
Abstract. The most stable structures of VxO
þ
y =VxOy

(x ¼ 1, 2, y ¼ 1–5) clusters and their interaction with O2
are determined by density functional calculations, the
B3LYP functional with the 6-31G* basis set. The nature
of the bonding of these clusters and the interaction with
O2 have been studied by topological analysis in the
framework of both the atoms-in-molecules theory of
Bader and the Becke–Edgecombe electron localization
function. Bond critical points are localized by means of
the analysis of the electron density gradient field, �q(r),
and the electron localization function gradient field,
�g(r). The values of the electron density properties, i.e.,
electron density, q(r), Laplacian of the electron density,
�2q(r), and electron localization function, g(r), allow the
nature of the bonds to be characterized, and linear
correlation is found for the results obtained in both
gradient fields. Vanadium-oxygen interactions are char-
acterized as unshared-electron interactions, and linear
correlation is observed between the electron density
properties and the V–O bond length. In contrast, O2
units involve typical shared-electron interactions, as for
the dioxygen molecule. Four different vanadium–oxygen
interactions are found and characterized: a molecular O2
interaction, a peroxo O2�2 interaction, a superoxo O�

2
interaction and a side-on O�

2 interaction.

Key words: Vanadium oxides – Clusters – Bonding-
electron localization function – Topological analysis

1 Introduction

Small metal oxide clusters nowadays find applications in
many technological fields [1, 2, 3]. They constitute the
building blocks of cluster-assembled materials, and their
physical and chemical behavior exhibit strong depen-
dence on their structure and size. Most of the
experimental investigations have been devoted to the

production and fragmentation of cluster ions in the gas
phase with the aid of beam techniques [4, 5, 6, 7, 8]. In
these experiments, a metal sample is ablated in a gas
carrier flow with small amounts of oxidizer gas added,
and plasma reactions take place. As a result, clusters of
various sizes are produced and characterized on the basis
of their stoichiometry. Most information on the struc-
ture of small clusters is obtained from analyzing the
cluster size distribution by mass spectroscopy, rending
chemical reactivity and ion mobility studies by means of
photoelectron and IR spectroscopy [9, 10, 11]. However,
characterization of the structure for the different clusters
remains a challenge for experimentalists.
The vanadium oxide cluster family has been obtained

and characterized experimentally by Bell and coworkers
[12, 13, 14, 15], while Foltin et al. [16] studied their growth
dynamics. A strong dependence of the cluster stability on
the oxygen/vanadium ratio is found, leading to different
cluster distributions for cationic and neutral systems.
Systematic studies on this problem are helpful and a
theoretical analysis can therefore be crucial in the under-
standing of their structure and electronic properties. The

study of VxO
þ
y and VxOy clusters is part of a broader

program directed to understanding the physical and
chemical properties of small oxide clusters by means of
quantum-mechanical calculations [17, 18, 19, 20]. Our
previous studies on this family of clusters have provided
geometrical parameters, relative energy, fragmentation
channels, vibrational data and vanadium-oxygenbonding
descriptions [21, 22, 23]. However, some fundamental
aspects remain to be studied, such as the factors that affect
the strength and structure of the interaction between dif-
ferent vanadium oxide stoichiometries and molecular
oxygen. Here, we attempt to reveal the nature of the

interaction between VxO
þ
y =VxOy with molecular oxygen

by means of the atoms in molecules (AIM) and electron
localization function (ELF) topological analysis. The
layout o is as follows. The description of the computa-
tional procedure is presented in Sect. 2, together with
a brief formulation of the AIM and ELF analysis of
bonding. The results are presented and discussed in
Sect. 3. Finally, the conclusions are given in Sect. 4.
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2 Computational methodologies and model systems

The structures were optimized at the density functional level (DFT)
using the B3LYP hybrid method [24, 25] implemented in the
Gaussian94 program package [26]. The DFT scheme has been
shown to correctly describe transition metals [21, 22, 23, 27, 28, 29,
30]. The wavefunctions were calculated at the restricted Hartree–
Fock (HF) or unrestricted HF levels with a 6-31G* basis set de-
veloped by Rassolov et al. [31]. The nature of the stationary points
was tested with frequency calculations and all the structures are
characterized as minima. In the study of the binding energy between
the different clusters and O2, the basis set superposition error was
corrected by the counterpoise procedure of Boys and Bernardi [32],
and the relaxation of the fragments was also taken into account [33].
The AIM theory, developed by Bader and coworkers [34], al-

lows a partition of the molecular space into atomic contributions
through an analysis of the gradient vector field of the electron
density. The presence of a (3, )1) critical point in the internuclear
region connected to the nuclei by a unique pair of trajectories (a
bond path) defines a bond. The nature of this bond can be de-
scribed by the value of the electron density, q(r), and the Laplacian
of the electron density, �2q(r). Thus, an unshared-electron inter-
action is characterized by low values of q(r) and positive values of
�2q(r), whereas high values of q(r) and negative �2q(r) correspond
to a shared-electron interaction. On the other hand, the topological
analysis of the gradient vector field of the Becke and Edgecombe
ELF function [35], as implemented by Silvi and coworkers [36, 37],
involves molecular space partition into core and valence atomic

attractors defining basins, the latter characterized by their synaptic
order, i.e., the number of core attractors to which they are con-
nected. Bonding is then defined on the basis of the interaction of
these core and valence attractors: shared-electron interactions are
characterized by polysynaptic valence bonding attractors lying
between two or more core attractors. The ELF g(r) is interpreted as
a measure of the electron localization in atomic and molecular
systems, as the conditional probability of finding two electrons with
the same spin around a reference point [35]. Values below 0.5
correspond to totally delocalized electron density, while values
above 0.5 indicate a localized character [38].
Bond critical points (BCP) in the gradient field of the electron

density were primarily localized using ‘‘the AIM link’’ within
Gaussian98 [39] and verified with the top_search tool of the
Top_Mod suite of programs [40]. The attractors in the gradient
field of the ELF were identified using the top_bas program and
their positions were confirmed by means of top_search. The critical
points (3, )1) in the gradient field of the ELF were localized using
top_search. The calculation of the properties of all the critical
points, i.e., the value of the electron density q(r), Laplacian of the
electron density �2q(r) and ELF function g(r) was performed by
means of top_search. For the graphical representation of localiza-
tion basins the SciAn program [41] was used.
The following systems were studied: VO+, VO, VOþ

2 , VO2,
V2O

þ
4 , V2O4, V2O

þ
5 and V2O5. Previous experimental [12, 42, 43,

44] and theoretical [21, 22, 23, 42] studies demonstrate that they can
be considered as stable species capable of incorporating molecular
oxygen.

Fig. 1. Geometrical parameters and total ener-
gies for the most stable VxO

þ
y and VxOy (x ¼ 1, 2,

y ¼ 1)5) clusters (distances in angstroms and
angles in degrees)
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3 Results and discussion

In order to determine the nature of the bonding between
VxOþ

y and VxOy (x ¼ 1, 2, y ¼ 1–5) clusters and an
oxygen molecule, the clusters are characterized by means
of the AIM and ELF analysis.

3.1 VxO
þ
y and VxOy (x ¼ 1, 2, y ¼ 1–5) clusters

The geometrical parameters of the most stable structures
for these stoichiometries are shown in Fig. 1 together
with the total energy obtained in the calculations.
Several structures involving cyclic and linear structures
have been previously characterized at different electronic
states [23]. The values of q(r), �2q(r), g(r), at critical
points (3, )1) in the electron density (AIM) and ELF
gradient fields are collected in Table 1. The positions of
the critical points are available upon request. The critical
points are defined as those where the gradient of the field
is zero, and the position of these points does not exactly
coincide for the electron density and the ELF functions,
as noticed by Bader et al. [45]. The study of a set of
20 VxOy and VxO

þ
y clusters results in 58 values of

q(r), �2q(r) and g(r), obtained for the (3, )1) critical
points in the gradient fields of both the electron density
and the ELF function. The values of these magnitudes
are depicted in Fig. 2, and linear correlation is observed
between the values obtained in the gradient field of q(r)
and in the corresponding resulting from the gradient
field of g(r). In particular, the values of q(r) and �2q(r)
are larger for the critical points located in the ELF

gradient field, while the g(r) value is larger for the critical
points localized in the electron density gradient field. We
conclude that the q(r) values, showing a correlation of
R ¼ 0.998, and g(r), with a correlation of 0.993, lead to
similar results; �2q(r) has a correlation of R ¼ 0.870
probably due to the sensitivity of this function with
regard to the position. The present relationship seems to
be useful mainly for bonds possessing a large degree of
ionicity because in such situations one systematically
finds a (3, )1) critical point of the ELF close to a BCP
of the electron density. From now on, the values
corresponding to the BCP position calculated from
the electron density gradient field will be used in the
discussion. The q(r) and �2q(r) values are given in
atomic units; the ELF function is adimensional.
The VO+ (3S) system has a BCP located between the

vanadium and oxygen atom. The value of q(r) at this
point is 0.326 au, and �2q(r) is 0.888 au, being an indi-
cation of an unshared-electron interaction. This is con-
sistent with the ELF value of 0.431, below the localization
reference value of 0.5. Similar values have been obtained
for VO (4S), VOþ

2 (
1A1) and VO

þ
2 (

1A1) systems, and for
structures possessing terminal oxygens, like V2O

þ
4 (

2A¢),
V2O4 (

3B2) and V2O5 (
1A¢). Thus, the electron density

properties for the terminal oxygen–vanadium bonds are
q(r) » 0.300 au,�2q(r) » 0.900 au and g(r) » 0.400. Only
V2O

þ
5 (

2A¢¢) shows smaller values associated with the
longest terminal oxygen–vanadium bond. This particular
bond corresponds to an oxidation state of )1 for the
oxygen atom, instead of the expected value of )2.
The structures possessing a four-membered cyclic

V2O2 have the smallest values for the density properties

Table 1. Properties of the
(3, )1) critical points localized
in the gradient fields of the
electron density (atoms in
molecules, AIM) and electron
localization function (ELF) for
the most stable systems: elec-
tron density, q(r) (atomic units),
Laplacian of the electron den-
sity, �2q(r) (atomic units), and
ELF function, g(r). The posi-
tions of the bond critical points
(BCPs) are available upon
request

System AIM ELF

qðrÞ r2qðrÞ gðrÞ qðrÞ r2qðrÞ gðrÞ

VO+ (3S) 0.326 0.888 0.431 0.337 1.180 0.404
VO (4S) 0.294 0.897 0.400 0.303 1.135 0.376
VOþ

2 (
1A1) 0.322 0.908 0.422 0.328 1.181 0.396

VO2 (
2A1) 0.277 0.992 0.357 0.280 1.194 0.336

V2O
þ
4 (

2A¢)
V1–O1 0.312 0.891 0.415 0.324 1.248 0.380
V1–O2 0.198 0.752 0.320 0.205 0.961 0.290
V2–O2 0.117 0.580 0.200 0.117 0.697 0.176
V2–O3 0.322 0.856 0.432 0.336 1.229 0.397

V2O4 (
3B2)

V1–O1 0.288 0.863 0.401 0.301 1.219 0.365
V1–O2 0.147 0.695 0.234 0.152 0.871 0.207

V2O
þ
5 (

2A¢¢)
V1–O1 0.317 0.886 0.421 0.329 1.246 0.386
V1–O2 0.194 0.746 0.314 0.198 0.934 0.287
V2–O2 0.129 0.602 0.227 0.134 0.751 0.201
V2–O3 0.210 0.755 0.339 0.221 1.040 0.300
V2–O4 0.300 0.872 0.409 0.315 1.264 0.370

V2O5 (
1A¢)

V1–O1 0.291 0.883 0.399 0.301 1.221 0.364
V1–O2 0.215 0.810 0.326 0.218 1.023 0.298
V2–O2 0.091 0.469 0.165 0.095 0.591 0.142
V2–O3 0.284 0.855 0.400 0.295 1.201 0.364
V2–O4 0.287 0.849 0.404 0.299 1.193 0.369
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assigned to the oxygen ring–vanadium bond. Thus,
values of q(r) lower than 0.200 au, of �2q(r) of the order
of 0.700 au and of g(r) around 0.300 are found for the
cyclic system in V2O

þ
4 (

2A¢), V2O4 (3B2), V2Oþ
5 (

2A¢¢)
and V2O5 (

1A¢).
In all cases, the (3, )1) critical points located between

the V and O atoms are characterized by a lack of elec-
tron pairing; consequently, an unshared-electron inter-
action exists for the V–O bonds. A dependence of the
density properties on the V–O bond length is found, and
is discussed later.

3.2 Interaction with O2

Upon exposure of transition metals to O2, several
transition metal–O2 interactions have been observed.
Thus, molecular O2, peroxo O2�2 and superoxo O�

2
containing complexes species have been studied exper-
imentally and theoretically from the point of view of
geometry, energy and IR spectra [28, 42], as a result of
the variety in the metal oxidation states. This work
presents a detailed analysis of the O–O and V–O2 bond
properties within the AIM and ELF frameworks.
The geometry of the O2 (

3Sg) molecule as well as the
most stable structures for cationic and neutral O2-
containing clusters are depicted in Figs. 3 and 4. The
binding energies of the V and O2 fragments to form a
V–O2 complex are listed in Table 2. The calculated
values of the binding energies range from –2.93 to
0.32 eV. With the exception of VOþ

4 (
1A¢) model I and

VOþ
4 (

1A¢) model II clusters, the binding energies cor-
respond to exothermic processes indicating the stability
of the RV–O2 bond, the most favorable interaction
being the VO2–O2 one.
The electron density properties for these compounds

are shown in Table 3. The O2 (
3Sg) molecule is described

in the AIM and ELF frameworks as follows. A (3, )1)
critical point is located between the oxygen atoms
according to the electron density gradient field analysis.
This BCP is characterized by a q(r) value of 0.518 au, a
�2q(r) value of )0.645 au and a g(r) value of 0.807.
These values, a high electron density, a negative Lapla-
cian and g > 0.5, are typical for closed-shell interac-
tions, as would be the case for the dioxygen molecule.
The analysis of the ELF gradient field yields the same
results, although the nature of the critical point is (3,
)3). For closed-shell interactions in the ELF framework
there are no bonding attractors between core attractors;
therefore, (3, )1) critical points are used instead of
(3, )3).
The VOþ

3 (
1A¢) cluster is composed of a VO+ unit

and a side-on O2 unit. The O2 fragment is bonded to the
vanadium center by means of two BCPs, with values
of q(r) ¼ 0.190 au, �2q(r) ¼ 1.000au and g(r) ¼ 0.221.
These values are characteristic of unshared-electron in-
teractions, as for the rest of the V–O bonds. Along the
O–O line, a BCP is found with q(r) ¼ 0.308 au,
�2q(r) ¼ 0.042 au and g(r) ¼ 0.673. Despite the positive
value of �2q(r), the electron density properties indicate a
shared-electron interaction for the O–O bond. In the
ELF analysis, two monosynaptic attractors separated
by the BCP appear in the line between the two oxygen
atoms. The small monosynaptic basins are shown in
the ELF isovalue picture in Fig. 5d. This type of bond
is a ‘‘protocovalent’’ bond, and has been previously
characterized for the F2 molecule [46].
According to the side-on geometry of the O2 unit, the

interaction present in the VOþ
3 (1A¢) cluster can be

classified as a peroxo one, whose electron density
properties and ELF picture are characteristic of a pro-
tocovalent bond. This assignment is confirmed by the O–
O distance in the range of 1.40 Å. A formal charge
analysis, in which the vanadium atom is assumed to have
an oxidation state of +5, and terminal oxygen )2,

Fig. 2. Correlation between values of a the electron density, q(r),
in atomic units, b the Laplacian of the electron density, �2q(r), in
atomic units and c the electron localization function, g(r). The
magnitudes were computed for the (3, )1) critical points localized
in the gradient fields of both the q(r) and the g(r), and the position
does not always coincide (see text); however, linear correlation is
observed
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renders a formal charge of )2 for the O2 unit. The Bader
charges analysis, obtained from the integration of the
electron density over the ELF basins, renders a charge
transfer of 0.44 electrons to the dioxygen fragment.
The most stable VOþ

4 (
3A) cluster is formed of a VOþ

2
unit and an end-on O2 unit. The short V–O bonds as well
as the long V–O2 distance are characterized as electro-
static interactions in terms of the AIM and ELF
analysis. The O2 unit, however, shows typical shared-
electron interactions with values of q(r) ¼ 0.516 au,
�2q(r) ¼ )0.615 au and g(r) ¼ 0.807 at the BCP, in the
range of the isolated O2 molecule description. The ELF
isovalue picture (Fig. 5a) shows a symmetric disynaptic
basin between two almost identical oxygen valence
basins. From this point of view, this description would

correspond to a molecular O2 interaction with the cat-
ionic fragment. A Bader charge analysis gives a negli-
gible charge of 0.06 electrons for the O2 unit, which is in
agreement with a formal charge of 0 for the dioxygen
moiety. The molecular O2 interaction is also found for
the two isomeric forms of VOþ

4 (
1A¢) as well as for VO4

(4A), V2O
þ
6 (

4A) and V2O
þ
7 (

2A¢¢).
On the other hand, V2O

þ
6 (

2A) involves a different
interaction of a V2O

þ
4 cluster with an end-on O2 unit:

a BCP is found between the two oxygen atoms with
q(r) ¼ 0.474 au, �2q(r) ¼ )0.485 au and g(r) ¼ 0.795.
These values are smaller than the previously reported
ones, a superoxo O�

2 unit is proposed for this structure.
The ELF isovalue picture shows an asymmetric disy-
naptic basin between two oxygen valence basins, one of

Fig. 3. Geometrical parameters, total
energies and relative energies (in parentheses)
for the cationic VxO

þ
y (x ¼ 1, 2, y ¼ 1)7)

clusters (distances in angstroms, angles in
degrees, energies in kilocalories per mole)
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them clearly smaller than the other because of the in-
teraction with the vanadium center (Fig. 5b). Besides the
interatomic O–O distance, a charge analysis supports
this assignment: an O2 with a formal charge of )1
compensates two vanadium atoms +5 and four oxygens
)2 to give V2Oþ

6 . The calculated Bader charges render a
charge transfer of 0.33 electrons to the O2 unit. Note the
large alteration of the bond length on going from the 2A
to the 4A electronic state (0.32Å), which induces a dra-
matic decrease in the value of all the parameters for the
V–O2 BCP. According to these results, a superoxo spe-
cies would be present for the doublet electronic state,
while the quartet electronic state would present molec-
ular O2. The most stable neutral V2O6 (

3A) cluster,
not presented here, does not show a O2 unit but four
terminal oxygens.

Another type of O2 interaction has been found for
VO4 (

2B2). In this system, the dioxygen molecule is ori-
ented side on, as for the peroxo VOþ

3 (1A¢) cluster.
However, only one attractor is found between the two
oxygen atoms, instead of the two found for VOþ

3 .
The electron density properties at this BCP are closer
to those of the superoxo fragments: q(r) ¼ 0.390 au,
�2q(r) ¼ )0.241 au and g(r) ¼ 0.753, as well as the O–O
bond length. The disynaptic basin in the ELF isovalue
picture is symmetric and the oxygen valence basins are
distorted toward the vanadium center. The Bader charges
analysis renders a charge transfer of 0.48 electrons to the
dioxygen unit, while a formal charge of )1 is expected.
This interaction can be then considered as intermediate
between the peroxo and superoxo ones. The same side-on
O�
2 moiety is found in the V2O7 (

3A¢¢) cluster.
The comparative study on other V–O bonds shows a

regular dependence between values of the �2q(r), q(r)
and g(r) parameters and the bond lengths, and a detailed
analysis has been carried out. The representation of a
total of 58 points renders a linear dependence upon the
V–O bond length. The correlation between �2q(r) and
the V–O bond length is shown in Fig. 6. Note the dif-
ferent families of points corresponding to short terminal
oxygens, ring oxygens and long V–O2 distances.

4 Conclusion

The conclusions of the present work can be summarized
as follows:
1. For all pairs of V and O atoms in the VxOy and

VxO
þ
y clusters, usually described in the Lewis represen-

Fig. 4. Geometrical parameters, total energies
and relative energies (in parentheses) for the
neutral VxOy (x ¼ 1, 2, y ¼ 1)7) clusters as well
as the O2 molecule (distances in angstroms,
angles in degrees, energies in kilocalories per
mole)

Table 2. Binding energy (electron volts) for the VxO
þ
y �O2 and

VxOy �O2 ðx ¼ 1; 2; y ¼ 1–5Þ clusters. Basis set superposition error
and fragments relaxation were considered (see text)

System Interaction energy

VOþð3RÞ þO2ð3RgÞ ! VOþ
3 ð
1A0Þ )1.36

VOþ
2 ð
1A1Þ þO2ð3RgÞ ! VOþ

4 ð
3AÞ )1.03

VOþ
2 ð
1A1Þ þO2ð3RgÞ ! VOþ

4 ð
1A0ÞI 0.28

VOþ
2 ð
1A1Þ þO2ð3RgÞ ! VOþ

4 ð
1A0ÞII 0.32

VO2ð2A1Þ þO2ð3RgÞ ! VO4ð2B2Þ )2.93
VO2ð2A1Þ þO2ð3RgÞ ! VO4ð4AÞ )0.39
V2O

þ
4 ð
2A0Þ þO2ð3RgÞ ! V2O

þ
6 ð
2AÞ )0.72

V2O
þ
4 ð
2A0Þ þO2ð3RgÞ ! V2O

þ
6 ð
4AÞ )0.52

V2O
þ
5 ð
2A00Þ þO2ð3RgÞ ! V2O

þ
7 ð
2AÞ )0.77

V2O5ð1A0Þ þO2ð3RgÞ ! V2O7ð3AÞ )0.98
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Table 3. Properties of the (3,
)1) critical points localized in
the gradient fields of the elec-
tron density (AIM) ELF. The
positions of the BCPs are
available upon request

System AIM ELF

qðrÞ r2qðrÞ gðrÞ qðrÞ r2qðrÞ gðrÞ

O2 (
3Sg)

O–O 0.518 )0.645 0.807 0.518 )0.645 0.807a

VOþ
3 ð1A0Þ
V–O1 0.285 1.220 0.301 0.302 1.917 0.242
V–O2 0.190 1.000 0.221 0.180 1.141 0.208
O2–O3 0.308 0.042 0.673 0.278 0.086 0.694

VOþ
4 ð3AÞ
V–O1 0.053 0.318 0.086 0.055 0.388 0.073
V–O3 0.313 0.868 0.423 0.321 1.188 0.392
O1–O2 0.516 )0.615 0.807 0.517 )0.620 0.808a

VOþ
4 ð
1A0Þ I

V–O1 0.075 0.404 0.135 0.077 0.498 0.116
V–O3 0.306 0.886 0.412 0.316 1.218 0.379
O1–O2 0.509 )0.558 0.796 0.519 )0.617 0.799a

VOþ
4 ð1A0Þ II
V–O1 0.071 0.355 0.144 0.074 0.458 0.120
V–O3 0.308 0.883 0.414 0.316 1.204 0.383
O1–O2 0.516 )0.588 0.801 0.529 )0.664 0.804a

VO4 (
2B2)

V–O1 0.094 0.501 0.160 0.085 0.479 0.169
V–O2 0.289 0.849 0.406 0.301 1.203 0.369
O1–O1 0.390 )0.241 0.753 0.390 )0.241 0.753a

VO4 (
4A)

V–O1 0.047 0.320 0.058 0.029 0.145 0.075
V–O3 0.264 0.938 0.356 0.271 1.208 0.327
O1–O2 0.501 )0.564 0.802 0.503 )0.572 0.802a

V2O
þ
6 ð2AÞ

V1–O1 0.322 0.856 0.432 0.337 1.244 0.395
V1–O2 0.126 0.599 0.221 0.131 0.748 0.194
V1–O3 0.115 0.562 0.202 0.121 0.728 0.173
V1–O5 0.108 0.621 0.157 0.077 0.399 0.199
V2–O2 0.190 0.754 0.304 0.196 0.953 0.276
V2–O3 0.205 0.753 0.331 0.210 0.952 0.303
V2–O4 0.313 0.888 0.417 0.325 1.244 0.382
O5–O6 0.474 )0.485 0.795 0.494 )0.575 0.803a

V2O
þ
6 ð4AÞ

V1–O1 0.319 0.855 0.430 0.333 1.229 0.394
V1–O2 0.114 0.566 0.198 0.116 0.683 0.174
V1–O3 0.108 0.551 0.185 0.108 0.668 0.159
V1–O5 0.042 0.261 0.059 0.042 0.331 0.045
V2–O2 0.198 0.768 0.313 0.204 0.983 0.283
V2–O3 0.204 0.756 0.328 0.209 0.964 0.299
V2–O4 0.309 0.890 0.413 0.321 1.245 0.378
O5–O6 0.517 )0.615 0.807 0.518 )0.616 0.807a

V2O
þ
7 ð2AÞ

V1–O1 0.315 0.866 0.424 0.329 1.239 0.387
V1–O2 0.188 0.742 0.306 0.194 0.932 0.278
V2–O2 0.132 0.612 0.232 0.138 0.765 0.206
V2–O3 0.299 0.871 0.409 0.313 1.261 0.370
V2–O4 0.207 0.751 0.335 0.217 1.033 0.296
V1–O5 0.055 0.285 0.111 0.054 0.343 0.095
O5–O6 0.516 )0.595 0.803 0.529 )0.667 0.807a

V2O7 ð3AÞ
V1–O1 0.305 0.855 0.419 0.321 1.254 0.379
V1–O2 0.153 0.665 0.264 0.160 0.834 0.236
V2–O2 0.159 0.688 0.266 0.165 0.874 0.236
V2–O3 0.274 0.867 0.386 0.287 1.230 0.347
V2–O4 0.197 0.760 0.317 0.207 1.030 0.280
V1–O5 0.096 0.492 0.174 0.089 0.491 0.178
O5–O5 0.393 )0.248 0.753 0.392 )0.247 0.755

a The critical point is characterized as (3, )1) in the AIM analysis, but as (3, )3) in the ELF analysis
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tation by a chemical bond, localized bond paths and
associated (3, )1) BCPs are found. According to Bader,
the V–O interactions are classified as bonding interac-
tions in the usual chemical sense of the word. The values
of �2q(r) are positive and closed-shell interactions are
suggested. These interactions are dominated by the ki-
netic energy in the region of the BCP. The stability of the
clusters results from electrostatic interactions among
electronic charges separately concentrated within the
atomic basins. In addition, the values of the electron

density properties can be linearly correlated to the V–O
distance.
2. A bonding interaction between oxygen atoms is

observed for VOþ
3 ð1A0Þ;VOþð3AÞ; VOþ

4 ð1A0ÞI;VOþ

ð1A0ÞII;VO4ð2B2Þ;VO4ð4AÞ;V2Oþ
6 (

2AÞ;V2Oþ
6 ð4AÞ; V2

Oþ
7 ð2AÞ andV2O7ð3AÞ clusters. These O–O bonds are

characterized by bond paths with (3, )1) critical points
in the q(r) gradient field and have associated negative
values of �2q(r). With the exception of VOþ

3 (
1A¢), there

is a concentration of the electron density in the BCP
region and bonds are thus formed owing to the pairing
of the electron density.
3. Three previously recognized types of O–O bonds

have been characterized by means of the topological
analysis of the electron density and the ELF: molecular
O2, superoxo O

�
2 and peroxo O

2�
2 . In addition, an in-

teraction exhibiting both peroxo and superoxo features
has been characterized.
4. A molecular O2 O–O bond exists in the VO

þ
4 (

3A),
VOþ

4 (1A¢) isomers I and II, VO4 (4A), V2Oþ
6 (4A)

and V2O
þ
7 (

2A) clusters. It is characterized by values of
q(r) around 0.50 au, �2q(r) ranging from )0.564 to
)0.615 au and g(r) around 0.800. The ELF isovalue
picture shows a symmetric disynaptic basin between two
almost identical oxygen valence basins.
5. The superoxo O�

2 O–O bond exists in the V2O
þ
6

(2A) molecule and is characterized by values of
q(r) ¼ 0.474 au, �2q(r) ¼ )0.485 au and g(r) ¼ 0.795.
The ELF isovalue picture is composed of an asymmetric
disynaptic basin connected to the two distorted oxygen
valence basins.
6. The side-on O2 unit bond found in the VO

þ
3 (

1A)
molecule can be assigned to a peroxo interaction.
It has electron density values of q(r) ¼ 0.308 au,
�2q(r) ¼ 0.042 au and g(r) ¼ 0.673. Despite the positive
value of �2q(r), the presence of two attractors lying
between the oxygen centers describes a shared-electron
interaction corresponding to a protocovalent bond, as
the ELF isovalue picture reflects.
7. The VO4 (

2B2) and V2O7 (
3A) clusters present a

side-on dioxygen with character intermediate between
peroxo and superoxo interactions: q(r) » 0.390 au,
�2q(r) » )0.240 au and g(r) ¼ 0.753. The ELF isovalue
picture reveals a monosynaptic basin located between
two equivalent oxygen valence basins distorted toward
the vanadium center.
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