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Gas-Phase Infrared Photodissociation
Spectroscopy of Tetravanadiumoxo and
Oxo–Methoxo Cluster Anions
Sandra Feyel,[b] Helmut Schwarz,[b] Detlef Schrçder,*[a] Charles Daniel,[c]
Hans Hartl,[c] Jens Dçbler,[d] Joachim Sauer,[d] Gabriele Santambrogio,[e]
Ludger Wçste,[e] and Knut R. Asmis[f]
The infrared spectra of the binary vanadium oxide cluster anions
V4O9 and V4O10 and of the related methoxo clusters
V4O9ACHTUNGRE(OCH3) and V4O8ACHTUNGRE(OCH3)2 are recorded in the gas phase by
photodissociation of the mass-selected ions using an infrared
laser. For the oxide clusters V4O9 and V4O10 , the bands of the
terminal vanadyl oxygen atoms, nACHTUNGRE(VOt), and of the bridging
oxygen atoms, nACHTUNGRE(VObV), are identified clearly. The clusters in
which one or two of the oxo groups are replaced by methoxo li-

gands show additional absorptions which are assigned to the C
O stretch, nACHTUNGRE(CO). Density functional calculations are used as a
complement for the experimental studies and the interpretation
of the infrared spectra. The results depend in an unusual way on
the functional employed (BLYP versus B3LYP), which is due to the
presence of both VOACHTUNGRE(CH3) single and V=O double bonds as terminal bonds and to the strong multireference character of the
latter.

Introduction
Vanadium oxides are increasingly important transition-metalbased catalysts for the oxidative dehydrogenation of propane
and in the synthesis of sulfuric acid, maleic anhydride, and
phthalic anhydride, among others.[1] Nevertheless, systematic
development (“catalyst engineering“) and improvement of vanadium oxide catalysts is still difficult owing to limited knowACHTUNGREledge about mechanistic details of these oxidation reactions,
particularly as far as structure–reactivity correlations are concerned. Gas-phase experiments can be employed as a useful
and powerful tool to provide complementary insight into the
intrinsic structures and binding properties of the transitionmetal oxides.[2] As far as oxidation of organic compounds is
concerned, various types of mass-spectrometric techniques
have already been used to investigate the reactions of vanadium oxide ions and their clusters (VmOn + /), such as the oxidative dehydrogenation (ODH) of isomeric butenes, small alkanes, and methanol.[3, 4] With one recent exception,[5] the ODH
processes are all confined to cationic VmOn + species, whereas
the corresponding anions are much less prone to mediate
ODH reactions.
Despite the wealth of new information about the gas-phase
chemistry of these ions obtained in reactivity studies, an inherent weakness in this kind of experiment is that usually only
the ion mass is observable. In particular, structural features
which are of prime interest in transition-metal clusters can
often only be accessed indirectly or require the assistance of
complementary quantum-chemical studies. Owing to a wealth
of energetically low-lying structural and electronic isomers,
however, theory alone might encounter difficulties in identifying the lowest energy isomer in transition-metal oxides, not to
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mention unambiguously identifying the energetically preferred
reaction pathway.[6] In fact, it is the combination of the experimentally obtained vibrational spectrum with the calculated frequencies that allows for an unambiguous assignment of the
ground-state structure in these systems. In this respect, the
availability of powerful infrared lasers in conjunction with
recent instrumental developments has opened new prospects

[a] Dr. D. Schrçder
Institute of Organic Chemistry and Biochemistry
Academy of Sciences of the Czech Republic
Flemingovo n4m. 2, 16610 Prague 6 (Czech Republic)
Fax: (+ 420) 220-183-583
E-mail: detlef.schroeder@uochb.cas.cz
[b] S. Feyel, Prof. Dr. H. Schwarz
Institut f:r Chemie
Technische Universit<t Berlin
Strasse des 17. Juni 135, 10623 Berlin (Germany)
[c] Dr. C. Daniel, Prof. Dr. H. Hartl
Anorganische und Analytische Chemie
Freie Universit<t Berlin
Fabeckstr. 34-36, 14195 Berlin (Germany)
[d] Dr. J. Dçbler, Prof. Dr. J. Sauer
Institut f:r Chemie
Humboldt Universit<t Berlin
Unter den Linden 6, 10099 Berlin (Germany)
[e] G. Santambrogio, Prof. Dr. L. Wçste
Institut f:r Experimentalphysik
Freie Universit<t Berlin
Arninmallee 14, 14195 Berlin (Germany)
[f] Dr. K. R. Asmis
Fritz-Haber-Institut der Max-Planck-Gesellschaft
Faradayweg 4-6, 14195 Berlin (Germany)

= 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemPhysChem 2007, 8, 1640 – 1647

Tetravanadiumoxo Cluster Anions
for the structural characterization of gaseous ions by means of
their IR spectra.[7–9]
Herein, we combine tandem mass spectrometry with infrared radiation from a free-electron laser to study the IR spectra
of the two binary vanadium oxide cluster anions V4O9 and
V4O10 as well as the related methoxo clusters V4O9ACHTUNGRE(OCH3) and
V4O8ACHTUNGRE(OCH3)2 for the corresponding mass-selected ions; this
approach has already been extensively applied to various pure
vanadium oxide ions.[6, 10, 11]

Results and Discussion
As a precursor for the gaseous ions examined in this work by
means of their IR spectra, the neutral dodecamethoxo hexavanadiumheptaoxide V6O7ACHTUNGRE(OCH3)12 (1, Figure 1) is employed. The
infrared spectra of the bulk compound 1 and of some reduced
and oxidized derivatives have already been reported.[12, 13]

Figure 1. Structure of the neutral precursor 1.

It was found that the positions of the bands for the bridging
oxygen atoms, nACHTUNGRE(VObV), and those of the terminal oxygen
atoms of the vanadyl groups, nACHTUNGRE(VOt), depend on the number
of formal VIV and VV centers present, in that both bands show a
slight redshift with increasing number of VIV centers. Instead of
counting the number of VIV and VV centers, the formal valence
(vf) of vanadium can also be considered. This parameter has
the advantage of being independent of cluster size. Within this
conceptual framework, each oxygen atom is regarded as a
formal O2 ligand, and a methyl group is treated as formal
CH3 + , such that the number of oxygen atoms NO, the number
of methyl groups NMe, and the single negative charge determine the averaged formal valence of vanadium in the cluster
ions as: vf = (2 NONMe1)/NV , where NV stands for the number
of vanadium atoms in the cluster. This simple approach often
yields non-integer valences, and we explicitly note that 1) the
notation neither indicates nor excludes mixed-valence states
and 2) the counting scheme can lead to valences larger than
VV in the case of oxygen-centered radicals, because the formalism treats all oxygen atoms as genuine O2 ligands, irrespective of the actual bonding situations.
In our ongoing studies on vanadium oxides in oxidation catalysis, we posed the question, whether or not similar trends in
the IR frequencies can also be observed for the smaller, gaseous cluster ions that can be produced from the bulk compound V6O7ACHTUNGRE(OCH3)12 via electrospray ionization.[14] Herein, we
have chosen anionic species, because the cationic vanadium
oxide ions show a large tendency for oxidation of attached
ChemPhysChem 2007, 8, 1640 – 1647

methanol or methoxo ligands to formaldehyde concomitant
with formation of the corresponding hydroxide clusters. The
oxidative dehydrogenation of methanol constitutes a rather interesting topic on its own,[15–20] but it is deliberately avoided
herein to probe the cluster structures by appropriate spectroscopic means. Specifically, we have investigated the anions
V4O8ACHTUNGRE(OCH3)2 , V4O9 , V4O9ACHTUNGRE(OCH3) , and V4O10 , thereby covering a range from vf = 4.25 in the cases of V4O8ACHTUNGRE(OCH3)2 and
V4O9 through vf = 4.50 in V4O9ACHTUNGRE(OCH3) to vf = 4.75 for V4O10 .
Furthermore, the pure oxides V4O9 and V4O10 are regarded as
representatives for the vanadia backbone, where the tetravanadium dekaoxide species bears a symmetrical structure similar to P4O10 ; in comparison, the reduced V4O9 species lacks
one vanadyl oxygen atom. In terms of the formal valence, each
consecutive replacement of oxo ligands in V4O10 by methoxy
groups in the anions V4O10nACHTUNGRE(OCH3)n corresponds to Dvf =
0.25, thereby relating V4O8ACHTUNGRE(OCH3)2 to V4O9 , which both have
vf = 4.25.
Prior to the inspection of the experimental spectra, let us
consider the IR bands of major interest expected for these
compounds in the range from 500 to 1400 cm1, that is, the
stretching vibrations of the CO bonds, nACHTUNGRE(CO), of the terminal
oxygen atoms of the vanadyl groups, nACHTUNGRE(VOt), and the modes
characteristic for the bridging oxygen atoms, nACHTUNGRE(VObV). The
CO stretch of free methanol lies at 1027 cm1 in the gas
phase and is found at about 1020 cm1 in solution.[21] For methoxy surface species on vanadia, slightly higher wavenumbers
of about 1065 cm1 have been reported,[20, 22] whereas the
bridging methoxy ligands of 1 appear at 1031 cm1.[12] Terminal
vanadyl groups have a characteristic band at about 1000 cm1,
and the bridging oxygen atoms appear in the region somewhat above 600 cm1.[12, 23]
The ions of interest [V4O9 , V4O10 , V4O9ACHTUNGRE(OCH3) , and
V4O8ACHTUNGRE(OCH3)2] were prepared via electrospray ionization (ESI),
mass-selected, and subsequently irradiated with an IR laser
beam while the fragment ions were monitored. Due to the
fact that several IR photons are usually required to induce a
significant amount of fragmentation, this type of action spectroscopy involves the sequential adsorption of multiple photons. The observed spectral intensities may therefore significantly differ from linear absorption spectra.[24–26] Keeping these
experimental circumstances in mind, we accordingly focus on
the positions of the observed IR bands.
To record the spectra, the major fragmentation pathways of
each ion were chosen (Table 1). While in several other systems
differences in the IR traces of different fragmentation channels
have been observed,[27] we found no significant indications for
such effects and thus only consider the net photofragmentation yields. For the vanadium oxide anions V4O9 and V4O10 ,
loss of neutral VO2 is observed as, by far, the most prominent
fragmentation pathway. In marked contrast, the alkoxo clusters
V4O9ACHTUNGRE(OCH3) and V4O8ACHTUNGRE(OCH3)2 exclusively loose neutral CH3
and thus convert to the binary oxide clusters. This result
matches nicely with the previous observation that ESI of V6O7ACHTUNGRE(OCH3)12 under hard conditions can be used for the generation
of completely demethylated VmOn + / cluster ions which have
lost all of their alkyl groups.[14]
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Table 1. Mass-selected vanadium oxide cluster anions examined by
means of IR spectroscopy in the gas phase along with their major anionic
and neutral fragments. Vibrational frequencies derived from the spectra[a]
are also given.
Parent

Fragments

Position of observed bands [cm1][b]

V4O9
V4O10
V4O9ACHTUNGRE(OCH3)

V3O7 + VO2
V3O8 + VO2
V4O10 + CH3

V4O8ACHTUNGRE(OCH3)2

V4O10 + 2 CH3

634 (m), 715 (w), 780 (w), 990 (s)
633 (m), 998 (s)
624 (s), 999 (s), 1074 (s), 1130 (w),
1155 (w)
610 (s), 720 (w), 810 (w), 870 (w), 997 (s),
1065 (s), 1140 (w), 1170 (w)

[a] Positions derived from the peak centers; [b] s = strong, m = medium,
w = weak.

V4O9
The gas-phase IR spectrum of V4O9 (Figure 2 a), measured by
monitoring the VO2 loss channel (Table 1), is dominated by an
intense band centered at 990 cm1. A second, broader feature
appears at about 634 cm1, and two weaker features centered
at 715 and 780 cm1 are observed in between. The intense
band is assigned to nACHTUNGRE(VOt) of the vanadyl groups, and the feature at 634 cm1 coincides with the position expected for the
modes of the bridging oxygen atoms, nACHTUNGRE(VObV). The assignment of the two weaker features remains unclear. One might

involve combination bands with low-lying modes of the cluster
(computed to lie at about 210 and 360 cm1; see below); similar features are observed in the spectrum of V4O8ACHTUNGRE(OCH3)2 .
Consistent with the expected similarities of the ion structures,
the gas-phase IR spectrum of V4O9 closely resembles that of
V4O10 (see below).

V4O10
The gas-phase IR spectrum of V4O10 generated by laser vaporization has already been reported,[28] and the present results
are in good agreement with the previous experimental and
theoretical data. According to calculations, a tetragonal D2d
structure is found for V4O10 , which is slightly Jahn–Teller distorted from Td symmetry. Each vanadium atom is fourfold coordinated, featuring one V=O bond and three VO bonds. Assignment of a structure with high symmetry is nicely supported by the simple IR spectrum (Figure 2 b) with a dominant
narrow signal at about 998 cm1 and a weaker, broader signal
at 633 cm1; these bands are accordingly assigned to nACHTUNGRE(VOt)
and nACHTUNGRE(VObV), respectively. Unlike to V4O9 , no indications for
combination bands are observed in the spectrum of V4O10 ,
possibly because of the higher symmetry and more stringent
selection rules in the latter. Interestingly, the relative intensities
of the bands for nACHTUNGRE(VOt) and nACHTUNGRE(V-Ob-V) are in better agreement
with theory for the present experiment than in previous
work.[28] Comparison of the results obtained for several VmOn
species gives generally good agreement, and the fact that the
low-frequency modes are more pronounced in the present
study is primarily due to a different optical lens system. The
ZnSe window used previously shows a sharp drop in transmission below ca. 650 cm1. Hence, we conclude that the VmOn
anions generated in both sources are identical. This result is instructive, because laser vaporization of metals in the presence
of O2 might also give rise to isomeric dioxygen
complexes,[10a, 29] for example V4O8(O2) , which, however, is apparently not the case for the species generated here, as revealed by comparison with the ions obtained via electrospray
ionization.

V4O9ACHTUNGRE(OCH3)

Figure 2. Gas-phase IR spectra of a) mass-selected V4O9 with an inset showing the expanded range from 600 to 800 cm1, b) mass-selected V4O10 ,
c) mass-selected V4O9ACHTUNGRE(OCH3) with an inset showing the expanded range
from 950 to 1050 cm1, and d) mass-selected V4O8ACHTUNGRE(OCH3)2 . The spectra
were measured from 550 to 1400 cm1 by monitoring the most dominant
fragmentation channel. The insets show higher resolution spectra measured
with smaller wavelength step sizes, longer dwell times, and in a smaller
spectral region.
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In addition to the vanadyl stretch nACHTUNGRE(VOt) at 999 cm1, the gasphase IR spectrum of the monomethoxo cluster V4O9ACHTUNGRE(OCH3)
shows a prominent peak at 1074 cm1 with a smaller satellite
at about 1130 cm1 (Figure 2 c). By reference to the infrared
data of similar vanadium methoxo species (see above), the
more intense of these two latter signals (1074 cm1) is assigned to nACHTUNGRE(CO) and the weaker one near 1130 cm1 to a H
CH bending mode. In the region of the bridging modes nACHTUNGRE(V
ObV), a broad signal centered at 624 cm1 is observed. Its increased width can be tentatively rationalized by considering
the lower symmetry caused by the methoxo ligand, which
leads to a splitting of the bridging modes (also see the theoretical results).
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V4O8ACHTUNGRE(OCH3)2
In general, the IR spectrum of V4O8ACHTUNGRE(OCH3)2 (Figure 2 d) is similar to that of the monomethoxo cluster. Prominent features
appear at 610, 997, and 1065 cm1, which are assigned to nACHTUNGRE(V
ObV), nACHTUNGRE(VOt), and nACHTUNGRE(CO), respectively. The major difference
in comparison of Figures 2 c and d is associated with the increased intensity of the nACHTUNGRE(CO) band relative to the other
bands, which is consistent with the larger number of CO oscillators at the expense of free vanadyl groups in the dimethoxo cluster. In comparison to the pure oxide clusters (FigACHTUNGREures 2 a and b), the cluster anions containing methoxo ligands
(Figures 2 c and d) show a much weaker intensity of the
nACHTUNGRE(VOt) band than would be expected from the mere consideration of the number of vanadyl moieties replaced by methoxo
ligands. Again, weak features are observed between 700 and
900 cm1 which may be due to combination bands.

Structural Implications
Even without the consideration of explicitly computed IR spectra, some important structural conclusions can already be
drawn from the spectral signatures in Figure 2. At first, the observation of nACHTUNGRE(CO) bands in Figures 2 c and d indicates the
presence of intact methoxy groups in the CH3-containing clusters, and thus discounts the occurrence of a possible rearrangement to hydrido species.[30–32] Secondly, the increase of
the relative intensities of the bands for nACHTUNGRE(CO) at the expense
of nACHTUNGRE(VOt) indicates that the methoxo ligands replace some of
the terminal oxo groups rather than acting as bridging ligands
as in the neutral bulk compound 1. The latter view is further
supported by the slight blueshift of the nACHTUNGRE(CO) bands from
1031 cm1 in 1 to 1074 cm1 and 1065 cm1 in V4O9ACHTUNGRE(OCH3)
and V4O8ACHTUNGRE(OCH3)2 , respectively. Hence, the IR spectra reveal
structural details which could not have been derived from the
mass spectrometric fragmentation patterns alone.
Let us now return to the question posed at the outset of
the Results and Discussion and compare the trends observed
for the gaseous clusters ions (Table 1) with the IR data reported
for the bulk cluster V6O7ACHTUNGRE(OCH3)12 in various redox states.
Figure 3 shows plots of the relevant modes nACHTUNGRE(VObV) and

nACHTUNGRE(VOt) as a function of the formal valence as defined above.
The IR frequencies in the gas-phase data (squares) are between
10 and 40 cm1 higher than those obtained in the condensed
phase (circles), which can be accounted for by bulk effects operative in the condensed phase.[33] However, the IR spectra of
the solid-state clusters show a clear correlation, whereas the
trend in the gas-phase data is much less pronounced, if such a
correlation exists at all. In Figure 3 a, the correlation of the gasphase data becomes much better if it is assumed that the
broad signal at 634 cm1 for V4O9 (Figure 2 a) comprises two
components, the lower of which corresponds to nACHTUNGRE(V-Ob-V),
which would shift the entry marked with an asterix closer to
the trend observed in the condensed phase (see below).
The above comparison of the infrared bands of vanadium
clusters in the condensed phase with the gas-phase data demonstrates that insight into the ion structures is available from
the gas-phase infrared spectra even before consideration of
theory. Thus, without the information gained from the infrared
spectra, the dissociation patterns of the cluster ions, that is,
losses of neutral VO2 from the oxide anions V4On (n = 9, 10)
and losses of methyl groups from V4O10nACHTUNGRE(OCH3)n (n = 1, 2)
would have provided almost no structural insight, whereas the
IR spectra demonstrate the existence of genuine methoxo ligands in the clusters and also reveal the existence of vanadyl
groups and the bridging oxygen atoms. Moreover, the changes
in intensities indicate that the methoxo ligands possibly replace the terminal vanadyl groups in the clusters rather than
acting as bridging ligands. Even using sophisticated labeling
techniques, such a depth of structural information would have
been difficult to achieve by mass spectrometry alone, thereby
highlighting the additional insight achieved by the combination of mass spectrometric studies with IR radiation from a free
electron laser.
Computational Studies

For a computational prediction or assignment of the IR frequencies, density functional theory is employed. The description of the localization of the d electrons at some of the vanadium sites, that is, the possible existence of mixed-valence
structures as opposed to a complete delocalization of the delectron density, is known to
depend on the amount of Fock
exchange in the functional.[28]
Therefore, the pure generalized
gradient functional BLYP and
the hybrid functional B3LYP are
applied; the latter includes 20 %
of Fock exchange and is known
to favor the localization of electrons.
Figure 4 shows a comparison
of the IR bands of the neutral
Figure 3. Frequencies of a) the modes of the bridging oxygen atoms nACHTUNGRE(VObV) in the range from 570 to
precursor 1 as computed with
640 cm1 and b) the mode of the vanadyl groups nACHTUNGRE(VOt) in the range from 930 to 1010 cm1 as a function of the
both methods in the spectral
formal valence (vf) of vanadium in the gaseous clusters studied in this work (&) and in several redox states of the
range investigated experimenprecursor V6O7ACHTUNGRE(OCH3)12 in the solid state (*, data taken from ref. [12]). The asterisk in (a) denotes the peak at
tally, and Table 2 provides a
634 cm1 for V4O9 ; see text.
ChemPhysChem 2007, 8, 1640 – 1647
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Figure 4. Computed IR spectrum of the neutral compound V6O7ACHTUNGRE(OCH3)12 (1)
in the spectral region probed in the gas-phase experiments with the two different density functionals indicated.

Table 2. Computed band positions (cm1) of neutral 1 in the gas phase
and the experimentally observed absorptions of 1 (KBr pellet).
Mode

BLYP

B3LYP

Experiment

nACHTUNGRE(V-Ob-V)
nACHTUNGRE(VOt)
nACHTUNGRE(CO)

571
986
1027

594
964
1051

587
975
1031

comparison of the calculated
band positions with the experimental findings for bulk 1. Neither of the functionals gives a
perfect match with experiment,
but the agreement is certainly
sufficient given the widths of
the IR bands in the experiments. The average deviation
for the three modes listed in
Table 2 is slightly better for the
pure density functional BLYP
( 10 cm1) than for the hybrid
functional B3LYP ( 13 cm1).
For the scaled frequencies,
acceptable agreement with the
results of both functionals is
also found for the pure vanadium oxide cluster anions V4On
with n = 9 and 10 (Figures 5 a
and b). Thus, for V4O9 , BLYP
and B3LYP predict intense
bands for nACHTUNGRE(VOt) at 983 cm1
and 960 cm1, respectively, and
a doublet for the bridging
modes nACHTUNGRE(VObV) at 630 cm1
and
670 cm1
for
BLYP
(624 cm1 and 645 cm1 for
B3LYP). The computations predict two modes contributing to
the experimentally observed
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band centered at 634 cm1 in the IR spectrum of mass-selected
V4O9 (Figure 2 a), which has already been proposed for this
particular band on the basis of the experimental spectrum.
Clearly, both BLYP and B3LYP spectra compare reasonably
well with the IR spectra for the pure oxide cluster anions.
V4O10 has one extra electron in the vanadium d orbitals, and it
has already been reported that both functionals predict complete delocalization of this electron.[28] Both functionals yield a
consistent picture for V4O9 as well. Two of the three electrons
in d orbitals are delocalized in the cluster, and the third electron in the d manifold is localized at the vanadium atom that
does not have a terminal oxo ligand. However, pronounced
differences between the predictions of the two functionals
exist for the anionic cluster ions bearing methoxo ligands
V4O10nACHTUNGRE(OCH3)n [n = 1, 2; Figures 5 c and d]. While the computed bands for nACHTUNGRE(VOt) and nACHTUNGRE(CO) around 1000 cm1 still agree
reasonably well, the region of the bridging modes is completely different in BLYP and B3LYP, in that the latter functional predicts several modes between 680 and 820 cm1 that are not
found with BLYP and that are also not observed in the experimental gas-phase IR spectra (Figure 2). These differences between BLYP and B3LYP are a consequence of the different
degree of localization of the electrons in d states. Whereas

Figure 5. Computed IR spectra of the cluster anions a) V4O9 , b) V4O10 , c) V4O9ACHTUNGRE(OCH3) , and d) V4O8ACHTUNGRE(OCH3)2 using
BLYP and B3LYP in the spectral region probed experimentally. For comparison, the corresponding experimental
traces are shown above the computed spectra.
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BLYP predicts delocalization of the d electrons, B3LYP favors localization of the electrons (two in V4O9ACHTUNGRE(OCH3) , three in
V4O8ACHTUNGRE(OCH3)2) at the V site(s) with the methoxo ligand(s). The
better agreement with the experimental IR spectra indicates
that BLYP provides a superior effective description for
V4O10nACHTUNGRE(OCH3)n (n = 1, 2), that is, for tetrahedral cages having
both V=O and VOCH3 terminal bonds. The origin of the inferior description of these systems by B3LYP is most likely associated with the pronounced multireference character of the
wavefunctions, which is primarily due to the V=O groups.[34–36]
We note that the treatment of V4O10nACHTUNGRE(OCH3)n ions and related
clusters based on methods using a single determinant obviously is only a first approximation.
Differences between the two functionals also appear in the
computed thermochemical data (Table 3). Whereas the CO

Table 3. Selected bond energies (0 K values in eV) of the oxide clusters
V4O9 and V4O10 and the methoxo derivatives V4O9ACHTUNGRE(OCH3) and V4O8ACHTUNGRE(OCH3)2 as well as the calculated CO bond energy of methoxy radical
and dimethyl ether as calculated with BLYP and B3LYP.
Process
1

[a]

CH3O!CH3 + =2 O2
CH3OCH3 !CH3O + CH3[b]
V4O10 !V4O9 + 1=2 O2
V4O9ACHTUNGRE(OCH3) !V4O10 + CH3
!V4O9 + CH3O
V4O8ACHTUNGRE(OCH3)2 !V4O9ACHTUNGRE(OCH3) + CH3
!V4O8ACHTUNGRE(OCH3) + CH3O
!V4O10 + 2 CH3
V4O9ACHTUNGRE(OCH3) !V4O9(H) + CH2O

DrHACHTUNGRE(BLYP)

DrHACHTUNGRE(B3LYP)

1.17
3.13
3.84
1.07
3.74
0.83
3.76
1.90
2.00

1.24
3.14
3.39
1.38
3.53
1.32
3.58
2.70
2.14

[a] The experimental value is (1.33  0.04) eV.[21] [b] The experimental
value is (3.59  0.04) eV.[21]

bond dissociation energies of methoxy radical and dimethyl
ether are similar with both functionals, only the former is in
good agreement with experiment, while that of dimethyl ether
is underestimated by both functionals.[37] Furthermore, B3LYP
appears to favor the oxygen-depleted clusters compared to
BLYP, in that the CO bonds are computed to be stronger with
B3LYP, while the VO bonds to the methoxy groups are
weaker with this method. For the loss of two methyl radicals
from V4O8ACHTUNGRE(OCH3)2 , that is, the channel used to monitor the
gas-phase IR spectrum of this ion, a difference of even 0.80 eV
evolves for the two methods.[38] Also, the dissociation energy
of the V=O bonds in V4O10 is predicted to be lower with
B3LYP than with BLYP; from comparison with experiments on
VO2 + , we know that B3LYP is closer to the experimental values
in this respect.[38, 39]
Regardless of the differences between the two functionals,
the computed differences of more than 2 eV for the energy demands of CH3 versus CH3O losses are in good agreement with
the experimentally observed preference for the former pathway, even in double demethylation. Further, the possible redox
processes associated with the oxidation of the methoxo ligand
to a formaldehyde molecule were investigated briefly. Even
without considering the reaction barrier, both functionals clearChemPhysChem 2007, 8, 1640 – 1647

ly predict a large preference for the expulsion of a methyl radical from the clusters, which is in perfect match with the experimental data. Last but not least, Figure 6 shows the computed

Figure 6. B3LYP structures of V4O9 , V4O10 , V4O9ACHTUNGRE(OCH3) , and V4O8ACHTUNGRE(OCH3)2 .

structures of the four ions under study. We note in passing
that for the V4O10nACHTUNGRE(OCH3)n species, the corresponding structures with bridging methoxo rather than oxo ligands are slightly higher in energy (0.31 eV for n = 1 and 0.34 eV for n = 2). In
addition to the higher energy of the structures with bridging
methoxy groups, the agreement of the frequencies to the experimental spectra is also worse, as the bridging species bears
no CO stretches in the region of 1070 cm1. This finding can
be attributed to a weaker CO bond in bridging coordination
due to the threefold coordinated oxygen, which causes a redshift of the CO stretch into the vanadyl region at about
1000 cm1.

Conclusions
Gas-phase infrared spectra can be used to extract decisive
structural information about vanadium oxide and methoxovanadium oxide clusters, even without the explicit consideration
of theoretically predicted spectra. In addition to the modes of
the bridging and terminal oxo ligands, the methoxovanadium
species display characteristic VOCH3 stretch modes that are
due to the presence of methoxo groups. In general, good
agreement is found between the IR spectra of the gaseous
ions and the information available for related bulk vanadium
clusters. Reasonably good agreement is also found between
the experimental infrared spectra and the predictions by the
density functional BLYP for all species considered herein; the
otherwise powerful B3LYP functional fails for the vibrational
spectra of the clusters containing methoxo ligands. The different performance of BLYP and B3LYP for subclasses of vanadium oxide and methoxovanadium oxide clusters with regard to
infrared spectra and thermochemical properties shows that
there is still room left for developing improved functionals.

Experimental and Theoretical Methods
The vanadium oxide anions V4O9 and V4O10 as well as the methoxovanadium oxide clusters V4O9ACHTUNGRE(OCH3) and V4O8ACHTUNGRE(OCH3)2 are
studied in the gas phase by infrared spectroscopy. The cluster
anions are generated using a guided-ion-beam multipole-based
tandem mass spectrometer equipped with an electrospray ionization[40] source as described elsewhere.[10a] As a precursor for ion
generation, the bulk hexanuclear vanadium compound
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V6O7ACHTUNGRE(OCH3)12 is employed. Similar to the procedure described previously,[14] ESI of a methanolic solution of this compound at a flow
rate of approximately 1 mL min1 with the source held at ambient
temperature and relatively harsh ESI conditions leads to smaller
fragment clusters of the general formula VmOnACHTUNGRE(OCH3)o (m = 2–4,
n = 1–11, o = 0–6). These cluster anions are focused into a radio-frequency (RF) decapole ion guide filled with Ar to collimate the ion
beam and compress it in phase space with subsequent 908 deflection into the first RF quadrupole, mass-selection of the ions of interest, and injection using another 908 deflector into a temperature-adjustable, He-filled RF-hexadecapole ion trap.[10a, 41, 42] The ion
trap is filled continuously for a period of 200 ms and is connected
to a helium cryostat (T < 16 K), in which the cluster anions are thermalized by inelastic collisions with the cold buffer gas.
Infrared excitation of the cluster anions is achieved with the free
electron laser for infrared experiments (FELIX)[43] tuned in a range
between 550 and 1400 cm1. Only when in resonance with an allowed IR transition may the cluster anions absorb one or more
photons, followed by energy redistribution and subsequent absorption of more photons,[24] that is, gradual heating of the ions is
achieved. Once a sufficient amount of internal energy is deposited
in the ions, they can undergo dissociation to fragment ions of different mass. Directly after the laser pulse, the ions are extracted
from the ion trap and the mass-selected ion yields are monitored
using the second RF quadrupole mass filter. At each wavelength,
the duty cycle is repeated at least ten times such that the acquisition time of a single IR spectrum is on the order of 15 to 30 min;
in most cases, several IR spectra are averaged. The laser radiation
of FELIX is introduced into the ion trap through a KRS-5 window, a
KBr lens of 48 cm focal length, and a 5 mm KBr window. The transmission of this optical setup (ca. 70 %) is somewhat lower than
that of the previously used ZnSe (up to 85 % transmission),[10a] but
KRS-5 and KBr behave basically wavelength-independent over the
550 to 1400 cm1 spectral range investigated herein, whereas the
transmission of the ZnSe material is < 50 % at 600 cm1.
The density functional theory (DFT) calculations are performed
with TURBOMOLE 5.8.[44, 45] The calculations use the GGA functional
BLYP[46, 47] as well as the hybrid functional B3LYP.[47, 48] In the case of
BLYP, the resolution of identity (RI) method[49, 50] is used to speed
up the calculations. The calculations use the triple-zeta basis sets
TZVP of Ahlrichs and co-workers.[51] Vibrational spectra were calculated from analytical second derivatives[52, 53] using the harmonic
approximation. Scaling factors are applied to account for systematic errors of DFT as well as for the neglect of anharmonicities. Because of the multireference character of the V=O bonds, different
scaling factors are used for V=O vibrations. Specifically, the scaling
factors for the B3LYP frequencies are derived from small VnOm +
ions[11d] (0.9171 for nACHTUNGRE(VOt); 0.9832 for all others), and those for
BLYP (1.0 for nACHTUNGRE(VOt); 1.0367 for all others) are derived from experimental data for matrix-isolated V4O10.[54]
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