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Abstract

An analysis of the electronic structure of the vanadyl pyrophosphate surface is given when vanadium atoms in different
valence states are simultaneously present. A tetrameric vanadium-oxygen cluster is proposed to model the catalytic active
site. Possible path for the interaction of 2,5-dihydrofuran with a lattice vanadyl oxygen leading to the formation of maleic
anhydride is considered. It is shown that account of structural relaxation in mixed-valence state is needed to properly

describe active site.
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1. Introduction

The variety of stable oxidation states of tran-
sition metal ions is believed to be an important
factor for catalytic activity of transition metal
oxides [1]. If a solid or a cluster contain simul-
taneously metallic ions of a same element in
different oxidation states, one deals with a
mixed-valence system. The distribution of va-
lences and accompanying structural relaxation
may be of crucial importance for the reactivity
at the different sites on the surface. The differ-
ent valences can be attributed to particular metal
sites (localized valence) or several ions can be
considered as having an averaged (delocalized)
valence [2,3].

We recently studied the role of mixed-va-
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lence state in trimeric iron-oxygen clusters de-
picted in iron phosphates and acting as active
sites in the catalysis of oxidative dehydrogena-
tion of isobutyric acid [4]. Structure relaxation
of this cluster favors the delocalization of ex-
cess electron between the central and one of the
terminal octahedra of the cluster. Reduction of
initially homovalent cluster occurs under ad-
sorption of a molecule of isobutyric acid. The
delocalization of excess electron allows intra-
molecular electron transfer to a ferric site of the
same cluster where the OH group is coadsorbed.
The mechanism of the intramolecular electron
transfer singles out trimeric cluster from similar,
yet more extended, systems also studied experi-
mentally [5]. In the latter, the electron delocal-
ization covers a higher number of sites and a
smaller part of the excess electron density is
accessible for interaction with an adsorbed
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molecule. In contrast, the extra electron in
dimeric cluster is almost strictly localized at one
center.

Another example of mixed-valence systems
appears in the heterogeneous catalysis of selec-
tive oxidation of n-butane. Vanadyl pyrophos-
phate (VO),P,0, is known to be the active and
selective phase for the oxidation of n-butane
into maleic anhydride [6-8]. It formally con-
tains vanadium ions in the oxidation state +1V.
However, experimental studies showed that par-
tial oxidation of V!V exposed to oxygen occurs
in the initial step of active phase preparation [9].
Moreover, the formation of maleic anhydride
requires the participation of V'V and V'V sites in
a sufficiently close vicinity [10]. The presence
of VIV—-VV mixed-valence pairs in the calcined
catalysts was confirmed by XRD, FT-IR, EPR
and EXAFS techniques [11].

Till now, the most complete study of maleic
anhydride formation on a vanadyl pyrophos-
phate surface was done by Schigtt et al. [12]
(see also Ref. [13]). However, they only consid-
ered homovalent (tetra- or pentavalent) one-layer
clusters and chains to model the surface.

In the present communication, we would like
to study the role of mixed-valence state in the
heterogeneous catalytic oxidation of butane. The
trans-bipyramidal V,O, cluster unit (Fig. 1a)
often completed by adjacent PO, tetrahedra is
usually chosen to represent the (010) surface of
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Fig. 1. Dimeric vanadium-oxygen clusters: (a) trans-bipyramidal
unit. AR characterizes the asymmetric distortion involving the
two trans vanadyl groups; (b) cis-bipyramidal unit.
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Fig. 2. Tetrameric vanadium-oxygen cluster.

vanadyl pyrophosphate. However, some recent
data seem to indicate that presence of VV is
linked to the reorientation of vanadyl groups
leading to cis-V,O, cluster (Fig. 1b) [14]. More-
over, the participation of a few sublayers thanks
to an oxygen atoms diffusion process has been
supported by '®0 labelling studies [15]. Besides,
our preliminary ab initio calculations showed
that excess electron in the trans-V,05 clusters
is likely to occupy a d  -orbital, reflecting the
vanadyl V=0 group sensitivity to oxidation
state changes [16]. The simplest model account-
ing for the coupling within V=0 - - - V stacks
consists of a tetrameric vanadium-oxygen clus-
ter (Fig. 2). Earlier we studied the charge distri-
butions and structural relaxation in such mixed-
valence clusters with different ratios VIV:vVV
[17]. We were here concerned with the catalytic
properties of these clusters. However, the mech-
anism of the reaction considered below differs
from that studied in Ref. [12]). The roles of
lattice and chemisorbed oxygen in the selective
oxidation of n-butane are still far from clear.
Recent experimental results have shown that
only lattice surface oxygen atoms were active in
the formation of maleic anhydride [15]. So, we
considered the adsorption of dihydrofuran on
mixed-valence cluster (Fig. 2) and possible at-
tack of lattice electrophilic oxygen on the basis
of an extended Hiickel (eH) approach.

2. Calculation method

We used the ASED (atomic superposition
and electron delocalization) version of the eH-
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Table 1

Atomic parameters *

Atom  Orbital £, g, H,, (V)

\" 4s 1.30 —8.81
4p 1.30 —-552
3d 475(0.4755) 1.70(0.7052) —11.00

O 2s 2.28 —32.20
2p 2.28 —14.80

C 25 1.63 ~21.40
2p 1.64 —11.40

H 1s 1.30 —13.60

* The d-orbitals are given as linear combination of two Slater type
functions, and each coefficient is followed in parentheses by the
weighting coefficient.

method [18] which does take into account elec-
trostatic core repulsion and enables to estimate
bond lengths. This correction technique (Ander-
son theory) based on a two-body repulsive en-
ergy was included into the original eH program
[19]. It was noticed that, since the electron
interactions in the overlap regions are omitted,
the binding energy curves are usually too deep.
Nevertheless, the method is likely to predict
reasonable bond lengths [20]. The diagonal ma-
trix elements and orbital exponents for atoms
are summarized in Table 1, whereas a modified
weighted Wolfsberg—Helmoltz formula with a
distance dependent coefficient [20] was used to
approximate off-diagonal matrix elements. It
should be pointed out that other parametrization
may be found in the literature [21] but qualita-
tive description we worked on is certainly not
significantly modified. The possible charge re-
distribution process was examined in terms of
Mulliken definition of atomic charges.

For some model systems, ab initio Hartree—
Fock and DFT (density functional theory) calcu-
lations were also performed (see below).

3. Vanadyl pyrophosphate model
Let us start with the analysis of a clean

vanadyl pyrophosphate. As it was shown earlier
[12], the extended models and discrete clusters

with and without attached phosphorous groups
give similar results for electronic characteristics
of vanadium and oxygen atoms. We ourselves
focused on the vanadium-oxygen framework,
since we noticed that the structure which at-
taches PO, units modelling the pyrophosphates
did not lead to any significant changes in the
calculated equilibrium geometries and related
charge redistributions between different vana-
dium sites in mixed-valence clusters. Bond dis-
tances and angles were taken as average values
of experimental data [22]. We first analyzed the
charge distribution in V,0O4 dimer (Fig. la) in
mixed-valence state with total charge —7. The
localization of an ‘excess’ electron at one site is
due to the desymmetrizing distortions [2,3]. We
limited ourselves to a single distortion involving
the shortening of one and the lengthening of the
other V=0 bond. We found that the symmetric
geometry is stable against this distortion. There-
fore, both vanadium sites are in the same aver-
age oxidation state +4.5.

We were then concerned with symmetric ge-
ometries of tetrameric mixed-valence
vanadium-oxygen clusters. These structures re-
sult from the binding of two V,0, dimers.
Nevertheless, two additional weakly bound O*~
ions 05 and O6 were included in our model
(Fig. 3) to depict infinite chains along the [010]
direction and to stress the experimentally ob-
served oxygen mobility in this direction [15].
OS5 atom can also represent the oxygen atom of
2,5-dihydrofuran molecule when the latter is
adsorbed on the surface. One should note that
the environment of each vanadium atom is very
close one to another but minor differences ap-
pear in the second coordination spheres. Conse-
quently, such a structure is convenient to study
charge reorganization accompanying desym-
metrizing distortions. Again, we only consid-
ered the oxygen atoms displacements along the
V=0"--V bond. Fig. 3 shows the distortion
associated with electron trapping characterized
by AR,, AR, and AR,, and gathers geometric
parameters. Three different electronic mixed-va-
lence configurations were examined, namely
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Fig. 3. Cluster structure used in molecular orbital calculations.
AR;, AR, and AR, are the three parameters defining the asym-
metric distortion accompanying possible charge localization.

d°-d°-d°-d', d°-d°-d'-d' and d°-d'-d'-d',
corresponding to different ratios VV:VY and
giving total charges —18, —19, —20, respec-
tively. The system may be considered as a four
d%center cluster belonging to symmetry group
C,,, with different numbers of ‘excess’ elec-
trons. Reduction of the four-VV cluster is asso-
ciated with filling of two quasi-degenerate or-
bitals (Fig. 4a) with one, two or three electrons.
These non-bonding orbitals transform as A, and
B, representations and they can mix with anti-

(a) (b)

Fig. 4. (a) Non-bonding highest occupied molecular orbitals A,
and B, in mixed-valent tetramer; (b) vacant B, orbital of vanady!
oxygens.

Table 2
Vanadium charges at equilibrium geometry #

VY1V avVieovlV o avVasylv gyl

V1 248(243) 269(2.66) 291(2.88) 3.14(3.10)
V2 236(241) 259(263) 2.81(286) 3.04 (3.08)
V3 247(243) 269(2.66) 291(2.88) 3.14(3.10)
V4 236(41) 259(263) 281(2.86) 3.04(3.08)

" In parentheses, the corresponding values for the symmetric
geometry are given to stress the charge redistribution.

bonding orbitals of appropriate symmetry
through distortions of vanadyl groups. As a
general feature, all initial symmetric geometries
were found unstable and equilibrium distances
and vanadium charges are summed up in Tables
2 and 3. The V=0 distances vary from 1.62 A
to 1.68 A. Differences in V=0 distances from
1.57 A to 1.73 A were also observed experimen-
tally [22]. The calculated distortion transforms
as A, representation. Consequently, frontier or-
bitals A, and B, are likely to mix with mainly
oxygen orbitals of A, and B, symmetries, re-
spectively. The most suitable candidate for in-
teraction is vacant B, orbital (Fig. 4b) lying few
electron-volts higher. This interaction is most
efficient when HOMO is B, orbital, i.e. elec-
tronic configuration d°-d'-d'-d' (V'Y +
1vY).

Unlike in the dimer case, the electronic den-
sity varies from one vanadium atom to another.
Charges analysis exhibits excess electron(s) lo-
calization on V1 and V3 atoms. Since |AR,,,|
= [AR,,l, ‘cross-delocalization’ (i.e. equal
populations) between these two sites, as well as
between sites V2 and V4, is observed. The

Table 3 .
Equilibrium parameters and distances (A) *

(ARy, ARy ° V1-01 V2-02 V3-03 V4-04
=(0.03, —0.03)

Vanadyl group distances 1.62 1.68 1.62 1.68

? The symmetric geometries (AR, = AR, = A R; = 0) correspond
to a single value, 1.65 A, for the vanadium-oxygen distances in
the four vanadyl groups.

" (AR,, AR;),, stands for the equilibrium AR, and AR, param-
eters values and is found independent of the electronic configura-
tion. AR, is found to be always equal to zero.



V. Robert et al. / Journal of Molecular Catalysis A: Chemical 119 (1997} 327-333 331

Table 4

Overlap population and oxygen electronic charge *
Geometry Symmetric Equilibrium
V2--02 0.787 0.752

02 7.24 7.31

® The variations of overlap population and oxygen electronic
charge under geometry relaxation are similar for all electronic
configurations.

shortening of V1-O1 and V3-03 vanadyl group
distances increases charge transfer displayed by
the enhancement of charge density on V1 and
V3 atoms. Therefore, interaction with adsorbed
molecules is likely to occur on the Lewis acid
site, namely V1, while O2 atom turns to be the
most suitable for an electrophilic attack. As a
matter of fact, a substantial decrease in the
overlap population for the V2-02 double bond
is calculated while oxygen atom charge slightly
increases (Table 4). Besides, one can assume
that V4 bulk atom may also participate in the
electrophilic attack since it can be easily oxi-
dized as seen from °‘cross-delocalization’. Fi-
nally, the relative softness of the system dis-
played by (AR,, AR,),, may be a reflection of
the lattice oxygen migration.

Our preliminary Hartree—Fock and DFT cal-
culations led to very similar results for both
binuclear and tetranuclear models [16]. We again
observed delocalized electronic distribution for
the former and localized one for the latter.
Besides, equilibrium metal-oxygen distances are
close to those found with the ASED method.

4. 2,5-dihydrofuran oxidation

The detailed mechanism of maleic anhydride
formation on a vanadyl pyrophosphate surfaces
is still far from clear. It cannot be excluded that
different structural units, including those con-
taining phosphorous, may participate in differ-
ent elementary acts of the reaction. We studied
the role of mixed-valence state in the 2,5-dihy-
drofuran oxidative dehydrogenation which is
proposed to be one of the possible steps of

catalytic reaction. Thus, we did not pay atten-
tion in our model to formation mechanism of
this intermediate.

2,5-dihydrofuran molecule was built out of
the MAD (molecular advanced design) code and
geometrical parameters optimizations were then
performed using ab initio SCF type calculations.
It is observed that the four carbon and the
oxygen atoms are almost coplanar. The adsorp-
tion was studied on vanadium-oxygen mixed-
valence clusters with different electron count-
ings and relaxed geometry described in the pre-
vious section.

We chose V1 atom as the adsorption site
(Fig. 5). Therefore, the dihydrofuran oxygen
substitutes for the weakly bonded oxygen OS.
This adsorption site differs from that studied in
Ref. [12] where adsorption occurred on V2 (Fig.
1a). In our geometry, the dihydrofuran molecule
can interact with the vanadyl oxygen, thus al-
lowing the participation of lattice oxygen as
suggested in Ref. [15].

Additional optimizations of the dihydrofuran-
V1 distance were performed leading to AR,
equal to —0.03 A. Then, the question raised
about the relative orientation of dihydrofuran
ring relatively to the surface. The structure with
the ring along the y-direction was found most
stable as in Ref. [12]. However, the 90°-rotated
ring conformation is less favorable by only
= (.5 eV. From these calculations, no specific
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Fig. 5. Adsorption of 2,5-dihydrofuran on model catalyst.
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conformation of 2,5-dihydrofuran ring could be
chosen as the most favorable. Therefore, we
concentrated on the conformation for which the
O2-nearest neighbor hydrogen atom lies in xy-
plan. The fragment molecular approach showed
that 2,5-dihydrofuran fragment HOMO is likely
to interact with low-lying antibonding d-orbitals
of [V,0,0]" (n =18, 19, 20) fragment (Fig. 6).
By this interaction, the C—H bonding character
of HOMO is reduced, leading to possible cleav-
age of this bond. Within the framework of our
model, it can be then concluded that an O-H
bond is expected to be made with participation
of lattice oxygen. However, a rather large O-H
distance (1.55 A) was found and small O-H
overlap population is observed (= 0.01). More
accurate calculations must be performed to get
more realistic values.

We must mention one special feature directly
linked to the mixed-valence state of our model
tetramer. Up to now, the homovalent all VIV
electronic configuration has not been examined
since VV turned out to be required in the cat-
alytic process. In terms of frontier orbitals inter-
actions, we focused again on [V,0,,]'" frag-
ment LUMO of d°-d°-d'-d' configuration
(—10.6 eV) and 2,5-dihydrofuran fragment
HOMO (—12.5 eV) (Fig. 7). Overlap between
these two molecular orbitals is very small (=
0.001). So, one can expect that the addition of
an extra electron leading to a three-electron
interaction and to d°~d'-d!-d' configuration is
not destabilizing. However, any four-electron

O
le] Q

Fig. 6. 2,5-dihydrofuran HOMO (—10.5 eV) interaction with
low-lying antibonding d-orbitals of [V,0,,]"~ cluster.
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Fig. 7. 2,5-dihydrofuran HOMO interaction with [V,0,,]"°~
LUMO of d°-d®-d'-d' configuration (—10.6 eV).

interaction is unfavored and this may be the
reason why presence of about 25% of VV ap-
pears to be optimal for stabilization of 2,5-dihy-
drofuran adsorbed on our model cluster.

5. Conclusions

This simplified quantum model enabled us to
investigate the effects of simultaneous presence
of V!V and VYV ions in the vanadium pyrophos-
phate lattice. The account of several sublayers
seems to be necessary to get an accurate de-
scription of the structural relaxation accompany-
ing catalyst oxidation. On the basis of different
considerations, a similar model was recently
proposed [23]. Charge redistribution displayed
‘cross-delocalization’ between pairs of vana-
dium sites whereas bond lengths relaxation ac-
counted for the observed softness of V=0 ---V
bond. For any electronic configuration, frag-
ment molecular orbitals analysis showed that
participation of lattice oxygen of vanadyl group
has to be considered in the step of 2,5-dihydro-
furan oxidation. Even if the reacting oxygen—
hydrogen distance is large (1.55 A) compared to
usual O-H distances, this possible path for
mechanism cannot be excluded.

Of course, the ASED method is too approxi-
mate to give reliable enough values of geomet-
ric parameters and charges. However, it is use-
ful to depict the general trends in catalyst be-
havior. Besides, the whole space of possible
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structural distortions should be studied. Full ge-
ometry relaxation would be the most appropri-
ate way to precisely look into the role of lattice
oxygen. But more sophisticated quantum-chem-
ical calculations must be based on similar ap-
proaches in the description of mixed-valence
state.
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