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A photoelectron spectroscopic study of monovanadium oxide anions
„VOx

2 , x 51 – 4…
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We report on a photoelectron spectroscopic study of monovanadium oxides, VOx
2 (x51 – 4), at

four photon energies: 532, 355, 266, and 193 nm. Vibrationally resolved spectra are obtained for
VO2 at 532 and 355 nm detachment photon energies. Two new low-lying excited states are
observed for VO at 5630 and 14 920 cm21 above the ground state. These states are assigned to two
doublet states,2S2 and 2F, respectively. The 532 and 355 nm spectra of VO2

2 reveal a single
vibrational progression for the ground state with a frequency of 970 cm21 (n1). Three electronic
excited states are observed for VO2 in the 193 nm spectrum. For VO3

2, three surprisingly sharp
detachment transitions are observed at 193 nm. The two excited states of VO3 are measured to be
0.59 and 0.79 eV above the ground state. The spectra of VO2

2 and VO3
2 are interpreted using the

molecular-orbital schemes obtained in a recentab initio theoretical study@Knight, Jr. et al., J.
Chem. Phys.105, 10237 ~1996!#, which predicts that both VO2 and VO3 neutrals are ofC2v
symmetry with a doublet ground state. The spectrum of VO4

2 is obtained at 193 nm, showing
features similar to that of VO3

2, but much more broadened. The adiabatic electron affinities of VO,
VO2, VO3, and VO4 are measured to be 1.229~8!, 2.03~1!, 4.36~5!, and 4.0~1! eV, respectively,
with a significant increase from VO2 to VO3. The electronic and geometrical structures of the series
of monovanadium oxide species are discussed based on the current observation and previous
spectroscopic and theoretical results. ©1998 American Institute of Physics.
@S0021-9606~98!01813-3#
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I. INTRODUCTION

Transition metal oxides are of interest from both an e
perimental and theoretical point of view. Experimental
properties of the metal–oxygen bond are crucial for the
derstanding of the chemisorptive and catalytic properties
metal oxides. Particularly, vanadium oxides are of consid
able importance in catalysis and the investigation of
vanadium–oxygen chemical bonding would be highly va
able. Theoretically, molecules containing transition met
have been rather challenging due to the opend shells. Simple
transition metal oxide molecules provide ideal systems
accurate theoretical treatments, and experimental spe
scopic information on these systems will be important in t
endeavor.

Except for the VO molecule, very few studies have be
carried out on the VOx molecules. Vanadium monoxide i
very important in astrophysics, because it is the secon
abundance after TiO in the spectra of metal-rich M-type s
and has been extensively studied.1–9 The ground state of VO
is known to be a quartet state (X 4S2).7 TheX 4S2 –A 4P,
X 4S2 –B 4P, andX 4S2 –C 4S2 band systems have bee
observed for VO from the stellar spectra at 1055, 790,
574 nm, respectively. Recently, lifetime measurements of
A 4P, B 4P, and C 4S2 electronic states were performe
using population probing of resonant two-photon ionizat
in a molecular beam.6 However, the excitation energies o
doublet excited states are much less characterized
5310021-9606/98/108(13)/5310/9/$15.00
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though several emission systems involving doublet–dou
transitions have been observed and analyzed.2 The quartet
nature of the VO ground state prevents direct optical tran
tions between the ground state and any doublet exc
states.

The VO2
2 and VO3

2 anions have been observed in th
vapor of vanadium oxide at temperatures between 1200
1500 K.10 The enthalpies of formation for VO2

2 and VO3
2

and the electron affinity~EA! of VO2 were estimated from
the equilibrium constants. Recently, an electron spin re
nance~ESR! study was reported on VO, VO2, and VO3 in
neon matrix at 4 K, in combination with anab initio theo-
retical study.11 The ESR study shows that VO2 has aC2v
structure with a2A1 ground state. The VO3

2 anion was sug-
gested, from a HF-SCF calculation, to have a planarD3h

structure with a VO distance of 1.601 Å.12 However, the
recentab initio calculation indicates that neutral VO3 has a
C2v symmetry, due to a Jahn–Teller distortion.11 A super-
oxovanadium VO4 species was suggested to be observed
photo-oxidation of V~CO!6 in low-temperature matrices.13

While this work is in progress, a Fourier transform infrar
~FTIR! matrix investigation has been reported for VO, VO2,
VO4, and V2O2.

14

Bulk VO2 is a nonmagnetic insulator and a technolo
cally important material. There is a phase transition at 341
from rutile-type VO2 ~a poor metal! to a monoclinic semi-
conductor. Since this phase transition is ultrafast, VO2 can be
0 © 1998 American Institute of Physics
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used in optical switching devices, electrical switches, opt
memory devices, bolometric-type light detectors, critic
temperature sensors, and infrared spatial li
modulators.15–18 The VO4 unit in condensed phase has al
attracted much attention because of its important role in o
vanadium catalysis.19 In condensed phase, the pseudotetra
dral oxovanadium group has three basal-plane oxygens a
terminal, double-bonded oxygen. Recently, well-defined
sorption, emission, and Raman spectra of the vanadium
ide species have revealed new electronic structure infor
tion for the pseudotetrahedral oxovanadium.20

The study of transition metal oxide species in the g
phase by photoelectron spectroscopy~PES! offers a unique
opportunity to probe the electronic structure of the isola
molecules. Dykeet al. reported the first PES of neutral VO8

and obtained information about the ground and excited st
of VO1.9 We are most concerned with the electronic stru
ture and spectroscopy of neutral species. Photodetach
PES of anions provides a unique technique for t
purpose.21–29 In this paper, we report the first systema
study on the monovanadium oxides, VOx (x51 – 4), and the
determination of their EAs. For VO, we observe five low
lying excited states, including two new doublet states.
both VO2 and VO3, we observe distinct low-lying excited
states from the PES spectra of VO2

2 and VO3
2, which are

interpreted using the availableab initio calculations. Our
PES spectrum of VO4

2 shows broad features, indicating
significant geometric change from the anion to the neut
Our results provide electronic structure information on
isolated VOx species and will be valuable to compare w
futureab initio studies in order to thoroughly understand t
V–O chemical bonding.

II. EXPERIMENT

The VOx
2 species are generated by pulsed laser vap

ization of a pure vanadium target into a pulsed helium car
gas seeded with a small amount of O2. The plasma reaction
between the laser vaporized vanadium atoms and the ox
form the VOx

2 species, which are entrained into the heliu
carrier gas and expanded through a 2 mmdiameter nozzle
into the source vacuum chamber to form a supersonic clu
beam. VO2 is produced more easily at the lowest O2 con-
centration, and a trace amount of oxygen on the surface
the target and the stainless steel nozzle is enough to pro
abundant VO2. If we use helium mixed with even 0.05% O2

as a carrier gas, the mass spectrum is dominated by the2
2

and VO3
2 species.

The magnetic-bottle time-of-flight~MTOF! photoelec-
tron spectrometer used for this study has been describe
detail previously.30,31 Briefly, the negative clusters are ex
tracted from the collimated cluster beam after one skimm
at 90° and are mass analyzed by a TOF mass spectrom
The anions of interest are selected by a pulsed mass gate
decelerated by a momentum decelerator before crossing
a detachment laser beam in the MTOF interaction zone.
photoelectrons are collected by the magnetic-bottle at ne
100% efficiency and are energy-analyzed by their time
flight in a 3.5 m long TOF tube. In the current work,
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Q-switched Nd:YAG laser@532 nm~2.33 eV!, 355 nm~3.49
eV!, and 266 nm~4.66 eV!# and an ArF excimer laser@193
nm ~6.42 eV!# are used for photodetachment. At 4.66 a
6.42 eV, spectra are taken at 20 Hz with the cluster beam
at alternating shots for background subtraction. The elec
TOF spectra are converted to electron kinetic energy dis
butions, calibrated by the known spectra of Cu2, and
smoothed with a 5 meV square window function. The kinet
energy spectra are subtracted from the respective detach
photon energies to obtain the electron binding energy spe
presented. The resolution of the spectrometer is better
30 meV at 1 eV kinetic energy. Therefore the best resolut
is obtained when low photon energies are used. Howe
high photon energies allow more deeply bonded electron
be probed and are necessary for clusters with high oxy
content due to their high EAs.

III. RESULTS

Figure 1 shows the PES spectra of VO2 at four photon
energies. The 532 nm spectrum exhibits two intense vib
tional progressions~X anda! with well-resolved vibrational
structures and a very weak feature at low binding ene
(X8). Three more weak features beyond the 532 nm pho
energy are revealed at the 355 nm spectrum. The featu

FIG. 1. Photoelectron spectra of VO2 at 532, 355, 266, and 193 nm. Th
266 and 193 nm spectra are only plotted up to 4 eV binding energy, bey
which the spectra are rather noisy and contain no useful information.
stands for hot band.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



5312 J. Chem. Phys., Vol. 108, No. 13, 1 April 1998 H. Wu and L.-S. Wang

Downloaded 26 Jun
TABLE I. Observed binding energies~BE! and spectroscopic constants for VO2 and VO.

BE ~eV!

Term value (cm21) Vib. freq. (cm21)

This work Previousa This work Previousb

VO2 X8 0.42~3! 6400~200!
X 5P(9s11d24p1) 0 900~50!

VO X 4S2(9s11d2) 1.229~8!c 0 980~60! 1001.8
a 2S2(9s11d2) 1.927~8! 5630~80! 1090~80!
A8 4F3/2(9s11d14p1) 2.1 6996.8 936.5

4F5/2 7171.4
4F7/2 7342.7
4F9/2 7509.0

A 4P21/2(9s11d14p1) 2.395~8! 9400~80! 9449.7 884
4P1/2 9477.8
4P3/2 9512.4
4P5/2 9555.5

B 4P21/2(1d24p1) 2.780~9! 12500~90! 12518.3 901
4P1/2 12571.7
4P3/2 12637.1
4P5/2 12711.9

1 2F(9s11d14p1) 3.079~15! 14920~90!

aFrom Ref. 2.
bFrom Ref. 1.
cAdiabatic electron affinity of VO.
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3.079 eV is shown more clearly in the 266 nm spectru
which also seems to reveal more transitions at higher bind
energies, but no definitive assignments can be made du
the poor signal-to-noise ratio. The vibrational progression
the a band is observed to exhibit remarkable changes at
nm: the intensity of thev51 peak is decreased while that
the v52 peak is strongly enhanced. Such intensity chan
suggest that there may be overlapping electronic st
whose detachment cross sections are dependent on ph
energies. The 193 nm spectrum supports this suggestion
shows even more dramatic intensity changes in the regio
the a band, even though the resolution and count rate
poor at 193 nm. The weak feature at the low binding ene
(X8) is most likely due to an electronic excited state of t
VO2 anion. HB in Fig. 1 represents the hot band transitio
due to the vibrationally excited states of the VO2 anion,
shown most clearly in the 532 nm spectrum. The bind
energies of the observed electronic states and the obta
spectroscopic constants are listed in Table I. The ass
ments will be discussed below.

Figure 2 shows the PES spectra of VO2
2 at four photon

energies. The 532 nm spectrum displays a simple vibratio
progression (X). There is also a weak feature (X8) and a
broad unresolved feature (X9) at the low binding energy
side. The 355 nm spectrum shows an extra, albeit weak
broad, feature (A) at the high binding energy side beyond t
energy range accessible in the 532 nm detachment ene
The intensity of this feature (A) seems to be enhanced in th
266 nm spectrum, which reveals yet another feature (B) at
the high binding energy side although the statistics of t
feature are poor due to the presence of noise in the h
binding energy range. The intensities of theA andB features
appear to become even stronger in the 193 nm spect
 2007 to 130.20.226.164. Redistribution subject to AI
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which reveals yet another feature (C) at the high binding
energy side. Thus from 532 to 193 nm each higher pho
energy reveals successively a higher binding energy feat
The resolution for theX feature is seen to deteriorate signi
cantly from 532 to 193 nm due to the increasing electr
kinetic energies. TheX8 andX9 features become only shou
ders in the high photon energy spectra. It is also interes

FIG. 2. Photoelectron spectra of VO2
2 at 532, 355, 266, and 193 nm.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. Observed binding energies~BE! and spectroscopic constants for VO2 and VO2
2 .

BE ~eV!

Term value~eV! Vib. freq. (cm21)

This work Ref. 1 This work Ref. 14

VO2
2

X8 1.72 ~2! 0.31
X9 ;1.9 ;0.1

X 1A1(1a2
26b2

23b1
210a1

2)

VO2

X 2A1(1a2
26b2

23b1
210a1

1) 2.03 ~1!a 0 0 970~40! 946.3
A 2B1(1a2

26b2
23b1

110a1
2) 2.6 ~1! 0.6 1b

B 2B2(1a2
26b2

13b1
210a1

2) 4.0 ~1! 2.0 2.0c

C 2A2(1a2
16b2

23b1
210a1

2) 4.6 ~1! 2.6 3.0c

aAdiabatic electron affinity of VO2.
bEstimate fromg-tensor analysis. The value fromab initio calculation is 0.3 eV~Ref. 11!.
cObtained fromab initio calculations~Ref. 11!.
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to observe that the intensity of theA feature shows such
strong photon energy dependence. TheX8 and X9 features,
which show weak dependence on source conditions but
not be quite completely eliminated, are attributed to exci
states of the VO2

2 anion. The observed binding energies a
spectroscopic constants are listed in Table II for VO2 and
VO2

2. TheA, B, andC bands are all quite broad without an
resolved fine features and their binding energies can only
estimated. The detailed assignments of the VO2

2 spectra will
be discussed below.

Figure 3 displays the PES spectra of VO3
2 at 266 and

193 nm, as well as the spectrum of VO4
2 at 193 nm. The

VO3
2 anion exhibits such high binding energy that the 2

nm photon is barely enough to detach it and the 266
spectrum only shows an onset of the VO3

2 spectrum. At 193
nm, three rather surprisingly sharp and well separated
tachment features are revealed. Because the VO3

2 anion can
be produced rather abundantly, its PES spectrum is the e
est to take and gives the best signal-to-noise ratio at 193
The VO4

2 anion can be produced but with much less ab

FIG. 3. Photoelectron spectra of VO3
2 at 266 and 193 nm, and of VO4

2 at
193 nm.
 2007 to 130.20.226.164. Redistribution subject to AI
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dance compared to VO3
2. Thus the VO4

2 spectrum shows
poorer signal-to-noise ratio, displaying four rather broad f
tures (X,A,B,C). VO4

2 also has very high electron bindin
energies similar to VO3

2. TheX, A, andB features of VO4
2

seem to be similar to the three features of VO3
2. The ob-

served binding energies for VO3
2 and VO4

2 are summarized
in Table III. The binding energies for VO4

2 can only be es-
timated due to the broad nature of the spectrum. Figur
summarizes and compares all the spectra for VOx

2 (x
51 – 4). In the following, we will discuss each species
detail.

IV. DISCUSSION

A. VO and VO 2

VO is one of the better studied transition metal mono
ide molecules after TiO due to its importance in astroph
ics. Its electronic structure and spectroscopy are relativ
well known and have been reviewed by Merer in 1989 alo
with other diatomic 3d transition metal oxides.1 It has also
been investigated in several theoretical studies.7 The ground
state of VO is well established to be a quartet state,X 4S2,
with an electronic configuration of 3p48s29s11d2, where
the three unpaired electrons predominantly occupy the bo
ing 4s(s) and nonbonding 3d(d) molecular orbitals. Due to
the quartet nature of the VO ground state, the low-lyi
quartet states of VO are well known, including th
A8 4F and A 4P(9s11d14p1), B 4P(1d24p1),
C 4S2(1d210s1), and D 4D(9s11d110s1) states.1–6 The
many low-lying doublet states, however, are not known d
to the forbidden optical transitions between the quartet
the doublet states. The lowest known excited state for VO
the A8 4F3/2 state at 6996.8 cm21 above the ground state.2

However, our observed lowest excited state in the VO2 PES
spectrum is the progression starting at 1.927 eV~Fig. 1!,
which gives an excitation energy of 5630 cm21 ~Table I!,
much lower than the known lowest quartet state (A8 4F3/2).

The ground state of the VO2 anion is not known. The
extra electron in the anion can either enter the 4p, 9s, or 1d
orbital to give a configuration of 3p48s29s11d24p1,
3p48s29s21d2, or 3p48s29s11d3, respectively. The third
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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configuration can be eliminated based on two observatio
First, the occupation of the 1d orbital loses the exchang
energy which is known to be important.7 This makes the
occupation of the 1d orbital unfavorable. Second, the 1d or-
bital is nonbonding and the PES of the VO neutral give
single 0–0 transition without any Franck–Condon fact
~FCFs! for the higher vibrational levels when the 1d orbital
is ionized.8 We expect that the detachment of the 1d electron
should similarly yield a single 0–0 peak. However, the fi
PES band of VO2 shows a vibrational progression with sig
nificant FCFs for the higher vibrational levels, suggest
that there is a bond-length change between the anion an
neutral ground state. The occupation of the 9s orbital can
also be eliminated. This orbital is a bonding one and
occupation has been shown to enhance the VO bonding
the 2D(9s21d1) state, which has a bond length even shor
than the VO ground state.2 The VO2 anion is more weakly
bonded than the neutral ground state, as suggested by
smaller vibrational frequency of the anion~Table I!. There-
fore the only reasonable occupation of the extra electron
VO2 is in the 4p orbital, giving a
X 5P(3p48s29s11d24p1) state. This is also consisten
with the ground-state configuration of CrO, which is isoele
tronic to VO2 and has a vibrational frequency similar to th
of VO2.1

Having established the ground state of VO2, we can
proceed to assign the features in Fig. 1. Three detachm
channels are expected and can result in many low-lying
cited states as follows:

3p48s29s11d24p1~X 5P!

→3p48s29s11d2: 4S2,2S2,2G,2S1, ~1!

→3p48s29s11d14p1: 4F,4P,2F~2!,2P~2!, ~2!

→3p48s21d24p1: 4P,2P~2!,2H,2F. ~3!

Among these states, all the quartet states have been
characterized and should be easy to assign in princi
Among the doublets, only the2S1 state from~1! is known.
The 4S2 state, the ground state of the neutral VO, resu
from removing the single 4p electron in the anion. The 0–
transition in the PES spectra yields an EA of 1.229 eV
VO and the observed vibrational frequency agrees well w

TABLE III. Observed binding energies~BE! and spectroscopic constan
for VO3 and VO4.

BE ~eV! Term values~eV!

VO3
2 X 1A1(6b2

212a1
27b2

2)

VO3 X 2B2(6b2
212a1

27b2
1) 4.36~5!a 0

A 2A1(6b2
212a1

17b2
2) 4.95 ~5! 0.59~5!

B 2B2(6b2
112a1

27b2
2) 5.15 ~5! 0.79~5!

VO4 X 4.0 ~1!b 0
A 5.0 ~1! 1.0 ~1!
B 5.4 ~1! 1.4 ~1!
C 6.0 ~1! 2.0 ~1!

aAdiabatic electron affinity of VO3.
bEstimated adiabatic electron affinity of VO4.
Downloaded 26 Jun 2007 to 130.20.226.164. Redistribution subject to AI
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the known value of VO~Table I!. As pointed out above, the
first excited state observed in our PES spectra at 5630 c21

does not agree with the known lowest quartet state,A8 4F
from ~2!. We assign this state as the2S2 state, arising from
the same electron configuration as the ground quartet s
The prominent vibrational progression is similar to that
the ground state, as expected, except that the vibrational
quency of the2S2 state appears to be slightly higher~Table
I!. The A8 4F state with its four spin-orbit component
should occur between thev51 and 2 peak of thea 2S2

state and may overlap slightly with these two peaks, com
cating the definitive observation of theA8 4F state. Further
complication derives from the fact that theA8 4F state has
very low intensity at the low detachment photon energ
where the resolutions are high. The small feature in betw
the v51 and 2 peaks of thea 2S2 state in the 532 nm
spectrum is due to theA8 4F state. However, its appearanc
is more prominent at the 266 and 193 nm spectra where
intensity is significantly enhanced, distorting the vibration
progression of thea 2S2 state.

The weak feature at 2.4 eV of the 355 nm spectrum~Fig.
1! gives an excitation energy of 9400 cm21, which is consis-
tent with the position of theA 4P state from~2! ~Table I!. Its
intensity is also enhanced at the 266 and 193 nm spe
consistent with detaching ad electron. The feature observe
at 2.78 eV is assigned to theB 4P state due to the detach
ment of the single 9s electron. The derived excitation energ
of 12 500 cm21 is in excellent agreement with the know
value of theB 4P state~Table I!. A further higher energy
feature, which is observed more prominently in the 266
spectrum~Fig. 1! is assigned to a2F state from~2!. This
feature has very low intensity at the 355 nm spectra and
intensity is enhanced with photon energy. This photon

FIG. 4. Comparison of the evolution of the photoelectron spectra of Vx
2

(x51 – 4).
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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ergy dependence is similar to that of theA8 4F and A 4P
states, which are derived from the same configuration, an
consistent with detaching ad electron.

The weak feature at 0.42 eV, labeled asX8 in Fig. 1, is
likely due to detachment from an excited state of the VO2

anion to the VO ground state. Such an excited state o
anion has been observed previously in CuO2.26 The excited
state in VO2 is about 6400 cm21 above the ground state o
VO2.

B. VO2 and VO2
2

Bulk VO2 has been extensively studied in the conden
phase. However, studies on the isolated VO2 molecule are
scarce. Recently Knightet al. reported a combined ESR an
ab initio study on the VO2 molecule in a low-temperatur
matrix.11 Their study shows that VO2 is nonlinear with an
unpaired electron predominantly occupying a vanadi
3d-type orbital, giving aX 2A1 ground state. Their calcula
tion also yields a/O–V–O angle of 110.5° and a V–O
bond length of 1.653 Å with aC2v symmetry. From the
g-tensor analysis, they were able to deduce anA 2B1 low-
lying excited state for VO2 with about 1 eV excitation en
ergy. Their calculation gives a value of 0.3 eV for theA 2B1

excited state. TheX 2A1 andA 2B1 states are considered t
correlate with the2D state in a linear OVO case. They als
predicted two more excited states correlating with the2P
state of the linear OVO case. These two states are calcu
to be 2.0 eV (B 2B2) and 3.0 eV (C 2A2) above theX 2A1

ground state. The uncertainty in the calculations was
pected to be60.3 eV. Chertihinet al. have just published a
matrix FTIR experiment on VO2.

14 They estimated a/O–
V–O angle of 11863° and measured then1 and n3 vibra-
tional frequencies to be 946.3 and 935.9 cm21, respectively.
In an earlier mass spectrometry experiment, Rudnyiet al.
measured the enthalpy of formation of VO2

2 and estimated
the EA of VO2 to be 2.360.2 eV.10 With the above informa-
tion, we can analyze and understand the VO2

2 PES spectra
shown in Fig. 2.

The occupied valence molecular orbitals of VO2 are
8a1

25b2
21a2

29a1
23b1

26b2
210a1

1 (X 2A1).11 The 10a1 orbital is
primarily of V 3d character; all the other orbitals involv
primarily the O 2p orbitals. The 10a1 and 3b1 orbitals cor-
relate with thed orbital in the linear OVO and the 1a2 and
5b2 correlate with thep orbital in the linear OVO, as men
tioned above. In the anion, most likely, the extra electr
occupies the 10a1 orbital, giving a closed-shell ground sta
for the VO2

2 anion (X 1A1), consistent with its high enthalp
of formation and stability in the gas phase.10 Then within the
single particle approximation, detachment from each fil
orbital of VO2

2 will yield one band in the PES spectrum
which should be straightforward to interpret.

As shown in Fig. 2, the 532 nm spectrum of VO2
2 ex-

hibits a well-resolved vibrational progression with a fr
quency of 970 cm21, which is in good agreement with then1

frequency (946.3 cm21) measured for VO2 in the matrix
FTIR experiment.14 This progression corresponds to th
ground state (X 2A1) of VO2 and is due to the detachment
a 10a1 electron. Then1 vibrational progression suggests th
Downloaded 26 Jun 2007 to 130.20.226.164. Redistribution subject to AI
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there is a slight V–O bond-length change between the an
and neutral ground state. Very little bending vibration is o
served as seen from the sharpn1 peaks~the bending vibra-
tion would broaden then1 peaks since its frequency is prob
ably too small to be resolved!, suggesting that there is little
O–V–Oangle change between the anion and neutral gro
state. This is consistent with the nature of the 10a1 orbital,
which is of mainly 3d character. The 0–0 transition a
2.03~1! eV defines the adiabatic EA for VO2, suggesting that
the EA estimated previously was inaccurate and too high10

Besides the main vibrational progression, there are m
features at the low binding energy side in the 532 nm sp
trum. These are possibly due to hot band transitions,
cannot be attributed to hot bands entirely since similar
quence bands are not observed on the high binding en
side. Therefore we attribute these features to be from e
tronic excited states of the VO2

2 anion. The lowest binding
energy feature at 1.72 eV is quite sharp, yielding an exc
tion energy of 0.31 eV for the anion excited state. A simi
electronic excited state of the anion has been observe
VO2, as seen in Fig. 1. The low binding energy featur
could also be due to V~O2!

2 complexes. Similar M~O2!
2

complexes are common for the late transition me
atoms.22,28 However, this kind of complex seems to be le
likely for the early transition metals due to the strong M–
bonding. For example, the V~O2! complex was not observe
in the previous matrix studies.11,14 Therefore we think that
the features that we observe are more likely to be due
electronic excited states of the OVO2 anion.

In the higher photon energy spectra of VO2
2 ~Fig. 2!,

three more features are revealed, which are due to the
tachment of deeper valence orbitals and correspond to
cited states of the VO2 molecule. All these higher energ
features show broadbands without any resolved vibratio
structure, suggesting that there are significant geom
changes between the anion ground state and the ex
states of VO2. These changes are most likely in the/O–
V–O bond angle such that then2 mode is active, leading to
the broad detachment bands. The bond angle change is
sistent with the fact that all these features are due to det
ment from orbitals involving the O2p. It is interesting to
observe that the second detachment band near 2.6 eV s
very strong photon energy dependence. We assign this
ture to theA 2B1 state, as suggested in the previous E
experiment.11 Our estimate of 0.6 eV for the excitation en
ergy is in reasonable agreement with that found in the E
experiment. TheA 2B1 state is due to the detachment of a
electron from the 3b1 orbital of VO2

2. The enhancement o
the detachment cross section with photon energy for
detachment channel is consistent with the fact that theb1

orbital corresponds to a component of thed orbital in the
linear OVO case.32 We assign the two higher energy featur
at 4.0 and 4.6 eV to the two excited states,B 2B2 and
C 2A2 , respectively, as predicted in the previousab initio
calculations.11 The overall assignments are shown in Fig.
and Table II. The calculated excitation energies for t
B 2B2 andC 2A2 states are surprisingly in good agreeme
with our experimental estimates. TheB 2B2 and C 2A2

states are due to detachment from the 5b2 and 1a2 orbitals,
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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respectively, suggesting that the molecular-orbital order
as given in the previous calculation, needs to be change
the following: 8a1

25b2
29a1

21a2
26b2

23b1
210a1

1 if the calculated
excited states are correct. However, calculations of exc
states are known to be rather difficult. Our assignments
the excited states according to the existing calculati
should probably be viewed as tentative, pending confirm
tion by more accurate calculations.

C. VO3 and VO3
2

The electron binding energy of VO3
2 is observed to in-

crease dramatically compared to that of VO2
2. We obtain an

adiabatic EA of 4.36 eV for VO3, which is more than twice
as much as that of VO2 ~Tables II and III!. The 266 nm
spectrum of VO3

2 only reveals a fairly narrow peak due t
the detachment transition to the ground state of VO3 without
any resolved vibrational structure~Fig. 3!. The 193 nm spec-
trum of VO3

2 shows two more features at binding energies
4.95 and 5.15 eV. All the three detachment transitions
VO3

2 give fairly sharp features, suggesting that the VO3
2 an-

ion and VO3 neutral both have very similar geometries. T
narrow features in the VO3

2 spectra are in sharp contrast
those in the VO2

2 spectra~Fig. 4!, where both stretching an
bending vibrations are shown to be active.

The high EA of VO3 can be easily understood becau
the V atom only has five valence electrons and the additio
electron in the anion will make VO3

2 a closed-shell molecule
thus stabilizing the extra electron. This suggest that VO3 is
open-shell with an unpaired electron which is most likely
the O atoms. The above observation is consistent with
recent ESR experiment by Knightet al.11 They observed an
ESR signal which shows a51V hyperfine splitting about ten
times smaller than that in VO2 and tentatively attributed it to
VO3. Their ab initio calculations support the assignment
VO3, yielding a planar (C2v) VO3 with an unpaired electron
~a 2B2 ground state!. The calculations show that VO3 has a
short V–O bond~1.576 Å! along theC2 symmetry axis and
two equivalent longer V–O bonds~1.677 Å! off the C2 axis
with a smaller/O–V–Oangle of 110.6°. The unpaired ele
tron in theX 2B2 ground state of VO3 is predicted to occupy
a molecular orbital (7b2) of mainly 2pz character on the two
off-axis O atoms. In the anion, the extra electron enters
the 7b2 orbital to give the closed shell VO3

2 (1A1) anion.
Therefore only the bending vibration involving the two of
axis O atoms is expected to be active in the detachment
7b2 electron. This is consistent with our observation of t
first detachment feature~X 2B2 , Fig. 3!, showing no V–O
stretching vibration which would be easily resolvable. A
bond angle change between the anion and neutral is like
be rather small since no extensive bending vibration is
served as indicated by the rather narrow detachment p
(X 2B2).

The next two molecular orbitals of VO3, as given by the
ab initio calculations, are 12a1 and 6b2 which are both of
mainly O2p character. We assign the two higher bindi
energy features in the PES spectrum of VO3

2 to the detach-
ment of an electron from these two orbitals, respective
giving the two low-lying excited states of VO3: A 2A1 and
Downloaded 26 Jun 2007 to 130.20.226.164. Redistribution subject to AI
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B 2B2 , as shown in Fig. 3 and Table III. It is surprising th
the A and B detachment features are also rather sharp w
little resolved vibrational excitation, meaning that there a
no significant geometry changes between the VO3

2 anion and
the two excited states of VO3. This suggests that VO3 is a
rather rigid and stable molecule. There is very little know
about the VO3 molecule except the work by Knightet al.11

VO3
2 was observed in the previous mass spectrome

work,10 but the VO3 molecule was not observed in the rece
FTIR experiment of V1O2.

14 Our results suggest that th
VO3

2 anion is also likely to have aC2v structure, the same a
the neutral. This is in contrast to the previous HF-SCF c
culation which suggests that the VO3

2 anion has a planarD3h

structure.12

D. VO4 and VO4
2

Surface-dispersed vanadium oxide catalysts are c
posed of pseudotetrahedral VO4 oxovanadium groups
( – O3V5O), whose electronic structure has been extensiv
investigated and debated due to its important role
catalysis.20 It has a C3v structure with a terminal VvO
bond; the three basal O atoms are bonded to the substr
The isolated VO4 species has never been observed in the
phase and is unlikely to adopt theC3v structure as on the
surfaces. In two previous matrix IR experiments,13,14 the
VO4 species has been observed and proposed to conta
VO2 unit and a peroxo-O2~h

2! unit ~Fig. 5!. The IR experi-
ments show that the OVO angle of the VO2 unit in this VO4

species is nearly identical to that in VO2 itself.
The V atom has five valence electrons and the VO4 spe-

cies is O-excess or electron-deficient. We have studied s
lar O-excess oxide species previously, such as in FeO4,

24

CuO3,
26 and Al2O5.

27 In these O-excess metal oxide specie
the peroxo unit is very common to accommodate the ad
tional O atoms, and all exhibit very high EAs. We obser
that the VO4 species behaves similarly. The PES spectrum
VO4

2 is similar to that of VO3
2, but much broader. Our esti

mated EA of about 4.0 eV for VO4 is quite high, suggesting
that the valence molecular orbital where the extra elect
resides in VO4

2 is most likely composed of the O2p-type
orbitals similar to that in VO3

2. The broad features observe
in the VO4

2 PES spectrum indicate that there are signific
geometry changes between VO4

2 and VO4, in particular, the
VO4 ground state which gives a very broad band rang
from about 3.9 to 4.7 eV~X in Fig. 4 of the VO4

2 spectrum!.
The VO4

2 anion has been proposed to contain a peroxo2

(h2-O2) ~Fig. 5! unit while the VO4 neutral contains a
superoxo-O2~s-O2! unit where the O2 is tilted and only one
of the O atoms is bonded to V.13 This proposal is entirely

FIG. 5. Schematic structures of the VOx (x51 – 4) species.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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consistent with our broad detachment feature for theX
ground state of VO4. TheA, B, andC features in the VO4

2

spectrum correspond to detachment of more tightly bo
electrons. The estimated binding energies for the four
tachment features of VO4

2 are summarized in Table III. Thei
detailed assignments will have to await future theoretical c
culations.

E. Electronic and structural evolution from VO to VO 4

Vanadium has four principal oxides: VO, V2O3, V2O4,
and V2O5 with oxidation states of vanadium ranging fro
12 to 15.33 The maximum oxidation state of15 originates
from the five valence electrons of the V atom. The chemi
bonding between V and O is extremely strong with bo
covalent and ionic characters.7 We can view the series from
VO to VO3 as a sequential oxidation in which the oxidatio
state of V increases from12 in VO to 15 in VO3. VO3 is
interesting because six electrons are needed to saturat
valences of the O atoms, making VO3

2 a closed-shell specie
with an extremely high electron binding energy. The nu
bers of unpaired electrons in the VOx species correlate with
this trend, with three in VO and one in VO2 all on the V
atom. The ESR experiment shows that VO3 also has an un-
paired electron, but mostly on the O atoms.11 In VO4, there
are not enough valence electrons so that the molecule
tains a superoxos-O2 unit.13,14 In the condensed phase, th
VO4 unit is very common, but it has a23 formal charge
state as VO4

32.34 Therefore the V–O interactions involv
strong ionic bonding character.

The structures of the VOx series of species are also in
teresting. The VO diatomic has a bond length of 1.589 Å a
is viewed theoretically as a triple bond due to strongp in-
teractions between the O long pair and the emptyd orbitals
on the V atom.7 As obtained fromab initio calculations by
Knight et al.,11 the VO2 molecule has aC2v structure with a
V–O bond length of 1.653 Å and/O–V–Oangle of 110.5°.
The V–O bond length in VO2 is longer than that in the VO
diatomic and can be viewed as a VvO double bond. Most
interesting are the structures of VO3 and VO4, both contain-
ing a VO2 unit nearly identical with that of VO2 itself in
terms of both the V–O bond length and/O–V–O bond
angle. The axial V–O bond length in VO3, as obtained by
Knight et al. is 1.576 Å,11 which is even shorter than that i
the VO diatomic, indicating the axial V–O bond can be ch
acterized as a triple bond. The off-axis V–O bonds
shown to have a bond length of 1.667 Å and a/O–V–O
angle of 110.6°, almost the same as in VO2 itself. Our PES
spectrum suggests that the VO3

2 anion has nearly identica
geometry to the neutral. The VO3

2 anion has been suggeste
to have a planarD3h structure,12 which is not consistent with
our observation that there is little geometry change betw
the anion and the neutral. In VO4, the O2 unit can replace
either the triple bonded O or one of the double-bonded
atoms. The matrix IR spectrum of VO4 shows that the VO4
molecule contains a VO2 unit nearly identical to that of VO2
itself,14 suggesting that the O2 unit in VO4 replaces the triple-
bonded O atom in VO3. The structures of the VOx (x51 – 4)
species are schematically summarized in Fig. 5. This se
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of oxide molecules exhibits rather interesting and unus
structural and bonding properties. More systematicab initio
theoretical studies seem to be warranted.

V. CONCLUSIONS

In conclusion, we have reported the first PES spectra
a series of monovanadium oxide species, VOx

2 (x51 – 4).
We have obtained the electron affinities and direct spec
scopic and electronic structure information for the cor
sponding neutral species. For the VO2, the PES spectra re
veal two low-lying doublet electronic states that are n
known from previous optical spectroscopy. Vibrationally r
solved spectra are obtained for the ground state of V2.
Three low-lying excited states of VO2 are measured directly
from the PES spectra of VO2

2. A surprisingly simple PES
spectrum is measured for VO3

2, showing three rather shar
transitions. A very high EA for VO3 is obtained as expecte
from the closed-shell nature of VO3

2. The spectra of VO2
2

and VO3
2 are interpreted using previousab initio calculations

for the VO2 and VO3 neutrals, which are predicted to hav
C2v structures. Our PES results imply that the VO2

2 and
VO3

2 anions also haveC2v structures similar to the neutrals
The VO4 molecule is also shown to have a rather high E
and the spectrum of VO4

2 shows similarities to that of VO3
2,

but is much more broadened. The electronic and geomet
structures of the series of VOx oxide species exhibit an in
teresting trend and more systematic and accurateab initio
calculations would be desirable to completely understa
these simple monovanadium oxide species.
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