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A theoretical study on geometrical, thermodynamic and electronic propertiegyf ¥nd VO, (x = 2—4,

y = 2—10) systems in different electronic states has been carried out. Analytical gradient techniques with a
hybrid spin unrestricted and spin restricted HartrBeck density functional method (B3LYP) have been

used. An analysis of potential energy surfaces at ground and some excited states renders the most stable
structures an their corresponding vibrational frequencies. The reaction energies of the possible decomposition
channels are reported and the results indicate that the formation of larger clusters is energetically favorable
from the smaller VO (3%), VO (4Y), VO2 (?A1), VO3 (2A"),V204 (PA") and Vz0s (*A’) systems and (35 ).

A comparative discussion of the bonding in these species has been carried out on the basis of the topological
analysis of the electron localization function. Numerical results are analyzed and confronted with available
experimental data.

1. Introduction from density functional calculations on the ground electronic
states of mononuclear, (O (y = 1—4), and binuclear, YO~
(x=4, 6, and 7), and well as the polynucleagQ4—, V4O10,~

and V40O1;~ anions. In the present work, we have calculated
the most stable geometries for each electronic state with different
spin multiplicities for both neutral and positively charged
vanadium oxides, YO, and (O, (x = 2—4,y = 2—10), within

the DFT formalism. A detailed analysis of the potential energy

Small clusters formed by transition metal oxides are of large
importance in technical, chemical, and physical research and
therefore constitute frequently studied systems, exhibiting a wide
variety of structures and propertie3.These clusters are the
building blocks for developing cluster-assembled materials and
most effort is evidently put because of the important techno-

logical application$:7 Interest in the nature of metabxygen . . .
P : : : surfaces for each electronic state provides the geometries and
bonds s justified begause there is a close reIa’Flonshlp betweer}he corresponding vibrational propgrties of thesge species. The
their structural, physical, and chemical properties whose study h d . bility of cl b died b I "
can provide a proper rationalization of their behavior at an thermodynamic stability of clusters can be studied by analyzing
their fragmentation energies. The Electron Localization Function

atomic scale. Depending on the metal-to-oxygen content, the : . .
transition metal oxides are characterized by different metal (ELF) is used to obtain the nature of the bonding for the most
relevant systems.

oxygen bonding and a wide range of behavior is observed. ) ) o
Metal oxide clusters provide a considerable challenge to state- 1 he layout of this paper is as follows. The next section is
of-the-art experimental and theoretical techniques. Much progressdévoted to the description of the computational procedure
in this field has been made with the aid of beam techniques, together with a brief formulation of ELF. In the next section,
which allow the synthesis and characterization of metal oxides the results are reported and discussed, first the geometries,
of well-defined size. Recent experiments carried out by Castle- €nergetics and thermodynamic stabilities of different clusters
man et aB~11 have been devoted to study the clusters belonging &€ obtained, followed by the vibrational frequencies analysis
to the vanadium oxide family; while Bernstein et'alhave and finally atopologlca}l anaIyS|§ of ELF provides a description
studied their growth dynamics. These experimental studies oper®f the nature of chemical bonding in the most stable clusters.
the possibility to carry out a complementary theoretical analysis A Short section of conclusions closes the paper.
in order to interplay much closer between theory and experiment
in this field. 2. Computational Methods
Quantum chemical calculations offer an alternative to obtain ) )
structural parameters, vibrational frequencies, dissociation ener- Calculzgtlons were pe’rformed with GAUSSIAN94 program
gies, and the description of the bonding in these systems. As aPackage? The systems’ wave functions have been computed
part of a program directed toward the study of metal oxide at the restricted HF or unrestricted HF levels, and the 6-31G*
clusters using quantum chemical procedures to shed light onP2sis set developed by Pople etshas been used. Correlation
the physical/chemical propertié%;1 the aim of this paper is effects have been introduced by performing spin-polarized DFT
to complete previous calculations on YQand VO, (x = 1—4) calculations using the Becke’s three-parameter hybrid nonlocal
system&18by studying more complex vanadium oxide clusters. €Xchange function&l combined with the LeeYang-Parr
Finally, during the preparation of the present manuscript gradient corrected correlation functioRaB3LYP. An analysis

Vyboishchikov and Sau&thave presented a theoretical study ©f the very recent literature shows that DFT methodology
renders reliable results and it can be considered a well

*To whom correspondence should be addressed-+B4 964728083  €Stablished theoretical tool to study different properties of
Fax: +34 964728066 e-mail: andres@exp.uji.es simplef”19 and comple®® clusters of this family, niobiun®
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chromium?* manganesé>26 iron 27 oxide clusters, and other  This structure in the cationic system presenisy@nmetry and
metal compound&-30 its ground-state i8A'. The OVOV bent structure possessas C
The topological analysis of the ELF of Becke and Edge- symmetry, and a quadruplet electronic sté4f€ has been
combé! provides a convenient partition of the molecular space characterized. The £V, adduct is found to be very unstable:
into basins of attractors which can be interpreted on the basisquadruplet'A has a relative energy of 177.84 kcal mblvery
of the simple Lewis’s model of chemical bondiffy.This close to the excitedA’ electronic state.
methodology has been proved to be a powerful tool for the  The most energetically favorable system for neutral clusters
description of chemical bonding in a great variety of chemical is the four-membered ring witlC,, symmetry in its3A;
systemd533-3 |t is based on the excess local kinetic energy electronic state. Two singlet-excited electronic statag,and
due to Pauli repulsion, and therefore is able to recognize which 1B, have been located at 7.29 and 63.45 kcal thoéspec-
regions of a molecule present an antiparallel spin pair behavior, tively, possessind2, symmetry. @~V structures presentsC
as introduced by Savin et &. symmetry both the tripletA’ state and the less stable singlet
The ELF gradient field defines localization attractors, each A". For model C, on going from tripleA’ to singlet!A”, a
one surrounded by a three-dimensional space called a basinchange in the geometry is found and it becomes a planar
Basins are characterized by their synaptic order, which corre- structure, in particular a decrease of the-MA1 bond length
sponds to the number of cores to which they are connected.and an increase of the ¥202 bond length is found. The
Thus, zero-order basins, GiXX; represents the atomic label), addition of an electron to the most stable cation, model B,
are called core basins and contain a nucleus; monosynapticproduces a rearrangement of the @ bond lengths to generate
basins V(X) are associated to lone pairs; disynaptic basins a OVO fragment interacting with a vanadium atom, according
V(X,Y;) are connected to two core basins ¢@hd C(Y), and to the respective YO distances; while for the model C, an
correspond to a covalent bond, and so on. The resulting increase of the ©0 bond length as well as a decrease in the
isosurfaces of the ELF density are consistent with the Lewis V—O distance is observed and a planar arrangement is obtained.
and VSEPR pictures of bondirf§,they have been used to b) V,Os* and \bOz. An open OVOVO structure (model A)
characterize lone pairs in a variety of situations recently by and a four-membered ring Q@, arrangement (model B) were
Chesniit* and applied extensively by Silvi and Savin and their studied, the latter being the most stable for both cation and
collaboratorg$.18:32,3%-41 neutral clusters. For 305", model B ground-state presents C
Upon the increase of the value of ELF, defining the  symmetry anc?A’ electronic state, with a quasi-planar four-
bonding isosurface, a reducible domain splits into several membered ring. An excited electronic st&f€’, very close in
domains each containing less attractors than the parent domainenergy, has been also characterized. Two bent models have been
The reduction of localization occurs at a turning point, which calculated, with symmetry £ (%A,), and G (2A). No significant
is a critical point of index 1 located on the separatrix of two differences in geometry are found between the ground and the
basins involved in the parent domain. Ordering these turning excited electronic state in model B.
points (localization nodes) by increasingenables us to build Neutral O\40, species showCs symmetry with a nonplanar
tree-diagrams reflecting the hierarchy of the basins. A detailed ring for the3A’ state and a quasi planar ring the singiat.
description of the mathematical and quantum formulation of The excited!A’ is 25.74 kcal mot? higher in energy than the
this method has been previously descriféd. ground-state. An OVOVO structure has been located @ith
The integration of the density over the basins has been symmetry andB electronic state. It shows a shortV distance

performed with the TopMod prograf.The algorithms used  of 2.465 A, indicating a metaimetal interaction. No minimum
for these calculations were recently publist&d@he calculation was found for a singlet electronic state.

of basins populations provides an indication of the electron

density involved in a particular bond. Besides, fluctuation (or geometry, changing from a planar to a puckered ring in model

variance) is related to the electron delocalization of a basin; g 45 well as enhancing the vanadium- vanadium interactions
the expression of the variance in terms of the contributions . ine A open structures.

arising from the other basins is called covariance. Therefore, ¢) VbOs* and \40,. The most stable conformation ofs

:;teer:\(;ai(\)/lggr:qc:tlhggrftg:og cﬁ;r:;galeéeoﬁtrj?:g (;igslé‘tg)‘/isylelds AN clusters has been found to be a four-membered ring, SO

’ (model B). An open OVOV@structure, model A, and a four-
membered ring V@/O, (model C) have also been character-
ized. Model B ground-stat€A’) in the cationic form has €

Structures of the different minima on potential energy surfaces symmetry, and an exciteth” electronic state has also been
for V,Oy" and Oy (x = 2—4,y=2—10) clusters and the atoms ~ characterized. It does not present significantly differertQ/
numbering are displayed in Figures 1 to 9. The low-lying spin bond lengths, although it presents a nonplanar ring conformation.
states, i.e., singlet and triplet, or doublet and quadruplet, of a Model A doublet electronic state is 29.69 kcal rmboimore
given model were considered in the calculations. Detailed energetic than model B. The \M8O; structure in its ground-
discussion on the structural properties, relative stability, dis- state?B, belongs to the & spatial group and has a relative
sociation energies, vibrational frequency analysis, and natureenergy of 40.32 kcal mot.
of the bonding based on Mulliken charges and ELF topological  Neutral species hav@,, symmetry for model B. The ground-
analysis of the different clusters are given in the following state presents a quasi-planar ring while the excited-state becomes
subsections. a puckered ring. The geometrical parameters ofBeground-

3.1. Optimized Geometries and RelatiEnergiesa) V.0, state are similar to the reported values of Vyboishchikov and
and \LO,. Three different structures have been calculated for Sauert® A linear arrangement corresponding to the model A,
both cationic and neutral systems: a bent OVOV (model A), ((A) OVOVO,, has been characterized with a relative energy
appearing only for YO,* systems; a four-membered ring®, of 29.10 kcal mot™. Model C present€,, symmetry for both
(model B); and an arrangement of & @&xd a \4 unit O,—V; ground®B; and excitedtA; electronic states. In both B and C
(model C). The structure B is the most stable in both cases. models, the triplet electronic state is more stable than the singlet

The addition of an electron to the cations clearly affects

3. Results and Discussion
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state. Important geometrical rearrangements are not observedire very close in energy, and the changes i#n@and O5-V1
on going from ground to exited electronic states, therefore a bond lengths observed for model B are also observed for these
change in the vanadium atoms electronic configuration is clusters.
expected. This change depends on different types of interaction, V,Og structures show larger stability for open-shell systems.
i.e., electron repulsion, ferromagnetic-antiferromagnetic trans- The model A triplet state is the most stable one. Again, two
formation, etc. Vyboishchikov and Saderpoint out the different terminal oxygens are found; this arrangement is very
importance of this magnetic coupling to understand the behavior similar to the values recently obtained by Vyboishchikov and
of these systems by using the “broken-symmetry” approach. Sauer® The singlet state is B, arrangement with four terminal
This analysis is not evident in the DFT scheme and goes beyondoxygen-vanadium bond lengths of 1.638 A. Model B in ¥
the scope of this paper. electronic state presents an-O distance of 1.317 A, and a
The addition of an electron to the cationic systems originates singlet electronic state presents si_milar geometrical parameters.
the variation in vanadium-bridging oxygen bond lengths, as well A SUPeroxo-vanadium interaction is proposed for both systems.
as a nonplanar conformation for the four-membered ring in The open model C presents S|m|Iar_geome_tr|es_, for b(.)th singlet
models B. and triplet states, and a superoxo interaction is assigned. The
addition of an electron to the cationic systems involves basically
d) V.05t and \LOs. An open QVOVO, model (model A)

k the change of terminal oxygens-vanadium distances, as well as
and a four-membered ring, OO, (model B), have been  he gecrease of the,©V1 distances (an enhancement of the

Ioc_alized as minima in the potential energy surface, the latter ;ioraction between the dragment and the vanadium atom).
being the most stable one. The ground-st#® corresponds f) VuO;* and \6Oy. The addition of an oxygen atom to,Us

qu a planar ”Eg with two d|f(fjerent te}r&mmal ox;:(gengngdmrs q models leads to two different arrangements for clusters with
istances, about 1.56 and 1.70 A. A puckered ring-based gy5ichiometry \4O;. Model A V205 involves a planar four-

structure is a low-lying electronic statéA(). Thus, a confor- membered ring and three terminal oxygens, as well as an O
mational change is observed for this electronic transition. Open it corresponding tBA” and“A” degenerate electronic states
model A presents two minima for electronic statésand “A. with identical geometrical parameters; however, an increase of
A third structure, model C, consisting of three bridging oxygens 3 terminal oxygenvanadium distance is observed. The bond
and Gy symmetry has been characterized as a saddle point of|ength associated to the interaction with theudit is 2.143 A,

index two, the imaginary frequencies 633 and—127 cnt* and the G-O bond length is 1.213 A, very close to the
are associated to the transfer of a bridging oxygen between thecalculated @ value of 1.215 A. A linear structure involving
two vanadium centers, becoming model B. two O, units has also been considered, Model B. It is more

For neutral clusters the same trend in relative energies is energetic than the most stable ring structure at#helectronic
found. Model B consists of a quasi-planar ring for both state. Two different arrangements for the Gnits are ob-
electronic states with a VO bond distance for terminal oxygens ~ served: first, a ©-O distance of 1.236 A and 2,0V1 distance
and two for ring oxygens. The geometrical parameters of the of 1.887 A, and the second involving-€D distance of 1.316
1A ground-state are similar to the reported values of Viyboish- A and V2—O distance of 1.938 A. The former corresponds to
chikov and Saue¥® The QVOVO, structure presents YO a superoxo-vanadium interaction while the latter is assigned to
terminal bond lengths around 1.60 A, whereas bridging oxygen & peroxo-vanadium interaction, being the calculated perg%o O
is bonded differently to the two vanadium centers. Model ¢ Pond length, 1.618 A.
has also been computed and a saddle point of index two, similar For neutral systems, model A presents a trifht ground-
to the cationic one is obtained, with relative energy of 6.89 kcal State with G symmetry and a vanadium V1 interacting with

mol~1. When an electron is added to the cations, no significant P0th oxygen atoms of the Qunit, corresponding to a peroxo-
differences in geometry are observed. vanadium interaction. A comparison with the calculated structure

of Vyboishchikov and Sau&t renders similar values of the
geometrical parameters, although these authors give a funda-
mental singlet electronic state. Bond lengths are quite similar
to those obtained for cationic systems. A closed-shell state has
been also characterized, binding the @nit to a terminal

e) \LOs™ and \LOs. Two cyclic models (A and B) and a linear
model (model C) were calculated. Model A involves a quasi-
planar four-membered ring with two terminal oxygens on each
vanadium center. Three long and one short vanadium-terminal

oxygen distances are present. This structure hassgr@metry . gen This structure presents two terminal oxygens, two ring
and correspond; to a doubfét” electronic state. A quadruplet oxygens belonging to a four-membered ring, ancsaifit. An

Ci puckered ring-based structure has been found on theqgpen structure, called model B, involves two differeni O
potential-energy surface, with similar distances and very close ypits: V1 interacts with a superoxo unit while V2 interacts with
in energy to the former. Model B is also a four-membered ring 3 peroxo unit. Almost identical geometries are found for the
with two terminal oxygens and an Qnit. The most stable  triplet and the singlet electronic states. The addition of an

conformation for Og" is a doublet electronic staté¥), very electron to the cations makes the peroxo interaction dominant,
close in energy to &A state. Both states present similar instead of the molecular interaction.
geometrical parameters, but a difference in thei@it-vanadium g) Vs0s" and \4Og. Three different models were consid-

atom (V1) distance is found (1.879 A versus 2.199 A). The greqd: a six-membered ring (model A), a linear-open structure
O—O0 distance is 1.242 A for the doublet electronic state and (model B), and a four-membered ring (model C), see Figure 7.
1.214 A for the quadruplet electronic state. These findings lead The most stable one is model A, involving a six-membered ring
us to consider two different £vanadium interactions. Calcu-  with terminal oxygens attached to the vanadium centers,
lated @ and Q" distances are 1.215 and 1.353 A, respectively. symmetry G, and electronic stat@A". It adopts a ship
From now on, we will refer to these systems as molecular conformation with terminal oxygervanadium distances of
oxygen for Q and superoxo for @. An open geometry has  about 1.55 A, and ring oxygens-vanadium distances in the range
been considered, involving a bridging oxygen, three terminal of 1.7—1.9 A. A singletCs, structure with electronic stafé\;
oxygens and a ©0 unit. The?A and the*A electronic states has been characterized, very close in energy. The following
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V,0,* V7,0,

model A model B

V2

4A’ -2038.068053 (40.21)

model B A, -2038.325542(0.00)

01

1.866
(1.853)

1.810

Vi{ (1.771) V2

2A'-2038.132143 (0.00)
“B,-2038.107856 (15.24)

'A, -2038.313925 (7.29)
B, -2038.224428 (63.45)

model C model C

1.751 118.9 V2

doavavioi=-44.3

4A -2038.848727(177.84) 3A'-2038.094937 (144.70)
2A’-2038.848457(178.01) A" 2038.052359 (171.42)

Figure 1. Geometrical parameters (bond lengths in A and angles in degrees) and relative energies in KdmirigD,* (left) and \LO; (right)
clusters. Values in parentheses correspond to the least stable system.

dozvavier=0.00

model in energy is model C, consisting of a quasi-planar four- of energy the doublé®\’ electronic state is characterized, having
membered ring with an O and a Qunit bonded to the Cs symmetry and no important differences in bond distances
vanadium atoms. A triplet electronic state is again the most regarding the quadruplet. However, the ring adopts now a chair
stable one, with a quasi-planar ring. Howevéd excited conformation and O1 and O4 stay in a plane above the vanadium
electronic state presents a nonplanar ring. Finally, the most stableatoms, while oxygens O3 stay below. Model C presents a quasi-
linear structure corresponds to %A electronic state. No planar four-membered ring and very similar-® distances for
significant changes in geometry are found between theseboth quasi-degeneratd and“A electronic states. Linear model
electronic states. Thus, cationig®" family prefers open-shell B presents two electronic statég, and 2A’.
configurations and no important differences in geometry are  h) VsO;" and \AO;. Based on the Y0g"/V30¢ structures,
present between ground and excited electronic states, excepfour different models for this stoichiometry have been consid-
for the change in the dihedral angle of model C. ered. The addition of an oxygen atom to the six-membered ring
For neutral systems the same models were considered, modestructure leads to model A, where identical conformation is
A being the most stable one in it®\' electronic state. It obtained and the extra atom is placed in the same plane as the
possesseSs symmetry, quasi-planar ring conformation, and two terminal oxygens, centered in the rings(Gymmetry). The
different ranges of VO bond lengths appear corresponding to ground-state in the cationic form is a singlé. Excited G
terminal and ring oxygenvanadium bonds. In a narrow window  structure, corresponding to %" electronic state, higher in
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V,05* V305

model A model A

d01v1ozv2_='g(-)2§2
doviona=-2082 4 5113371738 (28.77) ’B -2113.619258 (24.39)

2A -2113.367592 (29.51)

model B model B

dcycle:7.44
doy=dds (155
| 03
2A 2113417597 (0.00) 3A"2113.658131 (0.00)
‘A" -2113.414625 (1.86) 'A'-2113.617112 (25.74)

Figure 2. Geometrical parameters (bond lengths in A and angles in degrees) and relative energies in KdairivgDs* (left) and \LOs (right)
clusters. Values in parentheses correspond to the least stable system.

energy. Two different terminal oxygens-vanadium distances are i)V4O10. In Figure 9 the neutral system corresponding to a
found, as well as for bridging oxygens-vanadium bonds. The tetrahedral cage is depicted. No cationic minima were found
distance O5V1 slightly increases on going from singlet to  for this stoichiometry. This structure presedls symmetry.
triplet electronic state; however, an opposite trend is found for Four equivalent terminal oxygens are found, as well as six
the O5-V2 distance. The low-lying excited state corresponds equivalent bridging oxygens. Only singlet electronic state was
to model C2, showing a four-membered®4 ring with one converged, corresponding to tH&, electronic state. These
terminal oxygen bonded to each vanadium atom, together with values are very similar to the theoretical results of Vyboish-
a VO unit. Model C1 involves two terminal oxygens on the chikov and Saue¥
same vanadium atom V1. A long distance is present between |n summary, different VO distances are found in these
the ring oxygens O3 and O4 and this V1 center. Model B compounds. A short bond length of 1.550 A is present for
presents a branched structure and two different terminal oxygensterminal oxygens, and it is associated to a double bond or a
are found. The V+02—-V2 angle is approximately 180 degrees. vanadyl bond* A medium V-0 distance of 1.761.80 A is
This model is the least stable of all the considered models. No present for bridging oxygens, and corresponds to a single bond.
open shell has been calculated for models B, C1, and C2. A long-range interaction is present when a distance of2.9
Regarding neutral systems, Model A is again the most stable A is found, as for \-0O, interactions. Bulk ¥Os material
structure, with a2A" ground-state ofCs symmetry. The  present the following O distances® 1.58 A for the vanadyl
guadruplet state has been calculated to be 52.31 kcalmmaire bond, 1.77 and 1.88 and 2.02 A for bridging oxygens. Structures
energetic than the ground-state, and being significantly distorted.containing a four-membered ring are stabilized, and planar
The arrangements found for models C1 and C2 of both cationic conformations as well as puckered rings are found. Low
and neutral systems are similar, the oxygen atom attached tomultiplicities are preferred for cations, except for theO¢"
V2, model C2, is more stable than the oxygen linked to V1, systems which prefer a triplet electronic state. Neutral systems
model C1. Only singlet electronic states were considered. Linear prefer high multiplicities except for 30s and ;07 systems,
model B presents & symmetry with four terminal oxygens  Where a closed-shell and a doublet electronic state are the most
and three bridging oxygens. This model is very unstable in stable conformations, respectively.
comparison with the six-membered ring. No significant differ- 3.2. Dissociation Channels, lonization Potential, and Binding
ences in geometry are observed when comparing cations andenergies The dissociation or fragmentation energy has been
neutral systems, except for the loss of the symmetry in model evaluated as the difference of the total energy of the cluster
A and the bridging oxygenavanadium V02 and V2-02 and the energy sum of the fragments resulted from the
bond lengths in model B. corresponding dissociation channels. The results obtained for
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Figure 3. Geometrical parameters (bond lengths in A and angles in degrees) and relative energies inKcirigD,* (left) and VO, (right)
clusters. Values in parentheses correspond to the least stable system.

the most stable clusters are presented in Table 1; Supportingment is favorable when only one terminal oxygen is present.
Information 1S includes the dissociation channels for all the This arrangement is found in the bulk material.

models studied. An analysis of these data shows that the stability |onization potential (IP), calculated as the difference between
order is dependent on model systems and fragmentationthe ionic and the neutral total electronic energies, increases when
products. The most exothermic processes are associated to thincreasing the content in oxygen. Thus, the result fg®Ms
generation of VO, VO, VO,, VO3 and Q, constituting the V50, (5.26) < V03 (6.55) < V04 (8.17) < V205 (9.78), in
building blocks for larger moieties. XD, and \V»Os in their four- eV. If another oxygen is added, the result is a decrease in the
membered ring arrangement are found to be the building blocks IP value, for \bOg 9.56 eV while the IP value of ¥O; is 10.06

for bigger clusters such as,¥s and \LO;. Linear structures eV. For 50y clusters, the same trend is observed and a slight
such as YO, V,05 model A and \Os, V307 model B are increase in the IP value is obtained, 8.26 and 8.96 eV sV
unstable species and would tend to decompose into smallerand V507 clusters, respectively. Therefore, neutral compounds
fragments, as their small endothermic and even exothermic having a larger content in oxygen show larger values of IP.
values of dissociation energies show. On the contrary, compact The decomposition energy of &, clusters into smaller
models involving alternating ¥O bonds are expected to be V,0,; clusters and O atom (DEO) has been calculated as the
more stable, as in ¥0s model B or \50s model A. This last  total energy of the VOy-1 cluster plus the energy of an isolated
case illustrates the order in stability: six-membered Fnigur- oxygen atom minus the energy of the3 cluster. The
membered ring linear structure. Among four-membered ring calculated values of DEO for the most stable clusters are
structures, the case of;@;" shows that a tetrahedral environ- reported in Table 2. An analysis of the results renders that the
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V,05* V,0s

model A model A

2A -2263.811175 (29.70) 1A -2264.182303 (22.40)
YA -2263.750603 (67.71) 3A -2264.122374 (60.00)

model B

1.580
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Vi1
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model C model C

saddle point of index 2 saddle point of index 2
2A -2263.815389 (27.05) 1A, -2264.207049 (6.89)

Figure 4. Geometrical parameters (bond lengths in A and angles in degrees) and relative energies in KdairieDs* (left) and V,Os (right)
clusters. Values in parentheses correspond to the least stable system.

addition of an oxygen atom to small clusters to form clusters tion channels. We conclude that®, and \,Os systems are
richer in oxygen is thermodynamically favorable. Thus, clusters the most stable clusters.

with a high content in oxygen like XD and \,O7 show small Finally, regarding the fragmentation channels,3/@0s, VO,
values of DEO, indicating that decomposition inteQ¢4 and VO*, and Q are the most stable fragments of®* and V,0y

V20g clusters plus atomic oxygen is little endothermic and systems, and 04 and \,Os stoichiometries are the building
therefore less difficult. Analogous analysis can be done for the blocks of the larger clusters. Nevertheless, dissociation channels
study of the capability of losing anfnolecule. Decomposition  depend on the products and model. lonization potentials increase
energy losing @(DEO,) is analogously calculated and is shown with a high content in oxygen, and decomposition energies
in Table 2. Again, \MOs and \,O; clusters present a higher render that YOg and \V,O; compounds tend to lose O andg O
tendency to lose ©and become YO, and \,Os clusters, as it and become stableX?, and \,Os systems. These results are
was suggested from the geometrical analysis and the fragmentain agreement with experimental results reported by Bell €t al.,
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Figure 5. Geometrical parameters (bond lengths in A and angles in degrees) and relative energies in *dalriieDs" (left) and \LOs (right)
clusters. Values in parentheses correspond to the least stable system. A saddle point of index 2 has been found for model C in both cationic and

neutral clusters.

where these authors identify VOVOs3, V204, and \LOs as the out. For all models, low frequencies are associated with bending

building blocks for larger systems. Clusters with high content modes and dihedral angles vibrations.

in oxygen like \tOs and \,O; easily lose Q Open structures present an intense band associated to the
3.3. Vibrational Frequency Analysi$he frequencies calcu-  vibration of the bridging oxygen between two vanadium atoms,

lated at the harmonic level and the corresponding intensities at approximately 950 cri. This is the case of ¥04, V205

for V,0y and V5-40y are listed in Supporting Information 2S  model A, and \éOs and V507 models C. Four-membered ring-

and 3S. The calculated values of these frequencies are not scaledhased compounds present bands in the range of 400 cn1!

Recently, Bytheway and Wofghave proposed a scale factor associated with ring oxygens-vanadium stretching and bending

of 0.9929 for the B3LYP//6-31G* calculation level. An analysis modes, as in %04, V2,05 models B, and ¥Og and Vs0; models

of the vibrations with the highest intensities has been carried C2. An exception is cationic and neutrai® model C1, where
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Figure 6. Geometrical parameters (bond lengths in A and angles in degrees) and relative energies inKc@irigD,* (left) and L0y (right)
clusters. Values in parentheses correspond to the least stable system.
no 600-700 cnt! bands are found, and can be considered an characteristic frequencies at values higher than 1100'cm

arrangement of smaller VOand VG clusters, in agreement

Among them, vanadium centers connected to two terminal

with the geometrical parameters. Terminal oxygens presentoxygens present lower frequencies (about 1100%than those
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\EN ) o1

model A 1.550

27" -3358.837840 (0.00)
9A -3358.754482 (52.31)

'E -3358.508585 (0.00)
34" 3358434938 (46.21)

model B model B 1.576

model C2

Figure 8. Geometrical parameters (bond lengths in A and angles in degrees) and relative energies in KdairirgD,* (left) and L0y (right)
clusters. Values in parentheses correspond to the least stable system.

bonded to only one (1150 cr¥): V,0s model B and \4O; C2 in some cases lower charges are found, i.eQ>models B

illustrate this fact. Clusters containing Onits present a ©0 and C. Oxygen atoms present Mulliken charges in the range of
stretching vibration at values of 138600 cnt?. In particular, —0.40 to—0.70 electrons except for systems possessing peroxo
superoxo @ units vibrate at 1300 cri, peroxo Q2 units at and superoxo fragments, as in®" model B, where positive

675 cnt, and molecular @units at 1600 cmt, approximately. values for oxygen charges are found. These systems present
As a reference, the calculated isolategiolecule presents a  O—0O bonds so as to avoid an oxidation state higher tHes) (
bond length of 1.215 A and a frequency of 1658 énsuperoxo for vanadium. Among oxygen atoms, one can find that terminal
O, possess a bond length of 1.353 A and the frequency is 12110xygen atoms possess a lower negative charge than bridging
cm?, and peroxo & bond length is 1.618 A and the frequency or ring oxygen atoms. There is a close relationship between
is 675 cntl. the values of the VO distance and the negative charge on O
3.4. Mulliken Population, Oxidation States and Topological atom: the shorter the YO distance is, the more negative the
Analysis Some interesting observations emerge from the charge on oxygen atom. Thus, Mulliken charges in the range
Mulliken populations analysis. Table 3 presents the atomic of —0.30 and—0.35 electrons correspond to double and single
Mulliken charge and the atomic spin density for the most stable terminal V—0O bonds, respectively; bridging oxygens present
V, 0,V xOy clusters. charges of about-0.60 electrons. The central atom in®
Cationic systems present higher values for vanadium chargessystem’s model A exhibits a very negative Mulliken charge due
and lower values for oxygen charges than the correspondingto the interaction with three vanadium atoms.
neutral compounds. Vanadium atoms always possess positive Three different @—V interactions can be found, in agreement
Mulliken charges in the range of 1.40.50 electrons, although  with geometrical and vibrational results. The superoxo unit
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TABLE 1: Dissociation Channels and Its Corresponding
EnergiesAE in EV for the Most Stable VO, and V,0,
Cluster Models*P

compound dissociation channel AE

V20, Model B GA") VO, + VT 5.42
VOt + VO 4.39
V20, Model B (A)) VO, + V 3.80
2VO 2.48
V03" Model B @A) VO,* + VO 6.11
VO, + VO™ 4.86
V2,05 Model B CGA") VO3 +V 6.75
VO, + VO 4.24
V0,7 Model B @A) VO, + VO, 5.73
VOt + VO, 5.68
V0, Model B (B'») VO, + VO, 5.48
VO* + VO3 6.22
V,0s" Model B GA") VO, + VO3 4.72
VO, + VOs* 6.59
1 V,0s Model B (fA") VO, + VO3 6.08
T, -4528.699097 V:0s+ Model B @A) VO3* + VO3 4.88
Figure 9. Geometrical parameters (bond lengths in A and angles in VO;+ + VO, + O, 6.50
degrees) and relative energies in kcal mMdbr V4O cluster. V,0s Model A (A) 2V0O; 2.94
2V0O;+ O, 6.42

. . . + " +
involves O-0 distances of approximately 1.3 A, as fop(¥% V207" Model A CA") xéoi : V002 ++oo g'gg
models B and C in doublet electronic states. A charge transfer /6 model A A" ViOs+ 0t O 611
of 0.4 electrons from the vanadium-containing fragment to the VO,+ VO + O, 0.43
O, unit is observed, and small negative Mulliken charges, or  V3Os™ Model A GA"") V.05 + VO™ 421
even positive values, are found for these atoms. The charge V204" + VO, . 3.55
transfer is present for other systems containing a superoxo unit, VOs ++ VO + VO 10.30
like V207 model B oxygens 06 and O7. The peroxo unit in VO™ +2 V0 10.17
27 Xyg : P V305 Model A (*A") V,0s + VO 5.31
V,0; compounds exhibits a charge transfer of 0.6 electrons from V0, + VO, 4.71
the rest of the molecule. Finally, a perturbed molecular O VO3 + VO, + VO 11.39
fragment, present in ¥D¢™ models B and C irfA electronic . 3V0O;, . 10.19
state, as well as in 30;" model A, is characterized by a rather V307" Model A ('E) \\;285+++V\% 2-%
small charge transfer of 0.1 electrons from thgudit to the 2\2/04 ¥ VO*S 1187
vanadium-containing unit. ¥D; model A singlet electronic state V30; Model A (A™) V2053+ VO, 6.38
shows a charge transfer of 0.72 electrons to theuit. V,0, + VO, 6.99
Regarding the spin density, different trends are observed. In . VO3 + 2VO 12.47
general, vanadium atoms have the highest values of spin density, ViOro (*T2) x387 i 383 40 12'22
i.e., unpaired electrons are located in vanadium 3d orbitals. This v 716
is the case for small systems such agO¥ and \,Os; they 2V,0,+ O, 11.86

present similar geometries for low and high multiplicities, and

2 The smallest fragments have the following ground electronic states:
VO+(32)1 V02Jr (lAl)v VO;(IA'), VO(4Z), VOZ(ZAl)r VO;(ZA'), O@P),
Ox(33¢7), V*(°D), and V(F).® Channels rendering 30,-1 + O and
V,0Oy—2 + O, fragments are shown in Table 2.

spin density is located exclusively on vanadium centers, like in
V20,, V203, and \50s. However, for a richer content in oxygen,
spin density on oxygen centers is found. For examplgsV
model B in its3A’ shows the unpaired electrons on vanadium
V1 and oxygen O4. On some occasions, like isOy" model

A in its triplet electronic state, spin density is found on
neighboring vanadium and oxygen atoms, corresponding to the

TABLE 2: Decomposition Energy in eV of the Most Stable
Clusters Losing Atomic OCP) (DEO) and Molecular
0:(%347) (DEO,)

break of a double O bond. When spin density is on oxygen system DEO DEQ@
atoms, it is located on terminal oxygens or on the superoxo V30;* (1E) 6,02
unit as for \bOg™ model B or \bO; model B. V307 (PA") 6,73
o V207 (A7) 345 0,79
Oxidation states are also analyzed for all the clusters. If we V50; (3A) 395 1,06
consider an oxidation state of-2) for oxygen atoms, small V206" (2A) 274 077
cationic and neutral clusters such agyand \,03; would have V206 (3A) 2,52 2,17
formal oxidation states ranging from-2) to (+3.5) (formally V205+1(2A”) 3,44 3,29
(+2), (+3) and (-4)) for vanadium atoms. 30,* clusters are \\5281( Q*A), g-gg 2’33
expected to show vanadiunrt4¢ +5) oxidation states. In ¥0s™ V204 (3(A,,)) 688 887
clusters, however, a5 +6) oxidation state should appear, ViOi* @A) 6.12 ’
when the highest oxidation state for vanadium is5). V203 (A" 7,40

Therefore, not all the oxygen atoms should be considered as
(—2), but as £1). These oxygens1) correspond to the largest  stable structures, while linear or branched structures involve
values of terminal V-O bonds, while short ¥O distances lower oxidation states and are unstable compounds. This is in
correspond to O«2). When increasing the content in oxygen, agreement with the results of Bell et &l..

O—0 bonds appear in order to avoid vanadium oxidation states A topological bonding analysis based on the reduction of the
higher than ¢5). Four-membered rings present vanadium localization domains as well as on the basins’ population has

oxidation states of{4) and (+5), and correspond to the most been carried out for the most stable clusters. As shown in a
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TABLE 3: Mulliken Net Atomic Charges (a.u.) and Spin Densities in Parentheses for the Most Stable ¥D,*/V,Oy Clusters
Atom
Model V1 V2 o1 02 03 04 05 06 o7

V,0;* (2A) 1.16(3.00) 1.16¢2.10) —0.68(0.08) —0.64(0.02)

V.0, (A1) 0.58(3.85) 0.78(2.01) —0.68(0.08) —0.68(0.08)

V.0t (2A) 1.36(-1.09) 1.25(2.09) —0.34(0.14) —0.64(- 0.07) —0.64(- 0.07)

V,0;(3B) 0.87(1.10) 0.87(1.10) —0.51(- 0.09) —0.72(- 0.01) —0.51( 0.09)

V.03 (3A)  1.14(-1.08) 0.87(3.00) —0.52(0.09) —0.75(0.02) —0.75( 0.03)

V,047 (2A) 1.45(0.00) 1.38(1.11) —0.31(0.01) —0.61(0.02) —0.61(0.02) —0.31( 0.15)

V,0,(3A) 0.98(2.21) 1.30(0.03) —0.50( 0.19) —0.77(~ 0.05) —0.50(0. 00) —0.50(0. 00)

V,0,(3Bz) 1.20(1.14) 1.20(1.14) —0.48(- 0.10) —0.72(- 0.03) —0.72(- 0.03) —0.48(~ 0.10)

V,0s™ (2A) 1.47(-0.01) 1.42¢0.31) —0.28(0.00) —0.58(0.01) —0.58(0.01) —0.21(0.93) —0.25(0.37)

V,0s(1A) 1.35 1.28 -0.43 —0.63 -0.63 —0.46 -0.47
V,0s" (2A) 1.38(-0.64) 1.45¢0.03) —0.29(0.10) —0.58(0.00) —0.60(0.01) —0.30(0.00) —0.17(0.56)  0.11(1.01)
V.05 ((A)  1.35 1.35 -0.36 -0.63 -0.63 ~0.36 ~0.36 -0.36

V,0;7 (2A) 1.40(0.00) 1.42(0.30) —0.29(0.03) —0.59(0.00) —0.59(0.00) —0.27(-0.35) —0.22(- 0.93) —0.08(0.79) 0.21(1.18)
V,0;(3A) 1.39(-0.07) 1.35¢0.28) —0.38(0.00) —0.66(0.01) —0.66(0.01) —0.38(0.38) —0.34(0.88) —0.17(0.53) —0.17(0.53)

V306t ((A) 1.46(0.07) 1.35(1.13) —0.33(0.00) —0.69(- 0.01) —0.35(- 0.14) —0.74(- 0.03)

V306 (“A)  1.21(1.15) 1.21(1.14) —0.46(- 0.11) —0.75( 0.04) —0.46(- 0.11) —0.46(— 0.11)

V307+ (fE) 1.43 —0.26 —0.60 —-0.71

V307 (%A)  1.28(1.10) 1.36(0.02) —0.42(- 0.14) —0.67(0.00) —0.41(0.00) —0.67(0.00) —0.76(0.01)

V4O10(*T2) 1.40 —-0.37 —0.68

previous worki® at low values of the electron localization V04" presents a splitting into a VO and a YOnit at 0.19.

functiony, a uniqgue domain is found, which splits into several The VO part splits following the pattern of the VGsystem.
domains containing fewer attractors than the parent one uponHowever, the VQ fragment does not present a V(O,0) basin
increase ofy. Ordering the values of at which separations  as for the cluster V@) probably because of the interaction with
occur, it is possible to build tree-diagrams reflecting the the vanadium atom V2. No vanadium valence basins are present,
hierarchy of basins. The partition or bifurcation of the core and since the formal oxidation states for V1 and V2 atie5) and
valence domains is called the core/valence bifurcation, and it V(+4), respectively, and there are no 3d electrons. Neutral
can occur in two different ways: either the core irreducible cluster presents a separation of the valence ring oxygens basins
domains split before the valence ones or a valence division in at 0.23. At a value ofy = 0.37 terminal oxygen valence basins
two or more domains takes place before the core/valenceappear together with the vanadium core basins. This bifurcation
separation. The first process characterizes ions or moleculespattern is different from the cationic one, and a separation into
whereas the latter is typical for independent fragments in two symmetric VG-O units would be a better representation
interaction. for this system. This fact is in agreement with the calculated

The localization domain reduction tree-diagrams of the most dissociation channels, which render V& VO; for the cation
stable cationic and neutral systems are given as Supportingand 2 VQ units for the neutral systems. No valence vanadium
Information 4S. As a general rule, the core/valence bifurcation basins appear since no 3d electrons are present (vanadium
takes place before the splitting into “child” domains at values Oxidation states aret{4, +5) and (4, +4) respectively).
of abouty = 0.12. Nevertheless, systems containinguits V,0s™ presents a bifurcation diagram similar to theO4"
show a division of the parent domain into two parts before the system, splitting into V@" and VQ; fragments aty = 0.30
core/valence bifurcation appears, i.g.= 0.09 for the first and 0.31, respectively. D5 follows the trend of the YO, and
splitting and 0.12 for the core/valence division, as foOy" the valence domain separates into ) dd VO; domains at an
(“A) and V,0O;" (2A). The detailed analysis of these diagrams ELF value of 0.17. Further splitting occurs for both fragments
show the structure of the clusters, which coincides with the most at 0.39 and 0.31, respectively. These bifurcation diagrams are
favorable dissociation channels. in agreement with the dissociation channel results.

V,0,* presents the core/valence bifurcationjat 0.12. At For V,Os", a valence domain separation leading to an O
a value of 0.20 the V1 vanadium core basin splits leaving a unit and a \(O4* unit appears at an ELF value of 0.20. The
VO, unit. This unit's bifurcation pattern follows the one V.04 fragment undergoes VOand VQ; as with the 4O+

corresponding to V@and, according to this analysis,®," cluster. \WOg™ (*A) shows a separation of the parent domain
model B can be considered as & ¥nd a VQ unit. Neutral into a O, and a MO,© domain before the valence/core
V1,0, is a symmetric system and splitting of the valence domain bifurcation, indicating that this cluster is composed of two
into V and VG, units occurs without previous YO basins independent parts, Land \,O4*. For these two systems, a

separation. A valence vanadium basin for each vanadium atomdisynaptic valence attractor between two oxygen atoms is
appears at ELF values about 0.36, assigned to the presence gbresent aiy~0.70, pointing out the covalent bond between O5

3d electrons. and O6. The neutral system does not presenOonds, but
V03t shows the core/valence bifurcationat 0.13, while ~ two terminal O (1) atoms. The lone-pair basins for these

at 0.20 a division of the domain in VO and ¥@nits occurs.  0xygens appear in the bifurcation tree-diagramyat 0.30,

The VO unit splits at 0.40 like the VO(3¥) system; the V@ while the corresponding O-2) appear at values of 0.37.

unit splits at 0.30 following the pattern of the neutral ¥O V,0;* shows a bifurcation diagram similar to that of the

cluster. From these results we deduce that th@®;V system V06" clusters. The core/valence bifurcation takes place after
would be composed of a VOand a VQ fragment. V2 presents  the division of the parent domain into,@nd \,Os™, therefore

a splitting into valence vanadium basin at further values of ELF, it is possible to consider this system as two independent units
because it has electrons in the 3d orbital. Neutral system presentsveakly interacting. The ©fragment follows the bifurcation
separation into a VO and a \V@omains ayy = 0.22. Valence pattern of the @ molecule, while the cation diagram is
vanadium basins appear at ELF values of 0.37 and 0.38. analogous to that of the,®@s*. For the neutral system the core/
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TABLE 4: Valence Basin Population for the Most Stable Clusters (in electron)

C(V1) C(V2) C(01) C(02) C(03) C(04) C(05) C(086) C(07) V(O,0) V(01) V(02) V(03) V(04) V(O5) V(06) V(O7)

V,0,t (PA’)2 21.05 20.54 217 212 714 710

Vo0,(3A1)2 20.99 20.58 215 213 723 724

V05" (A)2 20.52 20.73 212 213 212 6.81 7.247.29

Vo0;(GA") 20.44 20.73 212 213 212 702 729 726

V.04t (PA’) 20.25 20.52 216 212 212 211 675 7.08 7.0 6.77

Vo04(3B;) 20.25 20.53 212 212 212 211 675 7.09 7.09 677

V.05t (2A") 20.26 20.15 211 213 213 211 211 673 7.05 7.03 648 6.67

Vo0s(1A") © 20.23 20.16 217 214 215 212 212 687 7.10 709 691 6.92

Vo0t (A)  20.32 20.25 212 213 211 212 218 212 100 675 7.05 710 674 573 530
Vo0s™ (“A)  20.50 20.23 210 211 209 214 219 211 104 679 7.5 711 675 552 516
Vo0g(2A)  20.12 20.12 212 212 212 211 212 211 677 7.5 715 659 677 6.59

V.0t (PA”) 20.22 20.15 216 213 213 211 211 211 211 128 675 704 706 669 648 534 510
V,0;(3A) ~ 20.15 20.11 215 213 213 208 206 210 210 092 686 714 711 682 665 574 573
V40" (PA") 20.20 20.49 212 213 214 212 676 717 6.80 7.26

V4Oe(“A’)® 20.37 20.36 213 213 212 212 692 7.30 693 732

VsO,+ (1E) 20.14 212 212 672 711 717

Vs0/(2A") 20.42 20.12 205 216 213 213 697 715 687 711 7.30

V4010(1T2)  20.08 210 212 6.85 7.18

02 (35¢) 213 213 110 531 531

2 Present a valence vanadium basin (see t&8ge text.

valence bifurcation occurs gt= 0.15, and at 0.25 two different
domains appear, corresponding to audit and a \(Os which
behave as the ¥Ds in the excited A") electronic state (not
shown).

they are initially classified as disynaptic V(V,0) basins. Valence
vanadium basin populations are not included in the Table but
are discussed below.

V,0," presents two nonequivalent vanadium atoms and
The V306" cluster presents a separation into £Oy* and a oxygen atoms from the point of view of the ELF population
VO3 domain aty = 0.17, these fragments follow the bifurcation analysis. No disynaptic attractors are found between vanadium
diagrams of their corresponding species. The neutral systemcore and oxygen core basins, so an ionic bond can be considered.

shows a separation of the ring oxygens at 0.22, and at 0.39 V2Valence oxygen basins V({{Opresent a population of 7.14 and
core basins and O3 valence basins appear. At 0.41 the fragmen?.10 electrons and are symmetrically nonequivalent. Vanadium
VO corresponding to V1 and O1 appear. Vanadium valence atoms present core populations of 20.54 and 21.05 for V1 and
basins are present, despite the formal absence of 3d electronsv2. The contribution of the V1 atom to the nonequivalent
For V30;T, the valence basin of the central oxygen appears oxygen valence basins is 0.14 and 0.11 electrons, while the
at 0.21, followed by the ring and terminal oxygens’ valence contribution of V2 to the same basins is 0.16 and 0.17 electrons.
basins. The neutral cluster bifurcation diagram shows a division Relative covariances between V1 and the oxygens are in the
of the valence domain into a VO unit and aQ&4. range of 0.30, while for V2 they raise to 0.50, indicating more
The V401 bifurcation diagram is characteristic of a molecule. delocalization of the electronic density for the latter. From these
Corelvalence bifurcation occurssat= 0.10. At ELF values of results one can say that the interaction of V2 with oxygen atoms
0.24 ring oxygen valence basin separates, and at 0.40 thehas a more covalent character than that corresponding to V1.
terminal oxygens’ valence basins appear together with the Similar populations are found for the neutral cluster. The
vanadium core basins. contribution of V1 and V2 to the valence equivalent oxygen
To sum up, the majority of the clusters present the core/ basins are about 0.10 and 0.20 electrons, respectively. It is
valence bifurcation before the splitting of the parent domain interesting to note that vanadium valence basins are present for
into smaller domains, this is related to the most stable both cationic and neutral systems. The population of these basins
fragmentation patterns. However, for®s™ (4A) and V,O;" is 0.60-0.28 electrons for V+V2 in V-0, and 1.02-0.63
(2A) the core/valence bifurcation takes place after it. Except €lectrons for VEV2 in V;0,. This fact indicates that a) there
for these two systems,d,* and KOy (x = 1—4, y = 2—10) are 3d electrons in vanadium atoms, since their oxidation state
can be considered as stable “molecules” although they can beis low (+2), (+3), and b) the addition of an electron to the
understood as an arrangement of smaller units. Systems containcationic system occurs in the 3d orbitals of the vanadium V2,
ing O, units present three different bifurcation diagrams: the i.e., the isolated vanadium atom, not in the M&agment.
0, weakly interacting with the rest of the cluster is characterized  The V,O3" basins’ population is quite similar to that of the
by the core/valence bifurcation before the splitting into these previous system ¥0,", regarding vanadium core basin popula-
units; superoxo @ unit presents a splitting into the corre- tion. A terminal oxygen is now present and the corresponding
sponding domains at ELF values of 0.20; finally, peroxg O valence basin possesses 6.81 electrons. Regarding the ring
domain splits at slightly larger ELF valueg & 0.25). The ring oxygen population, it is slightly larger than the corresponding
oxygens' valence basins always appear before the terminalV.0," ones. This can be attributed to computational problems,
oxygens’ basins, af ~ 0.25 and 0.40, respectively. Regarding and the valence vanadium basin population has been included
terminal oxygens, O-2) valence basins appear at ELF values into the valence ring oxygens basins. Neutral system shows
slightly larger than O 1), i.e., 0.35 and 0.40, respectively. similar results with respect to )0, although this compound
For the small clusters, 3D, and \LOs3, valence vanadium basins  does not present a valence vanadium basin: the terminal oxygen
appear ay ~ 0.36, probably resulting from the presence of 3d valence basin has smaller population than the ring one.
electrons. V04" presents nonequivalent vanadium atoms, and terminal
Basin populations for the most stable compounds have alsooxygens as well as ring oxygens. Vanadium V2 presents the
been calculated and are reported in Table 4. Valence)V(O highest core basin population; terminal oxygens show valence
basins are represented as unique basins for simplicity, althoughbasins population of 6.75 electrons, while ring oxygen valence
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basins’ population is slightly larger, 7.10 electrons. No disyn- populations about 7.20. The most charged basins correspond
aptic attractors are present between vanadium and oxygen atomdp the oxygens in the 303 unit described above. The neutral
and therefore the bond is mostly ionic. The contribution of the clusters present slightly larger values for oxygen valence basins;
vanadium atoms to the valence basins of terminal oxygen atomsvanadium V2 valence basins possess a population of 0.14
is 0.30 electrons, with a covariance higher than 0.90. Theseelectrons each, and a fluctuation of 0.93, indicating a large
values are abnormally large for pure ionic bonds, and a delocalization.

significant covalent character is found for vanadium-terminal  V;0;* is described as the 3@s" cluster, having a central
oxygen bonds. The situation for ring oxygens is slightly oxygen valence basin of 7.17 electrons. This basin has a
different: a contribution of vanadium atoms V1 and V2 of contribution of the vanadium atoms of 0.10 electrons each and
approximately 0.18 and 0.13 electrons respectively is found, a covariance of 0.25, because this atom is mostly ionically
and covariances of 0.50 and 0.30 indicate a less-effective bonded to the three vanadium atoms. The neutral cluster presents
electronic delocalization between these basins in comparisonthe largest oxygen valence basin population, 7.30 electrons. The
with the terminal oxygens. Thus, a population analysis of the same trend is observed for,®q.

ELF density permits us to distinguish between terminal and ring  To sum up, the absence of valence basin attractors between
oxygens. Moreover, the values presented above lead us tovanadium and oxygen atoms indicates a mostly ionic bond.
consider a stronger vanadium-ring oxygen interaction for V1 Nevertheless, the contribution of the vanadium atoms to the
than for V2, so this YO,© system can be thought to be valence basins of terminal oxygen atoms is about 0.30 electrons,

composed of a VO and a \idragment. with a covariance higher than 0.90. These values are abnormally
The V,0s" description is similar to the previous,®@,* one. large for pure ionic bonds, and a significant covalent character
In this case, an oxygen with an oxidation state-et) is present, is found for vanadium-terminal oxygen bonds. The situation

characterized by a valence basin population, 0.19 electrons lowerfor ring oxygens is slightly different: a contribution of vanadium
than that corresponding to a ©2). For the neutral system no  atoms of approximately 0.15 electrons is found, and covariances
differences in valence terminal populations are found. of 0.40 indicate a less-effective electronic delocalization between
V206" (?A) presents a disynaptic attractor between O5 and thesg basins in comparison with the te'rmlnal oxygens. It is
06 with a population of 1.00 and a covariance of 0.71, clearly Possible that the distinction between terminal oxygens, i.e-, O(
indicating the presence of a covalent bond. As reference, the2) and O¢-1) oxidation states in terms of basins population, is
0, molecule presents a V(0O,0) population of 1.10 electrons. that the former is about 0.3 electrons more than the latter. The
The oxygen atoms in this unit show an asymmetric distribution covariance is also slightly higher for G-2). Systems containing
of valence basins population: 5.73 electrons for the oxygen next Oz Units can be analyzed in terms of valence oxygen basin
to the cation and 5.30 electrons for the other one, while the O Population: Q weakly interacting shows no charge transfer
molecule lone-pair basin population is 531A noticeable ~ from the cationic unit to the ©fragment; superoxo £ unit
charge transfer of 0.35 electrons occurs from th@) unit to presents a noticeable charge transfer of 0.35 electrons to the
the O fragment. The contribution of V1 to V(O5) is small, Oz valence basins, as well as an asymmetric population
and an ionic bond is expected. Fop®%* in the quadruplet  distribution in these basins; peroxa? unit shows a charge
electronic state, a disynaptic basin appears again between thdransfer of 0.65 electrons. The characteristic disynaptic V(O,0)
two oxygens in the @unit, with a population of 1.04 electrons ~ Pasin presents a population of approximately one electron and
and a fluctuation of 0.71. The population of the lone pairs for a fluctuation about 0.90, indicating a high delocalization between
these oxygen atoms is 5.52 for the atom next to the cation, andthe two oxygen nuclei.
5.16 being the average approximately equal to thenGlecule. )
The interaction of this unit with the cation yields a small charge 4. Conclusions
gansfir of 0504 eledc.trons.t Thus, a iﬂffer?nt |r]:ter?rc]:tlog OLIthte In the present work, the geometrical and electronic structure
2 unit is observed: a stronger interaction for the doublet, ¢/ 5 +'and 0, (x = 2—4, y = 2-10) clusters at different

mvolvmg a charge transfgr of 0'35. elggtrons to theudit, and electronic states have been investigated using a combination of
a weak_ Interaction involving no significant charge t_ransfer. It DFT and Hartree Fock calculations. A topological study based
is possible to assign the former_to a Superoxo Species and . on the ELF analysis is carried out in order to understand the
the latter to a weak molecular interaction, in agreement with o6 of honding. The results of this work can be summarized
geometrlcgl and frequency Qatag% most stgble arrangement ¢ ¢o|ows: i) The most stable structure for each cluster is:
dpes not involve disynaptic val.ence basms. However three V50, (A7), V205" (BA) & (PA"), VoOut (A7), VoOst (2A™),
different oxygens are observed: a terminal-Qf oxygen, 4 (2 2N A (ApTT o Bp vt
i . _ ’ V206" (3A), V2077 (BA") &~ (*A"), V3Ot (BA"), V30;1 (*E),

having a valence basin population of 6.78 electrons; a terminal V20, (A1), V203 (AY), V204 (A", V205 (PAY), V205 (A)
O(—1) oxygen, with a population of 6.59 electrons and ring V07 (GA), V306 (4A"), V205 (A"), VaOro (1T). ii) Geometrical
oxygens, and a population of 7.15 electrons. parameters and IR frequency data for cationic and neu@} V

V207" basin population analysis is analogous to that of the (x= 24,y = 2—-10) species in different electronic states have
V206" (“A). V207 presents a different sort of interaction between peen reported, and the structures obtained for the different
Oz and V,0s fragments. The two oxygens of the, @nit are clusters are in agreement with available experimental data. iii)
equivalent and possess a valence basin population of 5.74The calculated geometrical parameters for the ground electronic
electrons, larger than that corresponding to then@lecule and states of g, V20s, V206, V207 (PA), V30s, and V4010 are
the previously analyzed 0. The population of the disynaptic  similar to recently reported values of Vyboishchikov and Sauer.
valence basin between O6 and O7 is 0.92, with a fluctuation of jy) Three different values of O distances are found: short
0.76. A charge transfer of 0.65 electrons from th&y'to the (1.55 A), intermediate (1.761.80 A), and large (2.00 A). These
O unit is observed. We assign this interaction to the peroxo values can be associated to strong (terminal) and weak interac-
02~ unit. tions involving O¢-2) and O(1) oxidation states, respectively.

V30s" presents terminal oxygens with valence oxygen basin v) Structures possessing a® ring (V.02" (2A"), V,03™ (2A")
populations around 6.80 electrons, and ring oxygen atoms with ~ (*A""), V.04 (2A"), V20s5™ (2A"), V206" (2A), V077 (A",
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