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a  b  s  t  r  a  c  t

An  antimony(V)  containing  �-Keggin  type  acidic  polyoxometalate,  H4PSbMo11O40,  was  prepared  by  react-
ing  NaMoO4, H3PO4 and  Sb2O3 in  the  presence  of  aqua  regia  to  appraise  its  reactivity  compared  to the
well  known  vanadate  analog,  H4PVMo11O40.  Characterization  was  by  X-ray  diffraction,  MALDI-TOF  MS,
IR, UV–vis  and 31P NMR  spectroscopy.  Catalytic  redox  reactions,  such  as  oxidative  dehydrogenation  using
O2 and  N2O  as  terminal  oxidants  were  studied  and  showed  very  different  reactivity  of  H4PSbMo11O40

versus  H PVMo O .  It  was  found  by  DFT  calculations  that  in  contrast  to analogous  H PVMo O where
eywords:
olyoxometalate
ntimony
olybdenum
xidation
FT

4 11 40 4 11 40

vanadium  centered  catalysis  is  observed,  in H4PSbMo11O40 catalysis  is  molybdenum  and  not  antimony
centered.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Polyoxometalates exhibit a variety of structures and properties
hat make them useful in catalysis, material science and medicine
1]. They can be viewed as polyanions of discrete structure com-
osed of mixtures of metal oxides containing both main group and
ransition metal elements. Our interest in polyoxometalates has
een as liquid phase homogeneous catalysts, but heterogeneous,
as phase oxidation catalysis is also an important area of research
2].  The catalytic activity and reaction selectivity in polyoxomet-
late catalyzed reactions is dependent on many parameters most
otably the elemental composition. Equally important are the over-
ll structure, acidity and/or counter cation, and charge and within
he polyoxometalate structure. Specifically, acidic phosphovanado-

olybdates, H3+xPVxMo12−xO40 where x = 1, 2, but especially x = 2
how interesting redox activity that can be translated to oxidation

nd oxygenation of organic substrates by electron transfer and elec-
ron transfer–oxygen transfer mechanisms as reported extensively
y us [3,4]. Importantly the reduced catalyst can be conveniently

∗ Corresponding author. Tel.: +972 8 934 3354; fax: +972 8 934 4142.
E-mail address: Ronny.Neumann@weizmann.ac.il (R. Neumann).

1 Present address: Department of Applied Physics, School for Physical Sciences,
abasaheb Bhimrao Ambedkar University, Vidya Vihar, Rae Bareilly Road, Lucknow
U.P.) 226 025, India.

381-1169/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.12.033
reoxidized with dioxygen under mild conditions even though they
are stable also at significantly higher temperatures [3,4].

Antimony oxides are well-known components of heterogeneous
oxidation catalysts, such as VSbO4 for propane ammonoxida-
tion, alkylaromatic ammonoxidation and in allylic oxidations [24].
It is also known that antimony in the secondary structure of
polyoxometalates as counter cations have a stabilizing effect on
polyoxometalates at high temperatures (>400 ◦C) [25]. There are
quite a significant number of polyoxomolybdates and polyox-
otungstates reported in the literature containing Sb(III) atoms,
where the lone pair on Sb occupies a coordination position and
the compounds are non-acidic, that is they are not heteropoly-
acids [26–44].  Most of these studies are based on structural aspects
with only sparse use in catalysis. Our search of the literature has
revealed only five Sb(V) containing compounds [45–49].  In this
context it should be emphasized that we  have reported on the tetra-
butyl ammonium salt of [PSb(V)Mo11O40]4− via oxidation of an
antimony(III) compound with ozone but an antimony(V) contain-
ing Keggin heteropolyacid has not been disclosed. The distinction is
important for only the acids are reactive in electron transfer (ET)
and electron transfer–oxygen transfer (ET–OT) reactions [3–23].

In this research we were interested in probing the question

on how the replacement of vanadium(V) in H3+xPVxMo12−xO40 by
antimony(V) to yield the similar H3+xPSbxMo12−xO40 compounds
would effect the catalytic activity in electron transfer and elec-
tron transfer–oxygen transfer type reactions? [3] Differences were

dx.doi.org/10.1016/j.molcata.2011.12.033
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:Ronny.Neumann@weizmann.ac.il
dx.doi.org/10.1016/j.molcata.2011.12.033
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Table 1
Crystallographic Data for H4PSbMo11O40·14H2O.

Empirical formula PSb1Mo11O40 + 14O
Molecular weight 2072.06
Crystal system Triclinic
Space group P1̄
a, Å 13.602(3)
b, Å 13.944(2)
c, Å 13.946(3)
˛,◦ 60.72(3)
ˇ,◦ 68.44(3)
� ,◦ 70.50(2)
Volume, Å3; Z 2106.7(10); 2
Densitycalc, mg  cm−1 3.267
�,  mm−1 3.962
Reflections 33,799
Unique reflections 11,289
Rint 0.0224
R1; wR2 (I > 2�(I))a 0.0307; 0.0697
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Fig. 1. ORTEP representation (50% probability) of H4PSbMo11O40·14H2O. Water

has a peak at ı = −2.313. The peaks, however, are distinct as shown
by measuring the spectrum of a mixture of the two  compounds.
The cyclic voltammogram (1 mM H4PSbMo11O40, 1 M TBABF4 in
CH3CN) shows two  reductions at 0.48 and 0.63 mV  versus NHE.
R1; wR2 (all data)a 0.0377; 0.0730

a R1 =
∑

||Fo| − |Fc||/
∑

|Fo|; wR2 = {
∑

[w(F2
o − F2

c )
2
]/

∑
w(F2

o )
2}1/2

.

xpected for a number of reasons: (1) The common oxidation states
f vanadium in polyoxometalates are 4+ and 5+, whereas for anti-
ony typically 3+ and 5+ oxidation states have been observed.

his could conceivably lead to a one-step two-electron oxida-
ion of substrates with H3+xPSbxMo12−xO40 versus two  consecutive
ne-electron oxidations commonly observed for H3+xPVxMo12xO40.
2) The significantly higher electronegativity of antimony versus
anadium should render the neighboring oxygen atoms more elec-
ropositive and in this way could conceivably improve the oxygen
onation reactivity of H3+xPSbxMo12−xO40.

. Results and discussion

The synthesis of H3+xPSbxMo12−xO40 for x = 1 and 2 was  carried
ut in the typical manner for such polyoxometalates [50] which
nvolves the reaction of the required stoichiometric amounts of
hosphate, antimonate and molybdate under acidic conditions.
he major difference vis-a-vis the analogous H3+xPVxMo12−xO40
ynthesis was to prepare the antimony(V) precursor in situ by
xidation of Sb2O3 with aqua regia. Extraction with ether and
ecrystallization of H4PSbMo11O40 was successful while the syn-
hesis of H5PSb2Mo10O40 was not due to insufficient stability of
he product obtained. Subsequent research was  on H4PSbMo11O40
nly. It should be noted that a different procedure used in the past
sing Sb2O5 as antimony(V) precursor failed [35].

H4PSbMo11O40 crystallized in the triclinic space group P-1
ith two slightly different �-Keggin moieties per asymmetric
nit. For details of the structural analysis, see Table 1, Section 4,
nd the cif file in the Supporting Information. Generally, in most
ono-substituted �-Keggin structures the substituted metal atom

ositions are fully disordered due to the cubic crystal structure [51].
ere, the lower triclinic symmetry has allowed us to determine that
hen the compound crystallizes it showed a Sb content of 1.02 Sb

toms (also observed in elemental analysis) per PMo(Sb)O cluster.
he refinement when the sum of the Sb occupancies was fixed to be
qual 1 gives an R factor of 0.0307 whereas when it was assumed
hat no Sb was incorporated the R factor was significantly higher,
.052, Fig. 1. The Mo  O and Sb O bonds lengths are typical for
hosphomolybdates and not statistically different from each other
hat is, the Sb O bonds lengths are within one standard deviation of
hose of the respective Mo  O bond lengths. It should be noted that
4 water molecules were located for each polyoxometalate unit.

his amount of water was confirmed also by thermogravimetric
nalysis which showed a loss of 11.5% water at up to circa 100 ◦C.

The X-ray diffraction characterization of H4PSbMo11O40 was
omplemented by further spectroscopic and electrochemical
molecules and protons not shown; P – green, Mo/Sb – black, O – red. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web  version of this article.)

characterization. The IR spectrum of H4PSbMo11O40 has four
peaks at 1064, 960, 869, and 781 cm−1 due to four different
types of oxygen atoms (internal, edge shared, corner shared
and terminal) and is typical for non-distorted �-Keggin struc-
tures of general Td symmetry and essentially the same as the
spectrum of H3PMo12O40. A MALDI-TOF-MS of H4PSbMo11O40
deposited from an acetonitrile solution showed a cluster of peaks
at m/z = 1894.0540 (90%) and 1771.0132 (100%) attributable to a
protonated H4PSbMo11O40·CH3CN species and a lacunary species,
respectively. No peak associable to the analogous H3PMo12O40
compound was observed. The IR spectrum does not indicate the
presence of a lacunary species in the sample itself that would lead
to a split peak for the P O vibration at 1064 cm−1 indicating that the
lacunary species is formed as a metastable species upon ionization
within the mass spectrometer. The 31P NMR  of H4PSbMo11O40 has
a single peak at ı = −2.298 ppm, close to that of H3PMo12O40 which
Fig. 2. Cyclic voltammograms of H4PSbMo11O40 and H3PMo12O40 (1 mM polyx-
oxmetalate, 1 M (n-C4H9)4NBF4 in CH3CN, scan rate – 100 mV/s).
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Scheme 1. Aerobic oxidation of 2,6-dimethyl pheno

his is in contrast to the cyclic voltammogram of the H3PMo12O40
parent” polyoxometalate, which under identical conditions, also
howed two reductions, however, at different and lower potentials,
.33 and 0.48 mV  versus NHE, Fig. 2. H4PSbMo11O40 has a higher
xidation potential compared to H3PMo12O40. H4PVMo11O40 has
xidation potentials intermediate that of H4PSbMo11O40 and
3PMo12O40.

As mentioned in the introduction, we have shown that
3+xPVxMo12−xO40 is active in electron transfer (ET) and electron

ransfer–oxygen transfer (ET–OT) reactions. The reactions all begin
y electron transfer from the organic substrate to the polyoxomet-
late to yield vanadium(IV) species. In ET only reactions there is
o oxygen transfer from the catalyst to the activated substrate
nd the eventual product is a dehydrogenated compound. Exam-
les include arenes from dihydroarenes [3,6], or diphenoquinones
rom phenols [5].  In ET–OT reactions, initial electron transfer is
ollowed by oxygen transfer from the polyoxometalate to the acti-
ated substrate to yield oxygenated products. Examples include
etones and quinones from arenes and alkylarenes, respectively
9,10],  the carbon carbon bond cleavage in the oxidation of pri-

ary alcohols [19], and the oxygenation of sulfides [22]. We  wished
o gauge the reactivity of H4PSbMo11O40 in both ET and ET–OT
eactions.

In the presence of H4PVMo11O40, 2,6-dimethyl phenol gives
he corresponding diphenoquinone in quantitative yields through

 four-electron oxidative dimerization reaction. In this reaction
he corresponding H4PSbMo11O40 showed no catalytic activity,
cheme 1. On the other hand, H4PSbMo11O40 was reactive in
lectron transfer initiated oxidative dehydrogenations of dihy-
roarenes to arenes. For example, in Table 2, one can see the relative
onversions using various catalysts and two oxidants for the oxida-
ive dehydrogenation of dihydrophenanthrene to phenanthrene. In
he aerobic oxidation, H4PSbMo11O40 and H4PVMo11O40 showed
he same conversion after 15 h, while H3PMo12O40 was signifi-
antly less reactive. The use of nitrous oxide as oxidant was also
ffective although the yields were significantly lower. It should
e noted that in the absence of catalyst with both oxidants only
race amounts, ∼1%, of dihydrophenanthrene were oxidized via

 disproportionation pathway, that is reduced tetrahydro- and
ctahydrophenanthrene were also formed.

In order to differentiate more clearly between the catalytic
ctivities of the various catalysts, the initial rates of the aerobic
xidative dehydrogenation of limonene to para-cymene were
easured. This was done by observing the reduction of the polyox-

metalate catalyst by UV–vis spectroscopy, through formation of

he known reduced blue species at 700 nm.  The relative reactivity
as H4PVMo11O40 (∼20) > H4PSbMo11O40 (∼10) � H3PMo12O40

1). Clearly, the antimony and vanadium substituted

able 2
xidative dehydrogenation of dihydrophenanthrene to phenanthrene.

Catalyst Conversion, mol%
O2

Conversion, mol%
N2O

H4PSbMo11O40 >99 26
H4PVMo11O40 >99 24
H3PMo12O40 31 25

eaction conditions: dihydrophenanthrene (5 mmol), catalyst (0.5 mmol), acetic
cid (1 mL), 1 bar O2 or N2O, 15 h, 110 ◦C. Conversions were measured by GC and
o products besides phenanthrene were observed.
dihydrophenanthrene catalyzed by H4PSbMo11O40.

phosphomolybdates have similar activity for the aforemen-
tioned aromatization reactions that are in any case higher than
that of the non-substituted compound. However, the scope of
reactivity of H4PSbMo11O40 was  lower.

In contrast to H4PVMo11O40 in ET–OT reactions no catalytic
activity of H4PSbMo11O40 was  found for the oxygenation of active
arenes and alkyl arenes such as anthracene and xanthene. Also no
oxygenation of thioanisole with H4PSbMo11O40 was observed. On
the other hand for the oxidative carbon carbon cleavage reaction
of 1-butanol where phosphovanadomolybdates yielded selective
1:1 formation of butylformate and butylpropionate, the use of
H4PSbMo11O40 led to a mixture of products. Thus, oxidation of
1-butanol (1 mmol), H4PSbMo11O40 (0.01 mmol), sulfolane (1 mL),
1 bar O2 100 ◦C, 15 h, gave a low conversion of 1-butanol and a
mixture of products, including the cleavage products, butylformate
and butylpropionate, the autooxidation product, butanal, and the
acid catalyzed etherification product, di-n-butylether, Scheme 2.
The same reaction with H3PMo12O40 gave no oxidation products
and only di-n-butylether (17% yield). Clearly, H4PSbMo11O40 was
a significantly inferior catalyst for ET–OT reactions as compared
to the analogous vanadium substituted compounds but did show
some activity as opposed to H3PMo12O40 which is totally inactive
for such reactions. A post reaction measurement of the 31P NMR
spectrum of the reaction mixture showed no compounds except
the original H4PSbMo11O40 indicating that the catalyst was  stable
under reaction conditions.

In order to gain further insight into the potential of
H4PSbMo11O40 as an ET and ET–OT catalyst, calculations were car-
ried out on [PSbMo11O40]4− to determine its energies and spin
states using the same methodology previously used for the anal-
ogous [PVxMo12−xO40](3+x)− polyoxometalates [52]. Fig. 3 shows
the numbering scheme used for the designation of the atoms in the
calculations.

DFT calculations have been performed on all possible spin states
and the stationary points have been characterized as minima on
the potential energy surface. The two basis sets yielded essen-
tially identical results and therefore the results are independent
of basis set employed. However, the gas phase results were unable
to provide any meaningful correlations with the observations. A
cursory look at Tables 3–5 indicates the importance of calculations
in solvent phase for corroboration with the observations. The two
solvents employed, water and acetonitrile (ACN) yielded similar
values. The following observations can be made from the system-
atic computational study: (1) For the fully oxidized compound
[PSbMo11O40]4−, the ground state is unambiguously characterized
as a singlet. (2) All the compounds are expected to be low spin
and only the one-electron reduced [PSbMo11O40]5− is expected

to be paramagnetic with a doublet ground state; the oxidized
and two-electron compounds are expected to be diamagnetic. (3)
The one-electron reduced compound, [PSbMo11O40]5−, is more

Scheme 2. Aerobic oxidation of 1-butanol catalyzed by H4PSbMo11O40.
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Fig. 3. The numbering scheme for the [PSbMo11O40]q− (q = 4, 5, 6) anion. Mo  – blue,
O  – red, P – orange, Sb – purple. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 3
B3LYP/B1 (top) and B3LYP/B2D//B1 (bottom) relative energies in kcal/mol for
1,3,5[PSbMo11O40]4− .

DEa D(E + ZPC)a

Gas Water ACN Gas Water ACN

M1 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

M3 27.21  26.85 27.00 26.09 25.73 25.88
36.14 35.78 35.93 35.02 34.66 34.81

M5 69.04  69.73 69.8 66.74 67.43 67.58
88.51 89.20 89.35 86.21 86.90 87.05

q
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a
[
t
t

f
s

T
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h

Table 5
B3LYP/B1 (top) and B3LYP/B2D//B1 (bottom) relative energies in kcal/mol for
1,3,5[PSbMo11O40]6− .

DEa D(E + ZPC)a

Gas Water ACN Gas Water ACN

M1 327.08 −219.22 −208.70 324.85 −221.45 −210.93
355.99  −190.31 −179.79 353.75 −192.55 −182.03

M3 324.18  −221.66 −211.11 321.45 −224.39 −213.84
353.59  −192.25 −181.70 350.86 −194.98 −184.43

M5 364.84  −179.19 −168.67 360.83 −183.20 −172.68
404.00  −140.03 −129.51 399.99 −144.04 −133.52
a Values are with respect to 1[PSbMo11O40]4−; M1  – singlet, M3  – triple, M5 –
uintet, ACN – acetonitrile.

table than the oxidized [PSbMo11O40]4− as may  be expected for
n oxidizing compound and the two-electron reduced compound,
PSbMo11O40]6−, is yet more stable. The results support the elec-
rochemical measurements and the positive oxidation potential of
hese compounds.
The B3LYP/B1 spin densities and charges (see ESI for the tables)
or 1[PSbMo11O40]4−, 2[PSbMo11O40]5−, and 1[PSbMo11O40]6−,
hows that the charge on antimony remains unchanged over

able 4
3LYP/B1 (top) and B3LYP/B2D//B1 (bottom) relative energies in kcal/mol for

,4,6[PSbMo11O40]5− .

DEa D(E + ZPC)a

Gas Water ACN Gas Water ACN

M2 128.83 −115.80 −111.41 127.66 −116.97 −112.58
143.73  −100.90 −96.51 142.57 −102.06 −97.67

M4 172.17  −71.74 −67.46 169.57 −74.34 −70.06
197.50  −46.41 −42.13 194.90 −49.01 −44.73

M6 211.01  −31.92 −27.54 207.53 −35.40 −31.02
246.64  3.71 8.09 243.16 0.23 4.61

a Values are with respect to 1[PSbMo11O40]4−; M2  – doublet, M4 – quartet, M6  –
extet.
a Values are with respect to 1[PSbMo11O40]4−; M1  – singlet, M3 – triple, M5  –
quintet.

all three of the lowest energy states indicating that reduction
does not take place at the antimony atom. Indeed, for the one-
electron reduced 2[PSbMo11O40]5−, the negative charge and spin
density are mostly concentrated on the distal (to antimony)
molybdenum atom, Mo14. Further, for the two-electron reduced
1[PSbMo11O40]6−, the negative charge tends to be more delocal-
ized over all molybdenum atoms with preference for Mo11 and
Mo14. The calculations point out that although H4PSbMo11O40 is
isostructural to H4PVMo11O40 and have similar ground state ener-
gies (−427.1 and −443.6 kcal/mol) the electronic ground states of
the reduced compounds are very different. H4PVMo11O40 shows
vanadium-centered redox properties, whereas H4PSbMo11O40
shows molybdenum-based redox chemistry. This indicates that
H4PSbMo11O40 is more similar to H3PMo12O40, albeit with a higher
oxidation potential, than to H4PVMo11O40. The catalytic oxidation
chemistry supports this conclusion.

3. Conclusions

Phosphovanadomolybdates, H3+xPVxMo12−xO40 especially
where x = 1 and 2, have unique and well-defined catalytic activ-
ity in electron transfer and electron transfer–oxygen transfer
reactions. In an attempt to find yet more active catalysts, a new
antimony(V) containing �-Keggin type acidic polyoxometalate,
H4PSbMo11O40, was  prepared and characterized based on the
assumption that compared to the well-known H4PVMo11O40,
H4PSbMo11O40 would engender two-electron reactions at the
antimony center and oxygen transfer would be facilitated by
the lower electronegativity of Sb. Cyclic voltammetry showed
that H4PSbMo11O40 compound has a higher oxidation potential
compared to the parent H3PMo12O40, but catalytic activity was
inferior to H4PVMo11O40. In some cases no reactivity was observed,
ET phenol oxidative dimerization and ET–OT sulfide, arene and
alkylarene oxygenation. In other cases, dihydroarene aromatiza-
tion and primary alcohol oxidation was  observed, but the activity
was  lower than that of H4PVMo11O40. DFT calculations show
that [PSbMo11O40]4− is low spin as are the one and two-electron
reduced compounds. The reduction of [PSbMo11O40]4− does not
take place at the antimony atom as originally hypothesized. The
first electron reduction occurs at a molybdenum center distal
to the antimony atom while the two-electron reduction yields
negative charge density quite delocalized over all molybdenum
atoms.

4. Experimental

4.1. Synthesis of H4PSbMo11O40·14H2O
H4PSbMo11O40·14H2O was  synthesized by dissolving anti-
mony(III) oxide (1.45 g, 5 mmol) in aqua regia (60 mL)  on a hot plate
at 70 ◦C to oxidize it to an antimony(V) species. This solution was
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dded to a solution of sodium phosphate (709.8 mg,  5 mmol) in
0 mL  water. A drop of H2SO4 was added and the solution was
tirred for 10 min  at 70 ◦C then let cool to room temperature.
odium molybdate dihydrate (12.1 g, 50 mmol) dissolved in 20 mL
ater was added. The color gradually changed from pale orange

o clear yellow. The solution was further acidified by adding 8 mL
NO3 dropwise and the solution was let to stir at room tempera-

ure for 15 h. The desired H4PSbMo11O40 was extracted with diethyl
ther to yield an etherate phase; the ether was then removed by
vaporation. The crude mixture was dissolved in water and let
o crystallize to give yellowish crystals with a green tint. Yield –
.6 g (27%). Elemental Analysis H4PSbMo11O40·14H2O experimen-
al (calculated) P: 1.11 (1.47), Sb: 5.53 (5.79), Mo: 49.78 (50.15)
2O: 12.07 (11.87).

.2. X-ray diffraction analyses

Crystal data for H4PSbMo11O40 was measured at 100(2) K on
 Bruker Kappa Apex2 CCD diffractometer [�(Mo  K�) = 0.71073 Å]
ith a graphite monochromator. The data were processed with
pex2 software, respectively. The structures were solved by direct
ethods using the program SHELXS-97 and refined using SHELXL-

7. All non-hydrogen atoms were refined anisotropically, using
eighted full-matrix least squares on F2 crystal data collection and

efinement parameters are given in Table 1.

.3. Other characterizations of H4PSbMo11O40

The 31P NMR  spectra were measured in acetonitrile on a Bruker
vance DPX 300 spectrometer with H3PO4 as external standard.
he IR spectra were measured on a Nicolet 6700 FTIR; samples
ere prepared as ∼5 wt% KBr based pellets. Cyclic voltammetry was
easured on CH Instruments, 680 Amp  Booster model using glassy

arbon working electrode and a platinum reference electrode. The
V/vis spectra were recorded on Agilent 89090A spectrophotome-

er using 0.3 mM solution in acetonitrile.

.4. Catalytic oxidation reactions

Typically, oxidation reactions were carried out in 13 mL  glass
ressure tubes by loading the tube with appropriate amounts of
he polyoxometalate, substrate and solvent. H4PSbMo11O40 was
reated with ozone prior to each reaction to ensure that all the cata-
yst is in its oxidized form. The tube was purged three times with the
esired gas before loading it to 1 bar. The reaction tube was  placed

n a thermostated oil bath and the mixture stirred magnetically.
xidation reaction products were characterized quantitatively and
ualitatively using GC and GC/MS, respectively. The compounds
ere separated using a 30 m,  0.32 mm i.d. 5% phenyl methylsilicone

olumn with a 0.25 mm coating using He as eluent.

.5. DFT calculations

All calculations were performed with Gaussian 03 using the
nrestricted UB3LYP density functional theoretic (DFT) method.
eometry optimization was performed with a Los Alamos-type
ACVP basis set on Mo,  Sb (with a small core ECP) and 6-31G
n the rest of the atoms, henceforth, B1. Single point calculations

ere done using PCM model on B3LYP/B1 optimized geometries

n two different solvents (water and acetonitrile) and single point
3LYP/Def2-TZVP calculations were also done on B3LYP/B1 opti-
ized geometries i.e. B3LYP/B2D//B1.

[

[
[

lysis A: Chemical 356 (2012) 152– 157
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