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Bare vanadium oxide and hydroxide cluster cations, VmOn
+ and VmOn-1(OH)+ (m) 1-4, n ) 1-10), generated

by electrospray ionization, were investigated with respect to their reactivity toward methanol using mass
spectrometric techniques. Several reaction channels were observed, such as abstraction of a hydrogen atom,
a methyl radical, or a hydroxymethyl radical, elimination of methane, and adduct formation. Moreover,
dehydrogenation of methanol to generate formaldehyde was found to occur via four different pathways.
Formaldehyde was released as a free molecule either upon transfer of two hydrogen atoms to the cluster or
upon transfer of an oxygen atom from the cluster to the neutral alcohol concomitant with elimination of
water. Further, formaldehyde was attached to VmOn

+ upon loss of H2 or neutral water to produce the cation
VmOn(OCH2)+ or VmOn-1(OCH2)+, respectively. A reactivity screening revealed that only high-valent vanadium
oxide clusters are reactive with respect to H2 uptake, oxygen transfer, and elimination of H2O, whereas smaller
and low-valent cluster cations are capable of dehydrogenating methanol via elimination of H2. For comparison,
the reactivity of methanol with the corresponding hydroxide cluster ions, VmOn-1(OH)+, was studied also,
for which dominant pathways lead to both condensation and association products, i.e., generation of the ions
VmOn-1(OCH3)+ and VmOn-1(OH)(CH3OH)+, respectively.

Introduction

In the forthcoming decades, a new era for commercial usage
of energy will inevitably begin. One reason for this change,
among others, is the global warming that we are currently
witnessing. With recent crude oil prices of about $70 (U.S.)
per barrel, the world economy faces limitations, because both
producers and consumers tighten theirs belts in the expectation
of even higher prices in the future. Obviously, mankind urgently
needs to find a way out of the oil era. In this respect, the use of
methanol provides an alternative solution to conventional motor
fuels.1 Further, this compound can be used in various ways as
a substitute for oil, e.g., in H2 fuel cells or in the synthesis of
more valuable compounds such as formaldehyde, dimethylether,
methyl-t-butylether, and even biodiesel. As methanol can be
made from various fossil and biogenous raw materials, the
available resources are almost unlimited.

Vanadium oxides are an important class of transition-metal
catalysts for oxidative dehydrogenation (ODH) processes. The
dehydrogenation of methanol by gaseous vanadium oxide
clusters has already been studied both theoretically2-4 and
experimentally5-11 to obtain information about structure/reactiv-
ity correlations, cluster-size effects, and the role of formal and

real charge states. With respect to the gas-phase dehydrogenation
of methanol by mononuclear vanadium oxide cations, the
valence of the metal has been shown to act as a decisive factor.5

Cations in low oxidation states (i.e., V+ and VOH+) reduce
methanol to methane, whereas VO2

+ mediates an oxidative
dehydrogenation to formaldehyde. VO+ also dehydrogenates
methanol, but in the monoxide cation, the metal does not change
oxidation state during the entire course of the reaction.5a

Although these findings are of interest in their own right,
mononuclear metal oxides are by no means an ideal model
systems for the modeling of real oxidation catalysts, and thus,
an advanced understanding of the reactions of metal oxide
clusters is desirable.

The reactivity of vanadium oxide and hydroxide cluster
cations with respect to the dehydrogenation of small alkenes
has already been investigated.12,13 Studies of ion-molecule
reactions (IMRs) of mass-selected VmOn

+ and VmOn-1(OH)+

cations with isomeric butenes have suggested that high-valent
clusters prefer oxidative dehydrogenation concomitant with
addition of two hydrogen atoms to the cluster and elimination
of neutral butadiene.13 In contrast, low-valent clusters tend to
add the diene concomitant with loss of molecular hydrogen. In
continuation of these studies, the present contribution describes
the reactivity of vanadium oxide and hydroxide cluster cations
toward methanol with particular attention to ODH activity and
the role of the formal valence of the metal atoms.

Experimental Methods
Ion-molecule reactions were investigated using a VG BIO-Q

mass spectrometer that consists of an electrospray ionization
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(ESI) source combined with a tandem mass spectrometer of
QHQ configuration (Q) quadrupole, H) hexapole).14 The
hexanuclear methoxo-oxovanadium cluster V6O7(OCH3)12 used
as precursor compound15 was dissolved in CD3OD and sprayed
under harsh ESI conditions to obtain the smaller vanadium oxide
clusters VmOn

+ and the oxovanadium hydroxide clusters
VmOn-1(OD)+ (m ) 1-4, n ) 1-10), as described elsewhere
in detail.13,16 To this end, the solution of the precursor was
introduced into the ESI source using fused silica tubing (75µm
i.d.) at a flow rate of about 5µL/min and a source temperature
of 90°C. The cone voltage was kept at about 190 V to maximize
the fragmentation of the precursor in order to increase the signals
of the desired smaller clusters.16 All data were collected and
averaged over at least 20, and for weaker signals up to 100,
scans. The bimolecular reactivities of the respective mass-
selected cluster ions toward methanol were studied by introduc-
ing the alcohol at pressures of 0.5-4 × 10-4 mbar (in one case,
up to 10-3 mbar; see below).

A peculiarity of the present system arises from the fact that
dioxygen and methanol have the same nominal mass (both 32
amu) and thus can give rise to isobaric interferences. Given the
limited mass resolution of quadrupole-based mass spectro-
meters,17 characterization and generation of pure vanadium
clusters is therefore more difficult, as they can contain isobaric
oxo- and/or methanol ligands. Exchange of the methoxo ligands
in the precursor molecule V6O7(OCH3)12 to OCD3 groups
circumvents this ambiguity, because the signals of the complexes
with oxo ligands are no longer isobaric with those containing
methanol. Consequently, the data for the vanadium hydroxide
cluster cations discussed below in fact refer to VmOn-1(OD)+

cations.16 Nevertheless, some of the generated labeled dinuclear
vanadium oxide cations show overlaps with components con-
taining CD3OD and N2 (nebulizing gas), as indicated in the
reactivity studies reported below by the observed mass differ-
ences of∆m ) -4, +4, and +13, which are assigned to
substitution of a CD3OD ligand by CH3OH, substitution of a
loosely bound N2 molecule by CH3OH, and generation of
dimethoxo cluster cations concomitant with elimination of HDO,
respectively. Further, some of the generated oxovanadium
hydroxide cluster cations overlap with small amounts of
VmOn-2(OCD3)+ ions, as indicated by loss of three mass units
in the reaction with CH3OH (replacement of OCD3 by OCH3).
These assignments are based on careful inspection of the isotope
patterns in the ESI mass spectra in series of experiments with
CH3OH, 13CH3OH, CH3

18OH, and CD3OD. Involvement of CO
rather than N2, for example, can be excluded by experiments
with 13CH3OH and CH3

18OH.

As described below, several secondary reactions were also
observed, and on several occasions, the pressure of methanol
serving as the neutral reaction partner was deliberately elevated
above the single-collision regime in order to investigate the
consecutive reaction sequences occurring. In the evaluation of
the branching ratios (BRs) for the primary reactions, these
secondary products were accordingly added to the BRs of the
respective primary reaction products.

All unlabeled and labeled reagents were used as purchased
and were introduced into the mass spectrometer by conventional
vacuum techniques. Deuteration of V6O7(OCH3)12 was achieved
by simple dissolution of the precursor in a 100-fold excess of
CD3OD followed by 1 week of storage at ambient temperature.
After this treatment, more than 95% deuteration was achieved,
as determined by ESI mass spectrometry.13,16

Results and Discussion

In the present work, ESI was used to generate mono-, di-,
tri-, and tetranuclear vanadium oxide and hydroxide cluster
cations in the gas phase, and the bimolecular reactivities of
these species toward methanol were then studied. The focus of
this article is the dehydrogenation activity of various
vanadium oxide and hydroxide cluster cations having the
general formulas VmOn

+ and VmOn-1(OD)+ (m ) 2-4, n )
2-10) and covering average formal oxidation states of
vanadium from 2.00 to 5.25.18 For comparison, the findings
obtained for the well-investigated mononuclear vanadium spe-
cies are also included.5 As mentioned above, the reactivity of
these vanadium oxide cluster ions toward isomeric butenes and
small alkanes has already been examined, and a strong
dependence of the product distribution on the oxidation state
of vanadium was found.13 This result accordingly raises the
question as to whether similar trends arise in the dehydroge-
nation of methanol.

Binary Vanadium Oxides. The mass differences and product-
ion branching ratios observed in the reactions of mass-selected
vanadium oxide cluster cations with neutral methanol are
summarized in Table 1. In addition, the relative rate constants
(krel) and the formal valence (fv) values of vanadium in the
cluster ions are given. In the latter quantity, each oxygen atom
is regarded as a formal O2- ligand, such that the number of
oxygen atoms,NO, and the monopositive charge determine the
average valence of vanadium as fv) (2NO + 1)/NV, whereNV

represents the number of vanadium atoms in the cluster. This
simple approach often yields noninteger valences, and we
explicitly note that (i) the notation shall neither indicate nor
exclude mixed-valence states and (ii) the counting scheme can
lead to valences larger than V(V) in the case of oxygen-centered
radicals, because the formalism treats all oxygen atoms as
genuine O2- ligands, irrespective of the actual bonding situa-
tions.

The product patterns observed in the reactions of VmOn
+

clusters with methanol (Table 1) can be grouped into four
different categories.

(i) Several processes occur that can be attributed to the
production of formaldehyde. A net oxygen-atom transfer from
the cluster to the neutral reagent takes place (∆m ) -16),19

which is most likely associated with formation of CH2O + H2O
as two separate neutral products (ODH1). Formal uptake of two
hydrogen atoms by the cluster (∆m ) +2) affords the
corresponding ions VmOn-2(OH)2+ together with neutral form-
aldehyde (ODH2). Loss of water from the cluster can occur
after the addition of methanol (∆m ) +14; ODH3). The
complementary release of neutral dihydrogen with formaldehyde
remaining bound to the cluster ion (∆m ) +30)20 can be
classified as dehydrogenation (DH), because vanadium does
not need to change oxidation state in the overall process
(Scheme 1).

(ii) In a number of abstraction reactions, open-shell species
are released, i.e., abstraction of atomic hydrogen (∆m ) +1),
a methyl radical (∆m ) +15), a hydroxy group (∆m ) +17),
or a [CH3O] unit (∆m ) +31). The two former processes were
observed only for the high-valent tetranuclear clusters, whereas
the abstractions of the oxygen-containing moieties HO and
[CH3O] were most pronounced for low-valent cluster ions;
throughout this work, the notation [CH3O] represents a radical
having this composition that might be either a methoxy radical,
CH3O•, or the thermochemically more stable22 hydroxymethyl
radical, CH2OH•.

Dehydrogenation of Methanol by VmOn
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(iii) Mostly for the low-valent vanadium oxides, desoxygen-
ation of methanol concomitant with liberation of methane also
occurred (∆m) +16), as revealed by labeling experiments with
CD3OD.

(iv) Finally, formal association of methanol with the cluster
occurred (∆m ) +32) and was attributed to the formation of
adduct complexes of the type VmOn(CH3OH)+. Note, however,
that the experimental setup does not allow for a further structural
characterization of the reaction products formed. Specifically,
we cannot distinguish between mere adducts VmOn(CH3OH)+

and products that might contain newly formed covalent bonds,
e.g., VmOn-1(OH)(OCH3)+. In the comparative analysis of the
data presented further below, however,∆m) +32 is considered
not as a bond-activation process, but only as simple association.

The various primary IMRs are summarized in Scheme 2,
which also includes some secondary reactions, such as the
formationofdimethoxoclustercationsofthetypeVmOn-1(OCH3)2

+.
For example, the VmOn-1

+ products generated upon oxygen-
atom transfer (ODH1) undergo secondary reactions with metha-
nol to repeat the given reaction pattern and produce the
dehydrogenation products VmOn-3(OH)2+, as well as the adducts
VmOn-1(CH3OH)+.Inanothersubsequentprocess,VmOn-2(OCH3)2+

is also formed. Further, the VmOn-2(OH)2+ product ions
generated upon uptake of two hydrogen atoms undergo second-

ary reactions with methanol in which one or both hydroxo
groups are replaced by methoxo groups to generate VmOn-2(OH)-
(OCH3)+ or VmOn-2(OCH3)2

+, respectively. Some of these
secondary reaction products exhibit mass interferences with the
primary reaction products of VmOn

+, which renders the quantita-
tive analysis of the data somewhat less accurate but does not
affect the general conclusions drawn.

In more detail, hydrogen abstraction from the alcohol results
either in the addition of one hydrogen atom to the cluster to
generate VmOn-1(OH)+ concomitant with loss of a neutral
[CH3O]• species or in the formation of VmOn(OCH3)+ ac-
companied by the expulsion of a hydrogen atom. Hydrogen-
atom abstraction from methanol to afford VmOn-1(OH)+ occurs
almost exclusively for the high-valent tetranuclear oxide cluster
V4O10

+. In contrast, generation of VmOn(OCH3)+ is preferred
in reactions of CH3OH with the smaller clusters having lower
formal valences, especially with the dinuclear cluster cations
(Table 1). Formal CH3O abstraction is most likely due to the
lower number of electronegative oxo ligands and thus the
increased affinities for oxygen-containing ligands of these
clusters. Further, several VmOn

+ ions show an increase by 16
mass units, which is assigned to addition of an oxygen atom
concomitant with liberation of neutral methane. Transfer of a
methyl radical (∆m ) +15) to the clusters occurs only for
V4O10

+, whereas addition of the hydroxy group (∆m ) +17)
is preferred for low-valent and smaller clusters, consistent with
the larger oxygen affinities of the low-valent clusters.

As mentioned in the Introduction, we focus on the conversion
of methanol to formaldehyde. Irrespective of the detailed
mechanisms, this process can occur via four different routes
(Scheme 1): (i) loss of an oxygen atom from the cluster to form
VmOn-1

+ with liberation of both neutral water and formaldehyde
(ODH1), (ii) transfer of two hydrogen atoms to the cluster
concomitant with formation of formaldehyde as a free molecule
(ODH2), (iii) formation of formaldehyde as a ligand with water
being eliminated as a neutral molecule (ODH3), and (iv)
generation of formaldehyde as a ligand bound to the cluster
concomitant with loss of H2 (DH). ODH1 is operative for the
high-valent tri- and tetranuclear clusters V3O6

+, V3O7
+, V4O8

+,
V4O9

+, and V4O10
+ (Table 1). As exploratory collision-induced

TABLE 1: Mass Differences (∆m in amu), Branching Ratios (BR with ∑BRi ) 100), Relative Rate Constants (krel), and Formal
Valence (fv) Values of the Vanadium Atoms in the Clusters in the Ion-Molecule Reactions of VmOn

+ Cations with Methanol

∆m

VmOn
+ krel

a fv -16 +1 +2 +14 +15 +16 +17 +30 +31 +32

VO+ c 6 3.00 10 90 b
VO2

+ 23 5.00 67 14 14 5
V2O2

+ 23 2.50 10 45 5 25 15
V2O3

+ c 47 3.50 1 1 20 38 2 20 18
V2O4

+ 38 4.50 68 4 8 10 10
V3O4

+ 46 3.00 2 2 96
V3O5

+ d 53 3.67 5 15 5 75
V3O6

+ 65 4.33 12 38 5 45
V3O7

+ 40 5.00 12 26 2 5 55
V4O6

+ 27 3.25 100
V4O7

+ 68 3.75 2 98
V4O8

+ 100 4.25 5 1 2 2 90
V4O9

+ 74 4.75 8 1 10 1 80
V4O10

+ 58 5.25 45 8 23 8 6 10

a Using the previously determined absolute rate constant of the reaction of VO+ with methanol [kabs ) (1.2 ( 0.4) × 10-10 cm3 molecule-1 s-1,
ref 5) as an anchor point.krel ) 100 corresponds tokabs ) (5.0 ( 1.5) × 10-10 cm3 molecule-1 s-1. b The formal adduct OV(CH3OH)+ is formed
in a rapid consecutive reaction via ligand exchange of the primary product OV(CH2O)+ (∆m ) +30) with neutral methanol; see ref 5.c IMR of
VO+ and V2O3

+ with methanol also resulted in the formal transfer of a water molecule to the cluster (∆m ) +18) to afford V(OH)2+ (BR ) 5) and
V2O2(OH)2+ (BR ) 9). Because direct loss of a CH2 fragment is considered unlikely, these ions were assigned to secondary reactions involving two
methanol molecules and were accordingly portioned to the primary products with∆m ) +30 and+32. d Already at low pressures of 0.5× 10-4

mbar, the IMR of V3O5
+ with CH3OH leads to secondary reaction products such as V3O5(CH3OH)(OCH3)+ and V3O4(OCH3)2(OCH3)+; BRs of

these processes were added to that for the association complex.

SCHEME 1: Primary Product Channels for the
Dehydrogenation of Methanol by VmOn

+ Concomitant
with the Release of Formaldehyde and Water (ODH1),
Formaldehyde Only (ODH2), Water Only (ODH3), or
Molecular Hydrogen (DH)
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dissociation (CID) experiments with argon, which has a mass
similar to that of methanol, indicated no loss of atomic oxygen
from these cluster ions, the occurrence of a net oxygen-atom
transfer to the substrate methanol is further substantiated.19

Although the nature of the neutral products of ODH1 cannot
be probed in the quadrupole setup used,23 thermochemical data22

favor the formation of CH2O and H2O rather than any other
molecular form of CH4O2.

Before we address the trends with respect to both dehydro-
genation and oxidative dehydrogenation of methanol in more
detail, let us briefly discuss some additional information gained
from labeling experiments. In the reactions with unlabeled
methanol, the mass difference∆m ) +16 can correspond to
the expulsion of a CH4 molecule or to the formation of the
secondary products VmOn-1(CH3OH)+ and VmOn-2(OH)(OCH3)+

generated in reactions of methanol with the primary ionic
products VmOn-1

+ and VmOn-2(OH)2+, respectively (Scheme
2). Whereas the ionic product VmOn+1

+ can be distinguished in
mass from the isobaric secondary products by labeling experi-
ments using CD3OD, 13CH3OH, and CH3OD, the distinction of
the isomeric secondary products, VmOn-1(CH3OH)+ and
VmOn-2(OH)(OCH3)+, cannot be achieved through labeling
experiments; consequently, the BRs are proportionally distrib-
utedtobothprimaryreactionproductsVmOn-1

+andVmOn-2(OH)2+

(Table 1). Further, the H-atom abstraction from methanol as
well as the transfer of a [CH3O] unit might involve C-H and/
or O-H bond cleavage. Labeling experiments with CH3OD
reveal transfers of both hydrogen and deuterium to the tetra-
nuclear oxide cluster V4O10

+ in a ratio of about 3:1. These
findings are in good agreement with the fact that V4O10

+ can
be described as an oxygen-centered radical, which is capable
of abstracting an H-atom even from methane.24,25Accordingly,
it is not at all surprising that V4O10

+ can also abstract a hydrogen
atom from methanol, regardless of whether the weaker C-H
or the stronger O-H bond is to be cleaved; we note, however,
that H/D equilibration between the C-H and O-D bonds can
also account for the 3:1 ratio of H and D transfers observed

experimentally. With respect to∆m ) +31, labeling experi-
ments with CH3OD suggest the generation of VmOn(CH2OD)+

via expulsion of a hydrogen atom from the methyl group. Upon
increasing the methanol pressure to 1× 10-3 mbar, the product
VmOn(OCH3)+ predominates, most likely as a result of substitu-
tion of the CH2OD ligand by a methoxo group in secondary
collisions. Concerning ODH2, experiments with CH3OD reveal
an exclusive transfer of HD and thus confirm the occurrence of
a 1,2-elimination for all vanadium oxide clusters examined. An
exception is V4O10

+, for which the mass differences∆m ) +1,
+2, and+3 were observed in the reaction with CH3OD. The
former and the latter certainly can be assigned to the addition
of one hydrogen atom and to a 1,2-elimination of HD from CH3-
OD, respectively. However, the increase by 2 mass units can
be assigned either to 1,2-elimination of H2 from an impurity of
unlabeled methanol present in the reaction cell, to deuterium
abstraction from CH3OD, to an equilibration of the H and D
atoms, or even to a 1,1-elimination from the methoxy group.26

Given that H/D equilibration has previously been observed in
the dehydrogenation of isomeric butenes by V4O10

+ ions,13 its
occurrence for methanol is not entirely unexpected.

As an example, let us refer to the reaction of the cluster ion
V2O4

+ with methanol, which was previously examined by Justes
et al.6 Figure 1 shows the ionic products observed when mass-
selected V2O4

+ (m/z ) 166) is allowed to interact with
methanol. The most abundant product corresponds to the V2O2-
(OH)2+ ion (m/z) 168) resulting from the uptake of dihydrogen
by the cluster concomitant with the release of formaldehyde
(ODH2). For the product ion withm/z ) 182, two assignments
are conceivable. One corresponds to V2O5

+, formed via oxygen-
atom abstraction from methanol, and the other to the isobaric
species V2O2(OH)(OCH3)+ generated in a secondary reaction
of V2O2(OH)2+ with methanol; judging from the reactions with
CD3OD, the two ions are formed in a ratio of about 1:2.
Likewise, the ionic product atm/z ) 196 can be assigned to a
1:2 mixture of V2O4(OCH2)+ resulting from dehydrogenation
of methanol (DH) and V2O2(OCH3)2

+ generated upon collision

SCHEME 2: Primary and Secondary Reactions of VmOn
+ with Methanola-c

a For further details, see Table 1.b Isobaric product ions of primary and secondary reactions are connected by dashed lines.c For the classification
of the observed reaction in terms of modes i-iv, see text.
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of the primary product V2O2(OH)2+ with another methanol
molecule. Finally, the weak signal atm/z ) 198 corresponds to
the formal adduct V2O4(CH3OH)+. We note that the abstraction
of a methyl radical from the neutral reagent reported by Justes
et al.6 was not observed to take place to a significant extent
under our experimental conditions (absence of a signal atm/z
) 181 in Figure 1). In contrast, uptake of an oxygen atom occurs
to produce V2O5

+, and in the dehydrogenation of methanol,
formaldehyde is retained as a ligand to V2O4

+ (m/z ) 196);
signals indicative of these two processes were not reported in
the experiments of Justes et al.6

As a representative example for isobaric interferences due to
primary and secondary ionic reaction products, the ion-
molecule processes of the cluster cation V3O7

+ with methanol
are shown in Figure 2. The five primary reaction products
correspond to V3O6

+, V3O5(OH)2+, V3O6(OCH2)+, V3O8
+, and

V3O7(CH3OH)+ (highlighted black in Figure 2a). The product
ion atm/z) 311 corresponds to the dehydration of two methanol
molecules to produce neutral water and V3O6(OCH3)2

+ (Figure
2a). As supported by labeling experiments, the signals atm/z
) 281 and 295 can also be assigned to secondary reactions of
the ODH2 product with methanol to form the substitution
products V3O5(OH)(OCH3)+ and V3O5(OCH3)2

+ upon loss of
water (Figure 2b) and/or secondary collision reactions of the
ODH1 product with methanol to generate the association
complex V3O6(CH3OH)+ and the condensation product V3O5-
(OCH3)2

+ (Figure 2c). As mentioned above, the signals of the
secondary reaction products cannot be further distinguished by
labeling experiments; in the evaluation of the data, the BRs are
accordingly distributed proportionally to the two primary
reaction products.

A more general survey of the ion-molecule reactions reported
here reveals that oxidative dehydrogenation of methanol is
preferred for the high-valent cluster cations, whereas the low-
valent clusters show little or no reactivity with respect to H2

uptake (Table 1). This is clearly indicated upon inspection of
Figure 3 in which the efficiencies of these channels are plotted
as a function of the formal valence of vanadium in the cluster
cations.

Obviously, the higher the formal valence of the metal in the
cluster ions, the greater the ODH activity (Figure 3a-c). In
contrast, upon inspection of Figure 3d, it becomes obvious that,
among the low-valent cluster cations, almost only VO+ shows
activity with respect to DH, whereas most of the remaining
vanadium oxide cations appear to be unreactive with respect to

dehydrogenation, with V2O4
+ being between these extremes.

Furthermore, the dependence of the ODH activity on the formal
valence of vanadium for ODH3 is similar to those for ODH1
and ODH2 (Figure 3c). Hence, the higher the formal valence,
the greater the tendency to eliminate neutral water. Last but
not least, the activity for ODH1 is displayed in Figure 3a.
Obviously, the formal transfer of an O atom to methanol also
increases with the formal valence of the vanadium.19 These
findings can be explained as follows: High-valent metal oxo
cations, such as V4O10

+, exhibit a higher H-atom affinity
because of the larger number of electronegative oxo ligands
and, thus, favor ODH with respect to transfer of two hydrogen
atoms to the oxo ligands, followed by liberation of H2O (ODH3),
elimination of CH2O (ODH2), or elimination of H2O and CH2O
together (ODH1). In contrast, the low-valent ions have occupied
d orbitals that are suitable for interaction with the emptyπ*
orbital of the carbonyl group in formaldehyde, and preference
for the DH route is consequently observed.

In addition to the valence of the metal in the cluster ions,
consideration of the respective recombination energies (REs)27

of the cluster cations is indicated because the oxidative
dehydrogenation of methanol via ODH2 involves uptake of two
protons and two electrons by the cluster. Consequently, a
comparison of the recombination energies of the vanadium oxide

Figure 1. Reaction of mass-selected V2O4
+ with methanol (p ) 1 ×

10-4 mbar) at a collision energy adjusted to nominally 0 eV. Signals
marked with an asterisk are due to impurities; see Experimental Methods
for further details.

Figure 2. (a) Primary IMR of V3O7
+, (b) secondary IMR of V3O5-

(OH)2+, and (c) secondary IMR of V3O6
+ with methanol.p(methanol)

) 1 × 10-4 mbar; collision energy adjusted to nominally 0 eV. The
relevant signals are highlighted in black; see text. The corresponding
reactant ions are marked with an asterisk.
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cluster cations might also shed light on the observed trends.
Qualitatively, an apparent threshold of about RE) 8 eV for
the occurrence of ODH2 is implied; specifically, V2O4

+ (RE )
8.17 eV), V2O5

+ (RE ) 9.8 eV), V2O6
+ (RE ) 8.4 eV), V3O6

+

(RE ) 8.26 eV), V3O7
+ (RE ) 8.96 eV), V3O8

+ (RE ) 10.6
eV), and V4O10

+ (RE ) 11.2 eV) lead to the release of
formaldehyde, whereas VO+ (RE ) 7.2 eV) and V2O3

+ (RE )
6.55 eV) have recombination energies too low to bring about
the oxidative dehydrogenation of methanol and are thus (more
or less) unreactive with respect to ODH2.6,22,28,29The recom-
bination energies of the clusters can hence be regarded as a
qualitative measure of the clusters’ ability to oxidize the neutral
substrate:30 VmOn

+ clusters with low oxygen content bear low-
valent vanadium centers with low REs and high oxygen
affinities, whereas oxygen-rich clusters have high REs and are
thus more powerful oxidants.

The association products VmOn(CH3OH)+ undergo several
subsequent reactions with methanol to, among others, form
dimethoxo vanadium oxide clusters of the general type
VmOn-1(OCH3)2

+ concomitant with elimination of neutral water.
Labeling studies with CH318OH show that both light and heavy
water molecules are liberated; thus, transfer of two hydrogen

atoms from the hydroxy groups of two methanol molecules to
the cluster concomitant with loss of H2O is substantiated in
addition to condensation of two methanol molecules to eliminate
H2

18O in a ratio of about 3:1. Interestingly, the ratio of the BRs
of the association complex VmOn(CH3OH)+ and the dimethoxo
product VmOn-1(OCH3)2

+ depends on the size of the metal oxide
cluster. This conclusion becomes obvious upon inspection of
Table2inwhichtheratiosforVmOn(CH3OH)+andVmOn-1(OCH3)2+

clearly decrease with increasing number of vanadium atoms in
the metal oxide clusters. In contrast, for a given number of
vanadium atoms in the cluster, simple association is favored
relative to the condensation of two methanol ligands with
increasing number of electronegative oxo ligands. The explana-
tion for this phenomenon is rather obvious: The larger the
cluster is, the more likely collisions with a second methanol
molecule become because the lifetimes of the encounter
complexes increase with size such that the energy gained upon
coordination of two methanol molecules can be redistributed
more efficiently within the cluster, thus rendering redissociation
into the reactants less likely.

The reactivity of vanadium oxide cluster cations toward
methanol has already been studied by Justes et al.6 using a
guided-ion-beam mass spectrometer coupled to a laser vaporiza-
tion ion source. A comparison with the present experiment, in
which ESI was used for the generation of the cluster ions, reveals
some major differences, which are most likely associated with
the mode of ion generation because the experimental conditions
in the reactivity studies are quite comparable. For instance the
former work reports products due to additions of H2, CH3, CH3-
OH, and C2H6O to the mass-selected cluster ions. Our experi-
ments confirm molecular association and formation of the

Figure 3. Relative rates of the reactions (a) ODH1, (b) ODH2, (c) ODH3, and (d) DH as a function of the formal valence of vanadium in the
VmOn

+ clusters.

TABLE 2: Ratios X [X ) VmOn(CH3OH)+/VmOn-1(OCH3)2
+]

in the IMR of V mOn
+ Cations with Methanol

VmOn
+ X VmOn

+ X

VO+ 11 V3O6
+ 2

VO2
+ 40 V3O7

+ 2
V2O2

+ 5 V4O6
+ 2

V2O3
+ 2 V4O7

+ 1
V2O4

+ 6 V4O8
+ 1

V3O4
+ 1 V4O9

+ 1
V3O5

+ 2 V4O10
+ 4
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dimethoxo cluster cation VmOn-2(OCH3)2
+ (equivalent to

VmOnC2H6O+) as well as ODH2 to produce VmOn-2(OH)2+;
however, abstraction of CH3 was observed only for V4O10

+.
Furthermore, one of the fundamental reaction channels in our
system corresponds to the desoxygenation of methanol, which
was not reported in ref 6. For the vanadium oxide cluster cations
investigated in both studies, Justes et al.6 reported uptake of H2
for VO2

+, V2O4
+, and V3O7

+. In addition to these vanadium
oxides, our experiments demonstrated attachment of H2 also to
the mass-selected ions V3O6

+, V4O9
+, and V4O10

+ (Table 1).
Interestingly, association of formaldehyde to the cluster con-
comitant with liberation of neutral H2 was not observed by Justes
et al.6 In general, the present experiments found more diverse
reaction pathways than the previous investigation.6 Possible
explanations for the different experimental findings might be

found in the different types of cluster-ion sources used, and in
this respect, it is conceivable that excited states or isomeric ions
were produced with the two different kinds of ion sources.31

Alternatively, the two methods of ion generation might lead to
gaseous clusters with different internal energy content and hence
effective cluster-ion temperatures.32 Further experiments are
needed to address this problem and to resolve the current
discrepancies, and most desirable would be a direct comparison
of the gas-phase reactivity of VmOn

+ clusters generated using
both methods in a single experimental setup combined with
adequate ion thermalization.33

Oxovanadium Hydroxides.For comparison with the vana-
dium oxide cluster cations, the IMRs of methanol with cationic
hydroxo clusters having the general formula VmOn-1(OD)+ were
also considered (Table 3). With regard to the oxidative dehy-
drogenation of methanol, however, neither H2 uptake concomi-
tant with loss of neutral formaldehyde nor loss of an oxygen
atom to produce neutral water and formaldehyde nor loss of
H2 with attachment of formaldehyde as a ligand take place.

The reactions observed can instead be grouped into five
different categories (Scheme 3):

(i) Condensation reactions to form VmOn-1(OCH3)+ (∆m )
+13) concomitant with loss of HDO correspond to the major
reaction channel for VmOn-1(OD)+. Note that the exclusive loss
of HDO observed in the condensation process with CH3

18OH
(Figure 4) can be viewed as further evidence that ESI of V6O7-
(OCH3)12, dissolved in CD3OD, leads to the formation of
genuine vanadium hydroxide clusters VmOn-1(OD)+, rather than
the corresponding hydrido isomers DVmOn

+, for which dehy-
drogenation would be expected.34

(ii) Association of CH3OH combined with the expulsion of
an OD radical leads to the generation of VmOn-1(CH3OH)+

species (∆m ) +14).
(iii) The reactions of VmOn-1(OD)+ with methanol also result

in the elimination of H2O to form VmOn-2(OD)(OCH2)+ (∆m
) +14). Note that categories ii and iii lead to isobaric product
ions, whose distinction is discussed later in the text.

(iv) Elimination of HD affords methoxo clusters of the type
VmOn(OCH3)+ (∆m ) +29).

(v) Finally, molecular association to the formal adduct ions
VmOn-1(OD)(CH3OH)+ isobservedforallpolynuclearVmOn-1(OD)+

clusters (∆m ) +32).
As for the vanadium oxide clusters, the oxovanadium

hydroxide clusters undergo a sequence of secondary and even
tertiary reactions. For example, VmOn-1(OCH3)(CH3OH)+ is
formed upon association of methanol to the ionic product
VmOn-1(OCH3)+, and the product ions VmOn-2(OCH3)2

+,

SCHEME 3: Primary, Secondary, and Tertiary Reactions of VmOn-1(OD)+ with Methanola

a For the classification of the observed reaction in terms of modes i-v, see text.

TABLE 3: Mass Differences (∆m in amu), Branching Ratios
(BRs with ∑BRi ) 100), Relative Rate Constants (krel), and
Formal Valence (fv) Values of the Clusters in the
Ion-Molecule Reactions of VmOn-1(OD)+ Cations with
Methanola

∆m

VmOn-1(OD)+ krel
b fv +13 +14 +29 +32c

V(OD)+ d 18 2.00 75 23
VO(OD)+ 29 3.00 90 10
V2O(OD)+ e,f 45 2.00 45 15 20 20
V2O2(OD)+ e,f 24 3.00 60 10 5 25
V2O3(OD)+ 50 4.00 75 15 10
V3O3(OD)+ 41 2.67 50 10 10 30
V3O4(OD)+ f 48 3.33 75 5 -f 20
V3O5(OD)+ 60 4.00 41 6 2 51
V3O6(OD)+ f 58 4.67 35 20 -f 45
V4O6(OD)+ f 92 3.50 80 10 -f 15
V4O7(OD)+ g 78 4.00 77 5 2 16
V4O8(OD)+ e 84 4.50 41 5 54
V4O9(OD)+ e,f 75 5.00 15 5 -f 80

a Product ions with BR≈ 1% are omitted.b krel values were
normalized to the highestkrel obtained for VmOn

+; see Table 1, according
to which krel ) 100 corresponds tokabs ) (5.0 ( 1.5) × 10-10 cm3

molecules-1 s-1. c BRs for secondary reactions, such as condensation
oftwomethanolmoleculestoformthedimethoxoclustersVmOn-1(OCH3)2

+,
were added to the BRs of the association complex (∆m ) +32). d IMR
of V(OD)+ with methanol also resulted in desoxygenation of methanol
(BR ) 1) and abstraction of a hydroxyl group (BR) 1). e Generated
oxovanadium hydroxide cluster cations overlap with VmOn-2(OCD3)+,
as implied by the observation of a signal with∆m ) -3, indicating
the substitution of an OCD3 ligand by OCH3 (see Experimental
Methods).f Spectra contained background interference, thus making
analyses of BRs of less than 5% difficult. BR) x e 5. g For a possible
contribution of isobaric V4O6(OD)(OCH2)+ to the signal with∆m )
+14, see text.
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VmOn-2(OD)(OCH3)2
+, and VmOn-2(OCH3)3

+ result via elimi-
nation of water upon a second and third collision with methanol
of the primary reaction products VmOn-1(CH3OH)+ and
VmOn-1(OD)(CH3OH)+andthesecondaryproductVmOn-1(OCH3)-
(CH3OH)+, respectively (Scheme 3). In Table 3, these secondary
and tertiary product ions are accordingly added to the BRs of
the corresponding primary reaction products.

Labeling experiments with CH3OD indicate that the signal
at ∆m ) +13 is formed upon elimination of HDO, with the
hydrogen mainly stemming from the hydroxy group in methanol.
With regard to the product ion with∆m ) +14, three different
channels are conceivable: (i) exchange of the OD group by a
methanol molecule, (ii) dehydration following association with
methanol, and (iii) oxidative dehydrogenation of methanol
(Scheme 4). A distinction of the two latter channels was not
possible via labeling experiments, but their abundances are also
rather low. Further, the substitution of the OD group in the
oxovanadium hydroxide clusters by a methanol molecule to
afford VmOn-1(CH3OH)+ (∆m ) +14) is confirmed by the
reactions with CH3OD and CD3OD.

As an example, Figure 4 shows the ionic products observed
when mass-selected V4O7(OD)+ (m/z ) 334) was allowed to
interact with the labeled methanol species CH3OH, CH3

18OH,
CH3OD, and CD3OD. The five primary reaction products for
the interaction with unlabeled methanol are V4O7(OCH3)+ (m/z
) 347), V4O7(CH3OH)+ and V4O6(OD)(OCH2)+ (both m/z )
348), V4O8(OCH3)+ (m/z) 363), and V4O7(OD)(CH3OH)+ (m/z
) 366), which are highlighted in black in Figure 4a. The most
abundant product, V4O7(OCH3)+, results from the elimination
of HDO upon reaction with CH3OH. The isobaric products
V4O7(CH3OH)+ and V4O6(OD)(OCH2)+ are due to eliminations
of OD and H2O, respectively, V4O8(OCH3)+ is due to dehy-
drogenation (loss of HD), and V4O7(OD)(CH3OH)+ corresponds
to the formal adduct. The formation ofm/z ) 347 as the main
product in the IMR with CH3OD (Figure 4c) demonstrates the
O-H bond activation of methanol, and we thus propose
formation of the methoxo cluster V4O7(OCH3)+, which is
consistent with the data for CH318OH and CH3OD (Figure 4b,d).
Judging from the reactions with CH3OD and CD3OD (Figure
4c,d), the expulsion of an OD radical is substantiated, whereas

Figure 4. Reaction of mass-selected V4O7(OD)+ (m/z 334) with (a) CH3OH, (b) CH3
18OH, (c) CH3OD, and (d) CD3OD (p ) ca. 1× 10-4 mbar)

at a collision energy adjusted to nominally 0 eV. The signals assigned to the primary IMR of V4O7(OD)+ with CH3OH are highlighted in black;
see text. Signals marked with an asterisk in Figure 4c are due to reactions with a CH3OH impurity in the CH3OD sample.

SCHEME 4: Conceivable Reaction Channels of VmOn-1(OD)+ with Methanol for the Signal at (∆m ) +14)a

a Oxygen atom of methanol is highlighted in bold; see text for further details.
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formation of V4O6(OD)(OCH2)+ is neither confirmed nor
disproved by labeling experiments because of isobaric mass
interferences with other product ions.35 The product ion atm/z
) 379 in Figure 4a is attributed to the association of methanol
with the primary ionic product V4O7(OCH3)+ to produce
V4O7(OCH3)(CH3OH)+. As supported by labeling experiments,
V4O6(OCH3)2

+ (m/z ) 362), VmOn-2(OD)(OCH3)2
+ (m/z )

380), and VmOn-2(OCH3)3
+ (m/z ) 393) result via elimination

of water upon consecutive reactions of methanol with the
primary reaction products V4O7(CH3OH)+ (m/z ) 347) and
V4O7(OD)(CH3OH)+ (m/z ) 366) and the secondary reaction
product V4O7(OCH3)(CH3OH)+ (m/z ) 379), respectively.

Conclusions

Oxidative dehydrogenation (ODH) of methanol by gaseous
vanadium oxide cluster cations VmOn

+ follows various reaction
scenarios: (i) A net oxygen-atom transfer from the cluster to
methanol is suggested to yield CH2O + H2O as the neutral
products (ODH1). (ii) Formal uptake of dihydrogen leads to
the corresponding VmOn-2(OH)2+ species together with neutral
formaldehyde (ODH2). (iii) Loss of water from the cluster can
take place after the addition of methanol (ODH3). (iv) C-H
bond activation of methanol leads to the release of neutral
dihydrogen with formaldehyde remaining bound to the cluster
ion (DH). The reactivity trends observed for these four types
of dehydrogenation suggest a relationship between the formal
oxidation states of the vanadium oxide clusters and their
reactivities in that ODH is favored for those clusters having
higher formal oxidation states of vanadium. In contrast, VO+

is almost the only cluster cation that exhibits DH activity.
Irrespective of the valence state, oxovanadium hydroxide clusters
VmOn-1(OH)+ are much less, if not entirely, unreactive with
regard to C-H bond activation of methanol, which is, in part,
due to an efficiently competing condensation reaction, in the
course of which the hydroxo clusters VmOn-1(OH)+ are
converted to the corresponding methoxo species VmOn-1(OCH3)+

concomitant with loss of neutral water.
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(26) Prüsse, T.; Fiedler, A.; Schwarz, H.J. Am. Chem. Soc. 1991, 113,
8335-8339.

(27) Recombination energy defines the energy of a cation upon
recombination with a free electron. In the adiabatic case, REa is identical
to the ionization energy IEa.

(28) Calatayud, M.; Andres, J.; Beltran, A.J. Phys. Chem. A2001, 105,
9760-9775.

(29) For calculated values, see: Sauer, J.CooperatiVe Projects; SFB
546, Report 1999-2001, Publikationen A4; p 59.

(30) For similar correlations between gas-phase reactivities and ionzation
energies, see: (a) Cornehl, H. H.; Wesendrup, R.; Diefenbach, M.; Schwarz,
H. Chem. Eur. J.1997, 3, 1083-1090. (b) Schro¨der, D.; Trage, C.; Schwarz,
H.; Danovich, D.; Shaik, S.Int. J. Mass Spectrom.2000, 200, 163-173.

(31) See also: (a) Schro¨der, D.; Jackson, P.; Schwarz, H.Eur. J. Inorg.
Chem.2000, 1171-1175. (b) Jackson, P.; Harvey, J. N.; Schro¨der, D.;
Schwarz, H.Int. J. Mass Spectrom.2001, 204, 233-245.

(32) For a feature article on this topic, see: Bondybey, V. I.; Beyer, M.
K. J. Phys. Chem. A2001, 105, 951-960.

(33) For an example of such a multilateral study, see: Schro¨der, D.;
Schwarz, H.; Clemmer, D. E.; Chen, Y.-M.; Armentrout, P. B.; Baranov,
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