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Oxygen-poor vanadium oxide clusters, V2On
+ (n=1, 2), V3On

+ (n=1, 2, 3), and V4O3
+,

were produced by laser vaporization and were mass-selected and photodissociated with 532
and 266 nm photons. The geometric structures and possible dissociation channels of these
clusters were determined based on the comparison of density functional calculations and pho-
todissociation experiments. The experiments show that the dissociation of V2O+, V2O2

+,
and V3O3

+ mainly occurs by loss of VO, while the dissociation of V3O+ and V4O3
+ mainly

occurs by loss of V atom. For the dissociation of V3O2
+, the VO loss channel is slightly

dominant compared to the V loss channel. The combination of experimental results and
theoretical calculations suggests that the V loss channels of V3O+ and V4O3

+ are single
photon processes at both 532 and 266 nm. The VO loss channels of V2O2

+ and V3O3
+ are

multiple-photon processes at both 532 and 266 nm.
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I. INTRODUCTION

Vanadium oxides are of increasing importance in
technological applications, such as industrial catalysis
[1−4] and optical materials [5]. It is very necessary to
investigate the structures and stabilities of vanadium
oxide clusters in order to have a better understanding
of their reactivity and their role in catalysis. It is note-
worthy that a variety of experiments have been per-
formed to study the vanadium oxide clusters [6−16].
Bernstein and coworkers have studied the growth dy-
namics and structures of neutral vanadium oxide clus-
ters with ultraviolet laser photoionization and density
functional calculations [7−9]. Castleman and cowork-
ers have investigated the reactivity of vanadium oxide
clusters with small hydrocarbons [11−14, 16]. Dun-
can and coworkers have conducted photodissociation
experiments on VnOm

+ (m>n) clusters [15]. Infrared
spectroscopy [17, 18] and photoelectron spectroscopy
[19−23] have also been employed to investigate the vi-
brational and electronic properties of vanadium oxides.
As for the theoretical studies, the structures, stabilities,
and electronic states of vanadium oxide clusters were in-
vestigated with density functional calculations by many
research groups [14, 24−30]. Despite of the abundance
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of experimental and theoretical work on vanadium ox-
ides, the study on oxygen-deficient vanadium oxide clus-
ters is very rare. Systematic behavior of vanadium ox-
ide clusters is not completely understood. In this work,
we combine the laser photodissociation experiment with
density functional calculations to study the structures
of several small oxygen-poor vanadium oxide clusters,
V2On

+ (n=1, 2), V3On
+ (n=1, 2, 3), and V4O3

+.

II. EXPERIMENTAL AND COMPUTATIONAL
METHODS

A. Experiments

The experiments were conducted on a home-built
reflectron time-of-flight mass spectrometer, which has
been described elsewhere [31]. Briefly, vanadium-oxide
clusters were generated in a laser vaporization source,
where a rotating and translating V/V2O5 disc target
(13 mm diameter, V/V2O5 mole ratio 10:1) was ab-
lated with the second harmonic (532 nm) light pulses of
a Nd:YAG laser, while helium gas with 400 kPa back-
ing pressure was allowed to expand through a pulsed
valve over the target. The laser fluence for laser ab-
lation was about 25 GW/cm2. The vanadium-oxide
clusters were then mass-analyzed with the reflectron
time-of-flight mass spectrometer. For the photodissoci-
ation experiments, we used a deceleration-dissociation-
reacceleration method. The cluster ions of interests
were selected with a mass gate at the first space focus
region of the reflectron time-of-flight mass spectrome-
ter, were decelerated with deceleration plates right af-
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ter the mass gate, and were photodissociated with a
nanosecond Nd:YAG laser (Continuum Surelite II-10)
at 532 and 266 nm wavelengths. The fragment ions and
surviving parent ions were re-accelerated toward the re-
flectron plates, then reflected to the MCP (microchan-
nel plates) detector of the mass spectrometer. The mass
signals were amplified with a broadband amplifier, were
digitized with a 100 MHz digit card, and were collected
in a laboratory computer with a home-made software.

B. Computational method

All calculations were performed with the density
functional theory (DFT) using the hybrid B3LYP
[32−35] exchange-correlation functional as imple-
mented in the Gaussian 09 [36] program package. 6-
311G(d) basis set was employed for all calculations.
Geometric configurations of V2On

+ (n=1, 2), V3On
+

(n=1, 2, 3), and V4O3
+ were fully optimized. Several

stable equilibrium isomers were obtained. In order to
verify that those isomers are real local minima on poten-
tial surfaces, vibration frequency calculations were also
performed at all optimized geometric structures. Those
geometric structures have been confirmed to have no
imaginary frequency. The bond dissociation energies
(BDEs) and natural atomic orbital (NAO) analysis of
these vanadium oxides were also examined to further in-
vestigate the bonding properties and the spin densities
on the atoms.

III. EXPERIMENTAL RESULTS

Figure 1 shows a typical, reproducible mass spec-
trum of the VmOn

+ cluster ions generated in the ex-
periments. Here the major mass peaks in the spectrum
are those of VmOn

+ cluster ions with m and n smaller
than 5.

To investigate the relative stabilities of these clus-
ters, we performed mass-selected photodissociation ex-
periments of V2On

+ (n=1, 2), V3On
+ (n=1, 2, 3), and

V4O3
+ by 532 and 266 nm photons. Figure 2 shows

the typical photodissociation mass spectra of the vana-
dium oxide cluster ions. The photodissociation experi-
ments were conducted with the photodissociation laser
on and off alternatively shot by shot. The photodisso-
ciation mass spectra were obtained by subtracting the
data taken with the photodissociation laser off from the
data with the photodissociation laser on. The upward
peaks are the mass peaks of the fragment ions, while the
downward peaks are the depletion of the parent ions.
The photodissociation efficiencies of the fragment ions
are summarized in Table I. The photodissociation effi-
ciency of each fragment ion was calculated with Eq.(1):

Rj =
Ij∑

Ii

(1)

where Ij is the intensity of the studied fragment ion,

FIG. 1 Mass spectrum of VxOy
+ cluster ions.

and
∑

Ii is the total intensity of the fragment ions
and remaining parent ions.

From Fig.2, we can see that V+ is the main fragment
ion for the dissociation of V2O+. At 532 nm, V2O+

yields only V+ fragment ion by loss of VO. At 266 nm,
however, two photofragment ions, V+ and VO+, are
generated by eliminating VO and V from the V2O+

parent ion, respectively.
Dissociation of V2O2

+ mainly generates VO+ frag-
ment ion and tiny amount of V+ fragment ion at
532 nm. The dissociation behavior of the V2O2

+ at
266 nm is similar to that at 532 nm, except that the
dissociation efficiency at 266 nm is higher than that at
532 nm.

Dissociation of V3O+ at 532 nm yields mostly V2O+

fragment ion and tiny amount of V2
+ and V+. In this

case, the V2O+ fragment ion corresponds to the loss of
V neutral. Dissociation of V3O+ at 266 nm produces
four fragment ions, V+, VO+, V2

+ and V2O+. From
Fig.2(c) and Table I, we can see that the main frag-
ment ions of V3O+ at 266 nm are V2O+ and V+. It
is noteworthy that the VO+ fragment ion is not ob-
served at 532 nm. Compared to the dissociation be-
havior of V2O+ at 266 nm, we can infer that the VO+

fragment ion is produced by a sequential dissociation
process V3O+→V2O+→VO+ at 266 nm. In addition,
the branching ratio of V+ fragment ion at 266 nm is
much higher than that at 532 nm. We speculated that
the V+ fragment ion could also come as a sequential
product from further dissociation of V2O+ fragment ion
at 266 nm.

For the dissociation of V3O2
+ at 532 nm, V2O2

+

and V2O+ fragment ions are detected at low photon
flux (Fig.2(a)), and an additional fragment ion V+ can
be observed at higher photon flux (Fig.2(b)). As for
the dissociation of V3O2

+ at 266 nm, the VO+ frag-
ment ion is also observed in addition to the V2O2

+

and V2O+ fragment ions. The VO+ fragment ion
of V3O2

+ probably is generated from V2O loss chan-
nel (V3O2

+→V2O+VO+) or is formed by stepwise
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FIG. 2 Photodissociation mass spectra of V2On
+ (n=1, 2), V3On

+ (n=1, 2, 3), and V4O3
+. (a) At 532 nm with laser

power of 7 MW/cm2, (b) at 532 nm with laser power of 14 MW/cm2, (c) at 266 nm with laser power of 7 MW/cm2.

dissociation path (V3O2
+→V2O+→VO+). Also, for

the dissociation of V3O2
+, the branching ratio of V+

fragment ion at 266 nm is much higher than that at
532 nm. We infer that both V2O2 elimination channel
(V3O2

+→V2O2+V+) and sequential dissociation path
(V3O2

+→V2O+→V+) contribute to the generation of
V+ fragment ion.

As for the dissociation of V3O3
+ at 532 nm, there is

only V2O2
+ fragment ion by loss of VO. But, four frag-

ment ions, V2O2
+, V2O+, VO+, and V+, are observed

at 266 nm. V2O2
+ is the major fragment ion at both

532 and 266 nm.
The dissociation of V4O3

+ at 532 nm with low
photon flux (Fig.2(a)) produces V3O3

+ fragment ion,
V2O2

+ and V+ fragment ions can also be observed
with higher photon flux (Fig.2(b)). At 266 nm, the
dissociation of V4O3

+ yields five fragments V3O3
+,

V2O2
+, V2O+, VO+, and V+. V3O3

+ is the ma-
jor fragment ion at both 532 and 266 nm. It is ob-
vious that the V3O3

+ fragment ion is generated by
loss of V atom (V4O3

+→V+V3O3
+), while the pro-

duction of V2O2
+ could occur by the loss of V2O di-

rectly (V4O3
+→V2O+V2O2

+) or by the sequential dis-
sociation path V4O3

+→V3O3
+→V2O2

+. Likewise, the
production of VO+ could occur by V3O2 loss channel
(V4O3

+→V3O2+VO+), and that of V+ by V3O3 loss
channel (V4O3

+→V+). VO+ and V+ might also be
produced from sequential dissociation channels.

Overall, the photodissociation experiments show that
the dissociation of V2O+, V2O2

+, and V3O3
+ mainly

occurs by loss of VO, while the dissociation of V3O+

and V4O3
+ mainly occurs by loss of V atom. For the

dissociation of V3O2
+, the branch ratios of the VO loss

channel and V loss channel are similar to the VO loss
channel slightly dominant.

IV. THEORETICAL RESULTS AND DISCUSSION

The optimized geometries of the low-lying isomers
of VxOy

+ clusters obtained with DFT calculations are
presented in Fig.3 with the most stable structures on the
left. In order to examine the relative stabilities and pho-
todissociation mechanisms of V2On

+ (n=1, 2), V3On
+
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TABLE I Dissociation channels, bond dissociation energies, and photodissociation efficiencies of the most stable isomers of
V2On

+ (n=1, 2), V3On
+ (n=1, 2, 3), and V4O3

+ clusters. Rj1 and Rj2 correspond to the dissociation at 532 nm with laser
power of 7 and 14 MW/cm2 respectively; Rj3 corresponds to the dissociation at 266 nm with laser power of 7 MW/cm2.

Cluster Dissociation channel BDE/eV Rj1 Rj2 Rj3

V2O
+(8A′) 1A (1a) VO+V+ 3.42 0.053 0.127 0.399

(1b) V+VO+ 4.58 0.099

V2O2
+(6A′) 2A (2a) VO+VO+ 5.05 0.051 0.093 0.086

(2b) VO2+V+ 6.31 0.032 0.025

V3O
+(11A) 3A (3a) V+V2O

+ 2.36 0.153 0.204 0.229

(3b) VO+V2
+ 3.95 0.049 0.056 0.052

(3c) V2O+V+ 3.81 0.078 0.205

(3d) V2+VO+ 6.38 0.043

V3O2
+(5A′′) 4A (4a) V+V2O2

+ 4.56 0.071 0.123 0.100

(4b) VO+V2O
+ 3.40 0.101 0.156 0.135

(4c) V2O2+V+ 4.60 0.063 0.159

(4d) V2O+VO+ 7.01 0.066

V3O3
+(3B1) 5A (5a) VO+V2O2

+ 5.12 0.038 0.061 0.085

(5b) VO2+V2O
+ 5.63 0.019

(5c) V2O2+VO+ 7.70 0.050

(5d) V2O3+V+ 6.14 0.035

V4O3
+(6A) 6A (6a) V+V3O3

+ 2.25 0.088 0.163 0.178

(6b) V2O+V2O2
+ 6.88 0.053 0.114

(6c) V3O3+V+ 4.63 0.026 0.093

(6d) V2O2+V2O
+ 6.87 0.063

(6e) V3O2
+VO+ 7.54 0.081

(n=1, 2, 3), and V4O3
+, we calculated their bond dis-

sociation energies (BDEs) based on the energies of their
most stable structures. The BDEs are evaluated as the
differences of the total energy of the parent ions and
the sum of the energies of the fragments. The calcu-
lated BDEs of the most stable clusters are presented in
Table I.

The most stable structure of V2O+ is isomer 1A in
8A′ state with Cs symmetry. It is a quasi-linear struc-
ture with the O atom bridging the two V atoms, quite
similar to the structure of AlVO [37]. In isomer 1A, one
of the V1−O bond is longer than the V2−O bond. In
order to investigate the bond properties of the VmOn

+

clusters, we conducted Wiberg bond order analysis us-
ing the NBO 3.1 program [38] implemented in the Gaus-
sian 09 software package. The bond order analysis
shows that the bond order values of V1−O and V2−O
are 0.41 and 1.26, respectively. V1−O can be consid-
ered as a single bond while V2−O bond is between the
single and double bond. Thus, the most probable dis-
sociation channel of V2O+ is by loss of VO to produce
V+. Our calculations (Table I) show that it takes about
3.42 eV for isomer 1A to be dissociated into VO+V+

(channel (1a)), and about 4.58 eV for it to be disso-
ciated into V+VO+ (channel (1b)). The V+ fragment
ion observed at 532 nm in the experiments probably
is from two-photon process since the dissociation en-
ergy of channel (1a) is higher than the photon energy

of a 532 nm photon. A 266 nm photon is able to ini-
tiate dissociation through both channel (1a) and (1b).
The calculated structure and dissociation channels of
isomer 1A are in good agreement with the photodisso-
ciation experiments. Isomers 1B, 1C, and 1D are much
higher than isomer 1A in energy, they are unlikely to
be populated in our experiments. We suggest that iso-
mer 1A is the most probable structure observed in our
experiment.

The lowest energy structure of V2O2
+ is isomer 2A

in 6A′ state with Cs symmetry. It is a VOVO four-
membered ring. Regarding the ground state of V2O2

+,
there are some disagreements in the literature. Ca-
latayud et al. calculated the ground state of V2O2

+

to be 2A′ [27], while Jakubikova et al. reported the
ground state of V2O2

+ to be a sextet state [30]. Our
calculations are in agreement with that Jakubikova et
al. [30]. Wiberg bond order analysis shows that the
bond order values of V1−O1, V1−O2, V2−O1, and
V2−O2 bonds are 0.73, 0.40, 0.93, and 1.40, respec-
tively. Thus, V1−O1, V2−O1, and V1−O2 can be con-
sidered as single bond, while V2−O2 is between the
single and double bond. The dissociation of V2O2

+

can occur by first break the V1−O2 bond, then break
the V2−O1 bond, therefore, generates VO+VO+. The
dissociation can also occur by breaking the V1−O2 and
V1−O2 bonds to generate VO2+V+. These are consis-
tent with VO+ and V+ fragment ions observed in the
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FIG. 3 Structures of the typical low-lying isomers of V2On
+ (n=1, 2), V3On

+ (n=1, 2, 3), and V4O3
+. The energies

relative to the most stable isomer are shown under them.

experiments. As can be seen in Table I, the BDEs of
channels (2a) and (2b) are calculated to be 5.01 and
6.31 eV, respectively. The BDEs are higher than the
photon energies of 532 and 266 nm photons. Therefore,
we suggest that channels (2a) and (2b) are multiphoton
processes at both 532 and 266 nm. Three 532 nm pho-
tons or two 266 nm photons are needed to dissociation
V2O2

+. That is in agreement with the low dissociation

efficiencies of V2O2
+ in the experiments. The structure

of isomer 2B is very similar to that of isomer 2A. It is
higher than isomer 2A by 0.28 eV and can be considered
as an electronic excited state of isomer 2A. Isomers 2C
and 2D are much higher in energy than isomer 2A. We
suggest that it is unlikely for isomers 2B, 2C, and 2D
to exist in the experiments.

The most stable structure of V3O+ is isomer 3A in
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TABLE II Natural charge and spin density distributions of the most stable isomers of V2On
+ (n=1, 2), V3On

+ (n=1, 2,
3), and V4O3

+ clusters.

Cluster Atom Natural electron configuration Natural charge Spin density

V2O
+(8A′) V1 [core]4s0.733d3.35 0.92 3.90

V2 [core]4s0.583d3.38 1.06 3.40

O [core]2s1.892p5.08 −0.97 0.29

V2O2
+(6A′) V1 [core]4s0.213d3.42 1.37 3.01

V2 [core]4s0.323d3.31 1.38 2.24

O1 [core]2s1.912p5.00 −0.92 −0.09

O2 [core]2s1.912p4.91 −0.82 −0.15

V3O
+(11A) V1 [core]4s0.773d3.43 0.80 3.98

V2 [core]4s0.873d3.41 0.72 3.07

V3 [core]4s0.873d3.41 0.72 3.07

O [core]2s1.902p5.34 −1.24 −0.13

V3O2
+(5A′′) V1 [core]4s0.443d3.37 1.18 −2.88

V2 [core]4s0.323d3.42 1.26 2.94

V3 [core]4s1.033d3.25 0.72 4.01

O1 [core]2s1.912p5.02 −0.94 −0.00

O2 [core]2s1.892p5.34 −1.23 −0.07

V3O3
+(3B1) V1 [core]4s0.323d3.37 1.30 2.33

V2 [core]4s0.393d3.37 1.24 −2.57

V3 [core]4s0.323d3.37 1.31 2.33

O1 [core]2s1.892p5.06 −0.95 −0.10

O2 [core]2s1.892p5.05 −0.95 0.00

O3 [core]2s1.892p5.05 −0.95 0.00

V4O3
+(6A) V1 [core]4s0.483d3.44 1.08 2.72

V2 [core]4s0.483d3.44 1.09 2.73

V3 [core]4s0.353d3.42 1.23 2.84

V4 [core]4s0.593d3.63 0.78 −3.07

O1 [core]2s1.882p5.05 −0.94 −0.15

O2 [core]2s1.892p5.22 −1.12 −0.03

O3 [core]2s1.892p5.22 −1.12 −0.03

11A1 state with C2v symmetry. It has a V atom weakly
bound to the O atom of the V2O triangle. Wiberg bond
order analysis shows that the bond orders for V2−O,
V3−O, and V2−V3 bonds are 0.49, 0.49, and 0.94,
respectively, indicating that these bonds are all single
bonds. The calculated V1−O bond order value is only
0.34, indicating that the dissociation of V3O+ can oc-
cur by breaking the V1−O bond to produce V+V2O+

or V2O+V+, corresponding to the observation of V2O+

and V+ fragment ions in the experiments. The V2
+ and

VO+ fragment ions probably can be formed by break-
ing the V2−O and V3−O bonds together. The VO+

fragment ion observed at 266 nm can also come from
further dissociation of V2O+ fragment. Our calcula-
tions show that BDEs of channel (3a) and (3c) are 2.36
and 3.81 eV, respectively. The calculated BDE of chan-
nel (3a) (2.36 eV) is very close to the photon energy of
a 532 nm photon. Considering the uncertainty of the-
oretical calculations, we suggest that the actually BDE
of channel (3a) might be lower than the photon energy

of a 532 nm photon. Thus, channel (3a) probably only
requires one 532 nm photon, while channel (3c) requires
two 532 nm photons. That probably can explain why
the branch ratio of V2O+ fragment ion is higher than
that of V+ at 532 nm in the experiments. Either chan-
nel (3a) or (3c) needs only one 266 nm photon. That can
explain why the branch ratios of V2O+ and V+ are sim-
ilar at 266 nm (Fig.2). Isomers 3B and 3C are 0.47 and
0.56 eV higher in energy than isomer 3A, respectively.
They probably are not present in the experiments.

The first two isomers of V3O2
+ (4A and 4B) are

nearly degenerate in energy with 4B higher than 4A
by only 0.01 eV. Isomer 4A has a V atom attaching to
the one of the O atoms in the OVOV four-membered
ring. Isomer 4B has a V atom over the OVOV four-
membered ring. Therefore, both isomers 4A and 4B
probably exist in our experiments. The energy of iso-
mers 4C and 4D are much higher than isomer 4A and
4B, thus, they probably do not exist in the experiments.
For isomer 4A, the calculated bond order values are in
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the range of 0.37−0.85. All of them can be considered
as single bonds. The calculated BDEs of channel (4a),
(4b), and (4c) are 4.56, 3.40, and 4.60 eV, respectively.
These dissociation channels are two-photon processes at
532 nm and one photon processes at 266 nm. These are
consistent with the observation of V2O2

+, V2O+, and
V+ fragment ions in the experiment. The calculated
BDE of channel (4d) is about 7.01 eV, higher than the
total energy of two 532 nm photons and lower than the
total energy of two 266 nm photons. Thus, the VO+

fragment ion is detected at 266 nm but is not detected
at 532 nm.

The most stable structure of V3O3
+ is isomer 5A in

3B1 state with C2v symmetry. It is a six-membered ring
structure. The geometric structures of isomer 5B and
5C are very similar to that of isomer 5A except that
they are in different electronic states. Isomers 5B and
5C can be considered as the electronic excited states of
isomer 5A. Since the energy of isomers 5B, 5C, 5D, and
5E are much higher, isomer 5A is the most probable
structure observed in our experiments. Wiberg bond
order analysis shows that the V−O bond order values
of isomer 5A are in the range of 0.74−0.86, indicat-
ing these V−O bonds are all typical single bonds. At
least two bonds need to be broken in order to dissociate
isomer 5A since it is a ring structure. The calculated
BDEs of channels (5a), (5b), (5c), and (5d) are 5.13,
5.63, 7.70, and 6.14 eV, respectively. They are higher
than the energy of two 532 nm photons or one 266 nm
photon. That indicates that the V2O2

+ fragment ion is
generated by three-photon process at 532 nm and two-
photon process at 266 nm. That is in agreement with
our experimental observation since the dissociation ef-
ficiency of V3O3

+ is relatively low.
The most stable structure of V4O3

+ is isomer 6A in
6A state. It has a vanadium atom attaching to the
distorted V3O3 six-membered ring through one of the
vanadium atoms in the ring. As isomers 6B, 6C, 6D, 6E,
and 6F are 0.28−0.86 eV higher than isomer 6A in en-
ergy, they probably are not present in the experiments.
Here we only discuss isomer 6A in detail. The bond
order analysis of isomer 6A show that the bond order
value of V4−V3 bond is only 0.39, indicating that it can
be broken easily. The other V−O bond order values are
in the range of 0.50−0.82, we can regard these bonds as
single bonds. As for dissociation behavior of isomer 6A,
the main dissociation channel is to produce V3O3

+ by
losing V at both 532 and 266 nm. The BDE of the V loss
channel (6a) is calculated to be 2.25 eV, smaller than
the photon energy of a 532 or 266 nm photon. There-
fore, the production of V3O3

+ fragment ion by V loss
is single photon process at both 532 and 266 nm. The
other dissociation channels probably are multiphoton
processes. Some of the fragment ions, such as V2O2

+,
V2O+, VO+, and V+, may also be contributed by se-
quential dissociation paths.

Generally, the geometric structures and BDEs from
theoretical calculations are in good agreement with the

experimental phenomena. It is confirmed by both ex-
periments and theoretical calculations that the V loss
channels of V3O+ and V4O3

+ are single photon pro-
cesses at both 532 and 266 nm. The VO loss channels
of V2O2

+ and V3O3
+ are multiple-photon processes at

both 532 and 266 nm. For the other dissociation chan-
nels of these VmOn

+ clusters, we find that high photon
flux is necessary to achieve significant amount of dissoci-
ation at 532 nm. That indicates that these dissociations
are mostly multiphoton processes at 532 nm, consistent
with the BDEs from the density functional calculations.
Duncan and coworkers have investigated the photodis-
sociation processes of oxygen-abundant VmOn

+ (n>m)
clusters at 355 and 532 nm and found that multiphoton
processes are required [15]. The multiphoton dissocia-
tion channels observed in the study of the oxygen-poor
VmOn

+ (n<m) clusters are in agreement with their
findings.

Table II presents the atomic natural electron configu-
ration and the atomic spin densities for the most stable
isomers of VmOn

+ clusters. It can be seen that the
vanadium atoms always possess positive charges in the
range of 0.92e−1.38e while the oxygen atoms have neg-
ative charges from −0.82e to −1.24e.

Regarding the spin densities, an obvious trend is ob-
served. The spin densities localize exclusively on vana-
dium centers for the oxygen-poor vanadium oxide clus-
ters which means the unpaired electrons mainly localize
on the vanadium 3d orbitals. Thus, vanadium atoms
have the highest values of spin density in general. Con-
sidering the electronic states of the most stable struc-
tures of VmOn

+ clusters, V2O+ (8A′), V2O2
+ (6A′),

V3O+ (11A1), V3O2
+ (5A′′), V3O3

+ (3B1), and V4O3
+

(6A), we can see that the oxygen-deficient clusters tend
to have higher spin states. That is in accordance with
the higher spin densities on the vanadium atoms.

V. CONCLUSION

Oxygen-poor vanadium oxide clusters, V2On
+ (n=1,

2), V3On
+ (n=1, 2, 3), and V4O3

+, were studied using
photodissociation experiments and density functional
calculations. The experiments show that the dissoci-
ation of V2O+, V2O2

+, and V3O3
+ mainly occurs by

loss of VO, while the dissociation of V3O+ and V4O3
+

mainly occurs by loss of V atom. For the dissociation of
V3O2

+, the VO loss channel is slightly dominant com-
pared to the V loss channel. The geometric structures
and possible dissociation channels of these clusters were
determined based on the comparison of density func-
tional calculations and photodissociation experiments.
The combination of experimental results and theoret-
ical calculations suggests that the V loss channels of
V3O+ and V4O3

+ are single photon processes at both
532 and 266 nm. The VO loss channels of V2O2

+ and
V3O3

+ are multiple-photon processes at both 532 and
266 nm.
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