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ABSTRACT: Metal oxides as a rule oxidize and oxygenate
substrates via the Mars−van Krevelen mechanism. A well-
defined α-Keggin polyoxometalate, H5PV2Mo10O40, can be
viewed as an analogue of discrete structure that reacts via the
Mars−van Krevelen mechanism both in solution and in the gas
phase. Guided by previous experimental observations, we have
studied the key intermediates on the reaction pathways of its
reduction by various compounds using high-level DFT
calculations. These redox reactions of polyoxometalates require protons, and thus such complexes were explicitly considered.
First, the energetics of outer-sphere proton and electron transfer as well as coupled proton and electron transfer were calculated
for seven substrates. This was followed by identification of possible key intermediates on the subsequent reaction pathways that
feature displacement of the metal atom from the Keggin structure and coordinatively unsaturated sites on the H5PV2Mo10O40
surface. Such metal defects are favored at vanadium sites. For strong reducing agents the initial outer-sphere electron transfer,
alone or possibly coupled with proton transfer, facilitates formation of metal defects. Subsequent coordination allows for
formation of reactive ensembles on the catalyst surface, for which the selective oxygen-transfer step becomes feasible. Weak
reducing agents do not facilitate defect formation by outer-sphere electron and/or proton transfers, and thus formation of metal
defect structures prior to the substrate activation is suggested as an initial step. Calculated geometries and energies of metal
defect structures support experimentally observed intermediates and demonstrate the complex nature of the Mars−van Krevelen
mechanism.

■ INTRODUCTION
Many heterogeneous oxidation reactions catalyzed by metal
oxides have been shown to react via the Mars−van Krevelen
mechanism. In such reactions, substrates are dehydrogenated or
oxygenated by oxygen atoms from the catalyst bulk, and then
the reduced catalyst is reoxidized by molecular oxygen. This
spatiotemporal separation between the substrate oxidation and
the catalyst regeneration is responsible for high selectivity of
such reactions. In view of the enormous significance of
selectivity in industrially important processes, substantial efforts
have been devoted to searching for the preferential structure of
active and selective sites on the catalyst surface at reaction
conditions. Polyoxometalates, a class of molecular inorganic
compounds with a metal oxide surface structure,1 present a
useful example of site isolation and often provide important
mechanistic insights regarding reactions on oxide surfaces in
both homogeneous and heterogeneous reaction media.2 Like
bulk metal oxides, acidic phosphomolybdates and phosphova-
nadomolybdates of the α-Keggin structure, H3+xPVxMo12−xO40,
with x = 0, 1, 2, are active, selective, and environmentally
friendly homogeneous catalysts that operate at ambient
conditions and also use molecular oxygen as the terminal
oxidant.3 They usually react via the Mars−van Krevelen
mechanism, where substrates are selectively oxygenated by an
oxygen atom from the polyoxometalate lattice.4 For several

reactions such as oxidation of arenes, alkylarenes, and sulfides,
the outer-sphere reduction of the polyoxometalate has been
shown to precede oxygen transfer.4d−f In these cases, the
electron transfer (ET) can be accompanied by proton transfer
(PT) that can occur before, after, or in concert with (CPET)
the ET (Scheme 1).
Some other studies indicate that chemisorption and inner-

sphere activation of a reductant presents a key stage of the
interaction.5,6 In this case the Keggin structures are surmised to
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Scheme 1. Initial Reactants and Products of Stepwise Proton
Transfer (PT), Electron Transfer (ET), and Concerted
Proton and Electron Transfer (CPET)
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be the precursors of the active catalysts, while the working form
involves partial decomposition of the polyoxometalate into a
metastable defect structure,7 which possesses coordinatively
unsaturated metal sites (CUSs). Moreover, even though outer-
sphere electron transfer has been observed as the initial step of
a substrate−polyoxometalate interaction, substrate coordina-
tion on metal sites of the catalyst appear to be essential for
subsequent selective oxygenation reactions. Indeed, defect
structures with displacement of vanadium reaction centers
from the polyoxometalate were observed as intermediates in
the reduction of H5PV2Mo10O40 by methanol using in situ
molecular spectroscopy and by various electron paramagnetic
resonance (EPR) spectroscopic methods during the reduction
of H5PV2Mo10O40 with several reducing agents.8 However, the
detailed structure and mechanism of formation of CUSs on
metal oxide surfaces in general and on polyoxometalates in
particular, especially as related to redox activity, are still poorly
understood.
Thus, a rational interpretation of possible reaction

mechanisms requires accurate energetic data both on the initial
outer-sphere reactions shown in Scheme 1 and on the structure,
stability, and catalytic behavior of the CUSs. Since the
energetics and structure strongly depend on the positioning
of the protons’ counterions on the polyoxometalate surface,9 we
recently studied the geometry, electronic structure, and
energetics of protonated H3+xPVxMo12−xO40 using high-level
density functional theory (DFT).10 Now we have extended our
study to calculations of their cationic (2) and reduced (3 ,4)
forms, Scheme 1, using the (1,2) isomer of H5PV2Mo10O40 as a
representative compound because it has all types of possible
nucleophilic sites and has been shown to be reactive in oxygen-
transfer reactions.8 In order to get insight into the initial stages
of the outer-sphere, Scheme 1, and inner-sphere interactions of
substrates with H5PV2Mo10O40, we considered the intact α-
Keggin structure as well as hypothetical defect structures in
which one, two, or three metal−oxygen bonds around the same
metal atom are broken. These defect structures are similar but
not identical to the well-known lacunary polyoxometalate
structures, since the metal atoms remain connected to the
defect site, whereas in the lacunary structures one or more
addenda atoms and their attendant oxide ions are completely
removed. They are also related to the defect structures that
feature oxygen vacancies10,11a,b or expansion of two adjacent
five-coordinated metal atoms, the reactive forms of poly-
oxometalates that were first addressed theoretically by Rustad,
Loring, and Casey.11c−f

The present work is devoted to discussion of the three topics.
First, the thermodynamics of the outer-sphere ET, PT, and
CPET reactions with various substrates, previously studied
experimentally, are considered on the basis of the accurate
energies of intact complexes 1−4. Then, the structure and
energetics of the metal defects in complexes 1−4 in the absence
and in the presence of additional water and HI ligands are
addressed in relation to protonation of bimetallic polyoxome-
talates. Finally, the results presented in these two subsections
are applied to study the mechanisms of several redox reactions
of H5PV2Mo10O40 and possible intermediates along the
reaction pathways. For modeling of both outer-sphere and
inner-sphere interactions, we chose several substrates for which
reliable experimental data are available.4d,f,g,5,8a,32

■ COMPUTATIONAL METHODS
All computations were done using the Gaussian 03 and Gaussian 09
packages.12 Geometry optimizations and evaluation of harmonic
frequencies were performed using DFT,13 employing the nonempirical
GGA density functional PBE14 combined with the PC1 basis set,
which is a combination of the Jensen’s polarization-consistent pc-1
basis set15 for the main group elements and the relativistic energy-
consistent pseudopotential (RECP) basis set SDD16 for transition
metals, with added f-type polarization exponents taken as the
geometric average of the two f-exponents given by Martin and
Sundermann.17 This combination is of double-ζ plus polarization
quality. The density fitting (DF) approach18 for treatment of the two-
electron integrals was applied in these calculations. The accuracy of the
computational method in prediction of geometry of polyoxometalates
was validated in our previous work.19 All the structures discussed in
the present work present minima on the corresponding potential
energy surfaces, as confirmed by the absence of imaginary frequencies.
Single-point calculations on optimized geometries were performed
using the empirical hybrid meta-GGA functional M0620 combined
with the same basis set (M06/PC1) and using the same pure GGA
functional combined with the larger AUG-PC1 basis set and the DF
approach (DF-PBE/AUG-PC1). The AUG-PC1 basis set presents a
combination of the aug-pc-1 basis set on the main group elements15,21

and the SDD basis set with added f basis functions on transition
metals. The final level of theory applied in the present work is Ee =
E[DF-PBE/AUG-PC1] − E[DF-PBE/PC1] + E[M06/PC1].

Bulk solvent effects of acetonitrile or water media have been taken
into account via the self-consistent reaction field (SCRF) method,
using the continuum solvation model COSMO (conductor-like
screening model) as implemented in Gaussian 03.22 The SCRF
calculations were performed at the M06/PC1 level. Dispersion
interactions within the computed structures were taken into account
by adding an empirical dispersion correction term, as proposed by
Schwabe and Grimme,23 with a value s6 = 0.25, as suggested by Karton
et al. for the M06 functional.24 The van der Waals effects are quite
significant for reactions with substantial changes in geometry25 and
may also be important for the cases when atoms leave their positions
on the polyoxometalate surface and become bound to the remainder
of the molecule by only one or two bonds. On the other hand,
application of both solvation and dispersion corrections is not fully
balanced.26 Although dispersion interactions between solvent and
solute are properly accounted for in the COSMO model,27 we suppose
that bond dissociation energies obtained using this combined approach
are slightly overestimated. Unless stated otherwise, energetic data are
presented as free energies (ΔG) at 298 K in acetonitrile solution and
include dispersion correction. It is important for the present study that
in some recent publications it was reported that pure GGA functionals
tend to overestimate the stability of lower coordinated complexes.28

This problem is resolved when hybrid density functionals are used and
solvation corrections are accounted for.28c

It is not possible to consider all unique coordination positions for all
hydrogen atoms on the surface of low-symmetry defect
H5PV2Mo10O40 structures. Thus, we started from the most stable
H5PV

V
2Mo10O40 isomers found in our previous work

10 and considered
possible movement of protons to and from the defect site, paying less
attention to searching for their most stable positions on the nondefect
sites. At least five isomers with protons in different positions were
considered for each defect structure. One or two representative defect
structures were then chosen to study their interaction with the various
substrates.

■ RESULTS AND DISCUSSION

1. Outer-Sphere Electron and Proton Transfers. The
mechanism of coupled proton and electron transfer is actively
debated in the current literature.29 Although the propensity for
PT and ET of electron donors can be characterized by their
acidity and ionization potential, and the likelihood of hydrogen
atom donation for many known CPET reagents is also well
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documented,30 the distinction between concerted and
sequential mechanisms is usually difficult because of the
absence of the corresponding data on the oxidant itself.31

Explicit consideration of protons in complexes 1−4 enabled
accurate calculation of their energies. This then allowed us to
calculate the thermodynamics of the outer-sphere reactions
shown in Scheme 1 for several known reducing substrates,
Table 1.

First and foremost these data show that, in the gas phase,
both sequential reaction pathways are thermodynamically
forbidden. The concerted transfer is readily accessible at 298
K for HI, xanthene, and ascorbic acid, whereas for thioanisole,
anthracene, and alcohols CPET is possible only at higher
temperatures. In a polar solution ET and PT products are
strongly stabilized, so ET becomes spontaneous for anthracene,
xanthene, and thioanisole. It represents the preferential initial
reaction step for these substrates, although for xanthene the
product of CPET is only 5 kcal/mol higher in energy. Other
initial electron- or/and proton-transfer steps remain endergonic
in polar solution, but the CPET reaction step is easily accessible
for HI and ascorbic acid. These energetic data are consistent
with experimental observations such as the formation of
thioanisole and anthracene cation radicals,4d,f the high reactivity
of HI,32 and the more elevated temperatures needed for
oxidative C−H and C−C bond cleavage in methanol5 and in
higher primary alcohols,4g respectively. However, subsequent
selective transformation of the intermediates into final oxidized
or oxygenated products seems to require their coordination to
the metal sites for most of the substrates. Thus, in order to
model the further inner-sphere catalytic reactions, we first
considered different CUSs that could be present on the surface
of complexes 1−4 under reaction conditions.
2. Surface Defects. Polyoxoanions with Keggin structure

XM12O40
n− are formed by d0 and d1 metals, usually Mo, W, or

V and their mixtures weakly bound to a tetrahedral heteroatom
oxide such as SiO4

4− or PO4
3−. Similar to bulk metal oxides,

they feature three types of surface O-atoms (Figure 1a):
terminal atoms (Ot), corner- (Oc) and edge-sharing (Oe) bridge
atoms, as well as inner O-atoms of the central tetrahedron (not
shown in the Figure). In phosphovanadomolybdates the oxygen

atoms bound to one (OV) or two (OVV) vanadium atoms are
not equivalent to the atoms having only Mo−O bonds;
different types of surface oxygen atoms show different
protonation patterns and consequently different chemical
behavior.
Available theoretical results indicate that the protons are

localized on the bridging corner- (Oc) and edge-sharing (Oe)
oxygen atoms, Figure 1a. They are located as distant from each
other as possible in H3PW12O40 and H3Mo12O40.

10,11 However,
in the vanadium-substituted α-Keggin polyoxometalates, up to
three protons are bound to Oc

V and Oe
V sites around the same

vanadium atom in the ground-state isomers.10 This results in
strong destabilization of oxo−vanadium bonding to the
remainder of the complex and could eventually lead to cleavage
of up to three metal−OV bonds around the vanadium atom. In
contrast to oxygen vacancies, for which the loss of the metal−
oxygen bonds is compensated by strengthening of the
remaining bonds,10,11 these defects are characterized by the
displacement of the metal atom from its original position, so that
it becomes bound to the remainder of the Keggin structure by
either three (def 3), two (def 2), or one (def1) bond. Typical
geometries of such defect species are shown in Figure 1b−d
together with characteristic distances of the displaced V1 atom
from the central P atom.33 All the structures are stabilized by
hydrogen bonds, which determine the variation in the P−V1
distances for each structure.
The defect structures def 3 with only one broken metal−

oxygen bond yield a distorted square pyramidal configuration
around the displaced V1 atom, Figure 1b, and resemble the
defect structures with expansion of two five-coordinated metal
atoms found previously as intermediates in oxygen exchange
reactions in substituted (Ge,Ga,Al)-Al12 ε-Keggin polyoxoca-
tions.11c−f They are stabilized by the Ot−H hydrogen bond,
and, due to a similar geometry, they readily transform back to
the original α-Keggin structure. We were unsuccessful in
optimizing the geometry of def 3 structures with a displaced
molybdenum atom. The energy cost for breaking double-
protonated M−OH2 bonds, as in Figure 1b, is 7−12 kcal/mol
smaller than that for M−OH bonds. Due to relatively high
energy and restricted steric conditions, the def 3 structure seems
to be an intermediate between the intact α-Keggin structure
and more open defects rather than an active form of the
catalyst.
In the most stable defect structures def 2, two metal−oxygen

bonds are broken in such a way that the displaced vanadium
atom (V1 in Figure 1c) is ligated to four oxygen atoms. One of
the broken bonds leaves a CUS on the adjacent metal atom,
preferentially on vanadium. The second dangling bond is
located on the oxygen atom (O* in Figure 1c) and prefers to be
doubly protonated. The remaining protons are localized in the
vicinity of the defect site and stabilize the def 2 isomers by
hydrogen bonding. The def 2 complexes with a displaced
molybdenum atom are by 12−19 kcal/mol less stable than the
analogous vanadium defect structures. The def 2 complexes are
sterically more open and also more stable than defect structures
with an oxygen vacancy, especially in the presence of a
coordinated water molecule, thus presenting more probable
intermediates in chemical reactions (vide inf ra).
The defect structures def1, in which the displaced metal atom

is bound to the remainder of the polyoxometalate core by only
one bond, have an open geometry resembling classical metal
complexes. Numerous reported results may be associated with
the formation of def1 structures under reaction conditions.5,7,34

Table 1. Calculated ΔG298 (kcal/mol) for the Outer-Sphere
Interaction of H5PV

V
2Mo10O40 (1) with Selected Substrates

(HX)

PT (1→2) ET (1→3) CPET (1→4)

Gas Phase
HI 118.9 119.8 9.3
anthracene 184.4 44.4 42.4
xanthene 158.2 54.0 4.5
thioanisole 182.5 60.5 26.5
ascorbic acid 123.1 83.5 7.6
methanol 178.9 127.7 28.5
1-butanol 174.6 112.5 26.0

Acetonitrile Solution
HI 17.5 31.2 6.5
anthracene 96.7 −12.9 39.2
xanthene 76.3 −3.8 1.1
thioanisole 92.4 −2.8 23.9
ascorbic acid 39.4 11.4 4.9
methanol 72.0 38.2 24.9
1-butanol 72.5 35.1 22.6
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Moreover, a displaced VOx unit was found as a product of
H5PV2Mo10O40 reduction, where the P−V distance was
estimated to be greater than 5 Å.8 In the most stable def1
structures, breaking of three bridging metal−oxygen bonds
results in a distorted tetrahedral ligand environment around the
displaced vanadium atom (V1 in Figure 1d), CUSs on two
other metal atoms, and one dangling bond on the oxygen atom
(O* in Figure 1d). Coordination of additional ligands, such as a
water molecule or dissociated HI, saturates the dangling bonds
on metal atoms and thus significantly stabilizes def1 structures,
Table 2.
The results presented above show that formation of metal

defects is related to the ability to form both octahedral and
tetrahedral metal−oxo complexes. The calculations also
indicate that tetrahedral coordination around vanadium atoms
is energetically beneficial, in contrast to molybdenum atoms,
which prefer an octahedral ligand environment. The reason for
this behavior can be traced back to the electronic structure of
the two metals. Although both molybdenum(VI) and
vanadium(V) have a formal d0 electronic configuration, in the
crystal field of σ- and π-donor ligands the occupied molecular
orbitals have non-negligible contributions of valence d electrons
of the metals.10 Similar bridging metal−oxygen bond lengths in
conjunction with the significant difference in valence d shell
orbital radii of vanadium and molybdenum, 0.48 and 0.73 Å,
respectively,35 lead to a much better overlap between oxygen pπ
and metal dπ orbitals and a much higher gap between the
resulting π and π* molecular orbitals for the diffuse orbitals of
molybdenum than for the more localized orbitals of vanadium.
As a result, strongly antibonding t2g (π*) orbitals lie above the

HOMO level in the octahedral α-Keggin molybdenum(VI)
complexes, whereas in analogous vanadium(V) complexes t2g
orbitals have less antibonding character and hence are occupied,
Figure 2a. Preferential protonation of the nucleophilic sites
around the vanadium atoms accompanied by weakness of
vanadium−oxygen bridging bonds is one of the consequences
of this difference in the electronic structure of the two metals.

Figure 1. Intact structure of the (1,2) isomer of α-PV2Mo10O40
5− with notations for distinct types of surface oxygen atoms (a). Typical metal defects

with vanadium atom V1 bound to the Keggin structure by three (b), two (c), or one (d) bridging O-atom. Hereinafter, coordinatively saturated sites
are shown in polyhedral model while unsaturated sites are shown as balls and sticks. CUSs inside Keggin structure are marked by hollow squares;
dangling bonds on oxygen atoms are marked by stars, and their protonation state is indicated. For clarity, the ligand environment of the vanadium
atom V1 in these structures is schematically shown in the bottom panel. Color scheme applied hereinafter: P, yellow; O, red; V, green; Mo, black; H,
pink; C, brown; S, orange.

Table 2. Relative Energies of the Defect Structures 1−4
(ΔG298, kcal/mol) with Respect to the Intact Ground-State
Isomers in the Absence and in the Presence of an Additional
Water Molecule

1 2 3 4 1 + HI

Gas Phase
O-vacancy 28.76 27.66 23.26 23.19 9.32
def 3 25.75 27.47 23.00 23.81 26.26
def 2 20.37 18.24 22.23 18.13 3.21
def1 47.48 40.01 35.62 44.87 20.02
def 3·H2O 23.11 20.70 26.40 26.42
def 2·H2O 4.71 7.69 11.97 12.31 4.93
def1·H2O 20.68 17.60 23.52 26.61 11.38

Acetonitrile Solution
O-vacancy 19.29 21.56 15.18 16.45 19.29
def 3 25.03 27.48 20.18 23.98 27.92
def 2 23.89 17.99 23.54 19.18 5.09
def1 45.81 42.74 32.49 45.84 25.98
def 3·H2O 25.64 19.38 26.63 20.26
def 2·H2O 9.97 8.86 12.21 11.79 10.94
def1·H2O 26.95 27.17 26.72 29.29 15.53
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The favored formation of a CUS on vanadium represents
another consequence of having the same electronic structural
feature. Indeed, in the tetrahedral crystal field of σ- and π-donor
ligands, the eg (π*) orbitals become empty for vanadium(V).
These orbitals represent the LUMO of the complex and lie
much lower in energy than the corresponding orbital in the
molybdenum(VI) complex, Figure 2b. Therefore, vanadium
atoms in phosphovanadomolybdates possess a better structural
accessibility and higher electron-withdrawing propensity
compared to molybdenum atoms.
3. Inner-Sphere Coordination of Reactants and

Products. With the information obtained on the geometric
and electronic structure of the CUSs, we can now consider the
possible role of the defect structures in typical reactions of
H5PV2Mo10O40. In order to provide a plausible picture of which
intermediates can be involved in the initial stages of each
particular process, the following analysis is based on
thermodynamic stability of several possible intermediates
along the reaction pathways. Kinetic barriers of these reactions
could be estimated, to a first approximation, as proportional to
the difference in the heat effects of the reactions, according to
the well-known Bell−Evans−Polanyi principle.
Oxygen Isotope Exchange. Oxygen isotope exchange with

labeled water is one of the simplest reactions. Although it is
closely associated with the Mars−van Krevelen mechanism, it is
not a redox process. Hence, the most important intermediates
to be considered on this reaction pathway could be inferred
from geometries and energies of various defect isomers of
complex 1. Formation of an oxygen vacancy is often assumed to
be a first step of this reaction in acidic media.36 Formation of
def 3 structures with an additional water molecule coordinated
at the only CUS gives another possible intermediate. Similar
structures were addressed in a DFT study of oxygen exchange
in (Ge,Ga,Al)-Al12

11c−f and in TinNb(10−n)
37 polyoxometalates.

Our calculations show that the relevant def 2·H2O structures are
by far more stable than the other defect structures. The energy
costs for the formation of an oxygen vacancy and def 3·H2O,
def 2·H2O, and def1·H2O complexes are 19.05, 25.26, 9.43, and
26.39 kcal/mol, respectively, in water at room temperature.
That sets the defect structures def 2 as the most probable key
intermediates in oxygen exchange of H5PV2Mo10O40. The low

energy of this intermediate is in accord with the experimentally
observed high rate of the reaction. Feasible proton-assisted
exchange between different kinds of oxygen atoms in these
structures is also consistent with the fact that not only bridging
but also terminal oxygen atoms are involved in exchange with
labeled water.4e,38

Reduction of Polyoxometalates. Reduction of polyoxome-
talates can start by outer-sphere PT, ET, or CPET (vide supra)
reactions. Probable key intermediates along the subsequent
stepwise transformation of the ET and CPET products into the
defect structures def 3 and def 2 of complexes 3 and 4 followed
by coordination of the activated substrate with formation of the
triplet (def 2-XH(T) and def 2-X(T), respectively) and singlet
(def 2-XH and def 2-X) complexes are shown on the same
energy scale in Figures 3 and 4, together with the calculated

Figure 2. Qualitative representation of the relative energy levels of
molybdenum(VI) and vanadium(V) complexes in the octahedral (a)
and tetrahedral (b) crystal field of σ- and π-donor ligands.

Figure 3. Relative stabilities in acetonitrile of key intermediates and
total thermodynamic effect of H5PV

V
2Mo10O40 reduction according to

reactions (2a), (3), (4), and (5b) with outer-sphere ET as an initial
step. Mutual transformations of the intermediates are not considered;
the lines are drawn to guide the eye. The individual reactants
H5PV2Mo10O40 and the substrate are taken as the reference energy
point. See text for details.

Figure 4. Relative stabilities in acetonitrile of key intermediates and
total thermodynamic effect of H5PV

V
2Mo10O40 reduction according to

reactions (1a), (2a), (4), and (5b) with outer-sphere CPET as an
initial step. For more details, see caption to Figure 3.
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total thermodynamic effect of the interactions (vide inf ra).
Calculated energies of the representative def 2-XH and def 2-X
complexes with substrates bound to the displaced vanadium
atom in the gas phase and in acetonitrile solution are listed in
Table S3 in the Supporting Information. For several substrates
we considered CUSs on vanadium and molybdenum atoms
within the Keggin structure as possible coordination sites in
addition to the displaced vanadium atom. These complexes are
included in Figures 3 and 4, if they are lower in energy. From
Figures 3 and 4 one can see that different substrates exhibit
diverse behavior not only at the initial stage of interaction but
also in formation of intermediates and final products. Below we
will discuss specific features of each reaction in more detail.
Activation of Alcohols. Displacement of vanadium atoms

was observed in situ by molecular spectroscopy during the
interaction of methanol with vanadium-containing molybdo-
phosphoric acid in the gas phase at elevated temperatures.5 It
was found that methanol adsorption takes place within the
Keggin structure as well as on the displaced VOx units. Both
VOx sites in the primary Keggin structure and on the surface
were significantly more active in methanol oxidation than the
MoOx sites. Calculated thermodynamic effects of the observed
reactions 1a−1c show that, in the gas phase, methanol
dehydrogenation by H5PV2Mo10O40 is energetically preferred
to dehydration and that transfer of a second hydrogen atom to
the reduced H6PV2Mo10O40 complex is preferred to the
hydrogen transfer to a second polyoxometalate molecule in
the oxidized state.

+

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ +
Δ =−



CH OH H PV Mo O

H C O H PV Mo O
G

3 5 2 10 40
13.3

2 7 2 10 40
298

(1a)

+

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ +
Δ =−



CH OH 2H PV Mo O

H C O 2H PV Mo O
G

3 5 2 10 40
10.1

2 6 2 10 40
298

(1b)

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ +
Δ =−

2CH OH H COCH H O
G

3
4.4

3 3 2
298

(1c)

The high energies of proton and/or electron transfers, Table
1, make outer-sphere activation of methanol improbable.
Indeed, even for CPET, the most energetically favorable
outer-sphere reaction, the consequent transformation of
complex 4, is prohibitively high in energy, Figure 4. Thus,
methanol activation should involve defect isomers of complex
1. The O−H bond cleavage appears to be preferable to C−H
bond cleavage; thus, methanol is coordinated by V−OR
bonding. In agreement with the experimental results, we
found that methanol could adsorb as nondissociated species on
the displaced vanadium atom (V1 in Figure 1c) or on CUSs
formed on molybdenum and vanadium atoms in a def 2
structure (Figure 5) with energy costs of 24.3, 5.4, and 3.6
kcal/mol in the gas phase, respectively. Dissociation of the
CH3O−H bondthe obligatory step in both dehydration and
dehydrogenation reactionsis exergonic by 20.8 kcal/mol for
the displaced vanadium atom, isoenergetic for the CUS on the
vanadium atom within the Keggin structure, and endergonic by
1.8 kcal/mol for the molybdenum site. Similar to water, def 3-
methanol structures are energetically less favorable (ΔG298 =
20−21 kcal/mol in gas phase) and are perhaps the
intermediates leading to further vanadium−oxygen bond
cleavages. The def1-methanol structures are also higher in
energy than def 2, with ΔG298 = 18−20 kcal/mol for
nondissociative coordination in the gas phase. They are more
stable in the presence of an additional water molecule; however,
taking into account the anhydrous conditions used for oxidative
dehydrogenation of methanol and reaction temperatures above

Figure 5. Coordination of a methanol molecule (shown in the tube model) on the displaced vanadium atom (a), and on dangling bonds of
vanadium (b) and molybdenum (c) atoms within Keggin structure with the def 2 metal defect. For clarity, the interaction between the defect site and
the substrate is schematically shown in the respective bottom panels.
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200 °C, these complexes could be excluded from consideration
of the reaction mechanism. Thus, at the reaction conditions,
def1 and especially def 2 complexes could serve as active forms
of the catalyst. Although facile hydrogen transfer between the
substrate and the adsorbent is most probable in such complexes
(vide supra), consideration of the kinetics and mechanisms of
the defect formation and consequent activity in methanol
dehydration and oxidative dehydrogenation is needed for a
complete representation of the reaction pathways of the
concurrent reactions.
Higher alcohols show more complicated behavior upon

interaction with H5PV2Mo10O40. Particularly, primary alcohols
undergo atypical oxidation involving carbon−carbon bond
cleavage rather than the usual oxidation at the α carbon to yield
the corresponding aldehyde and then carboxylic acid.4g In our
calculations, 1-butanol shows two coordination modes on the
displaced vanadium atom V1 of the def 2 structure (Figure 1c).
The first one, 5.7 kcal/mol uphill compared to the individual
reagents in acetonitrile solution, is similar to the methanol
coordination mode assisted by a dissociative O−H interaction.
In the second, less favorable mode, coordination of the
nondissociated 1-butanol molecule takes place via the three-
center V−O−Cα bonding (25.2 kcal/mol higher in energy than
the individual reagents), and the coordination center of the
molecule further moves toward Cα in the presence of an
additional water ligand. Additional study is needed in order to
explore the detailed mechanism of the carbon−carbon bond
cleavage reaction.
Oxidation of Ascorbic Acid. The most salient feature of the

reduction of H5PV2Mo10O40 by ascorbic acid is displacement of
a vanadyl VO2+ species from the Keggin structure that was
observed by various EPR techniques in the reaction products at
20 and 140 K.8a It was found that the distance between the
central P atom and the displaced V atom in this complex is
larger than 5 Å and that the displaced V atom is bound to the
parent polyoxometalate by only one bridging oxygen atom.
However, the exact structure of this unique species could not
be derived from the experimental data alone. Comparison
between experimental and computational results sheds light on
the nature of the experimentally observed complex and on the
reason for its formation.
The dehydrogenation of ascorbic acid to dehydroascorbic

acid, reaction 2a, is slightly exergonic, with an energy gain of 3.3
and 4.4 kcal/mol at 20 and 140 K, respectively. Dehydroas-
corbic acid is unstable, and its hydration, reaction 2b, yields
diketogulonic acid.39

+

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ +
Δ =−

C H O H PV Mo O

C H O H PV Mo O
G

6 8 6 5 2 10 40
4.4

6 6 6 7 2 10 40
140

(2a)

+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
Δ =−

C H O H O C H O
G

6 6 6 2
3.7

6 8 7
140

(2b)

Dehydrogenation of ascorbic acid by H5PV2Mo10O40 is not
initiated by outer-sphere interactions, Table 1. Both ET and
CPET reactions impede the formation of def 3 and def 2
complexes and consequent formation of adducts between
activated ascorbic acid and def 2 structures of H5PV2Mo10O40,
Figures 3 and 4. Therefore, defect isomers of complex 1 present
the most probable active form of the catalyst at the initial stage
of interaction.
Ascorbic acid and its derivatives are known as either

monodentate or O,O′-chelating ligands.40 Particularly, vana-

dium complexes containing ascorbic acid as a monodentate
ligand and the enol form of 2,3-diketogulonic acid as a
bidentate ligand were isolated by Ferrer et al.41 Very similar
complexes could be found on the displaced vanadium atom of
the def 2 and def1 structures. Thus, a complex between def 2-
H6PV2Mo10O40 and monodissociated ascorbic acid as a
monodentate ligand is 5.1 and 1.4 kcal/mol downhill compared
to the individual reagents at 20 and 140 K, respectively. In
contrast, both def 2- and def1-H7PV2Mo10O40 complexes with
dehydroascorbic acid are much less stable (ΔG140 = +13.9 and
+12.9 kcal/mol, respectively). Hydration of the coordinated
dehydroascorbic acid to 2,3-diketogulonic acid dramatically
stabilizes the interaction, so that its complex with def 2-
H7PV2Mo10O40 (Figure 6a) becomes 23.1 and 13.7 kcal/mol

lower in energy compared to the initial reactants at 20 and 140
K, respectively. Similarly, for VO2+ complexes it was shown that
the primary complexes generated by the interaction of
dehydroascorbic acid with metal ions are not stable and
irreversibly hydrolyze to diketogulonic acid complexes.41

Coordination of an extra water ligand causes cleavage of an
additional V1 bond to the Keggin structure, with formation of
def1-H7PV2Mo10O40 complex (Figure 6b) and additional
stabilization of 10.2 and 4.5 kcal/mol at the two temperatures.
The characteristic V1−P distances in these complexes are

4.5−4.8 and 5.1−5.3 Å, respectively, depending on the number
and strength of hydrogen bonds around the displaced vanadium
atom.8 Notably, at low temperatures both complexes in Figure
6 are much more stable than intact H7PV2Mo10O40 and
noncoordinated products dehydroascorbic or diketogulonic
acid. For the most stable def1-H7PV2Mo10O40 complex
stabilized by the enol form of 2,3-diketogulonic acid and an
additional water molecule, the calculated ΔG20 and ΔG140 are
−33.3 and −18.2 kcal/mol. As a result, experimental
identification of the most stable of them, the defect structure

Figure 6. Stabilization of def 2- (a) and def1-H7PV2Mo10O40 (b)
complexes by the enol form of 2,3-diketogulonic acid (shown in the
tube model) in the absence and in the presence of additional water
ligand, respectively.
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in which vanadium atom is connected to the Keggin structure
through a single oxygen bridge, became possible,8a and the
experimentally estimated and theoretically predicted distances
between the central P atom and the displaced V atom are in
excellent agreement. Experimental identification of the metal
defect complex in the reaction products at low temperatures
implies that such structures could a fortiori serve as
intermediates at other reaction conditions, such as stronger
reducing agents and higher temperatures.
Oxidation of Anthracene and Xanthene. Reduction of

H5PV2Mo10O40 by anthracene and xanthene as a stage in their
selective oxidation by molecular oxygen was comprehensively
studied using various experimental techniques.4e First, in strong
support of our computational results, it was shown that protons
are needed for the reaction to occur. Next, the experimental
data suggest an outer-sphere ET as an initial step of the
interaction. Accordingly, our calculations show that the outer-
sphere ET from anthracene to H5PV2Mo10O40 is strongly
exergonic (ΔG298 = −12.9 kcal/mol) and presents the only
probable outer-sphere reaction channel (Table 1 and Figure 3).
This is due to the high stability of polyaromatic cation radicals.
Alkyl aromatic hydrocarbons typically show a lower propensity
to stabilize an unpaired electron; thus, the outer-sphere ET
from xanthene is less exergonic (ΔG298 = −3.8 kcal/mol), and
the cation radical can undergo a proton transfer. Indeed, the
outer-sphere CPET is only slightly (by 4.9 kcal/mol) higher in
energy (Table 1 and Figure 4). Thus, the measured kinetic
deuterium isotope effect on the initial step of the xanthene
oxidation, kH/kD = 2.3 ± 0.08, can be attributed to CPET as a
side reaction.
Experimentally, the anthracene cation radical was detected by

EPR only in hexafluoroisopropanol as a solvent as a known
stabilizer of cation radicals, whereas the xanthene cation radical
was not detected even under these conditions. Moreover, the
EPR spectrum of the paramagnetic PVIVVVMo10O40

6− indicated
ion pairing between the reduced polyoxometalate and the
anthracene cation radical. These observations led to the
conclusion that the cation radicals form coordinated complexes
with the polyoxometalate. Computationally, ion pairing
between anthracene cation radical and H5PV2Mo10O40

−

destabilizes the 3-def 2 structure by an additional 16.8 kcal/
mol, whereas electron pairing leads to the singlet complex,
which is only 2.3 kcal/mol less stable than the 3-def 2 structure.
Dissociation of the coordinated anthracene lowers the energy
of the triplet complex by 4.0 kcal/mol and strongly destabilizes
the singlet complex, Table S3. These energetic results identify
facile formation of the def 3 and def 2 complexes followed by
nondissociative anthracene coordination accompanied by
electron pairing. In the resulting singlet complex the anthracene
forms V1−C9(10) bond of 2.28 Å in length, and the C9(10)−H
bond bends out of the plane of the aromatic ring by 164.6°,
Figure 7a. The structure of this complex is consistent with a
change of hybridization from sp2 to sp3 at the 9(10) aromatic
carbon of anthracene, inferred from the kinetic isotope effect in
the rate-determining step of the anthracene oxidation. The
estimated reaction half-time for the formation of this complex,
τ1/2 = 2.5 h at 60 °C in acetonitrile solution, is also consistent
with the experimentally observed reaction rate. It is worth
noting that, from steric considerations, the displaced V1 atom
represents the only possible coordination site for bulky
anthracene and xanthene molecules in the def 2 structures.
Both the ET and CPET reaction channels lead to feasible

inner-sphere xanthene coordination. As with anthracene, the

initial ET step facilitates the formation 3-def 3 and 3-def 2
complexes following nondissociative xanthene coordination
via V1−O bonding assisted by electron pairing, Figure 3. The
resulting complex, Figure 7b, is 18.1 kcal/mol above the
individual intact 3 and xanthene cation radical and is easily
accessible at the reaction temperature of 60 °C. The CPET
reaction channel begins from benzylic C−H bond dissociation
of xanthene followed by its coordination to a 4-def 2 structure
via V1−C bonding, Figure 7c. This stabilizes the defect species
and is endergonic with respect to individual products of the
outer-sphere CPET by 10.7 and 21.0 kcal/mol in the triplet and
singlet states, respectively. Importantly, the inner-sphere proton
transfer does not lead to mutual transformations of the 3-def 2-
xanthene and 4-def 2-xanthene because of their different
coordination modes. Therefore, the fact that further trans-
formations of the 3-def 2-xanthene adduct along the ET reaction
channel must include C−H bond cleavage imply a reaction
pathway wherein the electron and proton have different donors
and acceptors, in contrast to just hydrogen atom transfer
implied in the CPET reaction channel. This mechanism often
occurs in biochemical reactions.31 The rational choice of the
reaction mechanism of the xanthene oxidation requires
determination of kinetic parameters and will be the topic of a
separate communication.
In strong support of the Mars−van Krevelen mechanism for

aerobic anthracene and xanthene oxidations catalyzed by
H5PV2Mo10O40, the oxygen transfer from the polyoxometalate
to the substrate with formation of the experimentally observed
productsanthraquinone and xanthen-9-one, respectivelyis
found to be energetically favorable. For anthracene, the total
energy gain of reaction 3, ΔG298 = −17.1 kcal/mol in

Figure 7. Nondissociative def 2-XH complexes of anthracene (a) and
xanthene (b) and dissociative def 2-X(T) complex of xanthene (c). The
substrates are shown in the tube model.
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acetonitrile, is only 4.2 kcal/mol higher than that of the initial
outer-sphere ET stage (ΔG298 = −12.9 kcal/mol). The total
energetic effect of the xanthene oxidation reaction 4 is even
more dramatic, ΔG298 = −27.8 kcal/mol, and much larger than
that of the outer-sphere ET (−3.8 kcal/mol).
Oxidation of Thioanisole. Thioanisole presents the third

substrate for which a low-temperature electron transfer−oxygen
transfer mechanism was found experimentally.4f Another
unique feature of the thioanisole oxidation under anaerobic
conditions is the formation of a precipitate featuring the
incipient formation of the sulfoxide and a VO2+ moiety
supported on the polyoxometalate.4f Dissolution of this
precipitate in CH3NO2 releases the sulfoxide product. Addition
of O2 also leads to the release of sulfoxide and regeneration of
the initial H5PV2Mo10O40.

4f Computationally, reaction 5a is

exergonic (ΔG298 = −14.8 kcal/mol), but reaction 5b is
strongly endergonic (ΔG298 = 35.3 kcal/mol); the oxygen
transfer causes destabilization of the most stable def 2-
thioanisole adduct by 24.9 kcal/mol. This suggests that
dissolution of the experimentally observed precipitate with
release of sulfoxide is a complex redox reaction and questions
the validity of Mars−van Krevelen mechanism in this case.
Nevertheless, outer-sphere ET from thioanisole to

H5PV2Mo10O40 is found to be exergonic in our calculations,
Table 1. Subsequent coordination of thioanisole with formation
of a V1−S bond, Figure 8a, is prohibitively high in energy in the
triplet state, although the singlet state of this complex is much
more stable (with ΔG298 = 59.4 and 13.4 kcal/mol in

acetonitrile, respectively). As in the case of methanol,
thioanisole coordination to CUS on the vanadium atom within
the Keggin structure (Figure 8b) is energetically more favorable
and stabilizes the 3-def 2 structure by 8.2 and 10.3 kcal/mol in
the triplet and singlet states, respectively. Outer-sphere CEPT
at the initial stage of interaction is much higher in energy than
ET for thioanisole, but still is possible at the reaction
temperature of 70 °C. In this reaction thioanisole preferentially
loses an aliphatic hydrogen atom and then is bound to the
defect site by an aliphatic carbon atom. However, even if we
assume that there exists a low-energy substrate-assisted pathway
of defect formation, these complexes are much higher in energy
than the above nondissociated def 2-thioanisole adducts, Figures
3 and 4. These results are in general agreement with the
experimentally observed high selectivity of sulfoxide formation,
indicating that the sulfur atom represents the most probable
reaction center of the thioanisole molecule, as shown in Figure
8. The mechanism of thioanisole oxidation requires additional
studies and should involve complexes with up to four
coordinated thioanisole ligands, as suggested by the exper-
iment.4f

Oxidation of HI. Finally, we consider reduction of
H5PV2Mo10O40 with HI as an illustrative redox reaction that
demonstrates the importance of electron-transfer kinetics in
H−X bond cleavage. From the thermodynamic viewpoint this
reaction can proceed as an outer-sphere process, vide supra. In
the gas phase, formation of a hydrogen bond, preferably with
bridging OVV and OV atoms, precedes CPET, Figure S1 in the
Supporting Information. In a polar solution, HI undergoes
acidic dissociation followed by sequential protonation of the
polyoxometalate and I− coordination to one of the surface OH
groups. Electron transfer is energetically favorable in such a
system because of the relatively high stability of the iodine
radical, Figure 9. An alternative reaction pathway involves

formation of a 2-def 2 structure assisted by coordination of I− or
water. Electron transfer in a def 2-I complex results in formation
of a trigonal pyramid configuration about the displaced
vanadium(IV) atom, which is energetically very unfavorable.
In contrast, if both the iodide anion and water are coordinated
to the displaced vanadium atom, the energetic cost for the
electron transfer is 11.8 or 9.6 kcal/mol, respectively in the gas

Figure 8. Thioanisole coordination on the displaced vanadium atom
(a) and on the coordinatively unsaturated vanadium atom inside the
def 2 structure (b). The thioanisole ligand is shown in the tube model.

Figure 9. Thermodynamics of the outer-sphere (black) and inner-
sphere (red) reduction of H5PV

V
2Mo10O40 by HI in acetonitrile.
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phase or in acetonitrile. Thus, both reaction pathways are
thermodynamically allowed at room temperature.
However, kinetically an electron transfer usually presents an

activated process. Particularly, in solution it causes reorganiza-
tion of the solvent net envelope, leading to a Franck−Condon
barrier that is usually quite considerable.42 In terms of Marcus
theory,43 the reorganization energy is determined by eq 6:

λ = + −
⎛
⎝⎜

⎞
⎠⎟K

a a R
1

2
1

2
1

1 2 (6)

where a1 and a2 are ionic radii of the donor and acceptor, R is
the distance the electron is transferred, and K is determined by
the solvent properties and the amount of transferred electron
density; K ≈ 330(1/εop − 1/εst) kcal/mol, where εop and εst are
the optic and static permeability of the solvent.44 In the
intermediate complexes for the outer-sphere and inner-sphere
electron transfer shown in Figure 9, the V−I distances are 4.08
and 2.63 Å, respectively. Considering the ET as barrierless in
the latter case,45 the estimated activation energy for the long-
range ET is about 22.5 kcal/mol.46 More accurate calculation of
the kinetic parameters of ET is the subject of a separate study,
but here we stress that the mechanism of electron transfer is
not unequivocal even for such a relatively simple reaction.

■ CONCLUSIONS
In the consensus Mars−van Krevelen oxygenation mechanism,
the reaction is initiated by activation of a substrate through
electron transfer from the substrate to the catalyst. This is
followed by oxygen transfer from the reduced catalytic site to
the activated substrate. Thus, the activity of the catalyst is
usually correlated with its redox potential and its oxygen
lability, whereas selectivity is usually controlled in catalysis by
inner-sphere coordination of the substrate to a metal center. To
complete the catalytic cycle, the reduced and deoxygenated
catalyst can be regenerated by molecular oxygen. We have
considered the details of the initial stages of substrate activation
by a Mars−van Krevelen-type catalyst, H5PV

V
2Mo10O40, using

accurate quantum chemical calculations. The energetics of
outer-sphere proton and electron transfer as well as coupled
proton and electron transfer were calculated. This was followed
by identification of possible key intermediates on the
subsequent reaction pathways that involve CUSs of the
previously unreported α-Keggin structures with metal defects.
Gradual matching of the computational results with available
experimental data for the wide variety of substrates considered
in the present work shed light on the atomic-level under-
standing of the unique Mars−van Krevelen mechanism.
Proton-mediated formation of oxygen vacancies through the

constitutional water loss presents the only surface defects
previously considered in realistic charge-balanced DFT
studies.10,11 Although displacement of metal atoms f rom the
primary structure is very likely in the Mars−van Krevelen
mechanism, and numerous relevant experimental observations
have been reported to this effect,5,6,8 the geometry and
electronic structure of metal surface defect species are generally
unexplored. Previously, a defect structure with expansion of two
adjacent five-coordinated metal atoms was reported as an
intermediate in oxygen exchange in (Ge,Ga,Al)-Al12 ε-Keggin
structures with positive charges of +7/8.11c Here we have
presented three types of metal defects formed by protonation-
induced cleavage of one, two, and three bridging metal−oxygen
bonds that feature displacement of the metal atom from the

Keggin structure with formation of several CUSs. The
displacement is energetically more favorable for vanadium
than for molybdenum atoms because of its higher ability to
form low-coordinated oxo complexes that, in turn, could be
traced back to the smaller size of its valence orbitals. The defect
structures def 2 and def1, with the displaced vanadium atom
bound to the remainder of the Keggin structure by two or one
bonds, respectively, are shown to be the most probable
intermediates in most of the solution-phase redox reactions
studied. Similar structures are suggested as active intermediates
in oxygen isotope exchange reactions with water and in gas-
phase methanol dehydrogenation. The defect structures with a
five-coordinated metal atom are found to be much less
energetically favorable.
For strong reducing agents, such as anthracene, xanthene,

and thioanisole, the initial outer-sphere electron transfer, alone
or possibly coupled with proton transfer for xanthene, facilitates
formation of surface defects. Subsequent coordination allows
for formation of reactive ensembles on the catalyst surface that
are believed to be responsible for the selective oxygen-transfer
step. The favorable energetics for the transfer of a bridging
oxygen from the polyoxometalate surface to anthracene and
xanthene provide theoretical support for the Mars−van
Krevelen mechanism in these reactions. Weak reducing agents,
such as primary alcohols and ascorbic acid, do not facilitate
defect formation by outer-sphere electron and/or proton
transfers, and thus formation of metal defect structures prior
to the substrate activation is suggested here. In contrast to the
metal catalysis, where hydrogen-atom transfer usually involves
metal hydride formation, direct and virtually nonactivated H→
O transfer takes place on the defect sites of oxide catalysts. The
relevance of the metal defect structures as an active form of
polyoxometalates in redox reactions is strongly supported by
experimental observation of such structures in the products of
H5PV2Mo10O40 reduction by ascorbic acid. The calculations
show that this was possible because of the relatively low
reduction potential of the substrate coupled with its strong
complexation to the polyoxometalate at low temperature.
Water often has a critical influence on the performance of

polyoxometalates in redox reactions. A small amount of water
was shown to dramatically facilitate proton mobility in
anhydrous polyoxometalates.47 We have demonstrated that, in
addition to this kinetic effect, traces of water strongly stabilize
the reactive forms of polyoxometalates and also can serve as an
essential constituent in the redox interaction. On the other
hand, strongly bound water ligands can block CUSs from an
incoming substrate.
The discussion here is based only on thermodynamic

considerations. Substrates of various types that are oxidized
by the Mars−van Krevelen mechanism are shown to follow
various different reaction pathways, showing the diversity
possible in such transformations. Further computational work is
under way to explore the role of water and substrate
coordination in defect formation, the mechanism of oxygen
transfer and product formation, and related kinetic aspects
including change of multiplicity and intersystem crossing.

■ ASSOCIATED CONTENT
*S Supporting Information
Full references, defect formation energies (ΔE and ΔG298 in gas
phase, in water, and in acetonitrile) for the most stable
structures, relative energies of the defect sites in gas phase,
energies of representative def 2-XH and def 2-X complexes,
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reaction profiles for reduction of H5PV
V
2Mo10O40 by HI in gas

phase, and optimized geometries and corresponding absolute
energies of intact and defect complexes 1−4 and their adducts
with adsorbed substrates. This material is available free of
charge via the Internet at http://pubs.acs.org.
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