ARTICLE
pubs.acs.org/JPCA

Electron Distribution in Partially Reduced Mixed Metal Oxide Systems:
Infrared Spectroscopy of CemVnOoþ Gas-Phase Clusters
Ling Jiang,† Torsten Wende,† Pieterjan Claes,‡ Soumen Bhattacharyya,‡ Marek Sierka,§ Gerard Meijer,†
Peter Lievens,*,‡ Joachim Sauer,*,§ and Knut R. Asmis*,†
†

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany
Laboratory of Solid State Physics and Magnetism, K.U.Leuven, Celestijnenlaan 200 D, B-3001 Leuven, Belgium
§
Institut f€ur Chemie, Humboldt-Universit€at Berlin, Unter den Linden 6, D-10099 Berlin, Germany
Downloaded via FRITZ HABER INST DER MPI on February 3, 2021 at 11:45:07 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

‡

bS Supporting Information
ABSTRACT: Vibrational predissociation spectra of rare-gastagged [(CeO2)(VO2)12]þ and [(Ce2O3)(VO2)]þ clusters
are measured in the 4001200 cm1 region. Density functional
theory (DFT) is used to determine the geometric and electronic
structure of low-energy isomers of the partially reduced clusters.
Comparison of experimental and simulated spectra provides
evidence for the larger stability of Ceþ3/Vþ5 compared to that
of Ceþ4/Vþ4, which conﬁrms that the exceptionally high
reducibility of Ceþ4 accounts for the promoting role of ceria
in supported vanadium oxide catalysts.

1. INTRODUCTION
Supported vanadia is an important solid catalyst for selective
oxidations, for example, for the oxidative dehydrogenation
(ODH) of alkanes and methanol.1,2 It has therefore been chosen
as a material for examining the role of the supporting oxide on the
catalytic activity,25 and a strong dependence on the type of the
supporting oxide has been found, the origin of which is still under
debate. Among the factors discussed is the reducibility of the
support material because hydrogen transfer, the rate-determining
step in the ODH reaction,68 leaves an electron on the supported
vanadium oxide catalysts. For vanadia supported on ceria, the
catalytic activity is particularly high.2,5,9 Although cerium oxide
has been known for its ability to store, release, and transport
oxygen ions for a long time,10 only recently, a combined
experimental and computational investigation of VOx/CeO2(111) model catalysts has shown that this remarkable activity is
due to the ability of ceria to easily accommodate electrons in
localized f-orbitals.6
This raises the more general question of the role of the two
metals in the partial reduction of a mixed metal oxide system. For
VOx particles on a CeO2(111) surface, photoelectron spectroscopy in agreement with density functional theory (DFT) demonstrated that vanadium becomes fully oxidized (þ5 oxidation state),
whereas reduced cerium (þ3) is formed.11 DFT calculations for
crystalline CeVO4 also found that the Ce(þ3)2O3 3 V(þ5)2O5 form
with reduced Ce is more stable than Ce(þ4)O2 3 V(þ4)O2 with
reduced V, that is, the extra electron prefers the Ce-4f states rather
than the V-3d states.12
Here, we study three binary metal oxide gas-phase clusters,
CemVnOoþ, by infrared vibrational predissociation (IRVPD)
r 2011 American Chemical Society

spectroscopy in combination with DFT. Charged species are
required for mass selection. In CeVO4þ (1), both metal atoms
are fully oxidized. There is no doubt about the Ce(þ4)O2 3 V(þ5)O2þ
electronic structure with all Ce-4f and V-3d states empty. For the
CeV2O6þ species (2), which can also be written as (CeVO4)(V(þ5)O2þ), the same question arises as that for crystalline CeVO4:
Is the extra electron populating the Ce-4f or the V-3d states and does
this lead to geometrically diﬀerent isomers? Our DFT calculations
show that this is indeed the case and that the measured IR spectra
provide compelling evidence for electron localization in Ce-4f states.
Also for the Ce2VO5þ species (3), which can be written as
(CeVO4)(Ce(þ3)Oþ), we ﬁnd that vanadium is in the þ5 oxidation
state, whereas both cerium atoms are in the þ3 oxidation state.
This study does not only probe the relative reducibility of ceria
versus vanadia, it also provides hints on the applicability of
diﬀerent DFT approaches to electronic structures with localized
(Ce)-4f or (V)-3d states. For gas-phase oxide clusters, we can
easily apply the more reliable hybrid functionals (see, e.g., ref 13),
and this we do in the present study, whereas for solid
materials,14,15 use of hybrid functionals is more demanding,
and the so-called DFTþU approach16,17 is routinely applied.
Speciﬁcally, the IR spectra of 13 are measured by IRVPD
spectroscopy. DFT with the B3LYP hybrid functional is employed to optimize the structures of energetically low-lying
isomers of 13 and to calculate their linear IR spectra. The
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assignment of the observed spectrum to a particular isomer with a
given oxidation state of the metal atoms involved is based on the
agreement between observed and predicted spectra together
with the lowest-energy criterion. For comparison, DFT calculations are also made for the corresponding binary oxide clusters
MmVnOoþ involving another redox-active oxide, M = Ti, and an
inert oxide, M = Si, as models for vanadia supported by titania
and silica, respectively.
Ce-containing clusters have not been spectroscopically studied in the gas phase up to now, but the reactivity of CemO2mþ
cations toward CO and small hydrocarbon molecules was
studied mass spectrometrically and interpreted on the basis of
DFT calculations.18 IR spectra of small CemOnþ/0/ (m, n e 2)
clusters in an Ar matrix have also been measured.19 DFT
calculations for mixed vanadiaceria systems have been performed so far only on solid CeVO412 and for VOn clusters on the
CeO2(111) surface.6,11,20

2. EXPERIMENTAL DETAILS
IRVPD experiments are carried out using an ion trap/tandem
mass spectrometer,21,22 temporarily installed at the Free Electron
Laser for Infrared eXperiments (FELIX) facility23 at the FOM
Institute Rijnhuizen (The Netherlands). The binary vanadium
cerium oxide cluster cations are generated by a 10 Hz dual laser
vaporization source.24 The plasma, containing vanadium and
cerium atoms, is entrained in a pulse of 0.1% O2 seeded in He
carrier gas and expanded through a clustering channel. After
passing through a 4 mm diameter skimmer the ions are collimated
and translationally cooled in a buﬀer-gas-ﬁlled radio frequency
(RF) decapole ion guide. Parent ions are mass-selected in a
quadrupole mass ﬁlter, deﬂected by 90° in an electrostatic
quadrupole deﬂector, and focused into a cryogenically cooled
RF ring electrode ion trap. To allow for continuous ion loading,
ion thermalization, and ionHe atom (Ne atom) complex formation, the trap is continuously ﬁlled with He (Ne) as a buﬀer gas at an
ion trap temperature of 15 K (19 K for Ne). Rare-gas-tagged
complexes are stabilized through three-body collisions.25,26 Because
the ion yields of 2 3 He and 3 3 He are too small, we use the
corresponding Ne complexes for the IRVPD measurements.
After ﬁlling the trap for 98 ms, all ions are extracted from the
ion trap and focused both temporally and spatially into the center
of the extraction region of an orthogonally mounted linear timeof-ﬂight (TOF) mass spectrometer. Here, the ion packet can be
irradiated with the IR laser pulse prior to the application of highvoltage pulses on the TOF electrodes and the subsequent
measurement of the TOF mass spectrum.
IR spectra are obtained in the diﬀerence mode of operation
(laser onlaser oﬀ) and recorded by monitoring all ion intensities
simultaneously as the laser wavelength is scanned (5070 measurements per wavelength step). FELIX is operated at a repetition rate of 5
Hz from 400 to 1200 cm1 with a bandwidth of ∼0.2% RMS of the
central wavelength and average pulse energies of 10 mJ. The photodissociation cross section σ is determined from the relative abundances
of the parent and photofragment ions, I0 and I(ν), and the frequencydependent laser power P(ν) using σ = ln[I(ν)/I0]/P(ν).27
3. COMPUTATIONAL DETAILS
The TURBOMOLE 6.2 program is used for all calculations.28
The B3LYP hybrid functional29,30 is employed together with a tripleζ valence basis set adjusted by g polarization functions for Ce atoms
(TZVPP31). The binding energies between the ions and the rare gas

Figure 1. Optimized B3LYP/TZVPP structures and relative energies
(in kJ/mol) of several low-lying isomers of CeVO4þ (1), CeV2O6þ (2),
and Ce2VO5þ (3). (O red, V olive, Ce yellow). The oxidation state of
each metal atom is speciﬁed. The purple spin density isosurface indicates
electron localization on either Ce or V.

atoms are calculated using the B3LYPþD(ispersion)32 model.
Structure optimizations use tight convergence criteria. Structures
are optimized until Cartesian gradients are smaller than 1  105
Hartree/Bohr and the energy change is smaller than 1  106
Hartree. The SCF convergence criterion is 1  107 Hartree for the
energy and 1  107 au for the RMS of the density. Open-shell
singlet states for 3 are described by broken-symmetry solutions.33,34
Harmonic vibrational frequencies are obtained from analytic second
derivatives.35 Zero-point vibrational energy contributions have been
taken into account for the determination of relative energies. It is
known that B3LYP vibrational frequencies are systematically too
large (see, e.g., refs 36 and 37), and therefore, agreement with
observed frequencies can be improved by scaling. Scaling accounts
for both anharmonicities and systematic errors of the calculated
harmonic force constants (calculated harmonic wave numbers are
compared to observed fundamentals including anharmonicities). We
use scaling parameters that were determined for small vanadium
oxide cluster cations.38 The vanadyl (VdO) modes are scaled by
0.9167, and all other modes are scaled by 0.9832. The simulated
linear absorption spectra are derived from scaled harmonic frequencies and intensities. The resulting stick spectra are convoluted using a
Gaussian line shape function with a width of 10 cm1 (fwhm) to
account for the laser bandwidth.

4. RESULTS
4.1. Structures and Energies of Isomers. The calculated
relative energies (in kJ/mol), optimized structures, and spin
densities of several low-lying isomers for species 1, 2, and 3 are
shown in Figure 1 (see Table S1 (Supporting Information) for
total electronic and zero-point vibrational energies). The lowestenergy isomer of 1 is characterized by a nearly planar, four11188
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Figure 3. Comparison of experimental IRVPD spectra of Ne-tagged
CeV2O6þ (2 3 Ne, bottom row) to simulated B3LYP/TZVPP IR spectra
of the isomers 2A2C (upper rows). VdO modes are marked with an
asterisk, and CedO modes are marked with an open circle. Relative
energies are given in kJ/mol.
Figure 2. Comparison of experimental IRVPD spectra of He-tagged
CeVO4þ (1 3 He, bottom row) to simulated B3LYP/TZVPP IR spectra
of the isomers 1A1E (upper rows). VdO modes are marked with an
asterisk, and CedO modes are marked with an open circle. Relative
energies are given in kJ/mol.

membered M(O)2M ring with two terminal MdO bonds in
trans configuration (1A in Figure 1). It is similar to the structures
previously reported for Zr2O4 or V2O4þ.34,38,39 Both metal
centers are fully oxidized (Ceþ4 and Vþ5), resulting in a
closed-shell 1A0 electronic ground state. The VdO and CedO
bond lengths are 1.57 and 1.75 Å, respectively. Other isomers,
including one with the terminal MdO bonds in cis configuration
(1B), as well as scissor-like (1C), chain-like (1D), and tribridged
(1E) structures, lie þ9, þ55, þ63, and þ69 kJ/mol, respectively,
higher in energy than 1A. The He atom binds preferentially to
the V atom of 1A (Figure S1, Supporting Information), that is,
the positive charge center, with a binding energy of 13 kJ/mol.
The structural parameters of 1A and 1A 3 He (Table S3, Supporting Information) are nearly identical.
The ground state of 2 is a 2A state with a cage-like structure of
C1 symmetry featuring two VdO groups and a three-foldcoordinated Ce atom (2A in Figure 1). Chain-like (2B) and
cage-like structures (2C) carrying single VdO and CedO
subunits and the lowest-energy quartet state related to the 2A
ground state are predicted at þ113, þ133, and þ297 kJ/mol,
respectively. Structure 2A is similar to the structure reported for
Zr3O639 but is diﬀerent from that of V3O6þ,40 which prefers a
2B-like structure. The spin density isosurface (Figure 1) shows
that the unpaired electron in 2A resides on the Ce atom, yielding
oxidation states of Ceþ3/Vþ5/Vþ5, in contrast to the energetically higher-lying isomers 2B and 2C, which correspond to
Ceþ4/Vþ4/Vþ5. In the messenger atom complex 2A 3 Ne
(EionNe = 9.1 kJ/mol), the Ne atom prefers the low (threefold)-coordinated Ce site, rather than the four-fold-coordinated
V sites (see Figure S2, Supporting Information).

The cage-like structure 3A (Figure 1) with Cs symmetry is
predicted to be the lowest-energy isomer for 3. It has an open-shell
1 0
A ground state in which the spins on the Ceþ3 sites are
antiferromagnetically coupled. The corresponding 3A0 state
(with parallel spins) is almost isoenergetic (þ0.03 kJ/mol) with
nearly identical structural parameters (Table S3, Supporting
Information). The next two low-lying isomers are the bicyclic
triplet species 3B (þ127 kJ/mol) and 3C (þ133 kJ/mol). All
three isomers contain one terminal oxygen atom, either in a VdO
(3A, 3B) or in a CedO (3C) double bond, and exhibit diﬀerent
oxidation states, Ceþ3/Ceþ3/Vþ5 (3A) or Ceþ3/Ceþ4/Vþ4 (3B,
3C). Attachment of Ne to 3A leads to structure 3A 3 Ne (Figure S3,
Supporting Information), in which the Ne atom is located at a
similar distance from all three metal atoms (EionNe = 11 kJ/mol).
Summarizing, the present calculations predict ground-state
structures for ions 13, which are at least þ55 kJ/mol more
stable than other structural isomers. Whereas the electronic
structure of 1 corresponds to fully oxidized metal centers
(Ceþ4/Vþ5), for the partially reduced species 2 and 3, the most
stable structures correspond exclusively to reduction of the Ce
atoms (Ceþ3), whereas the Vþ5 centers remain unaﬀected.
4.2. Vibrational Spectra. To test the computational predictions, the experimental IRVPD spectra of 1 3 He, 2 3 Ne, and 3 3 Ne
are compared with simulated IR absorption spectra of several lowlying isomers in Figures 24. Experimental peak positions are listed
together with harmonic frequencies and intensities of the lowestenergy isomers in Table 1. The simulated B3LYP IR spectra of the
bare ion and the corresponding rare gas complexes are nearly
identical (e(5 cm1), showing that the influence of the messenger
atom on the IR absorptions is negligible (Figures S1S3, Supporting Information). The same holds for the B3LYP-D IR spectra;
however, the difference between the two models, without and with
dispersion interaction, is slightly larger (e(8 cm1).
Five absorption bands are observed at 1017, 866, 843, 776, and
551 cm1 in the IRVPD spectrum of 1 3 He (Figure 2). The
experimental spectrum shows excellent agreement with the simulated spectrum of the lowest-energy isomer 1A both for band
11189
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positions and relative intensities. The spectra of isomers 1A and 1B,
the cis/trans isomers, are predicted to be very similar. The separation
and relative intensities of the 843 and 866 cm1 bands in the
experimental spectrum (23 cm1, 1:0.25) are closer to those of the
trans isomer 1A (þ24 cm1, 1:0.23) than those of the cis isomer 1B
(þ26 cm1, 1:0.35), favoring an assignment to the trans isomer 1A,
which is calculated to be 9 kJ/mol lower in energy. The IR spectra of
the energetically higher-lying scissor-like (1C), chain-like (1D), and
tribridge (1E) structures (Figure 2) are markedly diﬀerent from the
experimental one, excluding them from the assignment. The two
highest-energy IR bands of 1 3 He are assigned to the VdO (νexp =
1017 cm1/νcalc = 1011 cm1) and CedO (866/893) stretching
modes. Due to the 1.7 higher mass of Ce compared to that of V, the
CedO band is red-shifted relative to the vanadyl band, to a spectral
region that overlaps with the M(O)2M ring vibrations
(∼400900 cm1),40 leading to substantial coupling between the
CedO and the antisymmetric MO ring stretching mode (843/
869), in this particular case. The symmetric ring stretching (776/
777) and breathing (551/537) modes are found at lower energies.
The IRVPD spectrum of 2 3 Ne (Figure 3) shows seven IR
bands at 1052, 1037, 810, 720, 681, 638, and 569 cm1. Excellent

Figure 4. Comparison of experimental IRVPD spectra of Ne-tagged
Ce2VO5þ (3 3 Ne, bottom row) to simulated B3LYP/TZVPP IR spectra
of the isomers 3A3C (upper rows). VdO modes are marked with an
asterisk, and CedO modes are marked with an open circle. Relative
energies are given in kJ/mol.

agreement is found with the simulated IR spectrum of the lowestenergy isomer 2A. The doublet (1052 and 1037 cm1) observed
above 1000 cm1 is characteristic for structure 2A because it
unambiguously identiﬁes the presence of two vanadyl groups,
which yield a symmetric and an antisymmetric combination of
the two VdO stretching modes (1040 and 1021 cm1). In
contrast, isomers 2B and 2C exhibit a single VdO plus one
CedO group. Consequently only a single band at 1031 cm1
(1028 cm1) is predicted for 2B (2C). The CedO stretching
modes at 896 (2B) and 877 cm1 (2C) lie in a spectral region
where no signiﬁcant absorption is found in the experiment. The
features below 800 cm1 are attributed to stretching and bending
vibrations involving the doubly coordinated O atoms.
The IRVPD spectrum of 3 3 Ne is shown in the bottom row of
Figure 4. Seven peaks are observed at 1029, 774, 748, 634, 612, 524,
and 499 cm1. The spectrum of the 1A0 ground state reproduces six
of these bands (1005, 767, 754, 617, 608, and 502 cm1) satisfactorily and also accounts for the weak absorption band observed
at ∼560 cm1 (554 cm1). The experimentally observed bands are
assigned (in descending order with respect to energy) to one VdO
stretching mode, three OVO stretching modes involving the
doubly coordinated O atoms adjacent to the vanadium atom, as well
as two more delocalized ring deformation modes, leaving the
524 cm1 band unassigned. Our initial assumption that this band
may be attributed to the nearly isoenergetic 3A0 state is not
conﬁrmed by the calculations, which yield nearly identical vibrational frequencies for the 1A0 and 3A0 states (Figure 4 and Table S1,
Supporting Information). We then considered diﬀerent binding
sites of the Ne atom to 3A, but only a weak dependence of the
binding site on the IR band positions was found (Figure S3,
Supporting Information). Summarizing, we ﬁnd the best agreement
of the experimental spectrum of 3 3 Ne with the cage-like structure
3A corresponding to oxidation states of Ceþ3/Ceþ3/Vþ5. Both
quasi-degenerate states (3A0 and 1A0 ) contribute to the IR spectrum
but cannot be diﬀerentiated due to their nearly identical IR spectra.
The spectra of the energetically higher-lying isomers 3B
(þ127 kJ/mol) and 3C (þ133 kJ/mol) should lie too high in
energy to be probed in the experiment, and their simulated IR
spectra also ﬁt less well with the experiment compared to the
spectrum of 3A. We conclude that structures 3B and 3C, which
contain a Vþ4 center, are not observed.

5. DISCUSSION
The good agreement between the experimental IRVPD
spectra and the simulated IR spectra of the lowest-energy
structure for the three systems 13 considered here shows that
the B3LYP/TZVPP calculations yield reliable relative energies
and structures and, on this basis, reproduce the vibrational

Table 1. Experimental IRVPD Peak Positions (cm1), B3LYP/TZVPP Scaled Harmonic Frequencies (cm1), and Intensities
(km/mol) of the Lowest-Energy Isomers of 13 Clustersa
ion

exp./theoryb

1 3 He

experiment

1017, 866, 843, 776, 551

1 0

1011(a0 ,187), 893(a0 ,88), 869(a0 ,375), 777(a00 ,169), 537(a’,182)

1A
2 3 Ne

A , Cs

vibrational frequencies

experiment

1052, 1037, 810, 720, 681, 638, 569

2A

2

1040(a,185), 1021(a,392), 810(a,422), 737(a,23), 729(a,51), 677(a,389), 629(a,96), 570(a,107)

3 3 Ne

experiment

1029, 774, 748, 634, 612, 524, 499

1 0

1005(a0 ,319), 767 (a00 ,416), 754 (a0 ,158), 617(a0 ,207), 608(a00 ,198), 554(a0 ,49), 502(a0 ,208)

3A

A, C1
A , Cs

Only vibrational modes with scaled harmonic frequencies above 400 cm1 are shown. See Table S3 (Supporting Information) for a complete list of
harmonic frequencies of all calculated species. b Electronic state and symmetry group are given.
a
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Figure 5. Optimized B3LYP/TZVPP structures and relative energies
(in kJ/mol) of four low-lying isomers of TiV2O6þ (4A4D) and
SiV2O6þ (5A5D). (O red, V olive, Ti dark gray, Si blue). The
oxidation state of each metal atom is speciﬁed. The purple spin density
isosurface indicates electron localization on either Ti/Si or V.

properties of Ce-containing oxide clusters. In each case, the
experiment conﬁrms the predicted structures for species 1
(Ceþ4/Vþ5), 2 (Ceþ3/Vþ5/Vþ5), and 3 (Ceþ3/Ceþ3/Vþ5).
Speciﬁcally, we ﬁnd that in our gas-phase binary metal oxide
clusters, the electron distribution leading to Ce(f1)þ3/Vþ5 is
more stable than Ceþ4/V(d1)þ4, which is consistent with previous experimental41 and DFTþU results12 for crystalline
CeVO4, as well as with the preferential reducibility of cerium
oxides over vanadium oxides reported previously.15,42,43 It also
agrees with a joint computational and surface science study11 in
which a solid ceria ﬁlm was shown to stabilize vanadium oxide adspecies always in their highest oxidation state þ5, whereas
cerium was partially reduced.
This Ce(f1)þ3/Vþ5 preference is in contrast to the Ceþ4/
V(d1)þ4 preference inferred from both of the reduction potentials in aqueous solution44 (1.31.7 eV for Ceþ4 depending on
pH and 1.0 eV for Vþ5 in VO2þ) and the heats of formation for
the bulk oxides.10,45,46 The latter yield endothermicity (ΔH°298=
1.01.3 eV) for the reaction
1
1
CeO2 þ VO2 f Ce2 O3 þ V 2 O5
2
2
DFTþU calculations also show that the above reaction is
unfavorable (ΔH°0 = 0.25 eV), whereas the reaction leading to
bulk Ce(f1)VO4
CeO2 þ VO2 f CeVO4
is strongly exothermic, ΔH°0 = 1.53 eV.12
What is diﬀerent in CeVO4 compared to Ce2O3 þ V2O5 is the
coordination of the ions and the average distance to the oxygen
ligands, which determine the splitting, and hence the stability, of f
and d states, respectively. In Ce2O3, Ce is coordinated to seven O
ions (average distance of 250 pm), whereas in CeVO4, it is
coordinated to eight O (distance of 248 pm).12 The vanadium
coordination in V2O5 is 5 (average distance of 186 pm), and in
CeVO4, it is 4 (VO distance of 171 pm), whereas it is 6 in VO2
(average distance of 193 pm).12 In CeVO4, the vanadium coordination is very far from the optimum values for Vþ4, whereas
the coordination environment for Ce in CeVO4 is similar to that in
Ce2O3. We conclude that the Ceþ4/V(d1)þ4 pair is more stable
when the coordination numbers are high, as in the bulk solids or in
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aqueous solution, whereas a low coordination of vanadium as
found in CeVO4 or for vanadia species on ceria supports favors the
Ceþ3(f1)/Vþ5 pair. In the gas-phase clusters studied here, the
coordination numbers of both Ce and V are small, and in the most
stable isomers, 2A and 3A, occupation of d states on four-foldcoordinated vanadium is avoided, as in CeVO4.
For comparison with other typical support materials like
titania and silica, we performed calculations on additional binary
metal oxide clusters, replacing Ce with Ti and Si. These DFT
calculations predict that, in contrast to the cage-like structure of
CeV2O6þ (2A), the binary metal oxide clusters TiV2O6þ (4) and
SiV2O6þ (5) prefer chain-like structures (Figure 5). Among the
cage-like MV2O6þ structures (M = Ti, Ce), 4C with Tiþ4/Vþ4 is
slightly (1.6 kJ/mol) more stable that 4D with Tiþ3/Vþ5, whereas
2C with Ceþ4/Vþ4 is 133 kJ/mol less stable than 2A with Ceþ3/
Vþ5 (Figure 1). This suggests that the reduction of Tiþ4 to Tiþ3 is
competitive with that of Vþ5 to Vþ4. Comparing the Ceþ4/Vþ4
and Tiþ4/Vþ4 structures, the chain-like isomers 2B and 4A,
respectively, are 20 and 18 kJ/mol more stable than the cage-like
isomers with the same electron localization, 2C and 4C, respectively. They both have the Vþ5 species with the positive charge in
the central four-fold-coordinated site. Only because of the unusual
stabilization of vanadia in its highest oxidation state by cerium
oxide does the cage-like structure 2A with the Ceþ3/Vþ5 pair
become the most stable isomer for CeV2O6þ. For Si, reduction to
Siþ3 is generally very unlikely, and structure 5D is 71 kJ/mol less
favorable than 5A. Furthermore, the chain-like isomer 5A with
Siþ4 in the middle is much more stable (62 kJ/mol) than the one
with Siþ4 in a terminal position (5B) because, in contrast to Ti, Si
does not easily form terminal SidO double bonds. A previous
DFT study20 also found that the structure of VOx species
supported on ceria is diﬀerent from that supported on titania
and also that their redox chemistry is diﬀerent.

6. SUMMARY AND CONCLUSIONS
The experimental IRVPD spectra of the ceriumvanadium
oxide cluster cations 13 are well-reproduced by the simulated IR
spectra of the lowest-energy isomer predicted by B3LYP/TZVPP
calculations, conﬁrming that the B3LYP hybrid functional properly
localizes electrons in the gas-phase Ce-containing binary metal oxide
clusters studied here. Experimental evidence is found for the
predicted larger stability of Ceþ3/Vþ5 compared to that of Ceþ4/
Vþ4. We ﬁnd crucial diﬀerences with respect to the relative
reducibility in diﬀerent binary metalvanadium oxide clusters.
Whereas in the vanadiaceria clusters Ceþ4 is easily reduced to
Ceþ3, stabilizing the Vþ5 center, in vanadiatitania clusters, reduction of Tiþ4 to Tiþ3 is competitive with that of Vþ5 to Vþ4, and in
vanadiasilica clusters, Siþ4 cannot be reduced. The present results
conﬁrm that an easily reducible support material, like ceria, may
serve as an electron acceptor for the electron transferred to the active
site in the rate-determining step.68 Hence, IRVPD spectroscopy
on electronically tailored binary metal oxide clusters, combined with
properly chosen quantum chemical calculations, may contribute to
the understanding of complex solid catalysts.
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Supporting Information. Figures S1S3: B3LYP and
B3LYPþD IR spectra and structures of the lowest-energy
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Internet at http://pubs.acs.org.
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