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Abstract

The electronic properties of (VE@.07(1 0 0) surface are discussed using the cluster model and DFT method. The calcu-
lations indicate that present cluster models are size converged and the cluster as lagfe@soM30 can be considered the
realistic model of the extended (V& 0O7(1 0 0) surface. Vanadyl pyrophosphate forms a material of a mixed ionic—covalent
character. Major covalent contributions participate in the V-0 as well as in the P—O binding. The calculations reveal clear
electronic differences between structurally different surface oxygen atoms. Triply coordinated oxygen sites (O3) are found to
be the most negatively charged. Doubly coordinated oxygen sites (02) and oxygen atoms singly coordinated to phosphorous
are characterize by a similar local reactivity with respect to electrophilic attacks. The strong nucleophilicity of surface oxygen
sites together with the V3d character of HOMO/LUMO suggest that the interaction of adsorbate with thEX®0) 0 0)
surface will lead to the activation of organic species proceeding via to C—H bond splitting. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction vanadium being in different formal oxidation state:
5+ (phosphatesy, 3-VOPQy), 4+ (pyrophosphate
Vanadium containing systems are widely used as (VO)2P-07) and 3+ (monophosphate VP (see for
components of various catalysts for many industrial example [3,4]). One of the most important phases
processes that yield valuable products [1,2]. Among with the ratio V/P = 1 is vanadyl pyrophosphate,
them vanadium—phosphorus oxides are one of the (VO)2P.07, which is the catalyst in oxidation of
most remarkable both from scientific and practical n-butane to maleic anhydride (MA) [12-26]. The
point of views due to their great importance in tech- other phase of a great importance is vanadyl phos-
nology. It is worth mentioning that V-O-P oxides phate, VOPQ, which is always present as domains at
have a rich chemistry where two factors: vanadium pyrophosphate surface in the active catalysts of butane
oxidation state and phosphorus to vanadium ratio can oxidation [14]. One has to stress that the oxidation
be varied [3-11]. Even at a P/V ratio restricted to 1, on n-butane to MA is one of the most demanding
one can list several well-characterized phases with chemical processes in which formally counting 14
electrons have to be exchanged. In this reaction eight

_— hydrogen atoms need to be abstracted (which leads
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E-mail addressesncwitko@cyf-kr.edu.pl (M. Witko), oxygen atoms have to be 'nserte_d Into an organic
hermann@fhi-berlin.mpg.de (K. Hermann). species. As the last step C4 chain must be cycled.
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This process leads to the formation of at least seven of octahedra from the pair as well as oxygen atoms
oxygen vacancies at catalysts surface and even iflinked to vanadium through the 3D short bonds
they do not appear simultaneously, the lattice of the seem to remain nearly unaffected. Results of calcula-
catalyst has to accommodate most of them without tions allow us to point out nucleophilic/electrophilic
structural collapse. One has also to add that oxidation active sites at the surface and therefore to suggest a
of butane to MA is the only process of the selective type of reaction proceeding at that surface.
oxidation which has been commercialized. Most of the previously performed calculations
The different V—O—-P oxides differ in vanadium ox- [27-30] have been carried out by semiempirical
idation state (5-, 4+ and 3t), in the type of connec-  methods. Schiott et al. [27] has done an analysis
tions of V-0 building units (corner/edge), as well as of the electronic structure of (V@,O; surface by
in V to P ratio [3,4]. As a consequence, there are char- modeling it with the different cluster of 30g and
acterized by different types of surface oxygen sites. V,0g{P(OH)}}s types. The main attention has been
At the surfaces of those compounds there are oxy- focused on the most favorable geometries of the
gen atoms singly coordinated to V or to PH¥, 1,3-butadiene adsorbed species. The calculations have
P=0), doubly coordinated bridging oxygens (V-O-V, been carried out using the Extendedckel method.
V-0O-P, P-O-P), as well as triply coordinated bridg- Mechanism of the selective oxidation mfbutane into
ing oxygens (to two V and one P atoms). The ¥}5 maleic anhydride has been studied by Haber et al.
phases like vanadyl phosphates er B)VOPQy, are [28] using small cluster model XDg{P(OH)}s.
built with isolated distorted V@octahedra connected INDO type calculations have been performed to study
by PGy tetrahedra. One single octahedron (with a short the approach of butane molecule to such an active
V=0 bond) is linked to the orthophosphate group in site. Different model has been applied to discuss the
such a way that each equatorial oxygen ofg\&bares role of mixed-valence state in vanadium phosphate
a corner of one PQwhereas vanadyl chains run in catalyst [29]. To model the catalytic active site the
the perpendicular directions (vanadyl groupscis tetrameric vanadium-oxygen cluster has been pro-
position). The V(4-) phase-vanadyl pyrophosphate, posed. In addition, a possible path for the interaction
(VO)2P207, presents a structure in which two YO  of 2,5-dihydrofuran with a lattice oxygen leading to
octahedra are joined by the edges. Pairs of octahe-the formation of maleic anhydride has been consi-
dra are connected by RQetrahedra which gives a dered. The calculations were carried out by atomic
layer structure in the (1 00) plane. The® bonds in superposition and electron delocalization (ASED)
the octahedra pairs are frans position and the lay-  version of the Extended itdkel method. The energy
ers are connected together by pyrophosphate groupsdifferences between various vanadyl pyrophosphate
The V(3+) phase-vanadium monophosphate, MPO crystal structures have been estimated by performing
has an orthorhombic structure, in which two ¥@c- periodic Hartree-Fock calculation [30]. Those calcu-
tahedra are joined by the edges. lations have indicated that the experimentally deter-
Vanadyl pyrophosphate attracts scientist due to mined structures for emerald-green and red-brown
several reasons. As it has already been mentioned it iscrystals of vanadyl pyrophosphate are expected to be
the catalyst in oxidation afi-butane to MA (the most  among the most stable for those materials.
intriguing and demanding process among the het-
erogeneuosly catalyzed selective oxidation reactions)
and it is present during the same reaction starting 2. Computational methods
from n-butenes. Therefore, in the present paper we
discuss the electronic structure of vanadyl pyrophos- 2.1. Crystallographic structure of (V@F.0O;
phate, in particular the electronic states of structurally
non-equivalent surface oxygen sites. There are exper- Bulk vanadyl pyrophosphate, (VeB,0O7, forms an
imental evidences that the oxygen atoms shared by orthorhombic layer crystal with lattice parameters:
one tetrahedron and pair of octahedra are the ones,7.725A, b = 16576 A andc = 9.573A [31]. Its
that are directly involved in the oxidation process. unit cell contains 104 atoms, 16 of them being V, 16
The oxygen atoms shared by tetrahedron and oneP and the rest-O atoms. A building unit consists of
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Fig. 1. Geometrical structure of the (V&%O7 (100) surface. Two local sections at the surface are emphasized by magnification, note
that every second row of Vioctahedra and POtetrahedra is structurally equivalent. In the building unit dark (light) gray balls refer to
V (O) atoms while P centers are shown in white. All distances shown in the figure are given in A.
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Fig. 2. Geometric structure of (VEI,07. Dark (light) gray balls refer to V (O) atoms while P centers are shown in white, (a) view along
(100) (b) view along (101).

two pairs of V-0 octahedra linked together via P-O are two values of P-O-P angle: 145 and 16bhe
tetrahedra (see Fig. 1). Due to a low symmetry of physical layers with normal direction along (100) are
the crystal there exist four non-equivalent vanadium composed of distorted V-0 octahedra and P-O tetra-
atoms (which form four long V-0 bonds ranging from hedra. Vanadium-oxygen octahedra are edge linked
2.21 to 2.34A, and four short V—O bonds varying into pairs (two octahedra share two equatorial oxygen
from 1.53 to 1.73A), four non-equivalent phospho- atoms and the coupling is orthogonal t&® bonds)
rous and 18 structurally different oxygen atoms. There (see Fig. 2a). Alon@ direction each V@ octahedron



M. Witko et al./Journal of Molecular Catalysis A: Chemical 166 (2001) 59-72 63

shares an opposite corner with the another octahedron,vanadium atoms are more easily accessible for the
see Fig. 2b, forming chains along alternative short and reactant molecules from a gas phase. In our model-
long V-0 bonds. One oxygen atom from P@roup ing we have focused our attention to the second type
is common with another tetrahedron (P-O—P bond) of truncation where the (1 00) surface is built of the
forming pyrophosphate group;®;. The second oxy-  pairs of VG5 square pyramids coupled by edges and
gen atom is shared between one tetrahedron and twosurrounded by P@groups. Such a cleaved surface
vanadium atoms of the coupled octahedra (triply co- is characterized by a following set of the structurally
ordinated oxygen, ibbc plane) whereas the remaining different surface oxygen atoms: singly coordinated ei-
two oxygens are shared with \é@ctahedra belong-  ther to vanadium or phosphorous atomszQ/ P=0),
ing to different chains (irbc plane). To summarize, (O1), doubly coordinated, (V—O—-P), (02), and triply
one can say that the framework of (\MP»O7 consists coordinated (to two V and one P centers), (O3).
of sheets made with a pairs of edge-sharingsWth
trans short V=O bonds. A pair of V@ octahedra is 2.2. Model and method
equatorial linked to P@tetrahedra. These sheets are
stacked upon each other so as to form a double col- All theoretical treatments of catalytic systems are
umn of a distorted V@ (chain of \=O-V=0-V... based on models, by definition, simplified with respect
bonds) which is parallel to bent pyrophosphate groups. to the real systems [32]. The quality of theoretical re-
In other words, thédoc type layers are joined together sults and their relevance with respect to experimental
through V-GV and P—O—-P bonds resulting in chains data for the real system is determined by basically two
of VOg octahedra sharing opposite corners ap®P approximations, i.e. those used to simplify the system
pyrophosphate groups. Another approach is to con- geometry, and those used to evaluate the electronic
sider the lattice as containing two closed-packed layers structure for model system. Both approximations in-
of oxygen atoms which lie parallel to the-plane at fluence each other and there are no simple criteria to
approximately 1/4 and 3/4 along theaxis. These lay-  select system geometry or theoretical methods to yield
ering planes are made up entirely of the basal oxygensa given accuracy.
of vanadium octahedra and pyrophosphate tetrahedra To model the cleaved (VQIP.O7(100) surface, a
[5]. There are some experimental evidences indicat- cluster model is used. The substrate atoms are cut out
ing that the oxygen atoms shared by one tetrahedron of the surface of the catalyst, i.e. the assumption of a
and two octahedra (triply coordinated oxygen sites) localized interaction near the adsorption site and the
are the ones, that are directly involved in the oxida- neglect of the long-range interactions is introduced. In
tion process. The oxygen atoms shared with octahedraall cases the formal oxidation states for all atoms and
from the different chains (doubly coordinated oxygen the neutrality of the cluster are assumed. To take into
centers) as well as oxygen atoms linked to vanadium account the effect of structural and electronic cou-
through the *O short bonds (singly coordinated oxy- pling with the environment, hydrogen atoms saturate
gen sites) seem to remain nearly unaffected. each cluster. The main drawback of the cluster model
Nowadays, it is generally accepted that the crystal is the incorrect treatment of atoms at the cluster pe-
plane parallel to (100) contains the active sites for riphery, which manifests itself in the dependence of
n-butane oxidation. Experimental results of the deter- the calculated physical and chemical parameters on
mination of a maximum yield in maleic anhydride, as the size and geometry of the cluster. Therefore, clus-
a function of the P/V ratio, seem to indicate two pos- ters of different size and shape, exhibiting different
sible truncations present at the surface of the most ac-local states, are examined. The following two sets of
tive and selective catalyst. First, it is the truncation in surface clusters are discussed: those, composed of two
which the surface is terminated by the pendant groups square pyramids, but differing in chargepR6O2s,
of pyrophosphate that surround the pairs of V-O pyra- VoPsOo6H1621T, VoPsOogH14, V2POoeH122~ (see
mids. In this case vanadium ions are buried inside a Fig. 3a) and those, which have different size but
cavity or cleft in the walls formed by4®; groups. In are neutral, YOgHg, V2PsOsgH14, V10PsOs0H30,
the second type of truncation of the crystallites the or- V14P10070H34, V18P16096H40 (see Fig. 3b). The first
thophosphate groups terminate the surface. Here, theset serves to study the saturation effect whereas the
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Fig. 3. Clusters used to model (100) surface of (M®P;. Dark (light) gray big balls refer to V (O) atoms while P centers are shown
in white, (a) WbPsO26H162t cluster, small black balls refer to hydrogen atoms removed when formiig®bsH14 Whereas hydrogen
removed to form YPgOo6H122~ cluster are denoted as gray and black small balls. #P8OsoH30 cluster.

other one to achieve cluster size convergence. Clus-proaches, the semiempirical ZINDO (for obtaining
ters are chosen in such a way that each smaller clusterqualitative trends in large model systems) [33-35],
forms a subsection of the bigger one. and ab initio Density Functional Theory (DFT)
The electronic structure of the vanadyl pyrophos- [36,37] (for a quantitative account of small model
phate (100) surface is evaluated using two ap- systems) methods. The use of different methods to
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determine electronic structures results in a complete order indices [42,43] describe covalent contribution
electronic description of the catalytic model system, to the interatomic bonds and may serve as a measure
and excludes the dependence of the calculated prop-of their strength. Characteristics of orbitals of the
erties on the method. The INDO type treatment is HOMO/LUMO type, which are responsible for the in-
applied to clusters as large aggP16096H40 to select teraction with approaching molecule, identifies atoms
a cluster whose electronic properties are converged involved in these orbitals whereas plots of respective
with respect to the size of the cluster. The DFT calcu- wavefunctions provide direct information about the
lations are performed for clusters up t@oPsOsoH30 type of atomic orbitals which are involved.
to discuss details of the electronic structure. In the
calculations the Kohn—Sham orbitals are represented
by linear combinations of atomic orbitals (LCAOs) 3. Results and discussion
using all-electron basis sets of contracted Gaussians,
which are taken from DFT optimization for the atoms Table 1 lists results of Mulliken population and
[38]. In the calculation the program package DeMon Mayer bond indices for the selected atoms (shown in
[39] is applied. The exchange and correlation is ap- Fig. 4) of VoPgOag, VoPsOosH 162+, VoPsO26H14 and
proximated by the local spin density approximation V,PsO,sH1,2~ clusters (see Fig. 3a). This set of clus-
(LSDA) based on the Vosko-Wilk—Nusair functional ters represents different types of saturation. In case of
[40]. the first cluster, YPsO2s N0 peripheral saturation is
The electronic properties of the clusters are applied and no formal oxidation states for atoms con-
elaborated by discussing the following electronic pa- stituting the cluster are assumed. ThgPyOsH 162"
rameters: atomic charges, bond order indices, wave- cluster is selected by saturating oxygen atom from the
functions and distribution of populations of molecular P—O groups according to its missing bonds, i.e. four
orbitals (in particular the HOMO). Atomic charges H,O and eight OH species are formed. The choice of
follow from the Mulliken population analysis [41] the V,>PsOxgH14 cluster follows from the requirement
and provide us with information about ionic (electro- of the cluster neutrality. In ¥PsOxeH12°~ cluster
static) contributions to binding in the system. Bond each oxygen atoms from P-O groups is saturated

Table 1
Mulliken population and Mayer bond indices for the selected atoms (see Fig. 4),B§Ods, V2PsO26H16%", VoPsO2eH14 and
V2PsO26H12%~ clusters obtained by DFT treatment

Atoms V2PsO26 V2PsO26H16%* V2PsOz6H14 V2Ps026H12%2~

Charges
V1=01 1.00~0.15 1.00+0.21 0.9940.23 0.95+0.26
V2=01 1.15/-0.18 1.13+0.27 1.11/0.30 1.0940.33
P1=01 1.19/0.26 1.18/-0.60 1.18/-0.64 1.14/-0.68
pP2=01 1.21/-0.32 1.20+0.57 1.1940.60 1.1540.65
V1-02-P1 —0.51 —0.58 —0.58 —0.59
V1-03-V2-P2 -0.71 —-0.70 -0.71 -0.71

Distances R) and bond orders

R(V1=01) = 1.55 2.37 2.39 2.36 2.34
R(V2=01) = 1.73 2.30 2.31 2.27 2.31
R(P1=01) = 1.63 1.10 1.67 1.66 1.67
R(P2=07) = 1.56 1.32 1.85 1.81 1.85
R(V1-02) = 2.00 0.83 0.51 0.49 0.51
R(P1-02)= 1.53 1.13 1.33 1.36 1.33
R(V1-03) = 2.09 0.42 0.38 0.38 0.38
R(V2-03) = 2.05 0.42 0.36 0.36 0.36

R(P2-03)= 1.56 0.90 1.03 1.08 1.03
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Fig. 4. Fragment YP,014 (with atom notation) used to describe
a central part of all clusters.

by one hydrogen forming OH group. In the remain-
ing three clusters (W@OzeHlez"', V2PgO2o6H1 4,
V2PsOo6H10%7) 4+, 5+, 2— and H- formal oxida-
tion states are assumed for vanadium, phosphorous,
oxygen and hydrogen atoms, respectively. Similar
studies were performed for different clusters model-
ing V20s5(0 1 0) surface, where no saturation or satu-
ration resulting in the formation of surface either OH
or H,O species was discussed [44]. From Table 1 one
sees only slight variation in electronic parameters for
clusters with different saturation. The positive charges
characterizing vanadium atoms vary between 0.95
and 1.00 for V1 and 1.09 and 1.13 for V2. The singly
coordinated oxygen O1 bonded to more positive metal
ion possesses smaller negative charge (0.21-0.26)
in comparison to the oxygen O%ingly coordinated

to more oxidized vanadium V2. The differences in
charges become negligible if we compare the rela-
tive charges of differently coordinated oxygen. In all
cases the charge differences between oxygen singly
coordinated to vanadium (O1) and oxygen doubly
coordinated V-O-P (02) and between that oxygen
and oxygen triply coordinated (O3) are about 0.3 and
0.1e. In fact the same applies toR602¢ cluster
with no peripheral saturation. The only larger differ-
ence concerns its doubly coordinated oxygen, which
is less negatively charged and more strongly/weakly
bonded to V/P atoms. The saturation effect is clearly
seen from the HOMO description. Fig. 5 shows the
population distribution for the orbitals of HOMO type
for VoPsOos and VoPsOneH162T clusters (for the
remaining \bPsOx6H14, V2PsO26H122~ clusters the

M. Witko et al./Journal of Molecular Catalysis A: Chemical 166 (2001) 59-72
pictures are similar to that for ’PsOo6H16%1). The
population distribution for HOMO of the first cluster
is characterized by the contribution of atomic or-
bitals of peripheral oxygen atoms. For the remaining
clusters the main contribution comes from vanadium
atoms so it is in the case of largg yPsOs0H30 clus-
ter, which will be discussed below. This indicates
that VoPsOog cluster, in contrast to saturated small
clusters, can not be used to describe the electronic
structure of vanadyl pyrophosphate.

Table 2 summarizes the electronic parameters ob-
tained using the ZINDO approach for the;R0g

(a)

(b)

#

Fig. 5. Population distribution for the orbitals of HOMO type (a)
VP02 cluster (b) VbPsO26H16%T cluster, note that HOMO char-
acter is the same for 3PgOosH162+, V2PsO26H14, V2PsO26H122
clusters. The respective Mulliken populations determine atomic
radii, cut has been done through (100) plane.
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Table 2
Electronic parameters obtained using ZINDO approach for the,¥s fragment (see Fig. 4) in 30gHsg, V2PsO26H14, V10PsOs0H30,
V14P10070H34, and VigP16096H40 clusters

Bonds \%OgHe V10PsOs0H20 V14P10070H20 V18P16096H22

Charges
V1=01 1.15+0.37 1.20+0.32 1.20+0.32 1.20+0.31
V2=01 1.16/~0.34 1.1640.31 1.1540.31 1.1640.30
P1=01 — 1.05/-0.44 0.97+0.43 0.9740.43
pP2=01 — 1.06~0.47 1.06£0.47 1.06£0.47
V1-02-P1 —0.50 —0.49 —0.48 —0.48
V1-03-V2-P1 -0.47 —0.48 —-0.48 —0.48

Distances R) and bond orders

R(V=0) = 1.55 2.60 2.64 2.65 2.65
R(V=0) = 1.73 1.94 1.95 1.95 1.95
R(P=0) = 1.63 - 0.92 0.91 0.91

R(P=0) = 1.56 - 1.04 1.04 1.04

R(V-0) = 2.00 1.13 0.98 0.98 0.98
R(P-0) = 1.53 0.94 0.93 0.93 0.93
R(V1-0) = 2.09 0.69 0.71 0.71 0.70
R(V2-0) = 2.05 0.69 0.72 0.71 0.71
R(P-0) = 1.56 0.93 0.78 0.79 0.79

fragment (shown in Fig. 4) in ¥OgHg, V2PsO26H14, for doubly O2 and triply O3 coordinated oxygen sites
V10PsOs0H30, V14P10070H34 and VigP160gsH40 (0.18 and 0.21 e, respectively) and result from a fact
clusters. Here, for all atoms in clusters, the formal that in this cluster neither O2 nor O3 oxygen atoms
oxidation states are assumed. One can note that thehave their proper surface neighbors. For both the
calculated values are almost the same for all clusters phosphorous atom is replaced by the hydrogen atom
belong V1 oPsO50H30, that indicates size convergence that saturates the cluster. Increasing the size of the
and shows that this cluster can be considered as a realcluster, by going from YPsO26H14 to V10PsOs0H30
istic representation of the extended (©)O(100) cluster accounts for the appropriate neighbors in half
surface. of the building unit of the (VOIP,0O7 (the second half
The detailed electronic structure of the (100) sur- differs by a small variation in bonding distances, see
face of vanadyl pyrophosphate is analyzed using the Fig. 1).
DFT method. The results (i.e. the atomic charges and Let us now discuss the )dPsOs0H3p cluster which
bond orders) of those calculations done fgrOgHsg, according to ZINDO calculations can represent the
V2PsO26H14, V10PsOs0H30 clusters are listed in extended (VO)P.O7(100) surface. In agreement
Table 3. The smallest cluster is built of a pair of V-O with chemical reasoning all vanadium and phospho-
square pyramids, the next in order accounts for P—O rous atoms are positively charged whereas all oxygen
tetrahedra that separate the®4o unit one from the posses negative charges. According to DFT results
other, whereas in the MPsOs0H3p cluster half of the vanadium atoms V1 and V2 are described by
the building unit of the (VO)P,O; has its appro-  atomic chargest+0.93 and+1.06 and phosphorous
priate surface environment. Here, like in the case of atoms P1 and P2 bw1.33 and+1.30. The oxy-
ZINDO treatment, we have restricted the analysis to gen atoms are differently charged depending on their
the V>P,0g fragment shown at Fig. 4. Discussing the coordination number. The most negatively charged
results we see the variation in atom charging when (—0.74) is the triply coordinated oxygen, O3, that
going from the V2 to V10 clusters however, the differ- have two vanadium and one phosphorous atoms as
ence is not a dramatic one and concerns only the clus-the neighbors. Next in order is a doubly coordinated
ter without PQ groups. The biggest differences are oxygen 02 {0.60) that binds to one vanadium and
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Table 3
Mulliken population and Mayer bond indices for the selected atoms (see Fig. 4Q@fH4, V2PsO26H14, V10PsOs0H30 clusters obtained
by DFT method

Atoms V>0gHg V2PsO26H14 V10PsOs0H30

Charges
V1=01 0.85/~0.30 0.9940.23 0.94£-0.22
V2=01 0.93~0.36 1.11/0.30 1.06£0.29
P1=01 — 1.18/~-0.64 1.33+0.57
P2=01 - 1.19/0.60 1.30~0.59
V1-02-P1 —-0.78 —0.58 —0.60
V1-03-V2-P2 —-0.95 -0.71 —-0.74

Distances R) and bond orders

R(V1=01) = 1.55 2.29 2.36 2.36
R(V2=01) = 1.73 2.20 2.27 2.26
R(P1=01) = 1.63 - 1.66 1.59
R(P2=01) = 1.56 - 1.81 1.78
R(V1-02) = 2.00 0.93 0.49 0.63
R(P1-02)= 1.53 0.74 1.36 1.23
R(V1-03) = 2.09 0.16 0.38 0.42
R(V2-03) = 2.05 0.15 0.36 0.42
R(P2-03)= 1.56 0.63 1.01 0.90

8Here P= 2H which saturate cluster.

one phosphorous. Very similar in the nucleophilic in a quite big difference in bond orders (1.59 against
character to O2 are the oxygens singly coordinated 1.78). The doubly coordinated (O2) oxygen forms two
to phosphorous, O1 and Q1(-0.57, —0.59, re- bonds with its partners, quite a weak one (0.63) with
spectively) whereas the vanadyl oxygen atoms, O1 V and more than a single one (1.23) with P atom. The
and O1, bonded to vanadium are characterized by similar situation is in the case of the triply coordinated
the weakest nucleophilic character@.22, —0.29, oxygen (O3), almost the single bond (0.90) with phos-
respectively). phorous atom and two very weak bonds (0.42) with
Atom charges in the clusters can yield information vanadium atoms.

about local ionicities and ionic (electrostatic) binding The surface of vanadyl pyrophosphate is the plat-
between the V and O or P and O atoms. In contrast, form for various reactions including bond formation
bond order results give a rough estimate of covalent with an adsorbate, reconstruction of the surface and
contributions to the total V-O and P—O bonds. The penetration of the adsorbate into the surface. To ad-
results of Table 3 confirm the general picture based sorb organic molecule two mechanisms are possible:
on simple valence concepts. The bond order describ-a transfer of HOMO electrons from the cluster to
ing bonds between terminal oxygens (O1, Ydnd LUMO of the molecule (leading to an activation of an
vanadium atoms yield values above 2 that suggestsorganic molecule via for example bond breaking) or
both vanadyl bonds being the strong double bonds. the transfer of electrons from the organic species into
A noticeable difference in distances in two vanadyl the LUMO of the cluster. To describe the chemical
groups (1.55 and 1.73 A) manifests only slightly both behavior of the surface, Fig. 6 shows the population
in charging and bond orders (2.36 against 2.26). The distribution and the respective electron wavefunction
oxygen atoms singly coordinated to P atoms (O1)O1 for HOMO whereas Fig. 7 the population distribu-
form bonds of the character between the double and tion and wavefunction for LUMO for VoPsOs0H30

the single ones. In this case however, a small differ- cluster. Both the population distribution and the char-
ence in P-O bond distances (1.63 and 1.56 A) results acter of the electron wavefunction indicate that the
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(a)
l

l X e o

(b)

Fig. 6. Population distribution for the orbitals of HOMO and electron wavefunctions describing the highest occupied molecular orbital in
case of MoPsOs0H3p cluster. The respective Mulliken populations determine atomic radii, cut has been done through (100) plane.
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(a)

(b)

Fig. 7. Population distribution for the orbitals of LUMO and electron wavefunctions describing the highest unoccupied molecular orbital
in case of \{oPsOs0H30 cluster. The respective Mulliken populations determine atomic radii, cut has been done through (100) plane.
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