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Abstract

Vanadyl cations were introduced as counter-ions of the 12-molybdophosphate Keggin anion and crystals of
[VO(H ,0)5IH[PMo,,0,,] - 23H,0 were obtained. Dehydration under nitrogen of this hydrate occurs step by step which
were studied by thermogravimetry and ESR characterization of vanadium after thermal treatment. Vanadyl exists as an aquo
complex [VO(H,0)sJ** up to 75°C. Between 75 and 210°C, loss of the water molecules leads to VO?* becoming bound to
the outer oxygen atoms of the molybdophosphate. All these transformations are readily reversible in the presence of water.
At 320°C, a progressive decomposition of the Keggin structure occurs, characterized by a decrease of the intensity of the
ESR signal of V** and the emergence of a signal of Mo®*. This transformation is only partly reversible in the presence of

water vapor.
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1. Introduction

Substitution of one to three vanadium for
molybdenum atoms in H,[PMo,0,,] leads to
H,, [PMo,,_,V,0,,] species and strongly mod-
ifies its catalytic activity, especially for oxida-
tion reactions [1-3]. Knowledge of the coordi-
nation of vanadium in the solid state was essen-
tially obtained from ESR spectra which are very
sensitive to modification of the V** local envi-
ronment. ESR studies of tungsto- or molyb-
dovanadic acids in solution [4] and in the solid
state [5] are reported in the literature and modi-
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fications of the spectra of bulk [6] and supported
[7-9] samples during dehydration process oc-
curring in a thermal treatment up to 773 K were
interpreted by the successive loss of crystalliza-
tion and constitutional water and finally the
irreversible destruction of the heteropolyanionic
structure, each state being characterized by one
or more specific V** signals. A reversible wa-
ter-dependent transformation between two types
of V** was observed [10,11].

In all these studies, vanadium in the starting
material is at the oxidation state five. Therefore,
V** is in very small proportion and it was
found that the intensity of the V** signal did
not change significantly during thermal air or
vacuum treatment [6]. It seems irrelevant to
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found the discussion of the dehydration process
and of the heteropolyanionic stability on results
obtained from a minor element in the solid.
Moreover, it has been recently shown [11,12]
that important structural changes of the vanado-
molybdic heteropolyacids occur during catalysis
of the oxidative dehydrogenation of isobutyric
acid: reduced (V**) vanadium goes out of the
Keggin structure and have to be considered, at
the steady state, as a counter-ion of the 12-
molybdophosphate anion [11]. This: transforma-
tion appears to be general, irrespective of the
nature of the substrate, and occurs also during a
thermal treatment, at least partially, depending
on the temperature and the extent of the treat-
ment [13].

It was then important to take into account the
presence of V** out of the Keggin structure in
catalysts at the steady state. In this light, we
investigated the ESR characterization of vana-
dium in heteropolyoxometallic materials in
which V** is a counter-ion of Keggin type
polyoxomolybdates and tungstates. In this pa-
per, results obtained with the 12-
molybdophosphate anion are reported.

2. Experimental
2.1. Preparations

The vanadyl hydrated acid salt
[VO(H,0);JH[PMo,,0,,] - 23H,0 is obtained
from the barium acid salt of the heteropolyacid
H,[PMo,,0,,]). A cationic exchange of vanadyl
for barium is achieved using vanadyl sulfate.

Molybdophosphoric acid (10 g; 4.85 mmol)
is dissolved in 10 ml of water. Solid barium
hydroxide (Ba(OH), - 8H,0; 1.56 g; 4.85 mmol)
is added to the stirred solution in several small
quantities in order to avoid any increase of the
pH of the solution, which would lead to a
partial decomposition of the molybdophosphoric
anion. Vanadyl sulfate pentahydrate (1.25 g;
4.85 mmol) is then quickly added and the vigor-
ously stirred solution is kept at room tempera-

ture for half an hour. The barium sulfate precip-
itate is filtered off. The resultant solution is then
kept at about 4°C. The slow low-temperature
crystallization yields highly hydrated green
crystals.

The purity of the compound was checked by

*'P NMR spectroscopy (only one peak was
obtained at —2.55 ppm, taking 85% H,PO, as
reference) and voltammetry in hydroorganic
medium (water—dioxane v/v + HCIO, 0.5 M),
IR and elemental analysis. The amount of
vanadyl cation is obtained by titration with Ce'Y
in 0.1 M H,SO, solution.

Analysis: P%: 1.35 (calc. 1.35), Mo%: 52.32
(calc. 50.04), V%: 2.14 (calc. 2.21)

2.2. X ray diffraction

A X-ray diffraction study was performed on
a single crystal of the hydrate
[VO(H,0);]H[PMo0,,0,,] - 23H,0 obtained
from its solution at 4°C. A crystal was sealed in
a Lindemann capillary tube. Crystals are cubic,
space group Fd3 with a=23.020 (2) A V=
12199(13) A® and Z = 8.2346 reflections were
collected on an Enraf Nonius CAD-4 diffrac-
tometer using graphite monochromated Mo K,
radiation and 0/20 scans (independent 903,
with 1> 35(1)680).

2.3. Thermogravimetry and isotherms

Thermogravimetry (TG) was carried out un-
der nitrogen flow (50 ml/min) with a Perkin
Elmer electrobalance at a heating rate of
5°C/min up to a temperature of 460°C.
Isotherms were also performed under nitrogen
flow in order to determine the temperatures of
thermal treatment leading to well defined hydra-
tion states of the solid. The selected temperature
was reached at a heating rate of 5°C/min and
was maintained during 15 h. For each isotherm,
the temperature was chosen according to the TG
results. The samples were powdered just prior
to both TG or isotherm recording. About 16 mg
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of finely ground powder was used for each
experiment.

2.4. Electron spin resonance

Crystals were powdered immediately before
performing ESR measurement or thermal treat-
ments. Thermal treatments were carried out dy-
namically under nitrogen flow (40 ml/min) in a
glass fixed bed reactor at temperatures (75°C,
210°C and 320°C) selected from the isotherm
experiments. Samples of ca. 400 mg were heated
from room temperature to the selected tempera-
ture at a heating rate of 100°C /h and then kept
at this temperature for 15 h. Eventually, the
dehydrated samples were quickly cooled down
to room temperature under nitrogen flow.

The ESR tube was directly connected to the
inner gas tube of the reactor via a glass side arm
in order to avoid hydration by ambient moisture
during the transfer from the reactor. The ESR
tubes containing a small amount of the dehy-
drated samples (50 mg) were finally sealed

(X)

WEIGHT

under nitrogen flow. X-band ESR spectra were
recorded on a Bruker ESR 300 spectrometer.
The magnetic field was calibrated using Micro-
Now NMR gaussmeter and NMR markers. All
spectra were recorded at room temperature and
77 K. The time constant was the same for all
spectra (5.12 ms). The microwave power was
set to 10 mW except for the room temperature
spectrum of the highly hydrated sample which
was recorded using a microwave power of 1
mW. Precise values of the components of the g
and A tensors were obtained from computer
simulation.

3. Results
3.1. X-ray diffraction

Attempts to resolve the structure of
[VO(H,0),[HPMo,,0,,] - 23H,0 by X-ray
diffraction on a single crystal were done in
order to try to understand anion—cation relation-

30.00 60.00 130.00 18000 230.00
Temperature (C)

3 . ; , .
260.00 330.00 360.00 430.00 480.00

Fig. 1. TG curves of room temperature-stable hydrates: (a) HVOPMo,,0,,; (b) H;PMo,,04,.
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ships. Phosphorus, molybdenum atoms and their
surrounding oxygen atoms of the unit cell were
located by routine methods. All distances and
bond angles were in the normal range usually
found in previously reported Keggin structures
[14]. Difficulties due to the high symmetry of
the space group (cubic lattice, F3d) arise when
vanadium counter-ions and oxygen atoms of
water molecules had to be located. Difference
Fourier map gave electronic densities but, be-
cause of the number of equivalent positions,
these densities could be provided by fractional
occupancies either of oxygen or vanadium
atoms. Thus, the location of the vanadyl cations
between the [PMo,,0,,]*~ Keggin units cannot
be determined.

3.2. Thermogravimetry

Heteropolyacids crystallize with a large num-
ber of water molecules depending on solution

SIGNAL A

! 1 ! 1 t

acidity and temperature. At low temperature,
highly hydrated crystals (28-30H,0) are usu-
ally obtained in which some water molecules
are present as hydroxonium ions H,O" or
H;0;. The 23H,0 hydrate of the monovanadyl
salt is not stable in air at room temperature:
spontaneous loss of water leads to a 8H,O
hydrate identified by thermogravimetry. Ther-
mogravimetry gives lines of evidence for two
types of water molecules in these solids, crystal-
lization and constitution water. TG curves ob-
tained with the acid and the vanadyl salt are
reported for comparison (Fig. 1). In the case of
the acid (Fig. 1b), loss of the crystallization
water begins at room temperature and a plateau
corresponding to the anhydrous acid is observed
in the 130-270°C temperature range. Between
270 and 400°C, the water of constitution
(1.5H,0) is lost. It is formed from the three
protons bound to the polyanion [PMo,,0,,]*"
and polyanion oxygen atoms. In the case of

! 1 { ]
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Fig. 2. ESR spectra (v = 9.4 GHz) of the freshly powdered 23H,0 hydrate recorded at (a) 293 K and (b) 77 K, signal A.
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[VO(H,0)H[PMo,,0,,] - 23H,0 (Fig. 1la),
water molecule removal is realized in a three-
step process. Below 100°C, the first type of
crystallization water (about 23H,0) is released,
as observed with the phosphomolybdic acid.
The second type of crystallization water loss
(about 5H,0) is achieved in the 100-250°C
temperature range. A very poorly defined water
loss occurring between 250°C and 400°C is
attributed to the low content of water of consti-
tution (0.5H,0).

The second kind of crystallization water of
the vanadyl salt was never observed with het-
eropolyacids. Since the vanadyl cation is found
as the [VO(H,0);F** complex in aqueous solu-
tion, the water loss in the 100-250°C tempera-
ture range must be associated with the loss of
the five water molecules coordinated to vana-
dium. This assignment is in agreement with the
X-ray structure determination performed on a
vanadyl salt of the 12-tungstosilicate anion [11].

3.3. Isotherms

One main disadvantage of thermograms is
that they are not equilibrium curves. Because
accurate temperatures corresponding to equilib-
rium states are required for thermal treatments
of samples for ESR measurements, several
isotherm experiments in the 60-320°C tempera-
ture range were carried out with
[VO(H,0)IH[PMo0,0,,] - 23H,0. Several
temperatures were selected in order to obtain

Table 1

well defined hydration states of the solid, as
summarized in the following scheme:

[VO(H,0);|H[PMo,,0,,] - 23H,0
- [VO(H,0);|H[PMo,0,]
- 8H,0 (room temperature)
- [VO(H,0)5|H[PMo ,0,,] (75°C)
— VOH[PMo,,0,,] (210°C)
- VOPMo ,0,, 5 (320°C)

The formulation of the last compound corre-
sponds to its formal composition without any
reference to the exact structure of the solid.

3.4. ESR spectra of samples treated up to 210°C

The X-band ESR spectrum of the freshly
powdered 23H,0 hydrate strongly depends on
the recording temperature, 293 K (Fig. 2a) or 77
K (Fig. 2b). The latter spectrum (signal denoted
A) is characteristic of an unpaired 3d electron
(S = 1/2) interacting with the nuclear spin (I =
7/2) of a V** ion. The spectrum exhibits eight
broad parallel and perpendicular lines showing
that the V** ion is in a tetragonal ligand field.
The associated spin hamiltonian is then:

8 'BHZS: + ng(HxSx + H_VS_\.) +A”S:13
+AL(SXI)c + S},Iy)

where z corresponds to the main axis of the g
and A tensors. The computer simulation gives
the ESR parameters reported in Table 1. This

ESR parameters of V** and Mo®" signals observed after thermal treatment in N, of the vanadyl molybdooophosphate as fitted by

computer simulation

Compounds AN Mo3+*
HVOPMo,,0,, Zio g g, Ao (G) A,(G) A(G) g g,
23H,0 hydrate signal A 1.970 1.932 1.978 113 202 77

75°C signal C 1.926 1.978 205 84

210°C signal D 1.930 1.961 165 44

320°C signals D+ E 1.930 1.961 165 44 1.855 1.958
[PMo, VO, J*~ 1.936 1.974 164 57
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Fig. 3. ESR spectra of [VO(H,0);] H[PMo,,0,,-8H,0: (a) X
band (v = 9.4 GHz); (b) Q band (v = 34 GHz), signal B.

low temperature spectrum actually represents a
frozen motion. Indeed, the isotropic eight line
room-temperature spectrum shown in Fig. 2a

SIGNAL C

SIGNAL D

reflects the fast tumbling of the V** ions in the
highly hydrated solid. The computed g;,, =
1.970 and A,,=113 G obtained from the
isotropic spectrum are in satisfying agreement
with the values estimated from g, =1/3(g, +
2g,) and A, =1/3(A +2A)) ie. gy, =
1.963 and A, , =118 G.

In natural air at room temperature, the hy-
drate [VO(H,0);JH[PMo,,0,,]: 8H,0 is ob-
tained. The X-band spectrum (signal B), inde-
pendent on temperature, is rather complex (Fig.
3a). Several hypotheses were considered in or-
der to simulate this spectrum: in a first time, the
best fit was obtained considering two distinct
signals corresponding both to V** in a tetrago-
nal environment. With this hypothesis, only the
g, values differ for the two signals. In order to
determine if the relative intensities of these two
signals depend on the quantity of vanadyl
species in the solid, salts containing variable
amounts of vanadyl cation ranging from 0.3 to
1.3 per Keggin heteropolyanion were prepared.
The same spectrum was obtained for all the
samples irrespective of the V /heteropolyanion

1 t ! 1

2600 3000 3400

3800 4200
(G]

Fig. 4. ESR spectra (v = 9.4 GHz) of (a) [VO(H,0)5] H[PMo,0,,], signal C; (b) [HVOPMo,,0,,], signal D.
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ratio. The g value of one of these signals was
surprising (1.961, close to the g , value, 1.978),
therefore a Q-band spectrum was recorded (Fig.
3b).The resolution of the perpendicular compo-
nents was increased but the parallel components
showed the same pattern. Moreover, the two
parallel signals were separated by 105 G both in
Q and X-band spectra.

After thermal treatment at 75°C, only one
temperature independent signal C (Fig. 4a), very
similar to A at 77 K, was observed. The g and
A values obtained from simulation of signal C
(Table 1) are really close to those found with
the highly hydrated initial solid. The dehydra-
tion process is reversible since the B signal was
observed again after 24 h room temperature
rehydration in natural air of the solid previously
treated at 75°C.

A thermal treatment at 210°C lead to a new
ESR signal denoted D (Fig. 4b). D is also
temperature-independent and has a quite well
resolved hyperfine structure for the paraliel
component but not for the perpendicular one. A
very weak underlying broad line was observed
in the spectrum. Simulation gave the g and A
values reported in Table 1. After a treatment at
210°C under dry atmosphere followed by treat-
ment in the presence of 4% of water at the same
temperature, C is superimposed on signal D, but

| 1 ! L ]

has a low intensity. It was restored quantita-
tively when the treatment in the presence of
water was performed at 75°C. Moreover, when
the solid treated at 210°C was rehydrated at
room temperature in natural air, the signal B
was observed again. All the steps of the dehy-
dration process are then reversible up to 210°C.

4. ESR spectra of samples treated at 320°C

This temperature was chosen because it cor-
responds to the mean temperature conditions of
industrial utilization of catalysts in oxidation
reactions. Fig. 5 shows the spectra obtained
after 17 h and 60 h of thermal treatment at
320°C under nitrogen flow. Two signals were
observed, D and a new signal, denoted E with-
out a visible hyperfine structure. Signal E can
be simulated with the following g values in the
approximation of an axial symmetry: g, = 1.855
and g, =1.958. This signal has been previ-
ously observed after treatment of H,;[PMo ,0,,]
at 400°C under nitrogen [15] and has been as-
signed to reduced molybdenum arising from the
decomposition of the Keggin unit. The solid
treated 60 h at 320°C is no longer fully soluble
in water and the IR spectrum shows a signifi-
cant broadening compared with the spectra ob-

Y SIGNAL E
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Fig. 5. ESR spectra (v = 9.4775 GHz) of HYOPMo,,0,, after thermal treatment at 320°C under N,, (a) 17 h; (b) 60 h.



72 R. Bayer et al. / Journal of Molecular Catalysis A: Chemical 110 (1996) 65-76
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Fig. 6. ESR spectra (v = 9.775 GHz) of HVOPMo,,0,, after thermal treatment at 320°C under N, in the presence of 4% of water, (a) 17 h;

(b) 60 h.

tained with samples treated between room tem-
perature and 210°C, which well correspond to
the Keggin structure. All these observations
show that the vanadyl salt of the molybdophos-
phate is not stable at 320°C and suggest that
insoluble bulk oxide phases are slowly formed
at this temperature.

Since water is commonly added to the gas
phase in catalytic oxidation reactions using het-
eropolyacids, the influence of water on the
transformation of the vanadyl salt at 320°C was

1 i | 1 1

studied. Fig. 6 shows the spectra obtained after
17 h and 60 h of treatment under N, flow in the
presence of 4% of water. Both signals D and E
are visible, D is the most intense signal after 17
h but is less intense after 60 h. Therefore the
question of whether water can reverse the trans-
formation occurring at 320°C under dry nitrogen
was studied. Samples were first treated for 60 h
at 320°C in dry atmosphere, then water was
added (4%) for a treatment at 320 or 210°C.
The signal D was partly restored (Fig. 7) but the

L ! 1 |
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3800 4200
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Fig. 7. ESR spectra (v = 9.775 GHz) of HVOPMo,,0,, heated 60 h at 320°C under N, and then treated in the presence of water 4%. (a)

320°C, 40 h; (b) 210°C, 30 h.
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characteristic signal of Mo’* remained, show-
ing that the reversibility of the transformation
was never complete, whatever the temperature
and duration of the treatment with water vapor.

The vanadyl salt of the 12-molybdophosphate
was also utilized as a catalyst for the oxydehy-
drogenation of IBA (17 h) and then transferred
into an ESR tube without air exposure. When
the reaction was performed in the presence of
4% of water, the ESR spectrum has been simu-
lated by the superposition of the two V** sig-
nals C and D (the latter being the major compo-
nent) and of the signal E characterizing Mo>*
but with a very low intensity. If the reaction
was performed without water, the signal C dis-
appeared and the relative intensity of the signal
E increased. The relative intensity of the signal
E observed after catalysis was always weaker
than those observed after a thermal treatment
either with or without water.

5. Discussion

In all the previous studies devoted to the
characterization of vanadium in molybdic het-
eropolyanions, ESR spectra were recorded with
solids containing initially the species
H,, [PMo,,_V,0,] in which the vanadium
atoms are in the structure of the heteropolyan-
ion. The ESR study of thermal evolution of
vanadium containing heteropolyanions had to be
reinvestigated for two main reasons: (1) in the
solids studied, the paramagnetic probe V** was
present in a very low proportion with respect to
V3" since the starting material was prepared
with vanadium(V) and the V** proportion did
not increase during the thermal treatment; (2) it
was reported [11], and recently confirmed [12],
that thermal treatment and use of vanadomolyb-
dic heteropolyacids catalysts in IBA oxidation
lead to a release of the vanadium atom from the
polyanionic structure, without destruction of the
Keggin unit since the heteropolyanion
[PMo,,0,,]’" is simultaneously rebuilt. This
transformation has never been considered in all

the previous discussions of the ESR spectra of
vanadomolybdic species in the solid state.
Moreover, in the course of a catalytic oxidation
reaction such as the oxidative dehydrogenation
of isobutyric acid at 320°C or the oxidation of
methanol at 250°C, this transformation is quan-
titative and all of the vanadium is in the V**
state [11]. It is likely that this transformation
occurs in all oxidation reactions and misleading
conclusions may be drawn if it is ignored.

To characterize accurately the active solid at
the steady state in oxidation reactions when the
initial catalyst was H,[PMo, VO], the ESR
study was performed on the well defined com-
pound [VO(H,0)s]JH[PMo,,0,,] - 23H,0 which
has the same composition, except for the reduc-
tion state of the Keggin anion [PMo,0,,]’ ",
the polyanion being partly reduced in catalytic
conditions [11]. All treatments were performed
under nitrogen in order to keep all the vanadium
atoms in the reduced state. Evolution of the
values of ESR parameters with temperature is
reported in Fig. 9. When the compound is fully
hydrated, i.e. after crystallization from aqueous
solutions at 4°C, the V** ESR signal A (Fig. 2)
indicates, besides the expected strong localiza-
tion of the odd electron on the vanadyl cation,
that the molecular motion of the vanadyl is
allowed at room temperature (Fig. 2a) as it
would be in solution. This is clearly due to the
large amount of water surrounding the
[VO(H,0);]** complex between the Keggin
units. The correlation time calculated from sim-
ulation (3 X 107'° s) is about ten times those
determined in aqueous solution.

The vanadyl molecular motion is quenched in
the 8H,0 hydrate obtained after partial dehy-
dration at room temperature in natural air (Fig.

HPA HPA

A W
OH;

i —— =< >
HP;\ N /';; e /ﬁ

Fig. 8. Dehydration and change in the coordination mode of the
vanadyl cation between 75 and 210°C.
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3a). When further dehydration is achieved, the
thermogravimetric curves and isotherms show
that the loss of crystallization water and V**
coordinated water molecules occur in two suc-
cessive steps, before 75°C and in the tempera-
ture range 75-210°C respectively. After treat-
ment at 75°C, the salt is anhydrous but the
[VO(H,0);]** complex is still present.

The similarity of signals A (at 77 K) and C
strongly suggests that they correspond to V**
included in the same first coordination sphere,
ie. to the [VO(H,0),]** complex localized
between Keggin units. We cannot assign at the
present time the signal B observed with the
intermediate 8 H,O hydrate obtained at room
temperature (Fig. 3). This signal was observed
with salts containing variable quantities of
vanady! and it was restored if the solids ob-
tained at 75°C and 210°C are kept at room
temperature in air of natural humidity. These
observations suggest that, at room temperature,
the vanadyl cations associated with the
[PMo,,0,,]*" units are involved in aqua com-
plexes as it has been observed in the structure of
the salt [Na(H,0),L,IVO(H,0),ISiW,,0,,]-
5H,0 [11]. Without any information on the
environment of V#* by crystallographic meth-
ods, it is difficult to explain the spectra recorded
either at 34 GHz or 9.7 GHz. The assumption
that B is composed of two signals due to two
independent V** cations cannot be held be-
cause the parallel signals would not be sepa-
rated by 105 G both in X and Q-band spectra.
All attempts to simulate these two spectra with
two independent signals, for example with two
different A“ values, have failed. Another as-
sumption was to consider pairs of V#* cations,
like those reported for binuclear species in
vanadyl tartrate or citrate [16,17]. Their spectra
present two parallel and two perpendicular com-
ponents and a half field forbidden transition
(AMg=2). In the case of the 8H,0 hydrate,
only the parallel signal is split into two compo-
nents but no half field signal was observed.
Therefore, formation of a triplet state vanadyl
complex here seems unlikely. Further studies

are needed to propose a satisfying explanation
of this spectrum.

Between 75 and 210°C, the ESR signal is
strongly modified, corresponding to the strip-
ping of the vanadyl cation shown by the TG
curves. The electron is once more localized on
the V** ion in an tetragonal crystal field but
decreasing of both A (205 to 165 G) and A |
(84 to 44 G) shows that the electron delocaliza-
tion is stronger than in [VO(H,0)s]**. Since
the coordination sphere of V** must be recon-
structed after water displacement, the new lig-
ands are necessarily the outer oxygen atoms of
heteropolyanions as schematically represented
in Fig. 10. Heteropolyanions are then linked
together by means of the vanadium atoms. Such
a coordination of V** is in agreement with a
higher delocalization of the electron through
V4*_0-Mo®* bonds than in the isolated
[VO(H,0),]**. A similar situation exists when
a vanadium atom 1is in a Keggin structure since
it is then linked to four Mo®* through V*#*-O-
Mo®* bonds. Actually, the ESR spectrum of the
ammonium salt of [PMo, VO, P~ (g,=
1.936, g, =1.974, A;=164 G and A =57
G) is close to the signal D, that strongly sup-
ports the proposed coordination of vanadium. In
contrast to the molecular structure of the initial
material, the solid at 210°C can be viewed as an
infinite covalent network in which anhydrous
oxomolybdic Keggin units are linked by VO?*
groups. When dehydration was carried out be-
tween 75°C and 210°C, only C and D signals
were observed, showing that there is no stable
intermediate between [VO(H,0);]** and het-
eropolyanion coordinated VO** cations. Since
the transformation is reversible, it can be ex-
pected that these two vanadyl species are in
equilibrium in the presence of water and that
their relative amounts depend on the tempera-
ture and on the water vapor pressure of the gas
phase.

The solid was treated under nitrogen atmo-
sphere at 320°C since catalytic oxidation reac-
tions are generally performed at temperatures
ranging from 300 to 350°C. The appearance of
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the Mo>* signal E, different from the Mo>*
signal in a Keggin unit [18], corresponds to the
destruction of the structure of the molydophos-
phate [15]. The same Mo’>* signal has been
observed when H,[PMo,VO,,] was submitted
to a reducing atmosphere (H,) at a temperature
above 400°C [7] and has been assigned to the
reduction of molybdic species resulting from the
decomposition of the Keggin unit. The almost
complete disappearance of the V** signal after
60 h of treatment of the vanadyl salt shows that
this decomposition has to be correlated with a
major evolution of the vanadyl species. Forma-
tion of an oxide phase such as V,0, (undetecta-
ble by the ESR technique) or of precursors of
this phase may be involved in this evolution.

The presence of water clearly slows and/or
limits the evolution of the Keggin unit at 320°C
since signal D can still be observed after 60 h
under wet nitrogen (Fig. 7b). Perhaps most im-
portant is the observation that signal D is re-
stored by a treatment under water vapor follow-
ing a treatment under dry nitrogen atmosphere
(Fig. 8). Therefore, water allows partial rebuild-
ing of the Keggin units after almost total trans-
formation of the solid. The absence of any
powder X-ray diffraction diagram of the solid
after any thermal treatment at 320°C shows that
it is amorphous and does not contain crystal-
lized oxides which are formed at higher temper-
atures. The possible rebuilding of the Keggin
unit in the presence of water suggests that the
solid resulting from the decomposition of the
molybdophosphate at 320°C is constituted by
poorly organized fragments of this structure
containing the metallic cations at several oxida-
tion states.

Water is used as an additive in the reaction
mixture in order to stabilize the activity of the
catalyst [19]. It has been proposed [12] that
water did not stabilize the structure of the het-
eropolyanion by formation of a stable hydrate
but could influence the catalytic cycle itself.
The monovanadyl salt of the molybdophosphate
can be considered as a suitable model of the
most active phase [11,12]. Since ESR signals C
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Fig. 9. Values of the ESR parameters according to the hydration
of HVOPMo,,0,,. Values for (NH,)sPMo,, VYO, are reported
for comparison.

and D are observed after catalysis (without air
and moisture exposure), it can be expected that
rapid changes in the coordination sphere of V**
could occur at 320°C in the presence of water,
aquo complexes being in equilibrium with het-
eropolyanion bound species. Evolution of the
structure of the solid, involving, for example,
the formation of partially decomposed Keggin
units and precursors of oxides such as V,0, and
MoO;, would be slowed down when the vana-
dium exists as [VO(H,0);]** and then decom-
position of the Keggin unit would be more
difficult.

6. Conclusion

The aim of this study was to obtain the
‘fingerprints” of V** in heteropolymolybdic
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solids since the knowledge of the vanadyl sur-
roundings could be helpful for understanding of
the catalytic reaction mechanism and, espe-
cially, of the role of vanadium. At temperatures
lower than about 100°C, aquo complexes of
VO?* are localized between the Keggin units
but they are coordinated to the outer oxygen
atoms of the molybdophosphate at temperatures
higher than about 210°C. When the catalyst
worked out for the oxydehydrogenation of
isobutyric acid at 320°C in the presence of
water the two types of vanadyl cations were
identified. This is a possible explanation of the
role of water in order to slow down the deacti-
vation of the catalyst.
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