
� 965, 922, 834, 680, 656

V2O5
�

VO3
�

V4O10
� V3O8

� 990, 670, 637, 602b

V4O11
� V4O10

� 999, 990 (sh), 976 (s), 899 (sh), 874 (sh),
824, 785 (sh), 721, 684

V3O8
� 988, 976 (sh), 865 (s), 832 (sh), 810, 728

V5O13
� V3O8

� 1000, 948, 900 (sh), 843
V4O10

� 1000, 948 (sh), 906 (sh), 884 (sh), 843
V5O12

� 1002, 854
V6O15

� V3O8
� 962, 830

V4O10
� 971, 830

V5O13
� 972, 830

V7O18
� V3O8

� 1004, 871
V4O10

� 994, 859
V5O13

� 1001, 877, 925 (sh)
V6O15

� 1012, 869, 807 (sh), 739
V8O20

� V4O10
� 1004, 871

V3O8
�

V5O13
�

a Very weak. b Band positions shown before in ref. 22.
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in which all V and O atoms carry a formal valence of +V and

–II, respectively. Consequently, they are characterized by high

electron detachment energies and dissociation thresholds (see

Table 3). The preferred dissociation channel is formation of

V3O7
� (n = 1) and V3O8

� (n = 2, 3), in agreement with the

calculated fragmentation energies. The IRMPD spectra of the

n = 1, 2 and 3 member of this series, together with simulated

IR spectra of the two lowest energy isomers as well as the

corresponding structures are shown in Fig. 1. The three

experimental IRMPD spectra show three characteristic fea-

tures above 800 cm�1, two strong absorption bands and a

weaker feature at intermediate energies. For n 4 1 only very

weak absorption is observed below 800 cm�1.

The lowest energy structure predicted for V3O8
�, the closed-

shell 1A1 ground state, has C2v symmetry and consists of a six-

ring fused with a four-ring. A D2d structure that consists of

four-rings, spiro-connected with a common V-atom, is found

0.46 eV higher in energy. Comparison of the experimental and

simulated spectra, in particular in the 550 to 800 cm�1 region,

favors an assignment to the C2v structure, in agreement with

the calculated energetics. The most intense band in the

IRMPD spectrum at 965 cm�1 is assigned to the four vanadyl

modes. All bands observed below 900 cm�1 are assigned to

V–O–V ring modes. The mode calculated at 859 cm�1 (834

cm�1 band) involves motion of atoms comprising the six-

membered ring, while the 671 cm�1 mode (680 cm�1 band)

is localized more on the four-membered ring. The other modes

involve more complex deformations. The peak at 922 cm�1 is

not reproduced in either one of the two simulated spectra and

remains unassigned.

For V5O13
� (center column in Fig. 1) the B3LYP calcula-

tions predict two nearly isoenergetic species, a pyramidal C4v

structure and a bridged C2v structure only 1 meV higher in

energy. A larger basis set (def2-TZVP)41 puts the C2v structure

24 meV below the C4v structure. CCSD(T) calculations using

the B3LYP/TZVP structures, on the other hand, show a

pronounced preference of 98 meV (TZVP) and 67 meV

(def2-TZVP) for the pyramidal C4v isomer. Better agreement

between experimental and simulated spectrum is found for the

pyramidal structure, consisting of two strong absorption

features at 980 cm�1 (five V=O stretch modes) and

860 cm�1 (four V–O–V stretch modes) and much weaker

Table 2 Scaled harmonic vibrational frequencies (in cm�1) above 550 cm�1, relative intensities (in parentheses) and mode assignment for VmOn
�

clusters from B3LYP/TZVP calculations. Scaling factors of 0.9167 (V=O modes) and 0.9832 (V–O–V modes) were taken from ref. 38. See ESIw
for total energies and results of energetically higher-lying isomers

Anion Symmetry Type Scaled harmonic frequency (cm�1)

V2O6
� 2A0 (Cs) V=O 945 (a0, 0.66), 937 (a0, 0.37)

V=O/V–O� 803a/861b (a0, 1.00)
V–O–V 784 (a0, 0.25), 733 (a00, 0.38), 617 (a0, 0.52)

V2O6
� 2B2 (C2v) V=O 944 (b2, 0.65), 937 (a1, 0.37)

V=O/V–O� 800a/858b (a1, 1.00)
V–O–V 783 (a1, 0.24), 733 (b1, 0.38), 617 (a1, 0.52)

V2O7
� 2A00 (Cs) O=O 1095a (a0, 0.13)

V=O 970 (a0, 0.57), 940 (a0, 0.67), 925 (a0, 1.00)
V–O–V 788 (a0, 0.89), 696 (a00, 0.49), 632 (a0, 0.70)

V3O8
� 1A1 (C2v) V=O 989 (a1, 0.18), 962 (b1, 0.74), 947 (b2, 0.37), 944 (a1, 0.33)

V–O–V 859 (a1, 1.00), 773 (b1, 0.01), 741 (a1, 0.00), 708 (b2, 0.17), 671 (b1, 0.49)
V4O10

� 2B2 (D2d) V=O 995 (a1, 0.00), 969
c (e, 0.92), 968 (b2, 1.00)

V–O–V 651 (b1, 0.00), 636 (a1, 0.00), 629
c (e, 0.32), 609c (b2, 0.22), 579 (e, 0.05)

V4O11
� dioxo 2A0 (Cs) V=O 989 (a0, 0.24), 973 (a00, 0.88), 960 (a0, 0.87), 891 (a0, 0.15), 868 (a0, 1.00)

V–O� 642b (a0, 0.04)
V–O–V 848 (a0, 0.93), 834 (a0, 0.76), 732 (a0, 0.60), 672 (a00, 0.06), 620 (a0, 0.09),

607 (a0, 0.19), 588 (a0, 0.03)
V5O13

� pyramidal 1A1 (C4v) V=O 1012 (a1, 0.13), 990 (a1, 0.21), 978 (e, 0.73), 972 (b2, 0.00)
V–O–V 877 (a1, 0.49), 856 (b2, 0.00), 856 (e, 1.00, 667 (e, 0.07), 629 (b1, 0.00),

625 (b2, 0.00), 577 (e, 0.03), 565 (a2, 0.00), 564 (a1, 0.08)
V6O15

� 2A0 (Cs) V=O 1003 (a0, 0.01), 984 (a0, 0.27), 982 (a00, 0.27), 980 (a0, 0.27),
974 (a0, 0.05), 971 (a00, 0.05)

V–O–V 915 (a0, 1.00), 900 (a00, 0.08), 894 (a0, 0.17), 849 (a00, 0.35),
806 (a0, 0.29), 702 (a00, 0.08),
670 (a0, 0.04), 611 (a00, 0.01), 601 (a0, 0.03), 589 (a0, 0.01), 583 (a00, 0.01),
564 (a0, 0.00), 559 (a00, 0.00)

V7O18
� pyramidal 1A1 (C2v) V=O 1013 (a1, 0.03), 997 (a1, 0.13), 987 (b2, 0.23), 985 (b1, 0.29),

983 (a1, 0.12), 979 (a2, 0.00),
978 (b1, 0.04)

V–O–V 944 (b1, 0.20), 937 (a1, 0.15), 922 (a1, 0.53), 894 (b2, 1.00),
892 (b1, 0.54), 890 (b2, 0.00),
683 (b1, 0.04), 645 (b2, 0.00), 617 (a2, 0.00), 604 (a1, 0.00), 603 (b2, 0.02),
599 (b1, 0.00), 587 (a2, 0.00)

V8O20
� 2A0 (Cs) V=O 1008 (a0, 0.00), 989 (a0, 0.30), 988 (a0, 0.27), 988 (a00, 0.32),

981 (a0, 0.02), 980 (a0, 0.02), 980 (a00, 0.01), 975 (a0, 0.01)
V–O–V 952 (a0, 0.01), 943 (a00, 0.08), 942 (a0, 0.34), 931 (a0, 0.83),

911 (a00, 1.00), 895 (a0, 0.69), 864 (a0, 0.21), 727 (a0, 0.10), 678 (a00, 0.03),
633 (a00, 0.00), 619 (a00, 0.00), 615 (a0, 0.00), 564 (a00, 0.00), 562 (a0, 0.00)

a Scaling factor for V=O modes applied. b Scaling factor for V–O–V modes applied. c Scaled harmonic frequency has been shown before in

ref. 22.
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absorption below 700 cm�1. In contrast, the bridged structure

is characterized by three strong absorption bands in the region

above 800 cm�1. The additional band (930 cm�1) lies in-

between the 870 and 980 cm�1 bands that are also observed

in the spectrum of the first isomer. Four rather strong transi-

tions contribute to the absorption in the 900–960 region, two

low-lying V=O stretch modes, involving the two vanadyl

bonds on the bridging vanadium atom, and two V–O–V

stretching modes, localized on the ring including the bridge.

The experimental IRMPD spectra also show absorption in this

region (948 cm�1 band), indicating that both isomers may be

probed in the experiment. Best agreement between experiment

and theory is achieved if both isomers are assumed to be

present with a ratio of 3 : 1 in favor of the pyramidal structure.

The minimum energy structure for V7O18
� (right column in

Fig. 1) is a pyramidal structure (C2v), but similarly to V5O13
�

there is a second isomer with a bridged (Cs) structure. The

energy gap between the two structures, 0.27 eV, is larger than

for V5O13
�. The IR spectrum of the pyramidal structure is

characterized by a strong absorption feature at 990 cm�1

(seven V=O stretch modes), a very strong one around 900

cm�1 (six V–O–V stretch modes) and a very weak absorption

at 683 cm�1. The simulated spectrum of the bridged isomer is

very similar to that of the pyramidal isomer and the weak

feature calculated at 746 cm�1 for the bridged isomer is even

closer to the observed weak feature at 739 cm�1 in the V6O15
�

fragment ion channel (see Table 1).

The open shell anions (V2O5)n
�, n = 2–4

In contrast to the fully oxidized closed-shell (V2O5)nVO3
�

clusters, clusters of the type (V2O5)n
� contain an uneven

number of electrons and necessarily form open-shell species.

Compared to the neutral (V2O5)n clusters they have an extra

Fig. 1 Experimental IRMPD spectra (bottom) of (V2O5)1–3VO3
� (left to right) and simulated linear IR absorption spectra, based on scaled

B3LYP/TZVP frequencies and oscillator strengths of the lowest energy isomer in its electronic ground state (middle row) and an energetically low-

lying isomer (top row). Optimized structures, including characteristic bonds lengths (in Å) and relative energies with respect to the ground state, are

shown above the spectra. Data in part shown previously in ref. 19 and 22.
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electron in the unoccupied V-3d states. Consequently, the

systems are characterized by somewhat lower electron detach-

ment energies (see Table 3), but the calculated dissociation

thresholds are predicted to be higher (!) than for the closed-

shell (V2O5)nVO3
� clusters, indicating systems of higher sta-

bility. Experimentally, predominant fragmentation leading to

V3O8
� (n = 2–4) and V4O10

� (n = 3, 4) is observed.

The IRMPD spectra of the cluster series (V2O5)n
�, n = 2–4

(see Fig. 2) look distinctly different from the previously

discussed closed shell series, in particular for the two smaller

clusters: the vanadyl band remains the strongest absorption

band throughout the spectra and the position and intensity of

the bands observed in the V–O–V absorption region change

considerably with size. The IRMPD spectrum of V4O10
� (left

column in Fig. 2) looks intriguingly simple. Two features are

observed in the spectrum; an intense, narrow and slightly

asymmetric peak at 989 cm�1 and a group of weak, over-

lapping bands extending from 575 to 750 cm�1, with a max-

imum at 629 cm�1. The presence of only a single, rather

narrow band in the spectral region of the vanadyl stretches

(4900 cm�1) and the absence of any significant absorption in-

between 750 to 950 cm�1 suggests a highly symmetrical

structure for V4O10
�. The spectrum of V6O15

� is different in

that the vanadyl band is red-shifted and the V–O–V band

intensity is relatively weak compared to the spectra of the

similarly sized clusters.

For V4O10
� we find a tetragonal D2d structure which

is minimally Jahn–Teller distorted from the Td structure.

The electronic ground state is 2B1. The unpaired electron

is fully delocalized over all four symmetry-equivalent, four-

fold-coordinated V atoms, forming one short V=O double

bond (159 pm) and three V–O single bonds (180–181 pm).

The four vanadyl stretches combine to one totally-symmetric

mode a1 which is IR-inactive and three IR-active e

and b2 modes which are quasi-degenerate and form the single

narrow band at 969 cm�1 in the simulated spectrum that

corresponds to the 989 cm�1 peak in the experimental IRMPD

spectrum. The six symmetric V–O–V bond stretches also

give rise to three IR active e and b2 modes (629 and 609

cm�1, respectively). They have a cumulative oscillator

strength that is about 1/3 of the vanadyl bands, in satisfactory

agreement with experiment. Note that the relative intensity

of this bands deviates somewhat from the one published in

ref. 27 due to different experimental conditions, in particular,

due to the different optics used in the two experiments. The

modes resulting from the six antisymmetric V–O–V bond

stretches are found below 600 cm�1 and have vanishing

intensities.

Fig. 2 Experimental IRMPD spectra (bottom) of (V2O5)2–4
� (left to right) and simulated linear IR absorption spectra, based on scaled B3LYP/

TZVP frequencies and oscillator strengths of the lowest energy isomer in its electronic ground state (middle row) and an energetically low-lying

first-order saddle-point (middle row) for V6O15
�(left), and V8O20

� (right). Optimized minimum energy structures, including characteristic bond

lengths (in Å), are shown above the spectra. The 2A2 saddle point connects two equivalent Cs structures through a C2v transition state (bonds

lengths for the 2A2 transition state of V6O15
� are given in parentheses). Data in part shown previously in ref. 19 and 22.
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The lowest energy structure found for V6O15
� is a distorted

cage structure with Cs symmetry and a 2A0 electronic ground

state (center column in Fig. 2). Other structures of higher

symmetry were found +0.10 eV (C2v saddle point) and +0.46

eV (D3h saddle point of second order) higher in energy. The

simulated spectrum of the Cs isomer, however, does not agree

well with the experimental spectrum. In particular, the intense

a0 transition, calculated at 915 cm�1, is not observed in the

experimental spectrum. A closer look at this particular vibra-

tional mode reveals that it is distinctly anharmonic in nature.

It connects two equivalent Cs structures through the C2v

transition structure (2A2 symmetry). The barrier along this

coordinate is small (820 cm�1). Interestingly, the simulated IR

spectrum at the C2v (
2A2) saddle point agrees much better with

the experimental IRMPD spectrum of V6O15
� (Fig. 2), due to

the absence of the intense 915 cm�1 band. In order to

determine the transition energies of the double-well potential,

we solved the vibrational eigenvalue problem for this vibra-

tional mode using the relaxed DFT potential energy along the

corresponding normal coordinate (see Fig. 3 and Table 4). The

first four vibrational energy levels lie below the barrier. The

tunneling splittings between 0(�) and 1(�) are 6 and 46 cm�1,

respectively. The 1(�) ’ 0(+) and 1(+) ’ 0(�) transition
energies (377, 429 cm�1) are less than half and their intensities

significantly smaller than the harmonic values. The simpler

quartic and Manning-type expressions for the double-well

potential also predict a red-shifted transition, but yield too

large transition energies, due to a too steep increase of the

potential with increasing q (see Fig. 3 and Table 4). Summar-

izing, the simulations confirm that neither the fundamental

nor any other excitations of this vibration directly contribute

to the IR spectrum of V6O15
� in the discussed region.

The lowest energy structure found for V8O20
� is a distorted

six-face cube structure (see right column in Fig. 2). Localiza-

tion of the unpaired electron in the 2A0 ground state leads to

symmetry lowering from Oh to Cs. Of the eight vanadyl modes

three contribute significantly to the vanadyl band at 988 cm�1,

found at 1004 cm�1 in the experimental IRMPD spectrum.

The V–O–V bonds, which correspond to the edges of the

V8O20
� cube, combine to form the broad feature predicted at

911 cm�1. Five V–O–V modes contribute in the 850–950 cm�1

region, producing a broader feature, centered at 856 cm�1,

with a width of B60 cm�1. The assignment of the 871 cm�1

band in the experimental IRMPD spectrum to V–O–V modes

is straightforward. Note that, similar to V6O15
� there also

exist two equivalent Cs structures for V8O20
�, which are

Fig. 4 Experimental IRMPD spectra (bottom) of V2O6
� and V2O7

�

and simulated linear IR absorption spectra, based on scaled B3LYP/

TZVP frequencies and oscillator strengths of the lowest energy isomer

in its electronic ground state (middle row) and an energetically low-

lying isomer (top row). Optimized structures, including characteristic

bonds lengths (in Å) and relative energies with respect to the ground

state, are shown above the spectra. Data in part shown previously in

ref. 19 and 22.

Fig. 3 Eigenvalues (horizontal lines) and transition energies of the

double-well potential connecting two equivalent Cs minima via a C2v

saddle point (barrier height: 820 cm�1) in V6O15
�. The potential energy

was approximated by a 16th-degree polynomial function (solid line),

which was fit to 21 points (open circles) of a relaxed DFT potential

energy curve along the coordinate q = R(O–V1)-R(O–V2). Simpler

expressions for this potential using a quartic (dashed line) and a

Manning-type function (dotted line), adjusted to positions of the

minima and the barrier height, are also shown (see text). A qualitatively

similar description is valid for V8O20
� (barrier height: 730 cm�1).
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separated by a shallow barrier (730 cm�1). A significant red-

shift of this transition, below the measurement window, is also

predicted for V8O20
� (see Table 4). However, the relative

intensity of this mode (864 cm�1) is predicted to be consider-

ably smaller and therefore the effect of the double-well poten-

tial on the simulated IR spectrum is not as marked as for

V6O15
�, as evidenced by similar IR spectra predicted for the Cs

minima and C2v saddle point (see Fig. 2). The anharmonic

nature of this mode may contribute in a different way to the IR

spectrum of V8O20
� (and also of V6O15

�). Anharmonic cou-

pling and hot band excitation may be the source of the

observed broadening of the V–O–V band, which appears

roughly twice as wide in the measured spectrum compared

to the simulated spectra. Interestingly, the width of this band is

nearly identical to the width of the corresponding band

observed in the electron energy loss spectrum of a V2O5

surface,49 which also probes vibrational states, indicating that

the pronounced broadening is not an artifact of the IRMPD

mechanism.22

As previously reported,24 the transition from delocalized to

localized electrons upon going from V4O10
� to V6O15

� in the

series of (V2O5)n
� clusters is only correctly described when a

hybrid functional with the right admixture of Fock exchange

such as B3LYP is applied. In contrast, BLYP (no Fock ex-

change) yields delocalization (and fully symmetric structures) for

all three systems, whereas BHLYP (50% Fock exchange) en-

forces localization even for V4O10
�. Additional evidence for this

size-dependent symmetry lowering is provided by recent anion

photoelectron spectra.50 Reorganization energies obtained as

differences of vertical and adiabatic electron detachment energies

have been determined and both observed and calculated values

are found to be substantially larger for V6O15
� and V8O20

� than

for V4O10
�. For further support, single point CCSD(T) calcula-

tions have been made (at the BHLYP equilibrium structures) for

V4O10
� and V6O15

�. Table 5 shows the results. They confirm for

V4O10
� that the D2d structure has a lower energy than the Cs

isomer, whereas for V6O15
� the C2v structure has a higher energy

than the Cs isomer. That an increasing admixture of Fock

exchange (connected with increasing self-interaction correction)

leads to an increasing tendency for electron localization has been

found before,51 but B3LYP is not always the right solution. For

the case of electron holes in silica, BHLYP is needed to get the

correct localization of the hole on one oxygen site.52 On the

contrary, in vanadium oxide cages with methoxo ligands,

V4O9(OCH3)
� and V4O8(OCH3)2

�, B3LYP incorrectly localizes

the extra electrons at the vanadium sites with the methoxo

ligands.27

The oxygen-rich clusters V2O6
�
, V2O7

�
, and V4O11

�

The clusters V2O6
�, V2O7

�, and V4O11
� all contain more

oxygen atoms than are formally required to fully oxidize all

Table 3 Fragmentation energies and vertical detachment energies
(VDE) in eV. Italic numbers correspond to observed fragmentation
channels

Fragment

Parent ion O O2 VO2 VO3 VO3
� V2O5 V3O8 V4O10 VDE

V2O6
� 3.93 4.75 5.26 5.26 5.70

V2O7
� 3.05 1.79 5.55

V3O8
� 5.53 6.32 6.40 6.35 6.35 6.08

V4O10
� 6.04 5.74 6.92 4.49

V4O11
� 2.05 2.90 3.95 5.04 6.66

V5O13
� 6.91 4.90 5.24 5.42 —

V6O15
� 5.16 4.84 5.28

V7O18
� 4.99 4.92 5.01 3.81 —

V8O20
� 4.87 3.18 5.48

Fig. 5 Electronic ground state structures of the neutral V2O6 and

V2O7 clusters (top, bond lengths in Å) and electron affinities (EA, in

eV) for V2On clusters as function of oxygen content n (bottom).

Observed values taken from ref. 15, compared to DFT results from

ref. 16, DFT(2000), and the present study.

Table 4 Eigenvalues and transition energies (in cm�1) for the anhar-
monic vibrational mode connection of the two equivalent Cs minima
using the quartic and Manning potentials in V6O15

� and V8O20
�. For

V6O15
�, results of the polynomial fit to the relaxed DFT potential

energy curve are also listed. Estimated transition intensities normal-
ized to the intensity of the harmonic fundamental transition are given
in parentheses (see page 5 in ESIw for details)

V6O15
� V8O20

�

State/
transition

Quartic Manning Polynomial fit Quartic Manning

0(+) 342 294 192 271 235
0(�) 353 303 198 275 238
1(+) 838 767 575 684 627
1(�) 1023 892 621 785 694
2(+) 1395 1218 930 1063 952
2(�) 1791 1517 1085 1340 1162
3(+) 2240 1861 1346 1663 1421
0(+) - 0(�) 11 9 6 (1.3) 4 3
0(+) - 1(�) 681 598 429 (0.11) 514 459
0(+) - 2(�) 1449 1223 893 (2.4 � 10�4) 1069 928
0(�) - 1(+) 485 464 377 (0.11)a 408 389
0(�) - 2(+) 1042 916 732 (1.1 � 10�4)a 788 714
0(�) - 3(+) 1887 1558 1148 (2.3 � 10�5)a 1388 1183

a Scaled by 0.65, the Boltzmann distribution factor for an ion vibra-

tional temperature of 20 K.
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V-atoms and thus may form characteristic oxo groups. It is

interesting to see how this influences the structure and ener-

getics of these species. Peroxo (and also superoxo) groups are

of interest because they play a role in the reoxidation of

vanadium oxide species in catalytic processes,26 e.g., peroxo

groups may be formed in the reoxidation of vanadium III to

vanadium V sites, VIII(O–)3 + O2 - (O2)V
V(O–)3. Superoxo

groups form one bond with the metal site, while peroxo groups

form two. In an ionic picture they correspond to (O2)
� and

(O2)
2� species, respectively, with the additional electrons in

antibonding p–p orbitals. Therefore, the O–O bond distance

increases in the series (gas phase) O2, (O2)
�, and (O2)

2� and

the vibrational frequencies decrease. Superoxo and peroxo

groups are expected to be present in gas phase species in which

the oxygen content is larger than that given by the highest

oxidation state for vanadium, VO2.5, VO2
+ or VO3

�. An

example is V2O6
+, for which we have identified a superoxo

vibration at 1160 cm�1.38

The oxygen-rich species V2O6
�, V2O7

�, and V4O11
� studied

here are characterized by considerably lower dissociation

thresholds and relatively high vertical detachment energies

(see Table 3) and the predicted dissociation channels leading

to loss of either an O atom (V2O6
� and V4O11

�) or an O2

molecule (V2O7
�) agree with the experimentally observed

fragmentation. Loss of molecular oxygen rather than two

oxygen atoms is suggested, because photodissociation of

V2O7
� also with a strongly attenuated FELIX beam yields

exclusively V2O5
�. The IRMPD spectra of these species are

different from those of the other clusters in that they show

pronounced absorption in the 700–800 cm�1 region in addi-

tion to the strong vanadyl stretching band in-between 950 and

1000 cm�1.

The lowest energy structure found for V2O6
� by B3LYP has

Cs symmetry and consists of a four-membered V–O–V–O ring

plus two singly-coordinated oxygen atoms on each V

atom (see Fig. 4). There is, however, a C2v transition structure

at only slightly higher energy (0.1 meV). The Cs structure

is an artificial broken symmetry structure and the C2v structure

the likely global minimum energy structure. This is suppor-

ted by coupled cluster calculations (see Table 5). Localization

of the unpaired electron on one of the (O=)2V(O–)2
parts leads to a pronounced asymmetry in the lengths of the

terminal V–O bonds (1.62 and 1.69 Å) as well as the ring

V–O bonds (1.92 and 1.75 Å). This confirms the findings

in ref. 53, whereas an earlier DFT study16 reported only the

D2h–
2B1u structure of V2O6

�, which is a saddle point.

The spectra obtained by B3LYP for the Cs and C2v

structures are, however, virtually identical. Moreover, the

simulated vibrational spectrum of the 2A0 (Cs) structure of

V2O6
� shows some similar features with the experimental

IRMPD spectrum, but overall agreement is poor, even though

it is better than for the next lowest electronic state of 2A00

symmetry. An assignment in this case is not possible. The

discrepancies between the calculated and experimental spectra

are presumably introduced by the combination of a relatively

high dissociation threshold (see Table 3) with a modest density

of states in V2O6
�, the smallest cluster studied here, leading to

an enhancement of the multiphoton character of the IRMPD

spectrum.

The lowest energy isomer found for V2O7
� (see Fig. 4) has a

V2O6
�-like structure of Cs symmetry, in which a terminal

oxygen atom is replaced by a superoxo-unit, see also ref. 16.

Good agreement between experimental and simulated peak

positions is found, supporting the assignment to one superoxo

mode, calculated at 1095 cm�1, three modes involving different

combinations of the symmetric stretching motion along the

three vanadyl bonds (970, 940 and 925 cm�1) and the three

characteristic V–O–V–O ring modes (788, 696 and 632 cm�1).

Table 5 Relative stability of minima (Min) and saddle points (SP) (kJ mol�1) predicted by B3LYP in comparison to CCSD(T)/TZVP single point
calculationsa

System Isomer State B3-LYP RCCSD(T) UCCSD(T)

V2O6
� O2VO2VO2 Cs-

2A0 0.0 Min 7.9 4.0 [2.6]b

C2v-
2B2 0.0 SP 0.0 0.0

D2h-
2B1u 21.6 SP 28.7 27.1

Cs-
2A00 32.9 Min

D2h-
2B3g 39.3 SP

V2O7
� Z2-Superoxo Cs-

2A00 0.0 Min
Z1-Superoxo Cs-

2A00 32.1 SP
Z1-Superoxo Cs-

2A0 50.3 Min
V4O11

� Dioxo-bridged Cs-
2A0 0.0 (0.0)c Min 0 0

Dioxo-open Cs-
2A0 2.4 (2.4)c Min 19.4 17.0

m-(Z2 :Z2)-Peroxoanion C2v-
2B2 15.0 (13.0)c Min 11.3 11.0

m-(Z2 :Z2)-Peroxo Cs-
2A0 21.4 Min 16.7 18.0

m-(Z2 :Z2)-Peroxo C2v-
2A1 31.4 SP 13.7 12.6

Z2-Peroxo Cs-
2A0 35.1 Min 56.2 57.3

V4O10
� D2d 0.0 Min 0.0a

Cs 6.9 SP 33.3a

V5O13
� Pyramidal C4v 0.0 Min 0.0

Bridged C2v 0.1 (�2.3)c Min 9.4 (6.7)c

V6O15
� Cs 0.0 Min 0.0a

C2v 9.4 (10.5)c SP 9.0a

a Calculated at the BHLYP equilibrium structure for V4O10
�, V6O15

� and V8O20
�, see ref. 24; in all other cases at the B3LYP equilibrium

structure. b Structures optimized by UCCSD(T) using a ROHF reference function (ACES code).45 c Calculations using the larger def2-TZVP

basis set [6s4p4d1f]/[5s3p2d1f].41
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A comparison of the electron affinities (EA) of V2On
�

clusters (n = 4–7) (see Fig. 5) derived from anion photoelec-

tron spectra15 and DFT calculations provides an additional

check, if the most stable isomers have been found in the DFT

calculations. For n = 6,7 unusually large deviations of more

than 1 eV have been reported for the previous calculations16

and the observed decrease in EA from n = 6 to n = 7 was not

reproduced by the calculations. This was an indication that the

previous DFT calculations16 may not have considered the right

geometric structures or electronic ground states. Whereas the

Z2-superoxo V2O7
� structure (Cs-

2A00) of ref. 16 is confirmed

by the present study, the D2h-
2B1u structure of V2O6

� is not.

However, with the present, more stable Cs-
2A0 (or C2v–

2B2)

V2O6
� structures the calculated EA and its deviation from the

measured EA would be even larger. The reason is found in the

energy of the neutral species (Fig. 5). While the structure types

of ref. 16 were right, the electronic states were not. Both V2O6

and V2O7 have triplet ground states that are 1.67 and 1.71 eV,

respectively, below the closed shell singlet states reported in ref.

16. With the correct ground states of the neutrals the calculated

Fig. 6 Experimental IRMPD spectrum (bottom) of V4O11
� and simulated linear IR absorption spectra, based on scaled B3LYP/TZVP

frequencies and oscillator strengths of four low energy isomers for V4O11
�. Optimized structures, including characteristic bonds lengths (in Å) and

relative energies with respect to the ground state, are shown to the right of the spectra. Data in part shown previously in ref. 22.
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EA (5.27 and 5.10 eV, respectively) agree with the observed

ones within the typical few tenths of eV and, in particular,

show the right decrease from V2O6
� to V2O7

�.

For V4O11
� the best agreement between the experimental

and simulated IR spectra is not found for the caged structure

m-(Z2 :Z2)-peroxo (top spectrum in Fig. 6), derived from the

exceptionally stable V4O10 (see below), but a very different,

open structure termed ‘‘DIOXO-bridge’’ (2nd spectrum from

the bottom in Fig. 6). This isomer is formally obtained by

replacing O in one of the V–O–V bridges by m2-O–O (peroxo)

and by subsequently opening the V–O–O–V bridge. As a

result, we have a stretched (1.65 Å) vanadyl group on one of

the V sites, with the oxygen still in a ‘‘bridging’’ position, and a

terminal V–O� group with the unpaired electron on the other

V site (1.75 Å). The former leads to an unusually red-shifted

and intense V=O mode at 868 cm�1, directly next to the

strong V–O–V modes at 848, 834 and 732 cm�1. The original

vanadyl groups on these V sites are slightly longer (1.60 and

1.61 pm) than in V4O10
� and have vibrations at 960 and 891

cm�1, respectively; the other vanadyl groups are calculated at

989 and 973 cm�1. There is another dioxo-isomer, ‘‘DIOXO-

open’’, with a more open structure and the long V–O� bond

pointing away from the second dioxo site. Its calculated IR

spectrum is similar to that of the ‘‘DIOXO-bridge’’, i.e., this

isomeric form may contribute to the experimental IR spec-

trum. B3LYP/TZVP predicts that the DIOXO-open isomer is

only 0.02 eV higher than the DIOXO-bridge, but CCSD(T)

single point calculations increase this difference to 0.20 eV

(Table 5).

Thus, V4O11
� is a particularly interesting case, because it

does not exhibit a peroxo group, as one would expect based on

the structure of the corresponding neutral species. Formally,

the neutral V4O11 cluster is obtained when replacing a O2� by

an (O2)
2� ion in the V4O10 cage. When the replacement is

made in a V–O–V bridge, we get either a m-(Z2 :Z2)-peroxo or

a m2-peroxo group. The latter is 0.05 eV less stable. We can

also replace a vanadyl oxygen and obtain the Z2-peroxo group

described before,16 which, however, is 0.23 eV less stable.

(DFT studies have also been made for m-(Z2 :Z2)- and

Z2-peroxo groups on the V2O5 (001) surface.
54) What happens

if an electron is added to the different V4O11 peroxo isomers?

In V4O10, as in all vanadium oxides with vanadium in the +V

oxidation state, the lowest unoccupied states are vanadium

3d-states. In peroxo compounds, antibonding O (2p–2p) s*
states are also available among the low-lying unoccupied

states (see Fig. 7). If we add an electron to the V d-states of

the m-(Z2 :Z2)-peroxo isomer, it either distributes among the

four V sites resulting in a symmetric C2v structure (Fig. 7, top

right) or it localizes at one of the neighboring V sites resulting

in a Cs structure with different bond distances from the two

neighboring V sites to the peroxo unit (Fig. 7, bottom right,

top spectrum in Fig. 6). On the B3LYP/TZVP potential energy

surface, the former (C2v) structure is a saddle point and only

the latter (Cs) is a minimum. However, CCSD(T) single point

calculations indicate that this symmetry breaking may be an

artifact of B3LYP. The Z2- and m2-isomers of V4O11
� have

even higher energies than the m-(Z2 :Z2) peroxo isomer. Upon

adding an electron to the Z2- and the m2-isomers of V4O11, the

Fig. 7 Singly occupied molecular orbitals of six V4O11
� isomers and relative energies with respect to the electronic ground state (see text).

This journal is �c the Owner Societies 2008 Phys. Chem. Chem. Phys., 2008, 10, 3992–4005 | 4003

Pu
bl

is
he

d 
on

 2
8 

M
ay

 2
00

8.
 D

ow
nl

oa
de

d 
by

 F
ri

tz
 H

ab
er

 I
ns

tit
ut

 d
er

 M
ax

 P
la

nc
k 

G
es

el
ls

ch
af

t o
n 

2/
4/

20
21

 4
:3

9:
51

 P
M

. 
View Article Online

https://doi.org/10.1039/b803492c


extra electron occupies d-states at the V-site connected to the

peroxo unit in the Z2-isomer (Fig. 7, top center), whereas in

the m2-peroxo isomer it is on one of the V sites ‘‘opposite’’ to

the peroxo unit (Fig. 7, top left).

However, we obtain lower energy V4O11
� isomers if we add

the electron to the antibonding (2p–2p) s* orbital of the O2

unit. In the case of the m-(Z2 :Z2)-peroxo isomer, formally a

(O2)
3� species, ‘‘peroxoanion’’, is created with a bond order of

0.5 compared to 1.0 in (O2)
2�. This explains the long O–O

bond of 2.04 Å in this m-(Z2 :Z2) ‘‘peroxoanion’’ isomer with

C2v structure (Fig. 7, bottom center; Fig. 6, second spectrum

from top). CCSD(T) calculations show that this is the second

most stable isomer of V4O11
�. In the case of the m2-peroxo

isomer, adding an electron to the antibonding (2p–2p) s*
orbital of the O–O-unit, opens the V–O–O–V bridge comple-

tely and the lowest energy dioxo structure shown in Fig. 6 is

obtained. In summary, conversion of the neutral cluster into a

cluster anion induces a qualitative change in the structure and

the peroxo group is no longer a structural feature of the most

stable V4O11
� isomers. As CCSD(T) calculations indicate, the

second and third most stable isomers feature a O2 unit in

m-(Z2 :Z2) configuration, with the additional electron either in

the O2 unit (m-(Z2 :Z2) ‘‘peroxoanion’’, C2v–
2B2) or in vana-

dium d-states (m-(Z2 :Z2) peroxo, C2v–
2A1).

The existence of the two lowest energy isomers of V4O11
�,

dioxo-bridge and m-(Z2 :Z2) ‘‘peroxoanion’’ finds a simple

explanation in adding the extra electron to antibonding orbi-

tals of the peroxo group of the neutral parent compound,

V4O11. However, our structure search was originally limited to

the different peroxo structures we knew from the neutral

V4O11 cluster. Only the insufficient agreement of the observed

IR spectrum with the one predicted for the lowest peroxo

structure, the m-(Z2 :Z2) peroxo isomer (Fig. 6), was the

motivation to apply a global optimization scheme. This

scheme has generated the two lowest energy structures for

V4O11
�. Even with the genetic algorithm, there is no guarantee

that the global minimum structure is found. It is therefore

important that the IRMPD spectrum has been measured

which is in sufficient agreement with the B3LYP prediction

for the ‘‘dioxo’’ structure, thus confirming that the latter is

indeed likely to be the global minimum structure.

Conclusions

Our results show that experimental IRMPD spectra in combi-

nation with scaled harmonic B3LYP vibrational frequencies

can be used to identify three characteristic absorption regions

of vanadium oxide anions, namely the oxo, vanadyl, and V–O

single bond region. With the exception of V2O6
�, the agree-

ment between simulated linear IR absorption spectra and

experimental multiple photon IR photodissociation spectra

is often sufficient to identify a single electronic and structural

isomer responsible for the main absorption features. In several

cases (V4O11
�, V5O13

�, and V7O18
�) additional isomers may

be present, leading to additional, weaker absorption features.

A structural transition is observed with cluster size. While

di- and trivanadium oxide anions are characterized by open

structures involving 4-membered V–O–V–O rings, this motif is

replaced by the less strained, more stable 6- and 8-membered

rings in the larger clusters. V4O10
� is the first cage structure.

The most stable structural motif in larger clusters is a 4-fold

coordinated V-atom, which forms three V–O–V single bonds

and a single terminal double bond. 5-Fold coordinated

V-atoms and 4-fold coordinated ones bound to two terminal

O-atoms are also found and lead to isomers of similar energy.

Genetic algorithms prove vital to finding the global mini-

mum in some cases. To come up with structural candidates for

larger metal oxide clusters chemical intuition may not be

sufficient. The wealth of structural and electronic isomers

can lead to unusual structures and algorithms that probe

a larger part of the potential energy landscape become

important.

In the open shell (V2O5)n
� anions two competitive effects are

observed, i.e., electron delocalization vs. stabilization through

symmetry lowering. In order to minimize electron–electron

repulsion, structures are favored in which the additional electron

is delocalized over d orbitals of the V atoms. However, this

requires favorable atomic orbital overlap, which is only present

in the n = 2 anion. In the n = 3, 4 anions this overlap is less

favorable and the electron is consequently localized at a single

V-atom, leading to a distortion of the cage structure and

symmetry lowering. The localization/delocalization behavior of

the extra electron is only correctly predicted by B3LYP, while

BHLYP and BLYP fail. The difficulty of the latter two func-

tionals has important consequences in reliably describing electron

localization on surfaces and needs to be recognized.

As a result of this symmetry lowering in the larger cluster

anions there exist many symmetry equivalent local energy

minima. The barriers to interconversion between these can

be small and the vibrational normal modes connecting these

minima can be markedly anharmonic, leading to a breakdown

of the harmonic approximation and a characteristic signature

in the IR spectrum of these species. These effects are not

restricted to the gas phase, but are also important in explain-

ing the IR spectrum of a V2O5 surface. On the other hand, the

similarities and differences of the IR-spectra of V8O20
� and

that of a solid surface22 make V8O20
� an interesting candidate

for studying surface absorption and reactivity on a model

system in the gas phase.
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