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Modelling the active sites in vanadyl pyrophosphate
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Abstract

The ability of the vanadyl pyrophosphate (1 0 0) surface to selectively activaten-butane in the slow step of paraffin oxyfunc-
tionalisation was investigated. Quantum chemical calculations were performed on small cluster models for orthophosphate
and pyrophosphate surface terminations. Electrostatic potential surfaces forn-butane and the catalyst clusters show favourable
electrostatic interaction, with the reactant oriented to maximise Coulombic attraction between terminal hydrogens and surface
oxygens. Site-selectivity for covalent interaction at the reactant–surface interface, as measured by frontier molecular orbital
(FMO) surfaces and Fukui functions, indicates that surface vanadium species can selectively cleave methylene C–H bonds
for butane activation. Both surface terminations, orthophosphate and pyrophosphate, feature the same activation mechanism.
The pyrophosphate model, however, has a higher concentration of surface P–O oxygen species which feature prominently in
the high-lying occupied orbitals. Hence, the pyrophosphate-terminated surface may promote subsequent controlled oxidation
of activatedn-butane to maleic anhydride. The susceptibility of maleic anhydride to further reaction at the surface was also
examined using the active site reactivity analyses.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Vanadyl pyrophosphate (VO)2P2O7, is the most
selective catalyst for the oxyfunctionalisation of
n-butane to maleic anhydride[1]. This is the only
commercial paraffin oxidation process[2], and in
typical industrial plants the maleic anhydride yield is
approximately 60%. Significant gains in selectivity
and activity for this reaction will only occur if we can
understand the system at the molecular level[3]. This
is equally true for all mild oxidation reactions[4].

There is still much debate regarding the mode of
action of vanadyl pyrophosphate in butane selective
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oxidation[5]. However, areas of general agreement do
exist.

1. The working catalyst is largely composed of
(VO)2P2O7. The equilibrated VPO catalyst has an
average vanadium oxidation state of 4.0–4.04 and
a bulk P to V ratio of 1–1.1; the concentration
of VV species decreases close to zero with time
on-line [6].

2. The (VO)2P2O7 surface derived from the (1 0 0)
plane is active for the oxyfunctionalisation of
n-butane to maleic anhydride[1].

3. The activation ofn-butane proceeds via irreversible
methylene C–H rupture[7].

4. The surface P/V ratio is always between 1.0 and
1.5, in the most selective catalysts[8].
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5. At high n-butane conversion, the selectivity to
maleic anhydride decreases rapidly[9].

Some theoretical studies on the selective oxida-
tion of n-butane over vanadyl pyrophosphate have ap-
peared in the literature[10–13], with cluster models
used to represent the catalyst (1 0 0) surface. The clus-
ter approximation has been widely applied in studying
metal oxide catalysed reactions[14], as it is in tune
with the concept of a finite but chemically complex
active site.

In the present work, both orthophosphate and py-
rophosphate surface terminations are incorporated
into active site cluster models. Electronic structures
of n-butane and maleic anhydride are explicitly con-
sidered, as is a dynamic model of reactivity[15].
The dynamic model of reactivity involves electron-
deficient and electron-rich, as well as neutral, systems
and may be used to predict the extent, direction
and site-selectivity of electron transfer at the reactant–
surface interface.

2. Methodology and computational details

All calculations were performed using Gaussian98
[16]. Two catalyst cluster models were generated,
reflecting the active site of (VO)2P2O7 in two dif-
ferent surface terminations. The Open model of the
active site involves a surface with P/V equal to that
of the bulk, while the Surface Cleft model[8] (here-
after known simply as the Cleft model) corresponds
to a surface with P/V equal to 1.5, a typical value
measured on industrial catalysts for this reaction
[3].

To create surface models, the bulk crystal structure
[17] was cleaved along a plane parallel to (1 0 0),
breaking PO–P bonds with the (n−1) layer, and PO–P
or PO–V bonds with the (n + 1) layer for orthophos-
phate and pyrophosphate termination, respectively.
Active site models were then isolated, with hydrogen
atoms used to cap dangling bonds.

The resulting Open and Cleft clusters are shown in
Fig. 1. The clusters shown inFig. 1 are quite small;
they represent the largest possible clusters for which
radical cation and anion structures could be obtained.
The applicability of dynamic reactivity indices is
limited to modest-sized systems, due to convergence

Fig. 1. Open and Cleft models for the vanadyl pyrophosphate active
site. A formally neutral Cleft cluster was obtained by capping
two surface P–O oxygens with hydrogen; the oxygens labelled
“Surface P–O oxygen” in the figure are coordinatively unsaturated
in the formally neutral clusters.

problems and hence poorly-equilibrated charge distri-
butions in the radicals.

Electronic structure determinations were performed
using the B3LYP[18] functional and 3-21G, 6-31G,
and 6-31G∗ basis sets. Restricted and restricted
open-shell calculations describeN0 and N0 + �N

electron systems, respectively. Mulliken[19]. Natu-
ral [20] population analyses were used to compute
atomic charges.

A number of reactivity indices[21–24]were used to
probe the nature of the active site clusters and substrate
molecules, allowing prediction of reaction pathways
at the surface. Molecular electrostatic potential (MEP)
[21] surfaces were used to predict site-selectivity for
charge-controlled (ionic) interactions. For orbital-
controlled interaction, site-selectivity may be pre-
dicted from comparison of the HOMO in one system,
the less electronegative system[15,22], with the
LUMO in the other, the basis of frontier molecular or-
bital (FMO) theory[23]. Fukui functions[24], which
allow for orbital relaxation upon global change in elec-
tron number, have developed as companion parame-
ters to FMOs. They may be viewed as the dynamic
analogue of the HOMO and LUMO, involving explicit
consideration of electron-deficient and electron-rich,
as well as neutral, systems in determining local reac-
tivity. Recent theoretical work[25] has indicated that
it may be possible to obtain Fukui functions from just
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the neutral system. The algorithms developed how-
ever, are quite novel and have yet to be incorporated
into standard molecular modelling packages.

The Fukui function may be defined as the change
in electron density at a siter caused by a change
in the global number of electrons for the system,
seeEq. (1)

f (r) =
(

∂ρ(r)

∂N

)
ν(r)

(1)

whereν(r) is the external potential. The condition of
fixed nuclear geometry arises from a DFT Maxwell
relation forf(r) [15].

The electron density as a function ofN has a discon-
tinuity of slope at each integralN. By finite-difference,
operational formulae may be derived forf −(r) and
f +(r), and the electron density then condensed to
atoms, yieldingEq. (2)

f −(r) = qN0−1(r) − qN0(r)

f +(r) = qN0(r) − qN0+1(r)
(2)

whereq(r) is the charge on atomr. N0, N0 − 1, and
N0 + 1 refer, respectively, to neutral, radical cation,
and radical anion systems.

Thef −(r) distribution dictates which sites undergo
electrophilic attack by determining each site’s ability
to donate electron density. Similarly,f +(r) predicts
sites for nucleophilic attack by measuring each site’s
response to incoming electron density.

Combining this site-specific information with such
global reactivity descriptors[22] as absolute hardness
and electronegativity, it is clear that a local HSAB the-
ory may be invoked whereby reaction occurs between
the hardest atoms in electrostatic interactions and the
softest atoms in orbital-controlled (electron transfer)
reactions[26]. In orbital-controlled interaction, the re-
action sites in a system are places where change in
electron density is favourable. Hence, reaction occurs
at sites with largest Fukui value. This implies a large
change in chemical potential (electronegativity), con-
ducive to minimisation of the grand canonical poten-
tial in the post-reaction system[27]. In essence, the
Fukui function is a site-specific manifestation of the
general principle that electrons flow from regions of
low, to high, electronegativity.

3. Results

3.1. Charge-controlled interaction at the
butane–(VO)2P2O7 interface

Fig. 2 shows MEP surfaces calculated forn-butane
and the two alternative active site configurations.

Positively-charged hydrogens, terminal hydrogens
in the plane of the C–C backbone having the highest
positive electrostatic potential, dominate the MEP sur-
face of n-butane. The energetically most favourable
Coulombic interaction will occur between these hy-
drogens and the regions of highest negative electro-
static potential at the (VO)2P2O7 active surface, the
unsaturated P–O oxygens. Orientations of approach of
n-butane to the surface that maximise this attraction
are shown inFig. 3.

Terminal carbon and terminal hydrogen are the most
negative and positive sites, respectively, inn-butane,
so any ionic interaction with the surface will be prop-
agated principally through these atoms.

3.2. Orbital-controlled interaction at the
butane–(VO)2P2O7 interface

3.2.1. n-Butane
Once anchored electrostatically at the surface, elec-

tron transfer will be initiated by electron donation from
n-butane to the active site, as predicted by their relative
electronegativities;χn-butane= 2.7 eV,χOpen= 3.8 eV,
andχCleft = 4.3 eV, as calculated from SCF energies
for neutral and radical systems at B3LYP/6-31G∗, with
the trend insensitive to model chemistry. The absolute
electronegativity of a system may be expressed as[15]

χ = 1
2(I + A), where I = EN0−1 − EN0 and

A = EN0 − EN0+1 (3)

To predict reaction site-selectivity for butane activa-
tion, FMO surfaces and Fukui functions are examined,
seeFig. 4.

The most nucleophilic carbon inn-butane is methy-
lene carbon, as indicated by both the HOMO surface
(and corresponding atomic densities, not shown) and
f − distribution. Terminal hydrogen in the plane of
the carbon backbone as the local base site, as sug-
gested by itsf − value, is at odds with its relatively
low contribution to the HOMO and also its positive
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Fig. 2. MEP surfaces forn-butane, and Open and Cleft active sites. Isopotential= 3.0 a.u. White and black denote net positive and net
negative electrostatic potential, respectively. MEP surfaces are insensitive to model chemistry.

charge. Deconstructing the atomicf − values to
atomic orbital-based functions shows methylene car-
bon (specifically the 2py atomic orbital, which forms
the methylene C–C bonding combination that pre-
dominates the HOMO) to be the site donating the
most electron density upon formation of the radical
cation,N0 − 1 electron, system.

Hence, we may expectn-butane to donate electron
density from methylene carbon in its initial cova-
lent interaction with the surface. Of the hydrogens,
methylene hydrogen exhibits the most electrophilic-
ity, according to both the LUMO surface and thef+
distribution.

3.2.2. Open active site
Analysis of local short-range reactivity in the (VO)2

P2O7 active sites is more complex.Fig. 5shows FMO
wavefunctions calculated for the Open active site.

In-phase and out-of-phase combinations of vana-
dium 3dx2−y2 atomic orbitals dominate the FMOs, in

agreement with recent calculations on a much larger
cluster model[13]. Surface P–O oxygens, from which
areas of negative electrostatic potential originate (see
Fig. 2), do not contribute to the FMOs. Inspection of
neighbouring MOs shows, however, that the surface
P–O oxygens contribute significantly to high-lying oc-
cupied MOs but not low-lying unoccupied MOs.

Fig. 6 shows wavefunctions and cumulative atomic
MO densities for the first five occupied MOs in the
Open active site.

HOMO-1, HOMO-2, HOMO-3 and HOMO-4
wavefunctions describe surface P–O oxygen lone pair
electron orbitals. HOMO-5 and HOMO-6 are signifi-
cantly lower in energy. They describe the surface P–O
bonding oxygen electron and the unpaired oxygen
electron for each surface-undersaturated oxygen.

Thus, the static model of local reactivity shows
vanadium predominating the HOMO and LUMO, with
the neighbouring occupied orbitals built from surface
P–O oxygens.
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Fig. 3. Electrostatic alignment ofn-butane at the Open and Cleft active sites. For clarity, atomic display radii are reduced relative to the
previous figures (from 25 to 10% the van der Waals radii), and capping Hs are not shown in the clusters.

The identification of vanadium as the local base and
acid site in the Open active site is confirmed by Fukui
analysis, as shown inFig. 7.

The deviation with population analysis within a par-
ticular basis set is slight; MPA gives practically iden-
tical results. The main difference with basis set is in

Fig. 4. Local base and local acid sites inn-butane. B3LYP/3-21G results shown, with Fukui functions calculated from NPA atomic charges.
Rank orderings for atomic FMO densities and Fukui functions are not affected by choice of basis set or method of charge analysis. An
isopotential of 0.05 a.u. is used in these, and all subsequent, MO wavefunction plots.

rank orderings for the vanadium atoms and their neigh-
bouring oxygens[28].

3.2.3. Cleft active site
Analysis of local reactivity in the Cleft active site

also predicts vanadium acting as both the local base
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Fig. 5. HOMO and LUMO surfaces for Open active site.

and local acid site, together with strong presence of
surface P–O oxygens in the first few occupied or-
bitals but not in the virtual orbitals.Fig. 8 shows
FMO wavefunctions for the Cleft active site, while
Fig. 9 shows atomic molecular orbital (MO) den-
sities summed over the first nine occupied MOs,
and also the Fukui distributions. The first nine oc-
cupied MOs include wavefunctions for vanadium
and also for both pairs of p electrons on each sur-
face P–O oxygen. Hence, eight MOs, compared to
four for the Open active site, are necessary to de-

Fig. 6. HOMO-x (x = 0, . . . , 4) surfaces and densities for Open active site. B3LYP/3–21G results used, with larger basis sets giving
qualitatively identical results.

scribe P–O oxygen non-bonding electron orbitals in
the Cleft model; this is because the number of sur-
face P–O oxygens is doubled in the Cleft active site
cluster.

The main effect of pyrophosphate termination is
a change in ordering of occupied MOs (the bonding
combination of vanadium 3dx2−y2 AOs is demoted
in energy from HOMO to HOMO-4 upon pyrophos-
phate termination) and a more significantf − value
on surface P–O oxygens. However, vanadium remains
the local base and acid site, according to the dynamic
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Fig. 7. Fukui analysis for Open active site. B3LYP/3-21G, with NPA, results shown.

Fig. 8. HOMO and LUMO surfaces for the Cleft active site model.

model of reactivity, when vanadyl pyrophosphate
features surface enrichment in phosphorous. Again,
detailed analysis of the Fukui distributions is not
presented here[28].

Armed with these results, we may construct the
energetically most favourable path forn-butane co-
valent interaction with the vanadyl pyrophosphate
surface.
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Fig. 9. Atomic constituents of outer-lying occupied orbitals, and Fukui distributions in the Cleft active site. B3LYP/3-21G with NPA results
shown. MPA gave similar Fukui distributions, for all basis sets.

4. Discussion

4.1. n-Butane interaction with the
(VO)2P2O7 surface

4.1.1. Adsorption and activation
Since neither the methylene carbons nor methy-

lene hydrogens carry the highest charges inn-butane,
the present work indicates that selective activation of
n-butane is not possible via charge-controlled interac-
tion. Though the global hardness ofn-butane suggests
its participation in ionic interactions[26], this type of
interaction will not lead to selective dehydrogenation.

NH3 (absolute hardness,η = 8.2 eV [15]) chemi-
sorbs at the vanadyl pyrophosphate surface[29], in-
dicating that hard molecules can interact covalently
with the surface. Recent theoretical studies[30] on ze-
olite catalysis also used short-range reactivity indices
to rationalise the interaction of hard molecules such
as N2 (η = 8.9 eV), CO2 (η = 7.3 eV), and CO (η =
7.9 eV), with a soft (η ∼ 3.0 eV) zeolite active site.
Hence, Fukui functions and local softnesses are now
used to derive a site-selective mechanism for butane
activation.

Once anchored electrostatically at the surface, any
covalent interaction will be initiated by flow of elec-
tron density from methylene carbon to vanadium, as
predicted by global and local reactivity analysis. A
side effect of this adsorption is that methylene hydro-
gen is placed in the vicinity of vanadium, as close as
their positive charges will allow. The identification of
vanadium as the local base site in the active site is
conducive to concomitant electron donation to methy-
lene hydrogen (population of the methylene C–H
�∗ contribution to the LUMO, seeFig. 4). Hence,
n-butane may be attacked by vanadium via a dual
acid–base mechanism.

Fig. 10 shows site-selectivity for acid, and
acid–base attack, onn-butane. The arrows, in this
and all subsequent figures, indicate the direction,
but not extent, of electron flow; as explained be-
low, the hardness of butane means the interaction is
weak.

The net effect of adsorption through methylene
carbon and donation of electron density to methylene
hydrogen is weakening of methylene C–H bonds,
with methylene C–H rupture activating butane at the
surface.
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Fig. 10. (a) Electrostatic alignment of butane at the surface; the Cleft active site, not shown, features a similar orientation of approach,
seeFig. 3. (b) Acid and acid–base attack onn-butane by vanadium at the (VO)2P2O7 surface.

Eq. (4) [22]quantifies the number of electrons trans-
ferred between species A and B (χA > χB) in the
initial covalent interaction

�N = χA − χB

2(ηA + ηB)
(4)

For n-butane electron donation to the surface,�N
is <0.1, due to the high hardness ofn-butane. The
hardness ofn-butane assists in the dual acid–base ac-
tivation mechanism. A higher�N for the initial inter-
action would be advantageous to only acid attack at
methylene carbon, without base attack at methylene
hydrogen, whereby C2–C3 cleavage products would
predominate.

Analysis of local softness[15] values, Fukui func-
tion of the most reactive site times the global softness
of the system, shows how vanadium has much higher
electron donor/acceptor power than the reaction sites
on butane, seeTable 1. Global softness[15], the in-
verse of absolute hardness, is calculated in a similar
manner to absolute electronegativity[15], where the

operational formula for global softness is

S = 2

I − A
(5)

Local softness serves as a measure of intermolecular
reactivity, carrying knowledge of both inherent and
site-specific reactivity. Vanadium local softness is
far greater than that of either the methylene carbon
or hydrogen, indicating that vanadium may perform

Table 1
Comparison of electron donor/acceptor powers inn-butane and
(VO)2P2O7 active sites

B3LYP/3-21G S f − s− f + s+

n-Butane 0.07 0.08 0.01 0.14 0.01
Open cluster 0.83 0.19 0.16 0.21 0.17
Cleft cluster 0.76 0.23 0.17 0.18 0.14

3-21G results are used, but trends are insensitive to level of theory.
f − andf + for n-butane are for methylene carbon and methylene
hydrogen, respectively.f − andf + for the active site clusters are
for vanadium.
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multi-site attack on butane. Hence the concerted
2,3-methylene C–H cleavage activation mechanism
shown inFig. 10, which is also in agreement with pre-
vious correlations between calculated and observed
rate constants for this reaction[1]. The mismatching
of n-butane and the active site in terms of relative
electron donor/acceptor power suggests a weak inter-
action [26], in agreement with the observed low rate
of butane activation at the surface[31].

A recent IR study[32] has reported strong experi-
mental evidence forn-butane activation at vanadium
sites, while another very recent study[33] involving
the use of isotopically labelledn-butane indicated that
the non-selective oxidation ofn-butane involves ab-
straction of methyl groups; the methylene C–C bond
is not ruptured at the surface.

These observations are in agreement with the dual
acid–base mechanism proposed above.n-Butane is ad-
sorbed via nucleophilic attack of methylene carbon on
vanadium, but the methylene C–C bond is not cleaved,
because of the weakness of the interaction and the
accompanying transfer of electron density from vana-
dium to methylene hydrogen.

4.1.2. Effect of surface enrichment in phosphorous
Temporal analysis of products (TAP) work[1,34],

has led to the proposition of a surface lattice oxygen
species, OSL, responsible for allylic oxydehydrogena-
tion of, and oxygen insertion into, activatedn-butane.
Results indicate that selectivity to maleic anhydride is
a function of [OSL] at the active site, also in agreement
with recent isotope work[33].

Electrophilic oxygen species are generally thought
to promote the formation of C–C cleavage, total oxi-
dation, products. Surface radical oxygen, formally•O,
is generally thought to be an electron acceptor, want-
ing an extra electron to fill its p-shell[9].

In the analysis of reactive sites on vanadyl py-
rophosphate, however, surface P–O oxygen species
exhibit only electron donor properties, as seen by
their strong contribution to the outer occupied MOs
but not to the virtual orbitals. This is confirmed by
Fukui analysis, where they show significant basicity
(f − value), particularly in the Cleft cluster, but not
acidity (f +). Neither V–O–V nor V–O–P oxygens
show reactivity.

Hence, given that surface P–O oxygens exhibit nu-
cleophilic but not electrophilic properties, they may

provide a source of selective oxygen species for C–H
rather than C–C cleavage in post-activation steps. This
may explain why surface enrichment in phosphorous
is necessary for more selective vanadyl pyrophosphate
catalysts, since a phosphorous-enriched surface natu-
rally features more P–O oxygen species.

4.1.3. Maleic anhydride interaction with the
(VO)2P2O7 surface

Maleic anhydride, the selective oxidation product,
is more electronegative than either type of vanadyl
pyrophosphate active site;χmaleic anhydride= 6.1 eV
at B3LYP/6-31G∗. Regardless of model chemistry,
maleic anhydride is always more electronegative than
the clusters.

Hence, any covalent interaction will proceed via
base attack by the surface on acid sites in maleic anhy-
dride.Fig. 11shows the MEP surface of maleic anhy-
dride, the electrostatics involved in maleic anhydride’s
approach to the surface, local base and acid sites in
maleic anhydride, and a possible mode of activation.

The MEP surface for maleic anhydride shows pos-
itive charge over all atoms except oxygens. Hence,
the π electron density of the C=C carbons appears
to be drowned out by the neighbouring positive
C=O carbons and=C–H hydrogens, meaning the
C=C carbons are contained within a positive electro-
static field. MEP-based atomic charges for organic
molecules, whose signs are counterintuitive but ex-
plain observed phenomena better than atomic charges
computed from standard population analyses, have
been presented in earlier studies[35]. As for the
identification of C=C carbons as the local acid sites,
previous theoretical studies[36] on the reactivity of�,
� unsaturated systems containing carbonyl and olefin
groups showed how the complexity arising from�,
� unsaturation causes the C=C carbons to show high
electrophilicity as the resultant negative charge, upon
charge acceptance from a nucleophile, is distributed
by delocalisation.

Hence, electron donation from surface P–O oxy-
gens and vanadium to the C=C carbons may initiate
covalent chemisorption.

If however, the orientation of maleic anhydride is as
shown inFig. 11(b)(ii), with the olefin carbons point-
ing away from the surface, the local acid site in the
substrate is shielded from surface base sites. The elec-
tronegativity gradient precludes electron transfer from
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Fig. 11. (a) MEP surface of maleic anhydride. (b) Two alternative orientations for electrostatic alignment of maleic anhydride at the Open
active site.=C–H hydrogens and C=O oxygens are the sites of highest positive and negative charge, respectively, in maleic anhydride.
The Cleft active site (not shown) can also feature either orientation of approach. (c) Local nucleophilicity (HOMO andf − values) and
electrophilicity (LUMO andf + values) in maleic anhydride. B3LYP/3–21G with NPA results shown. Only highest values shown. (d)
Chemisorption of maleic anhydride at the (VO)2P2O7 surface. Open active site shown, but mechanism can operate with either surface
termination.

carbonyl oxygen (the local base site in maleic anhy-
dride) to vanadium. Carbonyl oxygens, the only other
sites exhibiting significant acidity in maleic anhydride,
are exposed to the surface but electron donation to a
region of negative electrostatic potential is unlikely to
initiate covalent bonding.

This orientation is what results from a chelating
mechanism[33] for butane oxidation by the surface.
Hence, maleic anhydride, once formed in the active
site, will not be further transformed. If, however, it
subsequently re-approaches the surface, maleic anhy-
dride may be re-adsorbed in an orientation which per-
mits its degradation, regardless of surface termination.

So, while the vanadyl pyrophosphate surface can
selectively activate butane and, with sufficient se-
lective oxygen species, form maleic anhydride, high
levels of conversion are undesirable due to the vul-
nerability of the selective oxidation product to further
transformation.

5. Conclusions

The mode of action of the vanadyl pyrophos-
phate surface in catalysing the selective oxidation of
n-butane to maleic anhydride was investigated using
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small cluster models for the catalyst active surface.
Molecular electrostatic potential surfaces, absolute
hardness and electronegativity values, frontier molec-
ular orbital (and neighbouring orbital) surfaces, Fukui
functions, and local softnesses were calculated for
n-butane, maleic anhydride, and two distinct active
site models, and then used to propose mechanisms
for substrate–surface interaction.

The overall conclusion is that vanadium is respon-
sible for adsorption and activation ofn-butane at the
(VO)2P2O7 surface. Both vanadium and surface P–O
oxygens participate in the further transformation of
maleic anhydride at the surface.

Surface-unsaturated P–O oxygens may aid in
electrostatic docking of butane at the surface and also
provide a source of selective oxygen species for the
further transformation of activated butane to more
functionalised, and hence more valuable, products.
Therefore, surface termination is critical in optimising
selectivity since a pyrophosphate-terminated surface
naturally features a greater concentration of such
species.

The main limitation of the present work is that
the vanadyl pyrophosphate surface is modelled using
finite clusters with bulk geometry. Hence, ab initio
calculations on the extended, relaxed surface are nec-
essary to gain further insight into the reaction mecha-
nism at work inn-butane’s oxyfunctionalisation over
vanadyl pyrophosphate. This work is in progress.
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