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The matrix isolation infrared spectroscopic and quantum chemical calculation results indicate that vanadium
oxides, VO2 and VO4, coordinate noble gas atoms in forming noble gas complexes. The results showed that
VO2 coordinates two Ar or Xe atoms and that VO4 coordinates one Ar or Xe atom in solid noble gas matrixes.
Hence, the VO2 and VO4 molecules trapped in solid noble gas matrixes should be regarded as the VO2(Ng)2
and VO4(Ng) (Ng ) Ar or Xe) complexes. The total V-Ng binding energies were predicted to be 12.8, 18.2,
5.0, and 7.3 kcal/mol, respectively, for the VO2(Ar)2, VO2(Xe)2, VO4(Ar), and VO4(Xe) complexes at the
CCSD(T)//B3LYP level of theory.

Introduction

The electronic and geometric structures of transition-metal
oxides are of interest for the understanding of the catalytic
properties of metal oxides. Particularly, vanadium oxide catalysts
are widely used in the chemical industry and synthesis labora-
tories. The VO diatomic has been well studied both experi-
mentally and theoretically.1-8 Its ground state as well as several
excited states was investigated in the gas phase. Studies have
also been carried out for the higher oxide VOx molecules.9-16

The electronic structure information of the isolated VOx (x )
1-4) species has been probed in the gas phase.9,10 The matrix
isolation technique played an important role in providing
valuable spectral and structural properties of neutral vanadium
oxide molecules. A superoxovanadium VO4 species was sug-
gested to be observed in photo-oxidation of V(CO)6 in low-
temperature matrixes containing O2.11 The VO, VO2, VO3, and
VO4 molecules in solid neon or argon matrixes have been
produced by pulsed laser ablation generation method and have
been characterized by electron spin resonance and infrared
absorption spectroscopies.12,13

It is generally assumed that the oxide molecules trapped in
solid neon or argon matrixes can be regarded as isolated “gas-
phase” molecules.17 Matrix shifts for most of covalently bonded
molecules trapped in solid neon or argon often are quite small.
However, considerable variations in the values of measured
vibrational fundamentals in different noble gas matrixes have
been observed for some metal oxide species.18-21 The combined
experimental and theoretical studies showed that actinide metal
oxides such as CUO, UO2, and UO2

+ trapped in noble gas
matrixes are coordinated by multiple noble gas atoms.18-21 The
CUO, UO2, and UO2

+ species trapped in solid noble gas
matrixes should be regarded as the CUO(Ng)n, UO2(Ng)n, and
[UO2(Ng)n]+ complexes, instead of isolated oxide molecules.
Recent investigations in our laboratory also showed that
transition-metal oxide cations, such as ScO+ and YO+, also form
a variety of noble gas complexes in solid noble gas matrixes.22,23

In this paper, we report that neutral transition-metal oxides, VO2

and VO4 are coordinated by noble gas atoms in forming the
distinct transition metal- noble gas complexes.

Experimental and Computational Methods
The experimental setup for pulsed laser-ablation and matrix

isolation Fourier transform infrared (FTIR) spectroscopic in-
vestigation has been described in detail previously.24 Briefly,
the 1064-nm fundamental of a Nd:YAG laser (20-Hz repetition
rate and 8-ns pulse width) was focused onto a rotating metal
vanadium target (Johnson Matthey, 99.9%) through a hole in a
CsI window cooled normally to 12 K by means of a closed-
cycle helium refrigerator. The laser-evaporated vanadium atoms
were codeposited with oxygen and noble gas mixtures onto the
CsI window. In general, matrix samples were deposited for 1-2
h at a rate of 3-5 mmol/h. The O2/Xe/Ar mixtures were
prepared in a stainless steel vacuum line using standard
manometric technique. Isotopic18O2 (ISOTEC, 99%) was used
without further purification. The infrared absorption spectra of
the resulting sample were recorded on a Bruker IFS 113V
spectrometer at 0.5-cm-1 resolution between 4000 and 400 cm-1

using a DTGS detector. After the infrared spectrum of the initial
deposition had been recorded, the samples were warmed to the
desired temperature, quickly recooled, and the spectrum taken,
followed by repetition of these steps using higher temperatures.

Quantum chemical calculations were performed using the
Gaussian 03 program.25 The three-parameter hybrid functional
according to Becke with additional correlation corrections due
to Lee, Yang, and Parr (B3LYP)26,27 and the second-order
Møller-Plesset perturbation (MP2)28 methods were utilized. The
6-311+G* basis set was used for O, V, and Ar atoms, and the
SDD pseudopotential and basis set was used for Xe atom.29,30

The geometries were fully optimized at both levels of theory.
In addition, the single point energies of the structures optimized
at the B3LYP level of theory were calculated using the CCSD-
(T) method with the same basis sets.31 The harmonic vibrational
frequencies were calculated at the B3LYP level, and zero-point
vibrational energies (ZPVE) were derived.

Results and Discussion
Infrared Spectra. The reaction of laser-ablated vanadium

atoms with oxygen in solid argon has been investigated
* To whom correspondence should be addressed. E-mail:

mfzhou@fudan.edu.cn.

1845J. Phys. Chem. A2006,110,1845-1849

10.1021/jp056476s CCC: $33.50 © 2006 American Chemical Society
Published on Web 01/07/2006



previously,13 and the vanadium oxide products have been
identified from the effects of isotopic substitution in their
infrared spectra and theoretical calculations. We first repeated
the experiment of laser-ablated vanadium and oxygen reaction.
The spectra in the 1140-900-cm-1 region from co-deposition
of laser-ablated vanadium with 1.0% O2 in argon are shown in
Figure 1. The infrared spectra in the V-O stretching frequency
region are about the same as that previous reported.13 Besides
the known metal independent O3, O3

-, O4
-, and O4

+ species,32,33

absorptions at 1121.9, 975.3, 974.1, 946.3, 935.9, and 555.6
cm-1 were observed after 1 h of sample deposition at 12 K.
The 946.3 and 935.9 cm-1 absorptions were previously assigned
to the symmetric and antisymmetric V-O stretching vibrations
of the bent VO2 molecule.13 The 1121.9-, 975.3-, 974.1-, and
555.6-cm-1 bands were attributed initially to the VO4 molecule
with a OOVO2 (Cs) structure but have been reassigned later to
VO4 with a (O2)VO2 (C2V) structure.34 Weak absorptions due
to VO2

- (896.8 cm-1) and VO3
- (916.2 cm-1) were also

observed.34 The VO2 absorptions decreased on sample anneal-
ing; the VO4 absorptions markedly increased on 35 K annealing
(Figure 1, trace b) and slightly decreased on subsequent higher
temperature annealing (Figure 1, traces c and d). New bands at

1125.4 and 967.6 cm-1 were produced on 35 K annealing and
increased on higher temperature annealing.

Experiments were repeated by using oxygen doped with Xe
in excess argon. Figure 2 shows the spectra in the 1135-1115-
and 985-910-cm-1 regions from co-deposition of laser-ablated
vanadium with 1.0% O2 doped with 1.0% Xe in argon. The
same product absorptions observed in the experiment without
Xe doping were observed as described above. In addition, new
absorptions at 1123.8, 970.9, 968.4, 934.2, and 931.0 cm-1 were
produced on sample annealing to different temperatures (Figure
2, traces b-d). The 1123.8-, 970.9-, and 968.4-cm-1 bands
increased markedly on annealing to higher temperatures and
dominated the spectrum after sample annealing to 45 K (Figure
2, trace d). The product absorptions are listed in Table 1.

The experiments were repeated using the isotopic labeled18O2

doped with xenon in excess argon. The spectra in selected
regions are shown in Figure 3. All the absorptions were shifted,
and the band positions are listed in Table 1. A similar experiment
was performed using a mixed 0.4%16O2 + 0.8% 16O18O +
0.4%18O2 + 1% Xe in argon sample, and the resulting spectra
in the 1140-1040-cm-1 region are illustrated in Figure 4.

Calculation Results.Quantum chemical calculations were
performed on the potential product molecules. The optimized
structures at both the B3LYP and MP2 levels of theory are
shown in Figure 5. The calculated vibrational frequencies are
listed in Table 2. The calculated total V-Ng binding energies

Figure 1. Infrared spectra in the 1140-900-cm-1 region from co-
deposition of laser-ablated vanadium atoms with 1% O2 in argon: (a)
1 h of sample deposition at 12 K, (b) after annealing to 35 K, (c) after
annealing to 40 K, and (d) after annealing to 45 K.

Figure 2. Infrared spectra in the 1135-1115- and 985-910-cm-1

regions from co-deposition of laser-ablated vanadium atoms with 1%
O2 + 1% Xe in argon: (a) 1 h of sample deposition at 12 K, (b) after
annealing to 35 K, (c) after annealing to 40 K, and (d) after annealing
to 45 K.

TABLE 1: Infrared Absorptions (cm -1) from Co-Deposition
of Laser-Ablated V Atoms with Oxygen/Xenon Mixtures in
Excess Argon

16O2
18O2 assignment

1127.2 1061.7 VO6 O-O stretch
1121.9 1055.3 VO4(Ar) O-O stretch
1123.8 1060.9 VO4(Xe) O-O stretch
975.3 932.0 VO4(Ar) sym-OVO stretch
974.1 936.7 VO4(Ar) asym-OVO stretch
971.9 934.7 VO4(Ar) site
970.9 927.6 VO4(Xe) sym-OVO stretch
968.4 931.3 VO4(Xe) asym-OVO stretch
967.6 930.5 VO6 asym-OVO stretch
946.3 902.1 VO2(Ar)2 sym-OVO stretch
935.9 899.9 VO2(Ar)2 asym-OVO stretch
934.2 897.7 VO2(Ar)(Xe) asym-OVO stretch
931.0 895.4 VO2(Xe)2 asym-OVO stretch
555.6 533.4 VO4(Ar) V-O2 stretch

Figure 3. Infrared spectra in the 1080-1036- and 950-870-cm-1

regions from co-deposition of laser-ablated vanadium atoms with 1%
18O2 + 1% Xe in argon: (a) 1 h of sample deposition at 12 K, (b) after
annealing to 35 K, (c) after annealing to 40 K, and (d) after annealing
to 45 K.
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and natural atomic charges are listed in Tables 3 and 4,
respectively.

VO2(Ar) 2-x(Xe)x (x ) 0, 1, 2).The 946.3- and 935.9-cm-1

bands in solid argon were previously assigned to the symmetric
and antisymmetric VO2 stretching vibrations of VO2 based on
the observed isotopic shifts and splittings.13 The symmetric
stretching mode of VO2 was determined to be 970( 40 cm-1

from anion photon electron spectroscopic study9 and to be 993.0
cm-1 with electronic spectroscopy in the gas phase.10 The large
frequency difference between the gas phase and matrix values

suggests that VO2 may be coordinated by noble gas atoms in
noble gas matrixes. To determine whether the VO2 molecule
trapped in solid matrixes is coordinated by noble gas atoms or
not and to determine the number of noble gas atoms that bind
intimately to VO2 in the first coordination sphere, experiments
were performed by using mixtures of argon doped with xenon.
The spectra shown in Figure 2 demonstrate that two new
absorptions at 934.2 and 931.0 cm-1 were produced when 1%
xenon was doped into argon. The 934.2- and 931.0-cm-1 bands
shifted to 897.7 and 895.4 cm-1 with 18O2; the16O/18O isotopic
frequency ratios of 1.0407 and 1.0398 are characteristic of
antisymmetric VO2 stretching vibrations. These observations
suggest that VO2 coordinates two noble gas atoms in solid noble
gas matrixes. Hence, the 946.3- and 935.9-cm-1 bands previ-
ously assigned to VO2 in solid argon should be reassigned to
the VO2(Ar)2 complex in solid argon, and the 934.2- and 931.0-
cm-1 bands are due to the VO2(Ar)(Xe) and VO2(Xe)2
complexes in solid argon, resulting from the successive replace-
ment of coordinated Ar atoms with Xe atoms. The symmetric
VO2 stretching modes for VO2(Ar)(Xe) and VO2(Xe)2 are too
weak to be observed.

Quantum chemical calculations were performed to support
the assignment, which indicated that VO2 could coordinate two
noble gas atoms. As shown in Figure 5, the VO2 molecule and
the VO2(Ar)2 and VO2(Xe)2 complexes were predicted to have
a 2A1 ground state withC2V symmetry. Upon noble gas
coordination, the V-O bond length elongated from 1.611 Å in
VO2 to 1.619 Å in VO2(Ar)2 and to 1.623 Å in VO2(Xe)2. The
calculation results listed in Tables 2 and 3 also indicate that
the total V-Ng binding energies increase monotonically with
increasing Xe atom substitution, while the calculated VO2

stretching frequencies of the VO2(Ar)2-x(Xe)x (x ) 0,1,2) series
exhibit the monotonic red-shift upon successively replacement
of Ar atoms by Xe atoms. The calculated red-shifts of the
antisymmetric VO2 stretching mode for successively substituting
Ar atoms by Xe atoms are 4.7 and 8.2 cm-1, respectively,
slightly larger than the experimentally determined shifts of 1.7
and 4.9 cm-1.

Similar to the other previously characterized metal-noble
gas complexes,18-23 the bonding in the above-characterized VO2-
(Ng)2 complexes also involves the Lewis acid-base interactions,
in which electron density in the Ng lone pairs is donated into
vacant orbitals of the vanadium center. The VO2 molecule has
a 2A1 ground state. The 11a1 LUMO is primarily a nonbonding
hybrid of the V 4s and 3dz2 orbitals that is directed away from
the O atoms. The 4b1 LUMO+1 is a bondingπ orbital
composed of the V 3d orbital and the O 2p orbitals. These
orbitals are the primary acceptor orbitals for donation from the
noble gas atoms. Consistent with the above notions, the
calculated natural atomic charges for the metal center listed in
Table 4 decrease upon coordination of noble gas atoms and upon
successively replacement of argon atoms by xenon atoms. The
natural atomic charges on vanadium drop from+1.36 in VO2

to +1.29 in VO2(Ar)2 and to +1.18 in VO2(Xe)2, while the
coordinated Ar and Xe atoms in VO2(Ar)2 and VO2(Xe)2 exhibit
positive charges of+0.07 and+0.13, respectively.

VO4(Ng) (Ng ) Ar, Xe). The 1121.9-, 975.3-, 974.1-, and
555.6-cm-1 absorptions increased on annealing at the expense
of the VO2(Ar)2 absorptions. These bands were attributed
initially to the O-O stretching, symmetric and antisymmetric
VO2 stretching, and V-O2 stretching modes of VO4 with the
OOVO2 (Cs) structure13 but have been reassigned later to VO4

with the (O2)VO2 (C2V) structure.34 The present experimental
and theoretical results indicate that these absorptions should be

Figure 4. Infrared spectra in the 1140-1040-cm-1 region from co-
deposition of laser-ablated vanadium atoms with 0.4%16O2 + 0.8%
16O18O + 0.4%18O2 + 1% Xe in argon: (a) 1 h of sample deposition
at 12 K, (b) after annealing to 35 K, (c) after annealing to 40 K, and
(d) after annealing to 45 K.

Figure 5. Optimized geometric parameters (bond lengths in angstrom
and bond angles in degree) of the product species at the B3LYP and
MP2 (values in parentheses) levels of theory.
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reassigned to the VO4(Ar) complex. As shown in Figure 2, new
absorptions at 1123.8, 970.9, and 968.4 cm-1 were produced
when xenon was doped into the argon matrix, and these new
absorptions increased on annealing after the 1121.9-, 975.3-,
and 974.1-cm-1 absorptions. The 970.9- and 968.4-cm-1 bands
shifted to 927.6 and 931.3 cm-1 with the18O2 sample and gave
the 16O/18O isotopic frequency ratios of 1.0467 and 1.0398,
respectively. These isotopic frequency ratios are about the same
as those of the symmetric and antisymmetric VO2 stretching
vibrations of VO2. The 1123.8-cm-1 band shifted to 1060.9
cm-1. The 16O/18O isotopic frequency ratio of 1.0593 is
indicative of an O-O stretching vibration. As shown in Figure
4, the 1123.8-cm-1 band split into a quartet with two intermedi-
ate absorptions at 1092.6 and 1090.1 cm-1 when a mixed 0.4%
16O2 + 0.8% 16O18O + 0.4% 18O2 sample was used. Similar
quartet with intermediate absorptions at 1090.6 and 1088.3 cm-1

was also observed for the 1121.9-cm-1 band. The quartet
structure observed in the mixed experiment indicates that the
two O atoms in the O-O stretching mode are slightly inequiva-
lent. The above-mentioned experimental observations suggest
that the VO4 molecule is coordinated by one noble gas atom in
solid argon matrix. The 1121.9-, 975.3-, 974.1-, and 555.6-cm-1

absorptions are due to the VO4(Ar) complex isolated in solid
argon, and the 1123.8-, 970.9-, and 968.4-cm-1 absorptions are
assigned to the VO4(Xe) complex isolated in solid argon. The
V-O2 stretching mode of the VO4(Xe) complex is absorbed at
the same position (555.6 cm-1) as that of VO4(Ar).

Theoretical calculations support the above assignment. The
VO4 molecule was predicted to have a2A2 ground state with
C2V symmetry, in agreement with the previous reports.9,34 The

C2V structure has two equivalent O atoms in the coordinated O2

subunit and should split into a triplet for the O-O stretching
mode in the mixed16O2 + 16O18O + 18O2 experiment. This
suggests that the observed absorptions at 1121.9, 975.3, 974.1,
and 555.6 cm-1 in solid argon are not due to the isolated VO4

molecule. Our theoretical calculations indicated that VO4 could
coordinate one argon atom in forming the VO4(Ar) complex.
As shown in Figure 5, the VO4(Ar) complex has a2A′′ ground
state withCs symmetry. The Ar atom and the coordinated O2

subunits are in the same plane that is perpendicular to the VO2

plane. The O-O stretching, symmetric and antisymmetric VO2

stretching, and the V-O2 stretching modes of the VO4(Ar)
complex were predicted to be 1208.2, 1065.4, 1059.2, and 541.7
cm-1, respectively, in good agreement with the observed values.
Since the two O atoms in the coordinated O2 subunit are slightly
inequivalent (V-O bond lengths of 1.958 and 2.007 Å,
respectively, at the B3LYP level), a quartet with two intermedi-
ates should be observed for the O-O stretching mode in the
mixed16O2 + 16O18O + 18O2 spectrum, which is consistent with
the experimental observations. When the Ar atom in VO4(Ar)
was replaced by Xe, the above-mentioned vibrational modes
were predicted to be 1210.3, 1059.0, 1050.2, and 539.1 cm-1,
respectively. The O-O stretching mode blue-shifted by 2.1
cm-1, whereas the VO2 stretching modes red-shifted by 6.4 and
9.0 cm-1 with respect to those of the VO4(Ar) complex, which
are also in reasonable agreement with the experimentally
determined shifts of 1.9,-4.4, and-5.7 cm-1.

VO6. The absorptions at 967.6 and 1127.2 cm-1 were
observed in the experiments without Xe doping. These absorp-
tions were assigned previously to VO4 at different trapping sites
in solid argon.13 As can be seen in Figure 1, these two
absorptions increased markedly on higher temperature annealing
after the VO4(Ar) absorptions. We suggest that these bands are
due to the VO6 complex. Theoretical calculations predicted that
VO6 has a4A′ ground state withCs symmetry (Figure 5). The
VO6 structure can be regarded as an (O2)VO2-OO complex
with the Ar atom of VO4(Ar) being replaced by an O2 unit.
The V-OO bond length was predicted to be quite long (2.252
Å with B3LYP).

TABLE 2: Calculated Vibrational Frequencies (cm-1) and Intensities (km/mol) for the Product Molecules at the B3LYP Level
of Theory

molecule frequency (intensity, mode)

VO2 (2A1) 1026.6(34, a1), 996.2(426, b2), 262.1(4, a1)
VO2(Ar)2 (2A1) 1013.9(43, a1), 994.6(440, b2), 312.8(26, a1), 145.3(43, b1), 114.6(0, a1), 76.2(5, b1), 61.5(26, b1), 59.4(0, a2),

42.9 (1, a1)
VO2(Ar)(Xe) (2A) 1008.4(52, a), 989.0(404, a), 313.4(21, a), 146.7(52, a), 103.0(0, a),74.5(3, a), 65.6(0, a), 64.6(20, a), 39.2(1, a)
VO2(Xe)2 (2A1) 1004.2(58, a1), 985.5(370, b2), 315.9(17, a1), 149.0(55, b1), 92.4(1, a1) 75.6(2, b2), 65.4(0, a2), 62.5(19, b1),

30.0(1, a1)
VO4 (2A2) 1198.9(62, a1), 1077.0(114, a1), 1073.4(326, b1), 541.5(25, a1), 522.2(8, b2), 334.5(1, a1), 221.7(0, a2),

182.9(5, b1), 134.3(78, b2)
VO4(Ar) (2A′′) 1208.3(59, a), 1065.1(104.4, a), 1059.1(302, a), 542.0(31, a), 497.8(7, a), 331.0(4, a), 216.5(0, a), 185.6(3, a),

172.6(73, a), 100.2(9, a), 91.9(0, a), 85.6(0, a)
VO4(Xe) (2A′′) 1210.2(56, a), 1059.1(95 a), 1050.4(273, a), 540.4(36, a), 487.2(6, a), 329.3(7, a), 214.2(1, a), 197.5(81, a),

184.1(2, a), 94.8(0, a), 92.3(0, a), 81.0(1, a)
VO6 (4A) 1631.4(5, a), 1209.9(65, a), 1058.8(98, a), 1047.6(298, a), 541.2(31, a), 494.5(6, a), 330.0(4.5, a), 220.0(3, a),

217.7(0, a), 202.5(61, a), 188.6(3, a), 138.6(4, a), 136.7(0, a),
84.8(1, a), 39.8(0, a)

TABLE 3: Total V -Ng Binding Energies (kcal/mol) for the VO2(Ar) 2-x(Xe)x (x ) 0, 1, 2) and VO4(Ng) (Ng )Ar or Xe)
Complexes Calculated at Various Levels of Theory

VO2(Ar)2 VO2(Ar)(Xe) VO2(Xe)2 VO4(Ar) VO4(Xe) VO6
a

B3LYP 6.3 9.6 12.7 0.8 3.8 4.5
MP2 6.7 8.2 9.1 3.3 4.1 2.7
CCSD(T)//B3LYP 12.8 15.5 18.2 5.0 7.3 8.3

a The binding energies with respect to VO4 (2A2) + O2 (3Σg
-).

TABLE 4: Calculated Natural Atomic Charges at the
B3LYP Level of Theory

V1 O2,3 O3 O4 Ar Xe

VO2 1.36 -0.68
VO2(Ar)2 1.29 -0.72 0.07
VO2(Ar)(Xe) 1.24 -0.72 0.07 0.13
VO2(Xe)2 1.18 -0.72 0.13
VO4 1.44 -0.52 -0.20 -0.20
VO4(Ar) 1.34 -0.51 -0.17 -0.22 0.08
VO4(Xe) 1.25 -0.51 -0.16 -0.22 0.16
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The V-Ng binding energies for the above-characterized
complexes calculated at various levels of theory are listed in
Table 3. The values calculated at the B3LYP level are smaller
than those calculated at the CCSD(T) levels of theory because
of the lack of proper treatment for dispersive interactions with
B3LYP.35 The binding energies per Ng for VO2(Ar)2 and VO2-
(Xe)2 are comparable with those previously reported transition
metal-noble gas complexes19-23,36,37but are slightly larger than
those of the VO4(Ar) and VO4(Xe) complexes. The predicted
binding energies for the Xe complexes are larger than those for
the Ar complexes, suggesting that xenon atoms can readily
replace argon atoms in the coordination sphere of the VO2 and
VO4 molecules, as experimentally observed. The binding energy
of VO6 with respect to VO4 + O2 is about the same as that of
VO4(Xe) but is larger than that of VO4(Ar). Hence, the O2
molecule can readily replace Ar atom of VO4(Ar) to form VO6

in the experiments without Xe doping. In the Xe doping
experiments, the VO6 complex absorptions are barely observed,
which suggests that the Xe atom is given preference over the
O2 molecule to replace the Ar atom of VO4(Ar).

Conclusions

The combination of matrix isolation infrared spectroscopic
and quantum chemical calculation results provide strong evi-
dence that vanadium dioxide and tetraoxide molecules, VO2 and
VO4, coordinate noble gas atoms in forming noble gas com-
plexes in solid noble gas matrixes. On the basis of the
experiments using mixtures of argon doped with xenon, the
number of noble gas atoms that bind intimately to the VO2 and
VO4 molecules was determined. The results showed that VO2

coordinates two Ar or Xe atoms and that VO4 coordinates one
Ar or Xe atom in solid noble gas matrixes. Hence, the VO2

and VO4 molecules trapped in solid argon matrix should be
regarded as the VO2(Ar)2 and VO4(Ar) complexes. The assign-
ment of a VO6 complex is also suggested and its structure was
theoretically predicted. The V-Ng binding energies of the
characterized complexes were estimated at various levels of
theory.
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