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Introduction

As one of the “holy grails” in chemistry, the activation of
methane has been studied for many decades because it may
enable the conversion of cheap and abundant natural gas
into much more valuable organic compounds.[1–3] Due to the
extremely high stability of methane, high temperatureACHTUNGTRENNUNG(>700 8C) is necessary to achieve high CH4 conversion effi-
ciency and selectivity, and undesirable byproducts are
always produced in traditional catalytic processes.[4]

Gas-phase studies on the low-temperature activation of
methane (or other alkanes) by clusters have attracted much
interest, partly due to the possibility of revealing the mecha-
nisms for reactions occurring on catalyst surfaces.[5–25] In
these studies, CH4 is found to be able to lose one H atom to
generate the CH3C radical over some reactive clusters under
ambient conditions. Note that the generation of CH3C from
CH4 is also considered to be the key step in the oxidative
dehydrogenation and dimerization of methane in condensed
phase studies.[26–30] Apart from metal ions (such as Au2

+)[5–7]

and metal–ligand ions (such as [PtL]+),[8–12] many oxide cat-
ions, such as TiO2

+ ,[13] ZrO2
+ ,[13] MoO3

+ ,[14] FeO+ ,[15] OsO4
+

,[16] V4O10
+ ,[17] MgO+ ,[18] (Al2O3)3–5

+ ,[19–20] SO2
+ ,[21] and

P4O10
+ ,[22] were found to be capable of abstracting one H

atom from CH4 at room temperature (RT), and the oxygen-
centered radical (denoted as OC) in these clusters (also over
the condensed phase catalysts[31,32]) was suggested to play an
important role in the reactions. In our recent experimental
work,[33, 34] a few series of stoichiometric transition metal
oxide cations MxOy

+ (2y�nx =0, in which n is the number
of valence electrons of M, and M= Ti, Zr, Hf, V, Nb, Ta,
Mo, W, Re, or Ce) are found to activate the C�H bond of
CH4 under near-RT conditions. Our theoretical work[23]

based on density functional theory (DFT) calculations sup-
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ported these findings, and further suggested that not only
the cations but also the neutral and anionic clusters may
have the character of OC when the composition of cluster
MxOy

q satisfies the equation D�2y�nx +q=1, in which q is
the cluster charge number (0, �1). The above research has
provided some insight into how methane may be activated
by metal oxides at low temperature or relatively ambient
conditions.

Practical catalysts are often made up of the active phase
and a support material, such as V2O5/SiO2. The interface
structures and bonding properties between the support ma-
terial and the active phase can greatly influence the reactivi-
ty.[35–37] Thus, in addition to the studies on homonuclear
oxide clusters, it is necessary and interesting to investigate
the structural and reactivity properties of heteronuclear
oxide clusters MxNyOz

q (such as M=V, and N=Si),[23,38–42]

which are investigated much less compared to the extensive-
ly studied homonuclear oxide clusters.[34,43–48]

Recently, the silica-supported vanadia system (VOx/SiO2)
was found to display high catalytic performance in the selec-
tive oxidation of methane at relatively low temperature.[49,50]

As an important type of catalyst for many reactions, VOx/
SiO2 has been widely studied both experimentally and theo-
retically.[35,36,49–56] To reveal the catalytic mechanisms at the
molecular level, we started to investigate the reactivity of
VxSiyOz

�1,0 heteronuclear oxide clusters toward C�H activa-
tion of alkane molecules. This study focuses on the possible
existence of radical oxygen centers in cationic VxSiyOz

+

clusters, and their reactivity toward methane.

Results and Discussion

Cluster generation : To generate the V–Si heteronuclear
oxide clusters, a V/Si mixed sample with a molar ratio of
V:Si= 1:1 is used as the target of laser ablation. Figure 1

presents a typical time-of-flight (TOF) mass spectrum for
the distribution of VxSiyOz

+ clusters generated under the
conditions of 1 % O2 seeded in 5 atm He. The homonuclear
oxide clusters VxOz

+ and SiyOz
+ are also generated in our

experiment, and the signals of VxOz
+ are generally more in-

tense than those of SiyOz
+ . For the heteronuclear oxide clus-

ters (VxSiyOz
+ , x, y¼6 0), stoichiometric clusters [(V2O5)n-ACHTUNGTRENNUNG(SiO2)m]+ (n=1, m= 1–4; n=2, m= 1) are generated along

with oxygen-poor or oxygen-rich VxSiyOz
+ clusters. In

Figure 1 the heteronuclear oxide clusters are classified into
four series according to the number of V atoms: VSi1–2O2–9,
V2Si1–4O5–15, V3Si1–3O11–14, and V4SiO12–14; these can be fur-
ther classified into subseries according to the number of Si
atoms. It should be noted that silicon has three stable iso-
topes: 28Si (92.2 %), 29Si (4.7 %), and 30Si (3.1 %), whereas V
and O have only one dominant isotope each,[57] so on the
high mass side of each main peak of VxSiyOz

+ , two minor
peaks with a mass difference (Dmass) of +1 and +2 amu can
be assigned as Vx

28Siy�1
29SiOz

+ and Vx
28Siy�1

30SiOz
+ , respec-

tively.

Reactions with CH4 : The TOF mass spectra for the reac-
tions of VxSiyOz

+ clusters with CH4 and deuterated methane
(CD4) under near-RT conditions are plotted in Figure 2.
After the reactions with CH4 (Figure 2 b), the peak intensi-
ties of the stoichiometric clusters [(V2O5)nACHTUNGTRENNUNG(SiO2)m]+ (n= 1,
m= 1–4; n=2, m= 0, 1) decrease, and the signals at the po-
sitions of Dmass =++1 amu increase simultaneously. This indi-
cates that these stoichiometric cations may abstract one H
atom from CH4 to produce the hydroxide cationic clusters
[(V2O5)nACHTUNGTRENNUNG(SiO2)mH]+ and a neutral methyl radical, as shown
in Equation (1).

½ðV2O5ÞnðSiO2Þm�þ þ CH4 ! ½ðV2O5ÞnðSiO2ÞmH�þ þ CH3

ðn ¼ 1, m ¼ 1� 4; n ¼ 2, m ¼ 0, 1Þ
ð1Þ

This reaction is further confirmed by isotopic labeling ex-
periments with CD4. In Figure 2 c, signals at the positions of
Dmass =++2 amu increase if CD4 is used instead of CH4. The
H abstraction reaction is also observed for V2Si2O11

+ , which
can be viewed as the stoichiometric V2Si2O9

+ cluster associ-
ated with one O2 molecule.

Note that the association products VxSiyOzCH4
+ can only

be well assigned in the D-labeled spectra. For example,
V2SiO7,8CD4

+ can be identified in Figure 2 c1, and the peaks
of the hydrogen species V2O7,8CH4

+ are overlapped with
those of V2SiO8,9

+ . The association product V2SiO7HCH4
+

is also found in our experiments, and the corresponding
signal increase due to isotopic V2SiO7DCD4

+ can be identi-
fied in the D-labeled spectra. The signal increase attributed
to V2SiO7HCH4

+ cannot be assigned to V2SiO8H
+ , because

the evidence of V2SiO8D
+ formation is not apparent, where-

as the intense signal of V2SiO8CD4
+ is observed (corre-

sponding to the reduction of the V2SiO8
+ peak). Our results

indicate that V2SiO7
+ (and also V2Si2O9

+) may activate CH4

Figure 1. TOF mass spectra for the distribution of V–Si heteronuclear
oxide cluster cations. VxSiyOz

+ are denoted as x,y,z. Series with x= 1, 2,
3, and 4 are marked by &, *, *, and !, respectively.
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not only before but also after the association with another
CH4 molecule (note that V2SiO7CD4

+ is observed in Fig-
ure 2 c1).

The first-order rate constant k1 of the H abstraction reac-
tion in the fast-flow reactor can be estimated by I= I0exp-ACHTUNGTRENNUNG(�k11l/u), in which I and I0 are the signal magnitudes of the
VxSiyOz

+ cluster in the presence and absence of reagent gas
CH4, respectively, 1 is the molecular density of the reactant
gas,[58] l is the effective path length of the reactorACHTUNGTRENNUNG(�60 mm), and u is the cluster beam velocity (�1 kms�1).
The estimated rate constants of the reactions of V2SiO7

+ ,
V2Si2O9

+ , V2Si3O11
+ , V2Si4O13

+ , and V4SiO12
+ with CH4 are

2.9 � 10�10, 1.1 �10�10, 6.6 � 10�11, 2.0 �10�11, and 1.5 �
10�11 cm3 molecule�1 s�1, respectively. The relative uncertain-
ties for the rate constants reported in this work are estimat-
ed to be about 20 %, whereas the uncertainties for the abso-
lute k1 values can be large (50–80 %) due to the systematic
deviations in determining the molecular density of CH4 (1)

and the reaction time (l/u).[58] A note in reference [59] pro-
vides some discussion on the absolute rate constants mea-
sured with different experiments.[13,17,33, 34,60] It should be
pointed out that, with the experimental uncertainties, the
relative k1 values decrease with m for the four stoichiomet-
ric clusters [(V2O5)ACHTUNGTRENNUNG(SiO2)m]+ with m= 1–4, and k1 for
V4SiO12

+ +CH4 is the smallest. The reason may be rational-
ized based on the computational results below.

Most stable structures of [(V2O5)nACHTUNGTRENNUNG(SiO2)m]+ clusters and the
interpretation of experimental reactivity : To verify the reac-
tivity of [(V2O5)n ACHTUNGTRENNUNG(SiO2)m]+ (n=1, m =1–4; n=2, m =1)
toward CH4, theoretical calculations are performed on these
clusters to find the stable isomers and especially the loca-
tions of the spin densities (or radicals for short) in these
clusters. The lowest energy isomers for each cluster are plot-
ted in Figure 3. Information about the bond lengths of V�Ot

and Si�Ot and the distributions of Mulliken spin densities is
also given (Ot indicates a terminal oxygen atom).

In the most stable isomer of V2SiO7
+ (I01), radicals are

localized on one Ot atom bonded to the Si atom, and the
Mulliken spin density is 0.97 je j . The calculated Wiberg
bond order for Si�Ot in I01 is 1.02, and the bond length is
1.64 �, which is much longer than that of the Si=O double
bond in a SiO2 molecule (1.52 � at the same computational
level). All these results indicate that the bond between Si
and Ot is a single bond, and that the Ot has radical character
and can be denoted as OtC. The NBO (natural bond orbital)
charge on the Si(Ob)2OtC moiety is +0.96 je j (Ob denotes
the bridging oxygen atom in this study; the charge on each
Ob is divided by 2), so we can describe this moiety as
[Si(Ob)2OtC]

+ . In the most stable isomer of V2Si2O9
+ (I06),

OtC with a spin density of 0.97 je j exists in the Si(Ob)3OtC

moiety, of which the NBO charge is 0.46 je j . The bond
order and length of Si�OtC in I06 are 0.95 and 1.65 �, re-
spectively. The OtC radicals in the most stable isomers of
V2Si3O11

+ (I11) and V2Si4O13
+ (I16) are similar to that in

I06. In V4SiO12
+ (I21), the distribution of the radicals is a

little complicated. The spin density is located on two termi-
nal oxygen atoms (0.72 je j on each Ot) and the V atom
(�0.44 je j ) bonded with the two Ot atoms. The bond length
of V�Ot is 1.64 �, which is longer than the V=Ot bond
(1.56 �) in the V(Ob)3Ot moiety of the same isomer. The
type of spin density distribution in V4SiO12

+ (I21) may be
simply described as V(Ob)2ACHTUNGTRENNUNG(OtOt)C, in which the notation
(OtOt)C indicates spin density values of about one unit je j
over two terminal oxygen atoms. The NBO charge on the
V(Ob)2ACHTUNGTRENNUNG(OtOt)C moiety is 0.01 je j . Note that only one Ot

atom has the highest spin density values (�1 je j ) in each of
V2SiO7

+ (I01), V2Si2O9
+ (I06), V2Si3O11

+ (I11), and
V2Si4O13

+ (I16). The singly-occupied molecular orbitals
(SOMOs; the MOs are the Kohn–Sham orbitals in DFT) of
the five most stable isomers (I01, I06, I11, I16, and I21) are
also shown in Figure 3. It can be seen that all the SOMOs
are localized on one or two terminal oxygen atoms, which is
consistent with the spin density distributions discussed
above, and all the SOMOs have the character of oxygen 2p

Figure 2. TOF mass spectra for reactions of VxSiyOz
+ clusters with a) He

gas (for reference), b) 0.6 Pa CH4, and c) 0.6 Pa CD4. Numbers x,y,z
denote VxSiyOz

+ .
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orbitals. Thus, all five most stable isomers have OtC, which
may be very reactive toward CH4 activation.

Figure 4 plots the potential energy profiles for the reac-
tions of CH4 with the most stable isomers of the stoichio-
metric clusters [(V2O5)nACHTUNGTRENNUNG(SiO2)m]+ (i.e. , I01, I06, I11, I16, and
I21). One H atom can transfer from CH4 to the oxide clus-
ters directly without any barriers, and the association prod-
ucts [(V2O5)nACHTUNGTRENNUNG(SiO2)mH]+ ···CH3 are produced exothermally
with DH0 K values of �1.43, �1.29, �1.25, �1.17, and
�0.95 eV for I01, I06, I11, I16, and I21 reaction systems, re-
spectively. Small energies (0.31, 0.22, 0.20, 0.17, and
0.29 eV) are then needed to release the CH3 radical and
form the experimentally observed [(V2O5)nACHTUNGTRENNUNG(SiO2)mH]+ .

The energy released in the formation of [V2O5-ACHTUNGTRENNUNG(SiO2)mH···CH3]
+ or [V2O5ACHTUNGTRENNUNG(SiO2)mH]+ +CH3 decreases

when m increases from 1 to 4. This tendency is consistent

with the cluster-size-dependent
reactivity observed experimen-
tally, in that a more stable prod-
uct leads to higher reactivity
and vice versa. It is noticeable
that RRK (Rice–Ramsperger–
Kassel) theory[61] predicts
slower unimolecular dissocia-
tion for a larger system than for
a smaller one, given that the
dissociation barrier (or energy)
and the total energy that can be
used to overcome the barrier
are similar. However, this RRK
mechanism may not be used to
explain the experimentally ob-
served size-dependent rate con-
stants for [V2O5ACHTUNGTRENNUNG(SiO2)m]+ +CH4

(m=1–4), because the rates of
dissociation [V2O5-ACHTUNGTRENNUNG(SiO2)mH···CH3]

+!ACHTUNGTRENNUNG[V2O5ACHTUNGTRENNUNG(SiO2)mH]+ +CH3 are all
in the order of 109–1010 s�1 (see
Table S1 in the Supporting In-
formation for details), whereas
the collision rate for the clus-
ters with the bath gas (�300 Pa
He) is of the order of 107–
108 s�1. As a result, once [V2O5-ACHTUNGTRENNUNG(SiO2)mH···CH3]

+ is formed, the
possibility of dissociation into
separated products ([V2O5-ACHTUNGTRENNUNG(SiO2)mH]+ +CH3) is very high
(�100 %). We thus suggest that
the barrierless C�H bond cleav-
age step [V2O5ACHTUNGTRENNUNG(SiO2)m]+ +

CH4! ACHTUNGTRENNUNG[V2O5ACHTUNGTRENNUNG(SiO2)mH···CH3]
+

determines the size-dependent
reactivity. A steeper potential
energy surface (PES) for the
C�H bond cleavage means a

greater possibility of reaction for each collision between
[V2O5ACHTUNGTRENNUNG(SiO2)m]+ and CH4. The DFT-computed energetics in
Figure 4 do suggest that the gradients of the PESs for C�H
bond cleavage correlate exactly with the reactivity observed
experimentally for both [V2O5ACHTUNGTRENNUNG(SiO2)1–4]

+ and
[(V2O5)2SiO2]

+ clusters. It is noticeable that, unlike each of
the [V2O5ACHTUNGTRENNUNG(SiO2)m]+ (m =1–4) clusters, in which the spin
density is localized on one OtC atom bonded with Si, in the
most stable isomer of V4SiO12

+ the spin density is distribut-
ed as V ACHTUNGTRENNUNG(OtOt)C. Comparing with [V2O5ACHTUNGTRENNUNG(SiO2)m]+ , the less lo-
calized spin density in V4SiO12

+ leads to less overlap be-
tween the reacting O 2p orbital and the CH s orbital.[34]

This is consistent with the DFT flattest PES for the C�H
bond cleavage over V4SiO12

+ (Figure 4), and the lowest ex-
perimental reactivity of this cluster among [(V2O5)n-ACHTUNGTRENNUNG(SiO2)m]+ (n= 1, m=1–4; n= 2, m=1).

Figure 3. B3LYP/TZVP-calculated stable isomers of [(V2O5)n ACHTUNGTRENNUNG(SiO2)m]+ (n=1, m =1–4; n =2, m =1) clusters.
The five isomers with the lowest energies are shown for each cluster. The symmetry, electronic state, and
energy (in eV) with respect to the most stable isomer are given below each geometry. Bond lengths of V�Ot

and Si�Ot are given in �. Mulliken spin density values greater than 0.4 je j are given in parentheses for Ot

unless specified for V. The SOMOs of the most stable isomers are also given.
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Note that the relative energies of isomers I02, I12, I13,
and I17 with respect to the corresponding most stable iso-
mers are less than 0.2 eV. Considering the uncertainties of
DFT calculations, these isomers may also be candidates for
the ground-state structures, so reactions of CH4 with these
isomers are also calculated by the DFT method. It is found
that these isomers also have the active sites of OtC, and the
hydrogen-abstraction reaction paths are also overall exo-
thermic and barrierless. The calculated IR spectra for all the
stable isomers with relative energies within 0.20 eV are plot-
ted in Figure S1 to be compared with future experimental
results.

The DFT calculations are also performed on the nonstoi-
chiometric cluster V2Si2O11

+ , which is also found to be able
to abstract one H from CH4 in our experiments. The most
stable structure of V2Si2O11

+ can be considered to be
formed by association of the most stable structure of
V2Si2O9

+ (I06 in Figure 3) with an O2 molecule adsorbed in
end-on orientation on the threefold-coordinated Si atom
(i.e., a superoxide structure Si-O-O). The adsorption energy
of O2 on V2Si2O9

+ is 0.80 eV, and the bond length of Si�O2

is quite long (1.96 �). The adsorption of O2 does not change
the properties of OtC in V2Si2O9

+ moiety significantly, which
leads to the similar reactivities of V2Si2O11

+ and V2Si2O9
+ ,

in agreement with experiment.

Bonding properties of [(V2O5)nACHTUNGTRENNUNG(SiO2)m]+ clusters : Apart
from the five lowest-energy stable isomers for each cluster
shown in Figure 3, Figures S2–S6 in the Supporting Informa-
tion plot the results for isomers (SIn, n=1–81) with relative
energies within 1.5 eV of those of the most stable structures.
Doublet states are found to be more stable than the quartet
states for all of the isomers. Spin contaminants are all negli-
gible, with only a few exceptions discussed later.

As mentioned above, in the most stable isomers the
oxygen-centered radicals may exist in three types of moiet-
ies: [Si(Ob)2OtC]

+ (I01), Si(Ob)3OtC (I06, I011, and I16), and
V(Ob)2ACHTUNGTRENNUNG(OtOt)C (I21). Note that for V(Ob)2 ACHTUNGTRENNUNG(OtOt)C the spin
density on the two Ot atoms can be different. For example,
in I04, one of the V�Ot bond lengths is significantly longer
than the other, and there is more spin density over the Ot

atom with the larger V�Ot bond length. As there is one un-
paired electron in the 2p orbital of the OtC atom and the free
O� system has the same electronic structure, OtC represents
an O� ion. Similarly, (OtOt)C can be taken as a mix of one
O2� (the double-bonded terminal oxygen atom) with one
O�. For the case in which V and Si are in their highest va-
lence states, in addition to [Si(Ob)2OtC]

+ , Si(Ob)3OtC, and
V(Ob)2ACHTUNGTRENNUNG(OtOt)C, four more moieties may also contain OtC :
[VObACHTUNGTRENNUNG(OtOt)C]

+ , [V(Ob)3OtC]
+ , V(Ob)4OtC, and SiObACHTUNGTRENNUNG(OtOt)C.

From Figure 3 and Figures S2–S6 in the Supporting Informa-
tion, one can see that all of the isomers contain OtC radicals,
and most of the OtC radicals exist as in the former three
types of OtC moieties. There are only two exceptions for
V4SiO12

+ isomers (Figure S6 in the Supporting Information)
with relatively high energies: SI63 (0.93 eV) with [VOb-ACHTUNGTRENNUNG(OtOt)C]

+ and SI77 (1.33 eV) with [V(Ob)3OtC]
+ . Thus, in the

low-lying isomers of [(V2O5)nACHTUNGTRENNUNG(SiO2)m]+ , oxygen-centered
radicals bonded with the Si atom (denoted as SiOtC) tend to
be in the form of [Si(Ob)2OtC]

+ or Si(Ob)3OtC, whereas the
ones bonded with the V atom are usually in the form of
V(Ob)2ACHTUNGTRENNUNG(OtOt)C and may be denoted as V ACHTUNGTRENNUNG(OtOt)C. Because the
radicals are localized and delocalized in SiOtC and V ACHTUNGTRENNUNG(OtOt)C,
respectively, one may conclude that oxygen-centered radi-
cals bonded with Si have higher reactivity than those with V
for the heteronuclear oxide clusters. Note that in homonu-
clear V oxide clusters, such as V4O10

+ , radicals are localized
and exist as [V(Ob)3OtC]

+ , for which the reactivity toward
methane may be similar to that of [Si(Ob)2OtC]

+ in V2SiO7
+

or Si(Ob)3OtC in V2Si2O9
+ .

The neutral V2SiO7 (or V2O5SiO2) with the I01 structure
(Figure 3) is a closed shell system in which all the atoms are
in their highest valence states. It has one Si=Ot and two V=

Ot double bonds. The highest occupied molecular orbital
(HOMO) of V2SiO7 with the I01 structure is located mainly
on the 2p orbital of Ot in Si=Ot (rather than that in V=Ot)
according to our DFT calculations, which is consistent with
the SOMO distributions of V2SiO7

+ (I01). This situation is
similar in most of the other neutral (V2O5)nACHTUNGTRENNUNG(SiO2)m cluster
isomers, in which the HOMO is mostly distributed on the
SiOt site rather than the VOt site, and in the cluster cations
the radicals tend to be in the form of SiOtC rather than VOtC.
Of the 25 isomers in Figure 3 there are only four structures

Figure 4. B3LYP/TZVP-calculated reaction pathways for CH4 + [(V2O5)n-ACHTUNGTRENNUNG(SiO2)m]+!CH3 + [(V2O5)n ACHTUNGTRENNUNG(SiO2)mH]+ (n =1, m=1–4; n=2, m=1). As-
sociation products VxSiyOzH

+ ···CH3 are denoted as (x,y,z)H+ ···CH3, and
labeled as a, b, c, d, e, respectively. Distances between the C atom and
the abstracted H atom are given in �. The relative zero-point vibration
corrected energy (DH0K in eV) and Gibbs free energy at 298 K (DG298K

in eV) are given in parentheses as (DH0K, DG298K).
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with VOtC (I04, I05, I21, and I24) in which there is only one
Si atom and no Ot atoms are bonded with the Si atom. For
[(V2O5) ACHTUNGTRENNUNG(SiO2)m]+ (m= 1–4) clusters, the most stable isomers
are with SiOtC. For V4SiO12

+ , in which there is only one Si
atom and the molar ratio of V to Si is large, the most stable
isomer (I21) is with VOtC, but I22 with SiOtC is only 0.22 eV
higher in energy. Note that the hydrogen atom abstraction
from CH4 by I22 (DH0K =�0.99 eV) is more exothermic
than that by I21 (DH0K =�0.66 eV, see Figure 4).

Recently, we found that in the bimetallic oxide cluster
AlVO4

+ , the oxygen-centered radical is bonded with Al
rather than V.[42] This work indicated that, in most of our
tests, in V–Si heteronuclear oxide cations the oxygen-cen-
tered radical bonded with Si is not only more reactive (from
the view of the localization of radicals), but also more
stable, than the one bonded with V. In the condensed-phase
catalysis, vanadium oxides are usually supported on various
support materials such as SiO2 and Al2O3. It has been point-
ed out that the reactions on surfaces usually occur at specific
active sites[62–64] that involve only a few atoms and may have
similar structural and electronic properties to gas-phase clus-
ters. Therefore, our results indicate that the components di-
rectly involved with main group metal (e.g., Al) or even
nonmetal (e.g., Si) elements, which had usually been consid-
ered as support material, can be excited (for example by
charge transfer or by photon irradiation) to have radical
characters, and could participate directly in surface C�H ac-
tivation.

It should be pointed out that the low-lying isomers, such
as I07 and I14 in Figure 3 (and Figures SI14, SI27, SI28,
SI36, and SI52 in the Supporting Information), have the
character of multiradicals (MR). In these MR-containing
clusters there are two Si(Ob)3OtC moieties with spin densities
of + 1 je j on each OtC, and one V atom with spin density of
�1 je j ( or +1 je j in the quartet state). The calculated
doublet states are with spin contaminants (the values of hS2i
are around 1.75). The energies of the quartet state are
found to be higher than or equal to those of the doublet
state, but the differences are within 0.003 eV, and their geo-
metric structures are almost identical. In these MR struc-
tures, one V atom with spin density of about �1 je j is in the
+4 valence state. It is noticeable that some MR isomers are
quite stable (e.g., I14 is only 0.22 eV higher in energy than
the most stable isomers of V2Si3O11

+). This indicates that in
addition to V in the +5 valence state, V in its +4 valence
state is also quite stable in these stoichiometric heteronu-
clear oxide clusters, and the multivalence states of vanadium
are likely to exist in V2O5/SiO2 materials.

Apart from the moieties that contain OtC, other building
blocks with all atoms being in their highest valence states
can be written as: V(Ob)3Ot (e.g., in I01), VOb(Ot)2 (I05),
V(Ob)4

+ (SI02), V(Ob)2Ot
+ (I04), Si(Ob)4 (I11), Si(Ob)2Ot

(I11), Si(Ob)3
+ (I06), and SiObOt

+ . From the structures ob-
tained by DFT calculations, it can be concluded that isomers
with VOb(Ot)2, V(Ob)4

+ , or SiObOt
+ are not stable or have

high energy, and may be avoided when constructing the
stable structures of stoichiometric V–Si heteronuclear oxide

clusters. It is interesting to note that the existence of three-
fold-coordinated oxygen in the heteronuclear clusters (e.g.,
in the most stable isomers of V2Si3O11

+ , V2Si4O13
+ and

V4SiO12
+ as I11, I16, and I21, respectively) is quite common,

whereas such oxygen atoms rarely occur in the most stable
structures of the homonuclear vanadium[65–69] or silicon[70–72]

oxide clusters.

Conclusion

V–Si heteronuclear oxide cluster cations have been pre-
pared and reacted with CH4 in a fast-flow reactor. Hydrogen
abstraction reactions have been identified over stoichiomet-
ric clusters [(V2O5)n ACHTUNGTRENNUNG(SiO2)m]+ (n=1, m =1–4; n= 2, m =1).
The most stable isomers of these stoichiometric clusters are
obtained by DFT calculations. Terminal-oxygen-centered
radicals (OtC) are found in all of the stable isomers. These
OtC radicals are active sites of the clusters in their reaction
with CH4. The OtC radicals in [V2O5ACHTUNGTRENNUNG(SiO2)1–4]

+ clusters are
bonded with Si rather than V atoms. All the hydrogen ab-
straction reactions are calculated to be favorable both ther-
modynamically and kinetically. The suggested building
blocks for the stoichiometric heteronuclear oxide clusters
cations are [Si(Ob)2OtC]

+ , Si(Ob)3OtC, and V(Ob)2ACHTUNGTRENNUNG(OtOt)C, to-
gether with V(Ob)3Ot, V(Ob)2Ot

+ , Si(Ob)4, Si(Ob)2Ot, and
Si(Ob)3

+ . The threefold-coordinated oxygen atoms exist in
some of the clusters. Most of the V atoms are in +5 valence
state, but in the low-lying energy isomers with multiradical
structures one of the V atoms is in the +4 state.

This work has revealed the unique structure/property rela-
tionship of metal/nonmetal heteronuclear oxide clusters, and
provided new insights (such as Si�OtC rather than V�OtC

active sites, multivalence states of V) into CH4 activation on
silica-supported vanadium oxide catalysts.

Experimental Section

Experimental details : The experimental setup for generation, reaction,
and detection of the cationic clusters was similar to that described in pre-
vious studies,[34, 58, 73, 74] and only a brief description is given below. The
VxSiyOz

+ clusters were generated by laser ablation (532 nm Nd:YAG, 5–
8 mJ/pulse, 10 Hz) of a rotating and translating V/Si mixed sample [V
(99.5 %) and Si (99.999 %) powders purchased from Alfa Aesar; molar
ratio of V:Si =1:1] in the presence of about 1 % O2 seeded in a pulsed
carrier gas (He) with backing pressure of 5 atm. The clusters formed in a
narrow channel (2 mm diameter � 25 mm length) were then expanded
and reacted with the reactant gases (pure or He-diluted CH4 or CD4) in
a fast-flow reactor (6 mm diameter � 60 mm length). The reactant gases
with backing pressures of about 1–20 kPa were pulsed into the reactor at
a position 20 mm downstream from the exit of the cluster formation
channel. To eliminate the formation of undesirable hydroxo species, the
generation gases (O2/He) and reactant gases were passed through two
10 m copper tube foils at low temperature (T=77 K and 190–240 K, re-
spectively) before they entered the pulsed valves. After reacting in the
fast flow reactor, the reactant and product ions exiting from the reactor
were skimmed (3 mm diameter) into a vacuum system of a TOF mass
spectrometer. Ion signals were generated by averaging 500–1000 traces of
independent mass spectra (each corresponding to one laser shot). The
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uncertainty of the reported relative ion signals was about 10%. The mass
resolution was about 400–500 (M/DM) with the current experimental
setup. The oxide clusters exiting the cluster formation channel were usu-
ally rotationally cold (Trot �50 K) and vibrationally hot (Tvib can be up to
700 K).[75] The bath gas temperature was around 300–400 K, considering
that the carrier gas could be heated during the process of laser ablation.
The intracluster vibrations were probably equilibrated close to the bath
gas temperature before reacting with the reactant molecules.[34] In our ex-
periments, the instantaneous total gas pressure in the fast-flow reactor
was estimated to be around 300 Pa at T =350 K.[58]

Computational details : DFT calculations were performed using the Gaus-
sian 03 program[76] with the B3LYP exchange-correlation functional[77, 78]

and all-electron polarized triple-z valence basis sets (TZVP).[79] This level
of theory has been demonstrated by many groups to give reasonably
good results with moderate computational cost for the structural proper-
ties and energetics of vanadium oxides,[53, 65, 80–84] and has been widely
used in studying the reactions of hydrocarbons on silica-supported vana-
dia with cluster models.[36, 51–54] Geometry optimizations were performed
with full relaxation of all atoms and all possible spin multiplicities. Vibra-
tional frequency calculations were performed to check that all the stable
isomers had no imaginary frequency. All of the energies reported in this
study include zero-point vibrational energy corrections. To study the
bonding properties, natural bond orbital (NBO) analyses[85] were per-
formed using NBO 3.1 implemented in Gaussian 03. Cartesian coordi-
nates, electronic energies, and vibrational frequencies for all the opti-
mized structures are available upon request. To obtain reliable global
minima for the stoichiometric clusters [(V2O5)n ACHTUNGTRENNUNG(SiO2)m]+ , the geometry
optimizations were performed starting from a high number of possible
candidate structures (more than 200 for each cluster) generated from a
systematic search based on the topological structures, and also a simpli-
fied basin-hopping method,[86] the details of which are described in the
Supporting Information. Further computations using special methods,
such as the strict basin-hopping method or genetic algorithm,[20, 87, 88] may
be necessary to confirm that our search was sufficient to obtain the
global minima.
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