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Abstract

O3LYP calculations were carried out to study the structures and properties of the α-Keggin-type vanadium(V)-substituted heteropolyanions
[PVnMo12−nO40](3+n)− (n = 0–3) in an attempt to characterize their catalytic performance. Five α-Keggin [PV2Mo10O40]5− (α-PV2) isomers
are studied thoroughly, in comparison with the two β-Keggin isomers of their counterparts and three of the 13 isomers of [PV3Mo9O40]6−
(α-PV3). The d-orbital contribution of vanadium atom to the LUMO (DCVL) of the vanadium-substituted heteropolymolybdates is found to be a
key factor in their catalytic performances. Based on this, the activity differences between the five α-PV2 isomers are predicted and rationalized.
A linear correlation between the turnover numbers based on the vanadium atom and the DCVLs is established for the benzene hydroxylation to
phenol. The order of the catalytic activities is predicted as [PMo12O40]3− (α-PV0) < α-PV3 < α-PV2 < [PVMo11O40]4− (α-PV1), which is in
good agreement with the reported experimental results.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Vanadium(V)-substituted heteropolymolybdates; Oxidation catalyst; Redox properties; Benzene hydroxylation; Turnover number; O3LYP
1. Introduction

Polyoxometalates (POMs), especially the heteropoly com-
pounds (HPCs), have attracted much attention in recent years.
They not only have been applied as acid catalysts as well as ox-
idation catalysts in homogeneous and heterogeneous catalytic
processes, but also have been used as new materials in the
fields of electrochemistry, photochemistry, medicine, and en-
vironmental protection [1,2]. The HPCs are attractive because
their special structural topology and versatile properties can be
tuned at the atomic/molecular levels through modification of the
structure type, the central heteroatom, and the transition metal-
substituted atoms [3–6].

Among the numerous HPCs that have been synthesized and
reported, heteropolymolybdates and tungstates related to the
well-known α-Keggin [7] structure have received the most at-
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tention and have been systematically studied both experimen-
tally and theoretically. The Keggin core has a special ability
to accept electrons without decomposition. In reality, it is a
reservoir of electrons and thus can undergo many electron-
transfer processes without significantly deforming the frame-
work [8]. The general trends for the acid strengths of these Keg-
gin acids are W > Mo (for polyatom) and P5+ > Si4+ (for the
heteroatom) [4]. The oxidation potential (or oxidizing ability)
has been reported to be [PMo12O40]3− > [SiMo12O40]4− �
[PW12O40]3− > [SiW12O40]4− [9]. In addition, the introduc-
tion of vanadium(V) into the Keggin framework [PMo12O40]3−
is beneficial for redox catalysis [10], shifting its reactivity from
acid-dominated to redox-dominated, as demonstrated by the
selective oxidation of methanol to either dimethyl ether or
formaldehyde [11] and by other selective oxidations of alkanes
and aldehydes [12–15]. For polyanions with mixed polyatoms,
the oxidation potential is reportedly in the following order:
α-PV2 > α-PV1 > α-PV0 [4,9].
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Notably, the direct selective oxidation of benzene to phe-
nol with hydrogen peroxide as the oxidant is also enhanced
by the incorporation of vanadium(V) center into the Keggin
heteropolyanion [PMo12O40]3− [16–20]. The activities of the
[PVnMo12−nO40](3+n)− (n = 1–3) catalysts in the hydroxy-
lation of benzene to phenol in acetonitrile or glacial acetic
acid were found to decrease in the following order: α-PV1 >

α-PV2 > α-PV3. Electrochemical methods have been used to
characterize the reduction potentials of the title compounds
[21], revealing that the reduction potentials of these species do
not vary monotonically with the number of vanadium atoms
substituted. The mono-vanadium-substituted species α-PV1 ex-
hibits the maximum reduction potential among the polymolyb-
dates, Hn+3PVnMo12−nO40 (n = 0–3), and, consequently, it
has the greatest oxidation activity; α-PV2 has a slightly greater
reduction potential than α-PV3. Thus, the order of the reduction
potentials for these substituted species is α-PV1 > α-PV2 >

α-PV3.
It is well known that positional isomers [22] are always pos-

sible and usually coexist in one system when two or more vana-
dium atoms (n � 2) are incorporated into the α-Keggin frame-
work. There are 5 and 13 positional isomers and enantiomorphs
for the α-PV2 and α-PV3 species, respectively [22]. These iso-
mers have been identified and characterized by means of 31P
and 51V NMR spectrometry [23,24]. In the oxidation of alka-
nes catalyzed by the H5PV2Mo10O40 polyoxometalate [25],
31P NMR and ESR measurements are also used to investigate
the reactivities of the five inseparable isomers. Studies on the
interaction of these α-PV2 isomers with aldehydes indicate that
different isomers show different reactivity [25].

The catalytic performances and reduction potentials ob-
tained for α-PV2 and α-PV3 species are the overall effects of all
isomers, and the contribution of each isomer cannot be obtained
separately from experiments. Thus, revealing the relationship
between the structures of these vanadium(V)-substituted het-
eropolyanions [PVnMo12−nO40](3+n)− (n = 0–3) and their cat-
alytic performances both experimentally and theoretically re-
mains an interesting issue.

Although POM/HPC chemistry is an extremely rich area
of experimental research, high-level calculations on them
are relatively scarce, due mainly to the intensive computa-
tional demands imposed by the large size of these species.
Weber [26] reported the effect of vanadium substitution on
Hn+3PVnM12−nO40 (M = Mo, W; n = 0–3) through the Xα

calculations and obtained some useful information about their
reduction abilities. Most recently, advances in the hardware of
computers have made it possible to perform some high-level
quantum calculations on these larger systems. Most of the first-
principle studies related to the Keggin-type heteropolyanions
have been carried out at the Hartree–Fock (HF) and density
functional (DF) levels of theory [27–31].

Most recently, Handy and Cohen [32,33] developed an op-
timized exchange functional OPTX and used it in conjunction
with the well-known correlation functional LYP [34] to form
two new functionals, the pure functional OLYP and the hybrid
functional O3LYP. The latter is defined as in Eq. (1), and the
popular B3LYP [34,35] incorporated in Gaussian packages is
formulated as Eq. (2) [32,33,36]:

O3LYP = 0.1161*XHF + 0.9262*XS + 0.8133*OPTX
+ 0.19*VWN5 + 0.81*LYP, (1)

B3LYP = 0.2*XHF + 0.8*XS + 0.72*XB88
+ 0.19*VWN + 0.81*LYP. (2)

Here XHF denotes Hartree–Rock exchange; XS denotes Dirac–
Slater exchange [37]; XB88 denotes Becke’s 1988 nonlocal
exchange [38]; VWN denotes Vosko, Wilks, and Nusair’s local
correlation [39]; and LYP denotes Lee, Yang, and Parr’s non-
local correlation [34]. Besides the different mixing coefficients
of the exchange functionals from B3LYP, O3LYP uses the opti-
mized OPTX to substitute the B88 exchange. It is worth noting
that the VWN correlation functional in O3LYP is modified to
the preferred one, VWN5, which differs from the VWN orig-
inally used in B3LYP because they were established based on
different models [39].

Compared with the BLYP and B3LYP, the performances of
these new functionals have been tested on geometries, energies,
heats of reaction, and barrier heights for some molecules and
organic reactions [36,40–46]. Results have indicated that both
OLYP and O3LYP are among the best functionals currently
available, and the OLYP is a great improvement over BLYP on
both energy and structure parameters for certain systems. It was
also found that although in some cases, especially in dealing
with hydrogen-bonding systems [41], O3LYP underestimated
hydrogen bond strengths even more than B3LYP, the O3LYP
functional was overall superior to B3LYP, at least in the same
quality [36,43,45,46].

Consequently, the aim of the present work is to assess the
new hybrid functional O3LYP method on the structures and
properties of these transition metal heteropolyanion clusters.
The focus is on the substitution effects of the vanadium(V)-
substituted heteropolymolybdates [PVnMo12−nO40](3+n)−
(n = 0–3) in an attempt to characterize theoretically the re-
lationship between the structures and their catalytic oxidation
abilities, especially the varying behaviors among the five α-PV2
isomers.

2. Models and computational approach

The α-Keggin anion [PMo12O40]3− as shown in Fig. 1 com-
prises an assembly of 12 corner-shared octahedra MoO6 from
trimetallic groups {Mo3O13} around a heteroatom tetrahedron
PO4. Each {Mo3O13} group exhibits an edge-sharing octahe-
dral. The corner-shared oxygen atoms connecting the trimetal-
lic group are denoted as Oc, and the edge-shared ones in each
trimetallic group are denoted as Oe. The internal oxygen atoms
between the central tetrahedron and the trimetallic groups are
noted as Oi. The terminal oxygen atom, bounded to only one
molybdenum atom, is denoted as Ot. The corresponding mole-
cular structure of the α-Keggin heteropolyanion [PMo12O40]3−
is shown in Fig. 2a.

In the present work, following Pope [22] and Pettersson [23],
we also indicate the vanadium positions in the α-PV2 species by
the lowest possible numbers (1, x for the α-isomers, as shown
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Fig. 1. Polyhedral representation of α-Keggin [PMo12O40]3−. The central light
grey (yellow in web version) part is the PO4 tetrahedron, the darkly grey (blue
in web version) part is one of the trimetallic {Mo3O13} groups.

previously [23]). Thus, the 1,4-, 1,2-, 1,5-, 1,6-, and 1,11-iso-
mers shown in Fig. 1 are denoted as α-PV2-A, α-PV2-B, α-
PV2-C, α-PV2-D, and α-PV2-E, respectively. The frequently
investigated 1,4,9-isomer (α-PV3-A) and 1,2,3-isomer (α-PV3-
B) are chosen to represent the α-PV3 species. The three vana-
dium atoms in α-PV3-A locate in the same trimetallic group
{V3O13} and are edge-sharing linked, whereas those in α-PV3-
B are corner-sharing linked, with each located in a separated
trimetallic group {Mo2VO13}. Besides these two α-PV3 iso-
mers, another one, 1,5,11 (α-PV3-C), in which the positional
character of V atoms is similar to that in the α-PV2-C and
α-PV2-E isomers, was also studied. Because two β-Keggin
di-vanadium-substituted species β-PV2 detected by Pettersson
[22] coexist with the α-Keggin species, they may derive from
the preparation or isomerization of the α-Keggin species; we
also take them into account to compare them with their counter-
parts. These two β-Keggin species, 4,10- and 4,11-isomer, are
denoted as β-PV2-A and β-PV2-B, respectively. The molecu-
lar structure of the β-Keggin anion [PMo12O40]3− is depicted
in Fig. 2b.

It is clear that many properties of the HPCs in solution de-
pend on the concentration, the pH value of the solution, the
reaction temperature, and other factors. At present, it is im-
possible to take all of these possible factors into account in a
quantum chemical study. In this work, the PCM model [47]
was applied to model the effect of the solvent on these polyan-
ions. Calculations were carried out using the Gaussian 03W
program packages [48]. All geometries were fully optimized.
For such large clusters, the LanL2MB or the LanL2DZ basis
sets with quasi-relativistic effective core potentials (ECPs) [49]
were chosen to represent the cores and the valence orbitals. The
basis set was augmented with a single set of diffuse p-functions
and a set of d-polarization function on the central P atom [50].
The energies of all of the clusters investigated were corrected
by the zero-point vibrational energy (ZPVE) calculated in the
gas phase. The single-point calculations on these anions in sol-
vent were based on the structures optimized in the gas phase,
and the energies also contained the ZPVE corrections.

3. Results and discussion

3.1. Verification of the selected method

Bridgeman [31], in a density functional theory study on the
vibrational frequencies of α-Keggin heteropolyanions, pointed
out that the results from the B3LYP calculations were in close
agreement with experimental results, although these calcula-
tions were extremely computationally demanding and cannot be
considered a standard task for the study of those large, heavy-
element cluster anions. Because of this, the initial study aimed
to assess the efficiencies of the newly developed hybrid func-
tional O3LYP on the large α-Keggin polyanion [PMo12O40]3−
and compare them with those of the popular B3LYP calcula-
tions. The α-Keggin structures have Td symmetry, and thus the
optimization was performed under this symmetry constraint.
The calculated results and the experimental values are listed in
Table 1.

Not surprisingly, the data obtained from our calculations
are similar to the data reported by Bridgeman [31] when we
used the same B3LYP/LanL2DZ level of theory on the clus-
Fig. 2. Perspective plot of the atomic coordination of polyanion [PMo12O40]3−. (a) α-Keggin; (b) β-Keggin. The molybdenum atoms are labeled in Arabic numbers.
The β-Keggin is generated from α-Keggin by rotating 60◦ of the trimetallic group {Mo3O13} labeled 10, 11, 12 along its three-fold axis.
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Table 1
Computed and experimental parameters of the α-PV0

Method Bond length (Å) Bond angle (degree) Av% GHL

X–Oi M–Oi Mo–Oe Mo–Oc Mo–Ot Mo–Oe–Mo Mo–Oc–Mo deva (eV)b

O3LYP/LanL2MB 1.564 2.465 1.929 1.919 1.722 129.7 149.8 1.53 2.14
O3LYP/LanL2DZ 1.578 2.483 1.946 1.936 1.723 128.5 152.4 1.89 2.80
B3LYP/LanL2MB 1.564 2.465 1.927 1.917 1.723 129.8 150.4 1.49 2.84
B3LYP/LanL2DZ 1.578 2.484 1.944 1.936 1.725 128.6 152.8 1.95 3.29
Exptl.c 1.54 2.44 1.91 1.92 1.68 125 151
Calcd.d 1.578 2.484 1.944 1.936 1.725
Calcd.e 2.03

a Average deviation between the calculated parameters in this work and the experimental results.
b Energy gap between the highest occupied molecular orbital and the lowest unoccupied orbital.
c Experimental values from Ref. [51].
d Calculated results from Ref. [31].
e Calculated result from Ref. [27].
ter (see entries four and six in Table 1). However, if we chose
the LanL2MB basis sets, then the structural parameters ob-
tained are also satisfactory (entry three in Table 1). The average
percentage deviations (Av% dev) between the calculated pa-
rameters in this work and the experimental work (Exptl.) are
1.95 and 1.49, respectively. The same trend was also found for
the new functional O3LYP, and the geometry predicted using
LanL2MB basis sets is closer to the experimental results than
that obtained using LanL2DZ. The average percentage devia-
tions (Av% dev) with the basis sets LanL2DZ and LanL2MB
are 1.89 and 1.53, respectively. Comparing the geometrical pa-
rameters produced from the B3LYP and O3LYP calculations,
the Av% devs are quite close when the same basis sets were
used. However, in these cases, the calculated bond lengths are
systematically longer than the experimental values, presumably
due to the lack of a stabilizing crystal field for the anion when
treated as gas-phase species.

One of the important factors affecting the oxidation capac-
ity of these fully oxidized polyanions—the energy gap between
the highest occupied molecular orbital (HOMO) and the low-
est unoccupied orbital (LUMO) (abbreviated as GHL)—was
compared to test these methods (see Table 1). The GHL val-
ues calculated using LanL2DZ basis sets are all nearly 0.7 eV
larger than those calculated using LanL2MB basis sets with
both B3LYP and O3LYP. Even though the calculated GHLs
for this polyanion α-PV0 using Gaussian software packages in
this study are larger than the reported value of 2.03 eV (en-
try seven) using the ADF software with the larger triple-ζ (TZ)
basis sets [27], the GHL value computed at O3LYP/LanL2MB
level of theory is much closer to the literature data than that
calculated at the other three levels, as shown in Table 1.

In addition, we also calculated the vibrational frequencies of
the α-PV0 at the O3LYP/LanL2MB level of theory. The charac-
teristic frequencies of this typical α-Keggin structure are 1069,
1053, 871, and 808 cm−1 for the asymmetric stretching of Mo–
Ot, P–Oi, Mo–Oc–Mo, and Mo–Oe–Mo, respectively. With the
exception of the slightly larger Mo–Ot asymmetric stretching
frequency, which in this case is the result of coupling motion
with the asymmetric stretch of the P–Oi bond [31], the vibra-
tional frequencies are consistent within a 10 cm−1 deviation
with the experimental infrared data [52]. Those frequencies pre-
Table 2
Symmetry used in optimizations, relative energy (Er), GHL and the solvent
effects of the selected species studied. The energies of the α-PV0, α-PV2-A,
and α-PV3-A isomers are selected as references for the same charged species,
respectively. The data in parentheses are the relative single point energies in the
acetonitrile solvent

Species Sym-
metry

Er
(kJ mol−1)

GHL
(eV)

Solvent effect
(kJ mol−1)

α-PV0 Td 0.0 (0.0) 2.14 −905.4
β-PV0 C3v 55.5 (56.0) 1.94 −904.6
α-PV1 Cs – 2.10 −1660.3
α-PV2-A Cs 0.0 (0.0) 2.09 −2645.5
α-PV2-B Cs −1.6 (−1.1) 2.08 −2645.1
α-PV2-C C2 −8.4 (−7.3) 2.10 −2644.7
α-PV2-D C1 −5.7 (−4.5) 2.13 −2644.3
α-PV2-E C2v −3.1 (−3.1) 2.03 −2645.5
β-PV2-A C1 52.6 (54.7) 1.98 −2643.4
β-PV2-B C1 45.6 (47.9) 2.00 −2643.4
α-PV3-A C3v 0.0 (0.0) 2.11 −3859.0
α-PV3-B C3v −3.4 (−2.5) 2.15 −3858.1
α-PV3-C Cs −18.9 (−17.7) 2.04 −3857.7

dicted at the B3LYP/LanL2MB level are almost the same as
those calculated with the O3LYP method.

In all, calculations at O3LYP/LanL2MB level of theory are
quite satisfactory for studying such computationally demand-
ing heteropolyanion compounds. Subsequently, the geometries
of the selected [PVnMo12−nO40](3+n)− (n = 0–3) were fully
calculated under the above level of theory O3LYP/LanL2MB.
The data are summarized in Table 2.

3.2. Stability of [PVnMo12−nO40](3+n)− (n = 0–3)

The most frequently studied Keggin type α- and β-isomers
have quite different energy levels. As shown in Table 2, the en-
ergy level of the β-Keggin anion [PMo12O40]3− is 55.5 kJ/mol
higher than that of its α-isomer. In addition, the β-PV2-A and
β-PV2-B isomers have 52.6 and 45.6 kJ/mol more energy, re-
spectively, than the corresponding α-PV2-A isomer. The GHL
values of all β-Keggin species are slightly lower than those of
their α-counterparts. These obvious differences in energies and
GHL values indicate that the α-Keggin species are more stable
than their β counterparts. Compared with the β-Keggin frame-
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works, the favorable stabilities of the α-Keggin clusters may be
due to the less obtuse corner-sharing Mo–O–Mo bonds to the
rotated {V3O13} group.

For the five α-PV2 isomers, the energy differences are quite
small considering the accuracy of our calculations. Comparing
the stability of these isomers is difficult. For example, the en-
ergy of the α-PV2-C is calculated to be the lowest, but it is only
8.4 kJ/mol lower than that of the α-PV2-A isomer (the highest).
This may be the main reason why one isomer is quite difficult
to separate from the others experimentally. The discrepancy
between the statistically predicted relative abundance and the
experimentally observed relative abundance [23,24] may result
from their relative stabilities, even though the energy differ-
ence obtained in the present work is quite small. For α-PV2-A
and α-PV2-B, the statistically predicted abundance is 18.2%
for both, but the experimentally observed values are 13.3 and
23.3%, respectively.

As more vanadium atoms are incorporated into the Keggin
framework, the energy differences become more obvious. As
shown in Table 2, the largest energy difference between the five
α-PV2 isomers is 8.4 kJ/mol, whereas that for the three α-PV3

clusters is as large as 18.9 kJ/mol.

3.3. The solvent effect of acetonitrile

It should be noted that all of the HOMOs and LUMOs of the
polyoxoanions have very high energy levels (3.0–9.0 and 6.0–
12.0 eV, respectively) because of their large negative charges.
It is well known that these highly charged heteropolyanions do
not exist in the gas phase and that the external field generated by
the solvent and the counterions is crucial to stabilize them. The
calculated results of the effect of acetonitrile solvent on these
polyoxoanions are given in the last column of Table 2.

After PCM calculations, a considerable decrease in molecu-
lar orbital energy and a decrease in the magnitude of the solvent
effects occurs in parallel to the charge of these anions. The en-
ergies of the HOMOs shift to the negative region, which is a
necessary condition for stability. Keep in mind that the het-
eropolyanions are easily reducible chemical species, and thus
the energy of the LUMO must be sufficiently low to accept
the incoming electron in catalytic reactions. The solvent mole-
cules in dilute solutions stabilize these anions and place these
molecular orbitals at the appropriate level. The energies of the
HOMOs and the LUMOs lie in the regions of −6.0 to −3.0 eV
and −3.0 to −1.0 eV, respectively. Yet the GHL values of these
anions in solution do not vary and are almost the same as those
in the gas phase, demonstrating that the intrinsic properties are
determined by the molecular structures.

As shown in Table 2, the solvent effects change in paral-
lel to the overall charges of the anions; that is, the greater the
negative charge of the anion, the greater the solvent effect. For
these charged clusters, the solvent effects are dominated by
the electrostatic component–the interactions of the polarized
polyanions with the charge distribution of the solvent. In con-
junction with the energy changes of the HOMOs and LUMOs
of these clusters, when not taking any counter ions or external
force fields into account, the electrostatic effects on the proper-
ties of the POMs cannot be neglected.

3.4. Redox capacity of [PVnMo12−nO40](3+n)− (n = 0–3)

It is generally accepted that in the absence of paramagnetic
ions, the ground state configuration of heteropolyanions is typ-
ical of a fully oxidized polyoxoanion with a high GHL value.
Whereas the HOMO primarily delocalizes over the nonbond-
ing p-orbitals of the oxygen atoms, the LUMO usually consists
of an antibonding combination of d-orbitals on the molybde-
num centers and p-orbitals on the neighboring bridging oxygen
atoms Oe and Oc. Moreover, the metal substitution may mod-
ify the energy and composition of the LUMO and thus also
the redox properties of the cluster. Studies have shown that the
substitution of Mo6+ ion in Keggin structures by higher elec-
tronegativity of V5+ ion often increases the oxidation abilities
of the POMs [10–15], but does not affect the energies of the
HOMOs, which are centered almost entirely on the oxygen [26–
28]. Because of this, the HOMOs for these differently charged
species are usually treated as oxo-bands [26–29]. Moreover,
usually the extra reduction electron preferentially goes to the
vanadium atom, leading to the formation of the reduced species
with one electron localized on the V center, not the heteropoly-
blue with the one electron delocalized among all of the metal
centers of the Keggin framework [27].

Therefore, for the differently charged cluster anions
[PVnMo12−nO40](3+n)− (n = 0–3), the energy and composition
of the LUMOs have significant effects on the redox properties
of the POM [53]. In general, the lower the LUMO energy (i.e.,
the smaller the GHL value) and the greater the contribution of
the vanadium in the LUMO, the easier the species traps ad-
ditional electrons and thus the more active the cluster in the
oxidation reaction. The GHL values of all of the calculated
clusters are given in Table 2.

Taking the GHL values of all clusters into account, the data
in Table 2 indicate that the GHL values of the β-Keggin species
β-PV0 and β-PV2 are nearly 0.2 eV lower than those of their
corresponding isomer anions α-PV0 and α-PV2. Taking their
higher electron energies (mentioned earlier) into account, the
β-Keggin species are clearly more readily oxidized and less
stable than their α-isomers. For the five α-PV2 isomers, the dif-
ferences in GHL values are quite small, changing within 0.1 eV.
However, the GHL value of the α-PV2-E isomer is only 2.03 eV,
nearly 0.1 eV smaller than the GHL values of the other four iso-
mers.

In the event of similar GHL values for the substituted
polyanions, the compositions of the LUMOs are crucial to the
investigation into the oxidative properties of these polyanions.
Consequently, the LUMO compositions of the α-Keggin het-
eropolyanions were checked further; the data are summarized
in Table 3. As can be seen, the LUMOs consist of the d-orbitals
of the Mo and/or V atoms and the p-orbital of the oxygen
atom. However, the d-orbital contribution of vanadium atoms
to the LUMO (DCVL) does not parallel the mass content of the
vanadium-substituted anions. For the α-PV1 species, the DCVL
is 10.5%; with an increasing number of substituted V atoms, the
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Table 3
LUMO compositions, DCVLs and the abundance (Abd.) [23,24] of the
α-Keggin anions

Species Composition of LUMO (%) DCVL Abd.
(%)Mo 4d V 3d O 2p

α-PV0 58.2 – 33.9 – –
α-PV1 49.7 10.5 31.5 10.5 100
α-PV2-A 44.1 16.7 30.0 8.4 18.2
α-PV2-B 43.7 17.4 29.6 8.7 18.2
α-PV2-C 40.4 21.8 28.9 10.9 18.2
α-PV2-D 45.3 14.4 30.7 7.2 36.4
α-PV2-E 40.4 21.5 29.2 10.7 9.1
α-PV3-A 44.3 14.0 29.9 4.7 1.82
α-PV3-B 44.2 14.3 29.6 4.8 1.82
α-PV3-C 31.2 32.3 24.9 10.8 5.46

DCVL decreases (to nearly 8% for α-PV2 and 5% for α-PV3)
for all species except α-PV2-C and α-PV2-E (10.9 and 10.7%,
respectively) and α-PV3-C (10.8%).

Different positionally substituted V atoms in the Keggin
structure may form different chemical environments of vana-
dium; therefore, the five isomers of the α-PV2 species may
exhibit different oxidation properties. The α-PV2-D isomer has
the largest GHL value, yet the smallest DCVL, among the
α-PV2 species. Whereas the GHL values of α-PV2-A and α-
PV2-B are quite similar to that of α-PV2-C, the DCVLs for
these first two isomers, in which the two vanadium atoms are
neighbor-linked, are smaller than the DCVL of the cluster α-
PV2-C. Considering the experimental fact that α-PV1 is more
active than α-PV2, the most catalytically active clusters among
the α-PV2 species could be attributed to the α-PV2-C and α-
PV2-E isomers, not only because their DCVLs are very close
to those of the mono-vanadium species, but also because of
their special vanadium position in the framework of the Keg-
gin structure. The two vanadium atoms are far located in these
two frameworks (5.10 and 7.09 Å in α-PV2-C and α-PV2-E,
respectively, and 3.32 and 3.52 Å in α-PV2-A and α-PV2-B,
respectively), making the chemical environment of vanadium
very similar to that of the α-PV1 species.

To confirm this supposition, we propose that the tri-vana-
dium-substituted configuration, which has both the α-PV2-C
and α-PV2-E di-vanadium-substituted characteristics, has a dif-
ferent LUMO composition among the 13 isomers of α-PV3.
This supposed configuration is α-PV3-C (1,5,11-isomer, or its
1,5,8-enatiomorph), in which every two vanadium atoms are
separated far apart from each other. This is why we took this
isomer into account earlier in the present work. As mentioned
above, the calculated result (Table 3) on this cluster shows that
its DCVL is 10.8%, quite close to the 10.9% of α-PV2-C, the
10.7% of α-PV2-E, and the 10.5% of the mono species α-PV1.
In addition, the GHL value of this isomer is calculated to be
2.04 eV (Table 2), almost the same as 2.03 eV, the lowest value
among the five isomers of the α-PV2 species. Based on these
two findings, α-PV3-C appears to be the most active isomer
among the α-PV3 species.

Nevertheless, from a synthesizing standpoint, we cannot
control the reaction conditions to allow these favorable po-
sitional vanadium-substituted isomers to be synthesized sepa-
rately. Moreover, it is well worth pointing out that the statisti-
cally relative abundance of these reactive species is not very
high in their isomer systems, 18.2% for α-PV2-C, 9.1% for
α-PV2-E [23], and 5.46% for α-PV3-C [24]. Altogether, the
most reactive clusters for α-PV2 occupy only 27.3%, which is
not compatible with the 100% for α-PV1 species. This is prob-
ably why α-PV1 exhibits higher catalytic activity.

Therefore, because vanadium is essential to the catalytic
properties, and the energy and composition of the LUMO are
vital in governing the oxidation activities, the abundance of
different isomers may play an important role in catalytic per-
formance. Assuming that the isomers with proper structures of
vanadium atoms are active and that others exhibit little activ-
ity for benzene hydroxylation, the vanadium atoms incorpo-
rated into the α-PV2-C, α-PV2-E, and α-PV3-C isomers may
be treated as active vanadium in α-PV2 and α-PV3, whereas
others make little contribution. Due simply to the low ratio
of these active vanadium atoms, the oxidation activity of α-
PV2 and α-PV3 lag behind that of α-PV1. In none of the
isomers of α-PV2 and α-PV3 except α-PV2-C, α-PV2-E, and
α-PV3-C do the vanadium atoms exhibit activity in benzene hy-
droxylation and possible activity in other catalytic reactions as
well [54].

3.5. Correlation of the predicted oxidation capacity of
[PVnMo12−nO40](3+n)− (n = 1–3) with the TON in benzene
hydroxylation [18]

As stated above, the most active clusters of α-PV2 and α-
PV3 are the isomers α-PV2-C, α-PV2-E, and α-PV3-C. We
investigated the relationship of these most active clusters with
their catalytic performances in benzene hydroxylation to phenol
as performed in acetic acid in our laboratory. In doing so, we
checked the DCVLs of the most active vanadium-substituted
clusters along with their abundance versus the TONs obtained
in the benzene hydroxylation [18], which are plotted in Fig. 3
(line Q). It is interesting to note that when the relative abun-
dance of the α-PV2 and α-PV3 isomers is taken into account
[23,24], the nearly linear relationship of the DCVLs of these
clusters with per-vanadium TONs is revealed. This result is in
line with the reduction potentials derived with electrochemi-
cal methods [21]. We questioned whether this linear correla-
tion was just coincident with the benzene hydroxylation per-
formed in acetic acid with hydrogen peroxide in our labora-
tory.

To verify this correlation of this theoretical work with ex-
periments, we used the available per-vanadium TONs of the
hydroxylation of benzene to phenol in acetonitrile solvent [17,
20] to correlate with these DCVLs, which are also plotted in
Fig. 3 (lines !, P, and a). It is no accident that we found
similar linear correlations between the DCVLs of the most ac-
tive clusters α-PV2-C, α-PV2-E and α-PV3-C with the catalytic
oxidation performance of α-PV2 and α-PV3. This linear cor-
relation may somehow reflect the vanadium-substituted effects
on the catalytic activity of the heteropolymolybdates applied as
catalysts in benzene hydroxylation [55] and other reactions cat-
alyzed by the title compounds [56].
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Fig. 3. Correlation of the DCVLs with TONs to phenol in benzene hydrox-
ylation. (!, Q) data from [17,18], respectively, and (P, a) tetrabutylam-
monium salts and their free acid forms of catalysts in [20], respectively.
DCVL(α-PV2) = (DCVL ∗ Abd.)α-PV2-C + (DCVL ∗ Abd.)α-PV2-E.

As shown in Fig. 3, the lines have different slopes. These
differences may be due to the effects of the reaction conditions,
like solvent, temperature, counterions, and so on. These differ-
ences can be most clearly seen in the two lines (P and a) for
the same reaction with different salts of these heteropolymolyb-
dates.

4. Conclusion

The newly developed hybrid density functional O3LYP has
proven quite efficient in the computational studies concerning
transitional metal clusters like the Keggin POMs. Different po-
sitional Mo atom(s) substituted by the V atom(s) in the Keggin
structure [PMo12O40]3− may create different vanadium chem-
ical environments, thus causing the title compounds to exhibit
varying catalytic performance. For the first time, a nearly lin-
ear correlation of the TONs for the catalytic hydroxylation of
benzene with the DCVL based on the per-vanadium atom was
found. This correlation may be the direct result of vanadium
substitution effects on the catalytic hydroxylation capacities for
the vanadium-substituted heteropolymolybdates investigated in
the present work.

Different isomers, especially for the α-PV2 species, may
exhibit different catalytic activities for different oxidation reac-
tions. The isomers with vanadium in distal positions, especially
α-PV2-C and α-PV2-E, are the most active clusters for benzene
hydroxylation. Therefore, favorable conditions should be cre-
ated in experiments to prepare the selectively site-substituted
vanadium(s) isomers and apply them in the catalytic oxidation
of aromatic compounds as well as in catalyzed alkane oxida-
tions.
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