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Thermodynamics of reactions of vanadium oxide clusters with SO2 are studied at the BPW91/LANL2DZ
level of theory. BPW91/LANL2DZ is insufficient to properly describe relative V-O and S-O bond strengths
of vanadium and sulfur oxides. Calibration of theoretical results with experimental data is necessary to compute
reliable enthalpy changes for reactions between VxOy and SO2. Theoretical results indicate SO2 to SO conversion
occurs for oxygen-deficient clusters and SO2 to SO3 conversion occurs for oxygen-rich clusters. Stable
intermediate structures of VOy (y ) 1 - 4) clusters with SO2 are also obtained at the BPW91/TZVP level of
theory. Some possible mechanisms for SO3 formation and catalyst regeneration for condensed-phase systems
are suggested. These results are in agreement with, and complement, gas-phase experimental studies of neutral
vanadium oxide clusters.

1. Introduction

Vanadium oxide is a heterogeneous catalyst that plays
important roles in catalytic conversion of SO2 to SO3,1 selective
oxidation of hydrocarbons,2 and selective reduction of NOx by
NH3.3 Due to the importance of vanadium oxide for industrial
scale catalysis, a number of experimental and theoretical studies
are devoted to vanadium oxide and its reactivity.

1.1. Experimental and Theoretical Studies of Vanadium
Oxide Structure and Reactivity. The electronic and geo-
metrical structures of small vanadium oxide clusters in the gas
phase have been investigated by photoelectron spectroscopy,4

infrared spectroscopy,5 and electron spin resonance spectros-
copy.6,7 The structure and properties of vanadium oxide clusters
also have been studied by means of multireference correlation
calculations6,8,9 and density functional theory (DFT) calcula-
tions.10,11

Gas-phase scattering experiments have been employed to
study the reactivity of medium-sized vanadium oxide cations
with rare gases, hydrocarbons, and small inorganic molecules.12

The reactivity of vanadium oxide and vanadium hydroxide
cations with hydrocarbons13 and methanol14 was explored by
the use of mass spectrometric techniques and DFT calculations.
DFT was also applied to study gas-phase reactions of V2O5

+

and V2O6
+ ions with halogenated hydrocarbons,15 selective

catalytic reduction of NO with ammonia on a V4O16H12 cluster,16

reactions of VO2
+ with C2H4 and C2H6,17 and interaction of

VO2+ and VO2
+ cations withN-hydroxyacetamide in aqueous

solution.18

Significant efforts have been devoted to the study of vanadium
oxides as nanosized clusters, bulk solid, and clusters supported
on different metal surfaces.19-25 Extended X-ray absorption fine
structure spectroscopies, IR and Raman spectroscopy, as well
as DFT calculations, were utilized to study the structure of the

VO4 molecule as a function of SiO2, Nb2O, and ZrO2 sup-
ports.19,20Scanning tunneling microscopy and DFT calculations
were used to characterize vanadium oxide nanostructures on
the Rh(111) surface.21 DFT was employed to investigate the
structure and stability of (V2O5)n, n ) 1 - 12, gas-phase clusters,
and to compare these clusters to the bulk solid V2O5.22 Periodic
DFT calculations were also applied to study structural and
vibrational properties of vanadium oxide aggregates.23 Further-
more, DFT calculations were utilized to gain insight into the
oxidation of methanol to formaldehyde on supported vanadium
oxide catalysts24 and oxidative dehydrogenation of propane on
vanadium oxide.25

Reduction,26 stability,27 and reoxidation28 of vanadium oxide
surface vacancies were studied by means of DFT calculations.
Adsorption of oxygen on reduced V2O3(0001) surfaces was also
investigated by the use of thermal desorption spectroscopy,
infrared reflection absorption spectroscopy, high-resolution
electron energy loss spectroscopy, X-ray photoelectron spec-
troscopy, and DFT.29

1.2. Experimental Studies of SO2 f SO3 Catalytic Con-
version. Although there are currently no reports of vanadium
oxide cluster reactivity with SO2 in the gas phase, catalytic
conversion of SO2 to SO3 has been studied experimentally over
supported vanadium oxide catalysts and in the molten phase.
Kato et al.30 investigated a mixture of V2O5-K2SO4 heated to
500°, 550°, and 600°C in an atmosphere of SO2/SO3/O2/N2

gases and determined that reduction of V(V) by SO2 and
oxidation of V(IV) with O2 are in the equilibrium and the rate
determining step of the reaction is the desorption of SO3 from
the molten catalysts into the gas phase.

Dunn and co-workers31,32 studied oxidation of SO2 over
supported vanadium oxide catalysts by Raman spectroscopy.
They suggested the VO4 unit attached to the surface has a Od
V-(O-M)3 pyramidal structure, in which O-M represents
oxygen-support bonds. They also proposed a catalytic mech-
anism for SO3 generation from SO2 consisting of three steps:
(1) adsorption of SO2 onto V-O-M bridging oxygen; (2)
cleavage of the V-O-SO2 bond and formation of SO3; and
(3) reoxidation of the V atom by dissociatively adsorbed oxygen.
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The activation energy for this process was determined to be
21 kcal/mol. More recent studies of supported vanadium oxide
catalysts suggest that VO4 is attached to the surface by only
one V-O-M bond, and can be described as the chemisorbed
OdV-O2 [oxo] species (“umbrella model”).20

Fouda et al.33 employed X-ray diffraction techniques, elec-
tronic absorption and infrared spectroscopy, and chemical
analysis to characterize reaction products of SO2 f SO3. The
catalyst in this experiment composed of ammonium meta-
vanadate and potassium sulfate. They have identified a mixture
of compounds, including compounds of ammonium and potas-
sium polyvanadates, ammonium and potassium bronzes, and
ammonium vanadic sulfate. The presence of K2S2O7 in the melt
was found to increase catalytic activity of the vanadium based
catalyst.

Giakomelou et al. applied in situ Raman spectroscopy to
identify vanadium species on the surface of a vanadium oxide
based supported molten salt catalyst34 and supported solid V2O5/
SiO2 catalyst.35 They found that the distorted tetrahedral Od
V-(O-Si)3 structure is practically inactive, whereas impreg-
nation of the surface with Cs2SO4 results in complete structural
transformation of the surface and dramatic improvement of SO2

oxidation.
Multi-instrumental investigation of molten salt/gas model

systems and industrial catalysts for SO2 f SO3 conversion was
undertaken by Lapina and co-workers.1 They have identified
(VO)2O(SO4)4

4- as the active species and proposed a four step
catalytic mechanism consisting of (1) adsorption of O2 to the
active site, (2) first SO2 f SO3 conversion, (3) adsorption of
second SO2 molecule, and (4) SO3 desorption.

Despite the significant effort devoted to the experimental
studies, complete understanding of the SO2 oxidation by
vanadium oxide based catalysts is still lacking. The available
experimental studies provide different views of the catalytic
process, suggesting several mechanisms for SO2 f SO3

conversion.
Recently, reactions of neutral vanadium oxide clusters VxOy

with SO2 have been studied in the gas phase employing single
photon ionization. These studies will be reported in the following
experimental paper, referred to as paper II,36 in considerable
detail.

1.3. Goal of This Work. The goal of this work is to study
the reactivity of small neutral vanadium oxide clusters, VOy (y
) 1-5), V2Oy (y ) 2-7), V3Oy (y ) 4-9), and V4Oy (y )
7-12), with SO2. Our focus lies in investigating the thermo-
dynamics of reactions of vanadium oxides with SO2. While
solid-state studies might provide more realistic models for
heterogeneous catalysis, gas-phase metal oxide clusters also
represent a valid model for the active sites of the condensed-
phase vanadium oxide catalyst.37 Gas-phase experimental and
theoretical work have an advantage of being less complex and
thus able to provide insights into catalytic processes at the
molecular level.

2. Computational Methods

DFT methods have been successfully employed to study
structure and reactivity of various metal oxide systems,13,15,16

suggesting DFT is a widely accepted tool to study properties
of metal oxides. Pykavy and Wu¨llen9 employed multi-reference
averaged coupled-pair functional (MR-ACPF) and B3LYP
density functional38 to study properties of V2O4

+/0/- species and
found good agreement between the MR-ACPF and B3LYP
results for molecular structures and the relative energies of
different electronic states, as well as for the ionization energies

and the electron affinities. Foltin et al.39 performed benchmark
calculations with both BPW9140 and B3LYP functionals on
zirconium oxides, suggesting BPW91 to be more suitable for
computing properties of metal oxides. All calculations described
in this work are performed using the BPW91 functional.

Structures of VOy (y ) 1-5), V2Oy (y ) 2-7), V3Oy (y )
4-9), and V4Oy (y ) 7-12) clusters have been computed at
the BPW91/LANL2DZ level of theory and reported in a separate
publication.41 The LANL2DZ basis set42 uses Los Alamos
effective core potentials with a double-ú basis set on vanadium
atoms, and a D95V basis set43 on oxygen and sulfur atoms.
BPW91/LANL2DZ fails to describe bond strengths and other
properties of sulfur oxides properly (for more details, see section
3 of Performance of DFT Calculations), therefore experimental
enthalpies of formation of sulfur oxides44 are used to obtain
enthalpies for reactions of vanadium oxides with SO2. Each
reaction of a vanadium oxide cluster with SO2 is divided into
two partial reactions. The first reaction involves oxidation (or
reduction) of SO2, with the enthalpy computed from the
experimental enthalpies of formation of sulfur oxides and an
oxygen atom. The second reaction consists of reduction (or
oxidation) of a vanadium oxide cluster, and the enthalpy for
this reaction is calculated from total energies of vanadium oxide
clusters and an oxygen atom obtained from calculations
performed at BPW91/LANL2DZ level of theory. Total enthalpy
for reaction is then computed as the sum of enthalpies for the
first and second reactions. To illustrate this on a specific
example, the enthalpy for the reaction of V2O5 with SO2 leading
to the formation of SO3 and V2O4 is obtained in the following
way:

In the above reactions,∆Hexp is obtained from the experimental
enthalpies of formation of SO2, SO3, and O;∆Hcompis calculated
from the BPW91/LANL2DZ energies of the lowest energy
isomers of V2O5, V2O4, and O. Enthalpies are given at 298.15
K. Finally, the total enthalpy of reaction is obtained as a sum
of the enthalpies for the two partial reactions:∆Hreaction) ∆Hexp

+ ∆Hcomp.
To ensure that the LANL2DZ basis set is indeed sufficient

to provide reliable description of vanadium oxides, especially
when computing the enthalpies of their reactions with SO2, we
have reoptimized lowest energy structures of V3Oy (y ) 4-9)
at the BPW91/TZVP level of theory. Enthalpies obtained using
the TZVP basis set in combination with the experimental data
for sulfur oxides follow the same trends as the enthalpies
obtained with LANL2DZ basis set.

Structures of VOy (y ) 1-4) clusters with SO2 are computed
and barriers for reactions of oxygen-deficient VO are also
investigated in an effort to learn more about reaction intermedi-
ates and reaction paths. Due to the failure of LANL2DZ basis
set to provide proper description of sulfur oxides, these
calculations are performed at the BPW91/TZVP level of theory
using the Gaussian 98 program.45

3. Performance of DFT Calculations

3.1. Vanadium Oxides. Table 1 shows the comparison
between properties of VO and VO2 clusters obtained from gas-
phase experimental data and properties calculated at different

partial reaction 1: SO2 + O f SO3 + ∆Hexp

partial reaction 2: V2O5 f V2O4 + O + ∆Hcomp

total reaction: V2O5 + SO2 f V2O4 + SO3 + ∆Hreaction
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levels of theory (density functional as well as ab initio). Density
functional methods with the LANL2DZ basis set tend to
overestimate bond lengths for VO and VO2 and the bond angle
for VO2. Use of the TZVP basis set provides better agreement
with the experiment, although the calculation still slightly
overestimates O-VO bond length, O-V-O bond angle, and
underestimates O-V bond length. The hybrid density functional
B3LYP tends to underestimate dissociation energies, whereas
BPW91 and BP86 overestimate them by about 1 eV. Note that
theoretical values for the O-VO bond strength obtained with
BP86 and BPW91 functionals employing a LANL2DZ basis
set compare rather well to the experimental value of 5.77 eV,46

suggesting that the error in atomization energy of VO2 is carried
over from the error in the description of VO. Use of the TZVP
basis set with BPW91 and BP86 functionals to compute
atomization energies of vanadium oxides does not provide an
improvement over the use of a LANL2DZ basis set. BPW91/
TZVP overestimates atomization energies of VO and VO2 by
1.2 and 1.65 eV, respectively, whereas BP86/ TZVP overesti-
mates these atomization energies by 1.26 and 1.93 eV,
respectively. This is due to the difficulties in obtaining a proper
description of the ground electronic state of the vanadium atom,
as described in ref 41. Ab initio methods with full electron basis
sets, however, tend to slightly underestimate the atomization
energies of VO.

From the data presented here, just what method is the best
one for calculations of vanadium oxide systems is not entirely
clear. While ab initio methods with full electron correlation
consistent basis sets provide better accuracy, at this moment
they are not practical for use on larger clusters. Density
functional methods provide a viable alternative to the ab initio
methods; however, one must understand their shortcomings.
Additional experimental data are also needed, such as atomi-
zation energies and bond strengths of vanadium oxide clusters
containing more than one vanadium atom, in order to judge the
accuracy of available theoretical methods. We have chosen to
use the BPW91 functional, because it provides a correlation
component that might be important for proper description of
clusters containing more than one vanadium atom, for clusters
undergoing reactions, and for calculation of transition states.

3.2. Sulfur Oxides and Oxygen Molecule.Table 2 shows
structural parameters for the oxygen molecule and sulfur oxides
computed at the BPW91/LANL2DZ and BPW91/TZVP levels
of theory. BPW91/ LANL2DZ overestimates O-O bond length,
whereas BPW91/TZVP provides better agreement with the
experiment. Performance of BPW91/LANL2DZ for sulfur
oxides is much worse, significantly overestimating S-O bond
lengths and underestimating O-S-O bond angle in SO2

molecule. This is due to the lack of polarization functions in
description of sulfur and oxygen atoms. Use of the TZVP basis
set represents an improvement over LANL2DZ and provides
acceptable description of bond lengths and bond angles for sulfur
oxides, although it still somewhat overestimates sulfur-oxygen
bond lengths.

Table 3 compares the experimental atomization energy of the
oxygen molecule and the sulfur-oxygen bond strengths of sulfur
oxides to the atomization energy and bond strengths obtained
from the DFT calculations. Experimental bond strengths of
sulfur oxides are obtained from the enthalpies of formation of
sulfur and oxygen atoms and SOy (y ) 1, 2, 3) molecules
published in NIST Chemistry WebBook44 based on consider-
ation of the following reactions: SOf S + O, SO2 f SO +
O, and SO3 f SO2 + O. S-O and O-SO bond strengths
obtained in this way are in excellent agreement with bond
strengths published in CRC Handbook.47

BPW91/LANL2DZ provides a surprisingly good value for
atomization energy of O2, which is probably just a coincidence
considering that the basis set is of only double-ú quality and
lacks polarization functions. Use of the TZVP basis set to
compute atomization energy of O2 does not provide an
improvement over the use of LANL2DZ, overestimating O2

atomization energy by 0.72 eV.
As can be seen in Table 3, BPW91/LANL2DZ significantly

underestimates bonding energies of sulfur oxides, with the
largest error being a little over 3 eV for O-SO bond strength.
Description of sulfur oxides is dramatically improved by
replacing LANL2DZ with the TZVP basis set. The BPW91/
TZVP level of theory, however, still underestimates O-SO and
O-SO2 bond strengths and predicts the largest bond strength
for S-O, rather than for O-SO. To obtain a proper description

TABLE 1: Atomization Energies, Bond Lengths, and Structural Parameters for VO and VO2. All Atomization Energies
Reported Here Are Obtained Using4F State of Vanadium Atom

VO VO2

method
VO
[eV]

V-O
[Å]

VO2

[eV]
O-VO

[eV] V-O [Å]
O-V-O

[deg]

exp. 6.44( 0.2052 1.58953 12.20( 0.1946 5.7746 1.58910,5 4 11010,54

BPW91/LANL2DZ 7.33 1.612 13.13 5.80 1.633 110.99
BPW91/TZVP 7.64 1.586 13.85 6.21 1.612 110.59
BP86/LANL2DZ 7.41 1.611 13.44 6.03 1.632 110.77
BP86/TZVP 7.70 1.585 14.13 6.43 1.611 110.24
BP86/basis limit8 7.46 1.585
B3LYP/LANL2DZ 6.92 1.607 11.92 4.98 1.627 114.83
B3LYP/TZVP 6.33 1.577 11.75 5.42 1.607 114.63
B3LYP/basis limit8 6.22 1.579
MR-ACPF/basis limit8 6.44 1.593
MCPF55 6.06 1.588
AIMP-MCPF55 6.09 1.586

TABLE 2: Bond Lengths and Bond Angles for O2 and SOy
(y ) 1-3)

parameter exp. BPW91/LANL2DZ BPW91/TZVP

O2: O-O 1.208 Å53 1.288 Å 1.223 Å
SO: S-O 1.4811 Å47 1.653 Å 1.529 Å
SO2: S-O 1.431 Å47 1.636 Å 1.481 Å
SO2: O-S-O 119.329°47 113.448° 118.379°
SO3: S-O 1.4198 Å47 1.632 Å 1.467 Å

TABLE 3: Bond Strengths for O2 and SOy (y ) 1-3)

parameter exp. BPW91/LANL2DZ BPW91/TZVP

O2 5.12( 0.00253 4.90 5.84
O-S 5.4044 4.16 5.46
O-SO 5.7144 2.69 5.08
O-SO2 3.6144 1.09 3.24
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of sulfur oxide bond strengths, one would need to use a higher
level of theory, such as CCSD(T)/cc-pV(X+d)Z (X ) T, Q, 5,
6).48

4. Results and Discussion

4.1. Thermodynamics of Reactions of Vanadium Oxides
with Sulfur Dioxide. Two main reactions of interest occur
between VxOy clusters and an SO2 molecule: (1) oxidation of
SO2 and reduction of VxOy, resulting in the formation of SO3;
and (2) reduction of SO2 and oxidation of VxOy, resulting in
the formation of SO. These processes can be generally described
by the two following reactions:

To determine which product (SO3 or SO) is more likely to
be formed under the reaction of a particular vanadium oxide
cluster with SO2, enthalpy changes (at 298.15 K) for both
reactions are computed for the lowest energy isomers of VOy

(y ) 1-5), V2Oy (y ) 2-7), V3Oy (y ) 4-9), and V4Oy (y )
7-12) clusters.

Figures 1-4 show enthalpy changes for reactions of VOy (y
) 0-5), V2Oy (y ) 2-7), V3Oy (y ) 4-9), and V4Oy (y )
7-12) clusters with SO2. The enthalpies of reaction are
computed as described in Section 2 (Computational Methods)
above, using experimental enthalpies of formation for sulfur
oxides and BPW91/ LANL2DZ calculations for vanadium
oxides. Enthalpies of reactions for the smallest vanadium oxide
clusters are also obtained using available experimental enthalpies
of formation for vanadium oxides47 and are depicted in Figure
1. A comparison of the theoretical and experimental enthalpies
of reaction indicates that while the agreement of theoretical and
experimental data is not perfect, enthalpy changes obtained from
the calculations on vanadium oxides should reproduce general
trends.

Computed enthalpy changes for reactions suggest that reac-
tions of oxygen deficient vanadium oxide clusters (VO0,1,
V2O2-4, V3O4-6, V4O7-9) with SO2 result in the formation of
SO, while reactions of oxygen rich clusters (VO4,5, V2O6,7,
V3O8,9, V4O11,12) with SO2 lead to the formation of SO3. Each
series of vanadium oxides also contains clusters, such as VO2,
V2O5, V3O7, and V4O10, that are predicted to be stable with
respect to the reaction with SO2.

These results are in a very good agreement with gas-phase
molecular beam experiments performed in our laboratory, in

which both SO and SO3 products are observed by 10.5 and 26.5
eV ionization, respectively.36

4.2. Reaction Intermediates, Barriers and Reaction Paths.
In an effort to understand paths for the reactions of vanadium
oxides with sulfur dioxide better, intermediate structures of the
smallest vanadium oxides, VO1-4, with SO2 are optimized at
the BPW91/TZVP level of theory. Structures of various isomers
are depicted in Figures 5-8. The ground electronic states of
all of the isomers are doublets, with the exception of the highest
energy isomer of VO2SO2, which is a quartet.

Structures of different VOySO2 isomers give some indication
of the possible formation of SO, SO2, or SO3 from VOySO2

complexes. The lowest energy structures of VOSO2 (Figure 5)
hint at SO formation, whereas structures of VO2SO2 (Figure 6)

Figure 1. Enthalpy (at 298.15 K) for VOy + SO2 f VOy+1 + SO
(eq 1 in the text) and VOy + SO2 f VOy-1 + SO3 (eq 2 in the text)
reactions.

Figure 2. Enthalpy (at 298.15 K) for V2Oy + SO2 f V2Oy+1 + SO
(eq 1) and V2Oy + SO2 f V2Oy-1 + SO3 (eq 2) reactions.

Figure 3. Enthalpy (at 298.15 K) for V3Oy + SO2 f V3Oy+1 + SO
(eq 1) and V3Oy + SO2 f V3Oy-1 + SO3 (eq 2) reactions.

Figure 4. Enthalpy (at 298.15 K) for V4Oy + SO2 f V4Oy+1 + SO
(eq 1) and V4Oy + SO2 f V4Oy-1 + SO3 (eq 2) reactions.

VxOy + SO2 f VxOy+1 + SO (1)

VxOy + SO2 f VxOy-1 + SO3 (2)
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and VO3SO2 (Figure 7) are more indicative of SO2 formation
and suggest that VO2 and VO3 should be relatively stable with
respect to reaction with SO2. Low-energy structures of VO4-
SO2 (Figure 8) are, contrary to expectations, also suggestive of
SO2 formation. BPW91/TZVP predicts∆H ) +0.62 eV for
the VO4 + SO2 f VO3 + SO3 reaction, whereas BPW91/
LANL2DZ calculations calibrated with experimental data for
SO2 predict ∆H ) -0.54 eV. The BPW91/TZVP result is a
consequence of the overestimation of V-O bond strength and
at the same time underestimation of O-SO and O-SO2 bond
strengths. If a better theoretical method were used to optimize
these structures, then most probably the same isomers would
be obtained, but with different relative energies. This result is
nonetheless within the overall(1 eV apparent accuracy of the
present level of theory.

Table 4 shows the bonding energies of VO1-4 with SO2 for
their lowest energy isomers. Even though the bonding energies
computed with BPW91/TZVP are probably about 1 eV too
strong, we can still conclude that the complexes of VxOy clusters
with SO2 should be stable. This is confirmed by the observation
of numerous VxOySO2 reaction intermediates in the gas-phase
experiments.36

Calculation of a barrier for the reaction of oxygen deficient
VO with SO2 is also performed at the BPW91/TZVP level of

theory. Despite the shortcomings of this method, calculations
can still provide us with valuable insights into the reaction
mechanisms. As the oxidation of SO2 is suggested to require
only one vanadium surface site,32 calculations focused on VOy
clusters should also be representative of a mechanism occurring
on larger clusters.

Figure 9 shows one possible reaction path for4VO + 1SO2

f 2VO2 + 3SO. With the exception of the first step (association
of VO and SO2), this reaction path is computed on the doublet
potential energy surface. The association of4VO with SO2, as
well as 2VO with SO2, is barrierless with a possible crossing
point between the two surfaces. Calculations presented here are
preliminarysfurther calculations considering both doublet and
quartet potential energy reaction surfaces with the localization
of all possible crossing points are necessary to get a complete
picture of the molecular mechanism for this reaction. At this
point, no overall barrier for the reaction is found, only small

Figure 5. Structures of VOSO2 computed at the BPW91/TZVP level
of theory.

Figure 6. VO2SO2 structures computed at the BPW91/TZVP level of
theory.

Figure 7. VO3SO2 structures computed at the BPW91/TZVP level of
theory.

Figure 8. VO4SO2 structures computed at the BPW91/TZVP level of
theory.
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barriers for rearrangement of intermediate structures of2VOSO2.
If a barrier to the above reaction is found for the quartet potential
energy reaction surface, then this would only change the reaction
rate constant; however, we do not observe the reaction
intermediate VOSO2 experimentally.36 Note that due to the
existence of many different isomers and electronic states of
VOSO2, several possible reaction paths for formation of VO2

and SO will exist.
4.3. Condensed Phase Catalytic Mechanisms.On the basis

of the calculations presented here, we can propose some possible
catalytic mechanisms for SO2 f SO3 catalytic conversion in
the condensed phase. First of all, based on the gas-phase results,
one specific vanadium oxide cluster does not appear to be
responsible for the catalytic behavior of vanadium oxides. On
the contrary, SO2 will react with most clusters: reactions with
oxygen deficient clusters will lead to the formation of SO,
whereas reactions with oxygen rich clusters will result in the
formation of SO3. SO can further react with O2 to produce SO3
(∆H ) -96 kcal/mol, rate gas kinetic), providing another
channel for formation of SO3.49 Note that other processes, such
as SO2 formation, might compete with the SO3 formation from
SO.49 Furthermore, “stable clusters” such as VO2, V2O5, V3O7,
and V4O10 are predicted to be least reactive with SO2. They
will still form intermediate complexes with SO2 (see also part
I36), but overall reactions of these clusters with SO2 leading to
the formation of SO or SO3 are endothermic, requiring extra
energy. Note that the general “belief” that catalytic reactions
occur at defect condensed phase or surface sites is consistent
with these results. In the following paragraphs, we will describe
two possible catalytic cycles that rely on these oxidation/
reduction properties of vanadium oxide clusters. In the following
discussion, the calculated properties of oxygen deficient, oxygen
rich, and stable clusters in the gas phase serve as a model for
the properties of oxygen rich, oxygen deficient and stable sites
in the condensed phase. VmOn denote the stable sites, while
VmOn+i and VmOn-i (m, n, i are positive integers,i < n) describe
oxygen rich and oxygen deficient sites, respectively. All general
equations are numbered, with the equations describing some
specific example bearing the number of the corresponding
general equation followed by a letter (i.e., 1a). Enthalpy for

the specific reactions involving vanadium oxide clusters is given
based on the calculations performed with gas-phase clusters at
the BPW91/LANL2DZ level of theory. Enthalpy of SO3

formation from SO is taken from available experimental data.47

4.3.1. Catalytic Cycle 1: SO2 f SO3 Occurs on Oxygen Rich
or Oxygen Deficient Sites.Step #1: Formation of the oxygen
rich and oxygen deficient sites from stable sites.

For example,

Oxygen deficient and oxygen rich sites are formed from the
stable sites. This step is endothermic and requires some source
of energy, for example in the form of heat. (Note that although
reactions like 2V2O5 + O2 f 2V2O6 are overall predicted to
be exothermic, they will have a barrier as O-O bond breaking
requires some activation energy.) Additionally, some oxygen
rich or oxygen deficient sites (or defects) will be naturally
present in the condensed phase.

Step #2: Reactions of oxygen deficient and oxygen rich sites
with SO2, regeneration of stable sites.

For example,

Oxygen deficient and oxygen rich sites react with SO2,
leading to the formation of SO and SO3. SO further reacts with
O2, producing SO3. These reactions are exothermic and without
significant barriers. Stable sites are also regenerated in this step,
since oxygen rich sites are reduced and oxygen deficient
oxidized.

4.3.2. Catalytic Cycle 2: SO2 f SO3 Occurs on Stable Sites.
Step #1: Reactions of stable sites with SO2

Figure 9. Possible reaction path for VO+ SO2 f VO2 + SO.

TABLE 4: Bonding Energies for Lowest Energy Isomers of
VOySO2 (y ) 1-4) Clusters Computed at the BPW91/TZVP
Level of Theory

structure bonding energy [eV]

VO + SO2 4.08
VO2 + SO2 2.75
VO3 + SO2 1.51
VO4 + SO2 1.19

2VmOn f 2VmOn-1 + O2 (3)

2VmOn + O2 f 2V2On+1 (4)

VmOn f VmOn-2 + O2 (5)

VmOn + O2 f VmOn+2 (6)

2VmO5 f 2V2O4 + O2 (∆H ) 5.60 eV) (3a)

2V2O5 + O2 f 2V2O6 (∆H ) -0.73 eV) (4a)

V2O5 f V2O3 + O2 (∆H ) 6.79 eV) (5a)

V2O5 + O2 f V2O7 (∆H ) -0.8 eV) (6a)

VmOn+2 + SO2 f VmOn+1 + SO3 (7)

VmOn+1 + SO2 f VmOn + SO3 (8)

VmOn-2 + SO2 f VmOn-1 + SO (9)

followed by SO+ O2 f SO3 (10)

VmOn-1 + SO2 f VmOn + SO (11)

followed by SO+ O2 f SO3 (10)

V2O7 + SO2 f V2O6 + SO3 (∆H ) -0.73 eV) (7a)

V2O6 + SO2 f V2O5 + SO3 (∆H ) -0.76 eV) (8a)

V2O3 + SO2 f V2O4 + SO (∆H ) -0.73 eV) (9a)

followed by SO+ O2 f SO3 (∆H ) -4.15 eV) (10)

V2O4 + SO2 f V2O5 + SO (∆H ) 0.46 eV) (11a)

followed by SO+ O2 f SO3 (∆H ) -4.15 eV) (10)
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For example,

Stable sites react with SO2, producing SO3 and SO as well
as oxygen rich and oxygen deficient sites. These reactions are
endothermic, requiring additional energy.

Step #2: Regeneration of stable sites

For example,

There are several ways by which stable sites can be
regenerated in this step: (1) oxygen deficient and oxygen rich
sites react with leftover SO2, producing SO3 and a stable site;
(2) oxygen deficient and oxygen rich sites react with each other,
forming two stable sites; and (3) oxygen poor clusters are
oxidized with O2 present in the system.

In addition to the two mechanisms described above, other
mechanisms leading to the SO3 formation are possible. Experi-
mental evidence exists for reaction of stable sites with SO2 and
O2 leading to the formation of oxygen rich sites and SO3. This
mechanism is discussed in more detail in part II.36 One can
imagine other mechanisms as wellsfor example, two units of
SO2 coming together on a vanadium oxide, producing SO and
SO3 [a V2O4(SO2)2 complex has also been experimentally
observed36]. Additional mechanisms, involving first reduction
of a vanadium oxide by SO2 and then its reoxidation by O2,31

or adsorption of O2 followed by oxidation of two SO2
molecules,1 have been suggested based on condensed-phase
experimental work. Which one of these mechanisms most
closely describes actual processes occurring in the condensed
phase should be a subject of further experimental and theoretical
studies. Note, however, that the profusion of potential mecha-
nisms is a positive and perhaps important part of the overall
efficiency of the catalytic conversion of SO2 to SO3 by vanadium
oxide. In general, catalytic metal oxide surfaces are very
complex and can terminate with multiple surface functional-
ities.50 Moreover, vanadium oxide catalytic conversion of SO2

to SO3 occurs in the molten phase under high temperatures and
presence of alkali metal sulfates,51 which leads to formation of
a variety of chemical species and adds yet another layer of
complexity. Quite possibly, no single mechanism is responsible

for the catalytic formation of SO3, but two or more mechanisms
occur concurrently, thus making vanadium oxide a very efficient
catalyst.

5. Conclusions

Reactions of neutral vanadium oxide clusters with SO2 are
studied with the aim of elucidating a mechanism for catalytic
formation of SO3. Theoretical calculations at the BPW91/
LANL2DZ level of theory, calibrated with the experimental
enthalpies of formation for SO1-3 molecules, suggest that both
oxidation and reduction of SO2 occur. SO2 f SO3 formation
takes place on the oxygen-rich clusters, whereas SO2 f SO
formation is facilitated by oxygen-poor vanadium oxide clusters.
SO formation provides another channel for SO3 production, as
SO readily reacts with O2: SO+ O2 f SO3 (see eq 10, above).
SO and SO3 formation is also confirmed by gas-phase experi-
mental studies.36 Neutral vanadium oxide clusters form stable
reaction intermediates with SO2, illustrated with the example
of the smallest vanadium oxide clusters VOy, y ) 1-4.
Furthermore, preliminary BPW91/TZVP calculations find no
overall barrier for the VO+ SO2 f VO2 + SO reaction,
suggesting that reactions of oxygen poor clusters with SO2 occur
rather easily. In general, many possible reaction paths will be
feasible because a variety of VxOySO2 isomers exist that are
lower in energy than the reactants or products. Finally, two
possible catalytic cycles are suggested based on the facility of
vanadium oxide clusters both to oxidize and reduce SO2. We
suggest that more than just one detailed mechanism contributes
to the conversion of SO2 to SO3 in the condensed phase. Further
experimental and theoretical work is necessary to determine the
role played by specific mechanisms.

Reported calculations are in very good agreement with and
complement gas-phase molecular beam experimental studies of
neutral vanadium oxide clusters. One general extrapolation from
these studies of heterogeneous catalysis can be suggested
concerning the overall oxidation/reduction catalytic processes
we have posited: the profusion of the reactant species, reaction
intermediates and transition states, and even mechanisms for
the conversion of SO2 to SO3 may be major reasons that
vanadium oxide is an excellent oxidation/reduction catalyst for
the reaction. The fact that many low-lying, energy-accessible
reaction intermediates and transition states are available, that
many sites (clusters) can initiate the conversion, that many paths
can lead to SO or SO3, and that the thermodynamics enable
and favor both product generation and catalyst regeneration to
occur, ensure an overall very efficient and general rate enhance-
ment process for the reaction.
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