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Abstract: The location and coordination geometry of vanadium(IV) ions in the cesium salt of molybdo-
vanadophosphoric heteropolyacid Cs4PVMo11O40 were studied using orientation-selective pulsed ENDOR
(electron nuclear double resonance) experiments. To enhance the orientation selectivity for the paramagnetic
vanadyl species, these investigations were done at Q-band frequencies. It was possible to resolve
interactions of the paramagnetic vanadyl ions (VO2+) with all relevant nuclei, 1H, 31P, 51V, and 133Cs. The
location of the vanadyl species was studied by determination of the complete 31P hyperfine tensor. This
approach was done for both the fresh and the calcined Cs4PVMo11O40 materials, and no differences in the
structures of the VO2+ complexes were found. The ENDOR results give experimental evidence for the
location of the V(IV) ions. For both samples, it was possible to exclude the incorporation of V(IV) at the Mo
sites. The VO2+ species are directly attached to the outer surface of the heteropolyanion and coordinated
to four of the outer oxygen atoms with a V-P distance of 3.96 Å.

1. Introduction

Several heteropolyacids (HPA) and their salts are known as
active heterogeneous catalysts for the selective oxidation of
aldehydes and alkanes.1,2 The catalytic performance of one
specific HPA, H3PMo12O40, can be enhanced by the substitution
of V for Mo in the Keggin-type heteropolyanion.3 Consequently,
the location and the local coordination geometry of the
incorporated vanadium ions are of special importance for the
understanding of the catalytic activity of the HPA materials and
for future development of tailor-made catalysts. Furthermore,
this knowledge may also be helpful to understand and overcome
the thus far poor thermal stability of the HPA-based catalyst,
which is a major drawback for potential applications.3

Although vanadium originally incorporated into the HPA as
V(V), it has been reported that a fractional amount of vanadium
is always found as paramagnetic vanadyl ions4,5 which can be
characterized by electron spin resonance (ESR) spectroscopy.
Due to the properties of the HPAs and their salts as oxidation
catalysts and the specific role of vanadium in the reaction

mechanism, a series of papers devoted to the characterization
of V(IV) ions in HPAs by ESR have been published during the
past decade.5-7 Recently, Po¨ppl et al. succeeded in elucidating
the V(IV) position in pure HPA materials, H4PVMo11O40, by
pulsed ENDOR experiments.8 Likewise, some papers reported
the structural and catalytic properties of heteropolymolybdate
salts with different counterions, for example, iron,9 cerium,4 and
cesium.10-12 Despite various studies on the cesium salts of
HPAs, the exact position of the vanadyl ions within the Keggin
structure is still unknown. Until now, no conclusive experimental
evidence has been given to substantiate the assumed substitution
of V4+ ions for Mo inside the Keggin unit of the Cs salt
(Cs4PVMo11O40).10

The structure of the heteropolymolybdate salts is described
on two levels. The main building block of the HPA, the so-
called primary structure, contains the HPA anions which
generally form the well-known structure of Keggin ions.13,14
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This is schematically shown in Figure 1. In this example, the
Keggin unit consists of a central phosphorus atom surrounded
by 12 oxygen octahedrons which contain molybdenum atoms.
Four types of oxygen atoms can be distinguished. First, four
central oxygens O(1) form a PO4 tetrahedron with the central
P. Two kinds of bridging oxygen atoms O(2) and O(3) then
connect the Mo octahedrons. Finally, 12 terminal oxygen atoms
O(4) form double bonds to the neighbored transition metal ions.
The arrangement of this primary structure together with coun-
terions and water molecules forms the secondary structure.
Concerning the secondary structure of heteropoly compounds
with Cs+ as counterions, several papers were recently pub-
lished.11,12,15,16It has been reported that the presence of Cs leads
to a stabilization of heteropoly compounds.12 Berndt et al.
described the secondary structure of several Cs heteropoly salts
as a cubic structure with variable site occupations.11 The
structure of the cesium salt of the vanadium-trisubstituted
dodecatungstophosphate anion was determined by X-ray analy-
sis.16 Furthermore, the lack of mobility of larger cations such
as Cs+ as compared to, for example, Li+ or Na+ has been
explained by the possible coordination of the Cs ions to more
oxygen atoms.15 The exact position of the Cs+ cations with
respect to the Keggin anions is, to our knowledge, still not
known for Cs4PVMo11O40 heteropoly compounds. Another
motivation for this study was to use information about the
location of the vanadyl ions to gain insight into the coordination
geometry of the Cs counterions by studying the Cs hyperfine
(hf) interaction. However, these studies are currently underway
and are not part of the present investigation.

Various ESR studies of the paramagnetic vanadyl species in
several HPA materials showed that the principal values of the
electron Zeeman interaction tensorg and the51V hf coupling
tensorAV are sensitive to the modifications of the V(IV) local
environment.5-8 The amount of paramagnetic V(IV) species in

the fully exchanged Cs salt, Cs4PVMo11O40, is estimated to be
about 0.5 mol % of the total vanadium content for the untreated
material, and about 0.2 mol % after thermal treatment at 573
K. This is significantly lower than in the corresponding acid,
H4PVMo11O40.10 Also, it has been reported, again in contrast
to the acid, that the ESR signal of the Cs4PVMo11O40 material
displays no significant changes after thermal treatment of up to
773 K. This simplifies the situation in comparison to the very
complex pure acid, H4PVMo11O40. Therefore, the Cs4 salt
obtains some model character. However, theg andAV tensors
are not sensitive to the second and higher coordination spheres
of vanadium(IV), and the coordination geometry and position
of the paramagnetic vanadium ions cannot be deduced from
ESR spectroscopic results.

To overcome the limitations of the continuous wave ESR
technique, the pulsed electron nuclear double resonance
(ENDOR) spectroscopy was applied at X- and Q-band frequen-
cies. By using the high-resolution methods, it was possible to
resolve the hf interaction tensor of the unpaired electron on the
V(IV) ion with the phosphorus nucleus at the central position
of the Keggin ion. The31P hf coupling tensor gives the P-V(IV)
distance which reveals information about the location of the
vanadyl ions as the central position of P is assured. In this way,
the ENDOR approach turned out to be a powerful tool for the
determination of the local environment of the paramagnetic
V(IV) ions within the Cs salts of the HPAs.

2. Experimental Section

Sample Preparation. H4PVMo11O40 was prepared by dissolving
stoichometric quantities of V2O5 (1.25 mmol) and MoO3 (27.5 mmol)
in the appropriate amounts of phosphoric acid. H3PO4 was added
dropwise for 1 h, and the resulting mixture was refluxed for 4 h.
Evaporation of water from the clear red-brown solution resulted in a
red-brown precipitate.

A 116 mM aqueous solution of Cs2CO3 was added dropwise to a
14 mM solution of boiling H4PVMo11O40. After the addition was
complete, a yellow precipitate formed. Thermally treated samples were
obtained by thermal treatment of the fresh Cs4PVMo11O40 at 573 K in
O2(35%)/Ar or air/Ar streams. Several experiments were undertaken
under reducing atmosphere (methanol stream, 0.2% CH3OH in Ar).
All samples were investigated by ESR as well as ENDOR spectroscopy;
qualitatively the same results (concerning structural conclusions) were
obtained for all thermal treatments until 573 K. After the treatment,
the samples were immediately transferred to ESR quartz glass tubes
and sealed without contact to air. The fresh and thermally treated
Cs4PVMo11O40 samples are denoted as PVMoCs-1 and PVMoCs-2,
respectively.

Spectroscopic Measurements.Two-pulse field-swept electron
spin-echo and pulsed ENDOR experiments were performed at X-band
frequencies (9.7 GHz) with a Bruker ESP 380 spectrometer and at
Q-band frequencies (35 GHz) with a spectrometer with a home-built
microwave (mw) pulse unit and a commercial magnet system from a
BRUKER EMX cw Q-band instrument. The measurements were carried
out at 6 K. For the two-pulse field-swept ESE experiments, mw pulse
lengths oftπ/2 ) 16 ns forπ/2 pulses andtπ ) 32 ns forπ pulses with
a pulse delay ofτ ) 120 ns were used at X-band, andtπ/2 ) 90 ns for
π/2 pulses andtπ ) 120 ns forπ pulses with a pulse delay ofτ ) 400
ns were used at Q-band. The Mims ENDOR pulse sequence for X-band
frequencies was applied withtπ/2 ) 96 ns and a pulse delay between
the first two π/2 pulses (τ ) 1000 ns) for X-band experiments. The
radio frequency (rf) pulse width wastrf ) 10µs. Q-band Mims ENDOR
experiments were run withtπ/2 ) 90 ns,trf ) 25 µs, andτ ) 300 ns.
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Figure 1. Structure of the Keggin-type [PVMo11O40]4- heteropolyanion.
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3. Simulation of Orientation-Selective ENDOR Spectra

Because several papers discussing the theory of the orienta-
tion-selective pulsed ENDOR technique have been published,17-19

we will only very briefly describe the simulation procedure used.
First, theg tensor orientations contributing to the ESR resonance
fields at the magnetic field position that was selected for the
performance of the orientation-selective ENDOR experiment
had to be determined. Theg tensor orientations are defined by
pairs (Θi, Φi) of horizontal and azimuthal anglesΘ andΦ. The
dominating interactions in the ESR spectrum of the vanadyl
ions are the electron Zeeman and the vanadium hf interactions
with the coaxial tensorsg andAV. The ESR resonance position
at the selected magnetic fieldB0 is given by

with the mw frequencyνmw and the magnetic spin quantum
numbers of the51V nucleimi

V ) -7/2, -5/2, ...,7/2. The effective
g and hf couplingA are given by

and

with the direction cosineslx ) cosΦ sin Θ, ly ) sin Φ cosΘ,
lz ) cos Θ defining the orientation of the external magnetic
field B0 with respect to theg tensor frame. The orientations
(Φi, Θi) corresponding to the observer fieldB0 are determined
by calculating the ESR spectrum according to eqs 1-3. Under
the assumption that the bandwidth of the mw pulses is smaller
than the inhomogeneous ESR line width∆B1/2

inh, all of the g
tensor orientations which lead to a resonance position within
the intervalB0 ( ∆B1/2

inh are collected.
Subsequently, the ENDOR spectrum is calculated from the

selected orientations by an exact diagonalization of the spin
Hamiltonian given in theg tensor principal axes system

with gn being the nuclearg factor andâe, ân, S, andI having
their usual meanings. The first two addends in eq 4 are due to
the electron and the nuclear Zeeman interactions, respectively.
The third term defines the shf interaction of the unpaired electron
with the nuclear spin of the phosphorus ligands, whereAP is
the ligand shf interaction tensor.R is the Euler matrix, where
(R,â,γ) denote a set of Euler angles which define the transfor-
mation of the diagonalAP tensor into theg tensor coordinate
frame. From the differences of the obtained eigenvaluesE, the

ENDOR transition frequenciesνij ) (Ei - Ej)/h between the
eigenvaluesEi and Ej within the two electron spin manifolds
mS ) (1/2 are obtained. For each transition frequency, the
relative ENDOR intensityPij is calculated from the matrix
elements

whereψi andψj are the eigenvectors belonging to the spin states
i andj. Here, the hyperfine enhancement means the interaction
between the electron spin and the radio frequency fieldBrf was
taken into account. To simulate the orientation-selective ENDOR
spectra, the described procedure was repeated for each set of
contributingg tensor orientations. Finally, the ENDOR spectrum
is obtained by summing all of the individual ENDOR spectra
using a Gaussian weighting function with a variance∆B1/2

inh.

4. Results

Field-Swept ESE. Two-pulse field-swept ESE spectra of
Cs4PVMo11O40 before and after thermal treatment were taken
at X- and Q-band frequencies at 7 K. Figure 2a illustrates the
X-band echo-detected ESR spectrum of the fresh cesium salt
sample (PVMoCs-1) in comparison with the sample thermally
treated at 573 K (PVMoCs-2). In Figure 2b, the Q-band field-
swept ESE spectra of both samples are shown. There is not
much difference between the experimental spectra of these two
samples in either the X- or the Q-band experiment. Both powder
spectra can be described by an axially symmetricg tensor of
the V(IV) ion (S ) 1/2, 3d1). Due to the hf interaction of the
unpaired electron spin with the vanadium nucleus (nuclear spin
I ) 7/2), a splitting of the spectrum into eight lines is observed.
The spin-Hamiltonian parameters were determined by simulating
the experimental ESR powder patterns using second-order
perturbation theory. The simulations of all of the experimental
echo-detected ESR spectra could be done with the same set of
spin-Hamiltonian parameters:g| ) 1.936,g⊥ ) 1.973 (with an
estimated error of(0.002), and an axially symmetric51V hf
coupling tensorAV with principal valuesA|

V ) 0.0147 cm-1

and A⊥
V ) 0.0050 cm-1 (each with an estimated error of

(0.0002 cm-1). The only difference between the fresh sample
spectra and the thermally treated ones is the line width∆B1/2.
In the case of the thermally treated sample, the line width is
slightly larger. At the X-band frequency,∆B1/2 is 2.4 mT for
PVMoCs-1 and 2.6 mT for PVMoCs-2. The same tendency
toward line broadening was also obtained at Q-band frequencies,
where∆B1/2 (PVMoCs-1)) 2.4 mT and∆B1/2 (PVMoCs-2))
2.9 mT. The simulated spectra shown in Figure 2a and 2b were
calculated in each case using∆B1/2 ) 2.4 mT. The slightly larger
line widths observed for PVMoCs-2 are probably due to an
increase ofg andA strain effects upon thermal treatment of the
Cs4PVMo11O40 material.

Additionally, ESR spectra were taken at 300 K (not shown),
and the corresponding spin-Hamiltonian parameters were de-
termined: g|

RT ) 1.937,g⊥
RT ) 1.976,A|

V(RT) ) 0.0147 cm-1,
andA⊥

V (RT) ) 0.005 cm-1. They coincide almost exactly with
the experimental findings at 8 K.

Although it is well known that the ESR spectra of the pure
heteropoly acid, H4PVMo11O40, drastically change after thermal
treatment, no difference in the spin-Hamiltonian parameters
before and after thermal treatment was found for Cs4PVMo11O40,
in concordance with the literature.10 The reported ESR param-

(17) Hoffmann, B. M.; Martinsen, J.; Venters, R. A.J. Magn. Reson. 1984, 59,
110.
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B0 )

hνmw - ∑
i

A(Θ,Φ)mi
V

âeg(Θ,Φ)
(1)

g(Θ,Φ) ) (∑
j

gjj
2l j

2) (2)

A(Θ,Φ) ) (∑j

(Ajj
Vgjlj)

2

g(Θ,Φ)2 )1/2

(3)

Ĥ ) âeB0(0,0,1)R̃(Φi,Θi,0)gŜ-

ângnB0(0,0,1)R̃(Φi,Θi,0)ÎP + ŜR̃(R,â,γ)APR(R,â,γ)ÎP (4)

Pij ) 〈ψi|Brf(0,1,0)R̃(Φi,Θi,0)(-ângnÎ
n + âegŜ)|ψj〉

2 (5)
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eters for the fully exchanged Cs salt are in good agreement with
our results. Within the scope of that ESR study of V4+ in
heteropoly compounds, the ESR signal of Cs4PVMo11O40 was
assigned to V4+ ions substituted for Mo in the Keggin unit.10

To select proper field positions for the orientation-selective
ENDOR measurements, the ESR resonance fields were calcu-
lated as a function of the angleΘ between theg| axis of the
V(IV) g tensor and the external magnetic field. These calcula-
tions were made by determining the principal values of theg
and theAV tensors. The resulting plots for X- and Q-band
experiments are presented in Figure 2c and 2d, respectively.

Pulsed ENDOR.X-band pulsed ENDOR experiments of the
fresh and thermally treated Cs4 salts revealed almost identical
spectral features. The overview X-band Mims ENDOR spectra
for both samples were recorded at the so-called powder position
of the V(IV) ESR spectrum and are displayed in Figure 3. The
spectra show four groups of signals each centered at 1.94, 3.88,
5.98, and 14.78 MHz. These ENDOR signals are assigned to
superhyperfine (shf) interactions between the paramagnetic
V(IV) centers and the133Cs,51V, 31P, and1H nuclei, respectively,
resting on the appropriate nuclear Larmor frequenciesνCs )
1.938 MHz,νV ) 3.884 MHz,νP ) 5.982 MHz, andνH )
14.778 MHz forB ) 347.1 mT. The broad133Cs signal was
distorted by blind spots appearing atνCs and νCs ( 0.5 MHz
and was caused by theτ-dependent suppression effect in the
Mims ENDOR experiment.20 It should be mentioned that the
51V ENDOR signal does not belong to the V(IV) species whose

hf interaction has already been resolved in the ESR pattern,
but is due to the weak shf interactions between V(IV) and more
distant diamagnetic V(V) nuclei. Both spectra show one intense
proton ENDOR signal from distant protons atνH whose outer
wings are also affected by blind spots. The phosphorus ENDOR
signal gives a line at the31P Larmor frequencyνP for both the
fresh and the thermally treated materials. The line is due to
distant 31P nuclei. Additionally, in both cases, a doublet
symmetric toνP appears with a splitting of about 0.36 MHz.

Because the central position of the phosphorus atom in the
Keggin unit is well known from crystallographic data, it is a
promising approach to ascertain the location of the V(IV) ions
by using the dipolar shf interactions of the31P nuclei. To
determine both the principal values of the31P shf coupling tensor
AP and its orientation with respect to theg tensor frame of the
V(IV) ions, orientation-selective pulsed ENDOR experiments
were performed. For these purposes, the magnetic resonance
fields depending on the angleΘ were calculated for X-band as
well as for Q-band frequencies (Figure 2c and 2d). On the basis
of those results, the advantage of taking measurements at
frequencies higher than the X-band is evident for many systems.
Changing to Q-band frequencies means significantly enhancing
the separation of theg⊥ from the g| region. Performing the
orientation-selective pulsed ENDOR experiments at Q-band
frequencies is a special advantage for vanadium. The represen-

(20) Gemperle, C.; Schweiger, A.Chem. ReV. 1991, 91, 1481.

Figure 2. Two-pulse field-swept ESE spectra recorded at 7 K for V(IV) ions in fresh (PVMoCs-1) and thermally treated (T ) 573 K, PVMoCs-2)
Cs4PVMo11O40 samples: experimental (solid lines) and simulated (dashed lines) (a) X-band and (b) Q-band spectra. The arrows indicate the field positions
for the pulsed ENDOR experiments. Calculated magnetic resonance fields dependent on the angleΘ between theg| axis of the V(IV) g tensor and the
external magnetic field at (c) X-band and (b) Q-band frequencies.
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tation of the ESR resonance fields as a function of the angleΘ
(Figure 2c and 2d) clarifies that, only at Q-band, but not at
X-band frequencies, the low field V hf transition, corresponding
to the nuclear quantum numbermI ) +7/2, is separate from
other hf transitions. Because theg| region of themI ) +7/2 hf
transition covers a broad range of angles in the ESR powder
pattern (0e Θ e 30°), it was advantageous to also perform
the orientation-selective ENDOR experiment for theg| orienta-
tion at the high-field edge of the field-swept ESE spectrum.
Here, the orientation selection is even better because themI )
-7/2 high field V hf transition displays a stronger dependency
on the angleΘ than does themI ) +7/2 transition.

The orientation-selective Q-band Mims ENDOR spectra of
the fresh Cs4PVMo11O40 are shown in Figure 4. The field
positions where the ENDOR measurements were done are
indicated by arrows in Figure 2b. In each case, these data
represent a pair of ENDOR signals symmetric to the31P Larmor
frequencyνP. Thus, they are assigned to31P nuclear transitions
of a single phosphorus nucleus close to the paramagnetic V(IV)
center. The ENDOR signals arise from transitions belonging to
the two different electron spin manifolds (mS ) (1/2) within
the limits of the weak coupling case (AP < 2νP). Corresponding
to the calculated ESR resonance fields, two spectra taken at
the g| edge of the two-pulse field-swept ESE spectrum, with
tensor orientationsΘ close to zero, were selected and are
displayed in Figure 4a and 4j. At these spectral positions, a
maximum splitting of about 1.2 MHz is observed. The minimum
splitting of about 0.3 MHz is detected at theg⊥ position (Θ )
90°). The ENDOR spectra suggest an axially symmetric31P
shf tensor almost coaxial to the V(IV) electrong tensor.
Simulations of the orientation-selective Mims ENDOR spectra
give a 31P shf coupling tensorAP with axial symmetry. The
principal values ofAP are A⊥

P ) -0.32 MHz andA|
P ) 1.2

MHz. By simulating the spectra, it was possible to ensure the
different signs of the phosphorus hf principal values. Especially

the region with orientations from about 60° to 90° between the
g| principal axis and the external magnetic field shows a large
deviation from the experimental data forA⊥

P andA|
P with the

same sign. Furthermore, simulations showed that theA|
P axis

is pointing approximately in theg| direction of the electrong
tensor of the vanadyl ions. The best concordance with the
experimental spectra could be achieved with the angleâ ) 12°
between theg| and theA|

P axis. In particular, the ENDOR line
shape of the spectra (Figure 4h, i, and j), where only the
orientations withΘ < 45° contribute to the orientation-selective
ENDOR experiments, coincides better with the spectral simula-
tions for a nonzero angleâ ) 12°. The estimated error for the
angle â is about(3°. In contrast to earlier pulsed ENDOR
results concerning the location of V(IV) in dehydrated HPA,8

no experimental evidence for the existence of more than one P
shf tensor could be found.

The simulations of the experimental ENDOR data took into
account theτ-dependent suppression effect in the Mims ENDOR
experiment.20 In accordance with the experimental pulse delay
τ ) 300 ns, blind spots will occur atν ) νP andν ) νP ( 1.6
MHz, whereas the maximum intensity in the ENDOR spectra
is expected atνP ( 0.85 MHz. The outer blind spots atνP (
1.6 MHz do not affect the ENDOR pattern at all. However, the
central blind spot leads to a strong decrease in the signal
intensity in the region close to the31P Larmor frequency.

Mims ENDOR experiments were performed on the thermally
treated Cs4PVMo11O40 material for the field positions expected
to influence the31P hf parameter noticeably. In Figure 5, selected
experimental spectra of PVMoCs-2 are shown in comparison
with the ENDOR spectra of PVMoCs-1. The Mims ENDOR
spectra of both the fresh and the thermally treated materials
display no significant differences, indicating an identical31P hf
coupling tensor for the fresh and the treated Cs4PVMo11O40

sample and the same orientation ofAP with respect to theg
tensor frame.

Figure 3. X-band Mims ENDOR spectra at 5 K of (a) fresh and (b)
thermally treated (T ) 573 K) Cs4PVMo11O40 materials recorded atB )
347.1 mT (indicated by an arrow in Figure 2a). The signals marked by
asterisks are artifacts due to proton harmonics.

Figure 4. Experimental (solid lines) and simulated (dashed lines) orienta-
tion-selective31P Mims ENDOR Q-band spectra of V(VI) species in fresh
Cs4PVMo11O40 materials (PVMoCs-1). The appropriate field positions are
indicated in Figure 2.
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5. Discussion

The obtained ESR spin-Hamiltonian parameters for the fresh
and the thermally treated Cs4PVMo11O40 are typical for
paramagnetic vanadium existing as vanadyl (VO2+) species with
the unpaired electron located in the 3dxy orbital.21 The parameters
are in good agreement with the recently reported ESR results
of the fully exchanged Cs salt of the heteropolyacid PVMo11O40.10

Comparing the51V hf interaction parameters of the vanadyl ions
in the fresh and the treated H4PVMo11O40 materials8 with those
of the Cs4 salt of the HPA, one can observe thatA|

P (PVMoCs-
1) is roughly the same for the dehydrated, pure HPA material,
but differs for the fresh, pure HPA. It has been reported that in
the fresh HPA material the vanadyl ions are coordinated to
crystallization water molecules, resulting in vanadyl pentaaqua
complexes.6,8 After dehydration of the H4PVMo11O40 material,
the VO2+ ions were determined to be attached to the outer
surface of the heteropolyanions and to coordinate to the bridging
oxygens O(2) and O(3).8 Thus, for the pure HPA materials, a
strong change in the coordination geometry of the vanadyl ions
was found after thermal treatment, as has already been shown
by different ESR parameters.

On the contrary, we found no significant differences in the
principal values of both the electrong tensor of the vanadyl
ions and the51V hf coupling tensorAV for the Cs4PVMo11O40

material both before and after thermal treatment. According to
these results, it could be implied that the location and the
coordination geometry of the incorporated V(IV) do not
significantly change when the sample is heated. To elucidate
the exact position and the coordination geometry of the V(IV)
ions, pulsed ENDOR experiments were performed. Of great
significance for this study was the ability to run the ENDOR
experiments at Q-band frequencies because their orientation
selectivity is considerably enhanced in comparison to conven-
tional X-band experiments.

The X-band1H ENDOR signals (Figure 3) are evidence that
there are no strongly coupled protons in both the fresh and the

thermally treated samples (also not due to adsorbed methanol
from reduction trials, see Experimental Section). The obtained
1H ENDOR signal atνH is due to the weak interaction with
distant protons.

From the determined31P hf coupling tensor, the location of
the vanadyl ions can be deduced. Because there is no doubt
about the central position of the phosphorus nucleus within the
Keggin unit, the V(IV) position can be ascertained from the
dipolar31P hf coupling tensorTP and its orientation with respect
to the g tensor frame. From the principal values of the
phosphorus shf tensor for PVMoCs-1,A⊥

P ) -0.32 MHz and
A|

P ) 1.20 MHz, we determine an isotropic phosphorus shf
coupling of Aiso

P ) 0.18 MHz. This translates to unpaired
electron spin density in the 3s orbital of P (F3s

P ) 1.4× 10-3%).
Furthermore, we can deduce the principal valuesT⊥

P ) -0.51
MHz andT|

P ) 1.02 MHz ofTP with an error of about∆T⊥
P

) (0.01 MHz. With those results, the distance between the
phosphorus atom and the vanadyl ion was estimated by using
the point dipole approximation to berV-P ) (3.96( 0.03) Å.
The use of the point dipole approximation is justified because
of the very small value forF3s

P, indicating the spread of wave
function of the unpaired electron over HPA is negligible.

The experimental results did not indicate the existence of
more than one vanadium species. Different coordination struc-
tures of the VO2+ ions would cause different phosphorus shf
coupling tensors and, hence, should be observable in the31P
Mims ENDOR spectra. For instance, in the case of the pure
HPA material, H4PVMo11O40, three different vanadyl species
were determined. They showed up in the pulsed ENDOR spectra
as pronounced shoulders on the high- and low-frequency wings
of the phosphorus ENDOR signals symmetrical to the31P
Larmor frequency.8

The vanadium ions in the fully exchanged Cs salt of HPA
(Cs4HPA) are not expected to move to a bridge-site position
between the heteropolyanions because the bulky Cs ions and
the rigid lattice would hinder this. For that reason, it was
assumed by Lee et al. that the V4+ ions could be substituted
for the Mo6+ ions in the Keggin unit.10

The distance between the central phosphorus atom and the
Mo sites in the [PMo12O40]3- anion was determined to be 3.55
Å.14 Likewise, an X-ray analysis of A-â-Cs5.4H0.6[PV3W9O40]‚
12H2O found P-V and P-W distances to be within the range
from 3.54 to 3.56 Å for V and W located at the known metal
position in the Keggin unit.16 For that reason, the incorporation
of the paramagnetic V(IV) ion at the molybdenum sites can be
excluded for Cs4PVMo11O40 on the basis of the presented
ENDOR results.

Theg| axis of the vanadyl ions is defined as the direction of
the VdO double bond of the VO2+ species. Because the angle
â ) 12° between theg| and theA| principal axes has been
determined, a small tilt angle of about 12° between the vector
joining the vanadium and the phosphorus atom (RV-P) and the
VdO bond direction must exist.

On the basis of the orientation-selective pulsed ENDOR
results, we conclude that the VO2+ ions are attached to the outer
surface of the heteropolyanion. We propose a four-fold coor-
dination for the V4+ ions to the bridging oxygens O(2) and O(3).
Taking this into consideration, the most probable complex
structure for the VO2+ complexes in both the fresh and the
thermally treated Cs4PVMo11O40 materials is a slightly distorted

(21) Catana, G.; Ramachandra Rao, R.; Wechhuysen, B. M.; Van Der Voort,
P.; Vansant, E.; Schoonheydt, R. A.J. Phys. Chem. B1998, 102, 8005.

Figure 5. Comparison between Mims ENDOR Q-band spectra at selected
field positions (positions b, c, e, and j in Figure 2b) from fresh PVMoCs-1
(1b, 1c, 1e, 1j) and thermally treated PVMoCs-2 (2b, 2c, 2e, 2j)
Cs4PVMo11O40 materials.
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square-pyramidal geometry. A schematic drawing of the com-
plex structure is shown in Figure 6. The pyramid is formed by
the coordination of two O(2) and two O(3) atoms to the vanadyl.
At the apex of the pyramid, the vanadyl oxygen is located away
from the Keggin anion, and the VdO bond forms an angle of
12° with the vector joining the central P and the V atom. Due
to the tilt of the vanadyl bond direction with respect to the V-P
direction, a slight shift of the vanadyl ion from the center of
gravity of the four oxygens is reasonable. The V-P distance
of rV-P ) 3.96 Å and the crystallographic positions of the O(2)
and O(3) oxygen positions were determined for both O(2)
oxygens as well as for one of the O(3) oxygens to berV-O )
1.9 Å and for the other O(3) oxygen to berV-O(3) ) 2.4 Å. The
obtained angle ofâ ) 12° agrees with the experimental findings.
Although the proposed coordination geometry seems to be very
likely, our experimental findings cannot strictly exclude the
formation of a trigonal-pyramidal structure with the coordination
of three O(2) atoms. Structures similar to the VO2+ complexes
were proposed for the dehydrated pure HPA materials.8

Because an almost exact concordance of the31P Mims
ENDOR spectra of PVMoCs-1 and PVMoCs-2 at selected
orientations was obtained (Figure 5), the determined structural
model for the VO2+ complexes in fresh Cs4PVMo11O40 materials
is also formed in the thermally treated sample. In contrast to
earlier results using pure HPA materials,8 in which two entirely
different structures were found before and after thermal treat-
ment, heating to 573 K does not influence the coordination
geometry of vanadyl complexes in Cs4PVMo11O40 heteropoly
compounds.

Obviously, only V5+ ions can be incorporated into the
molybdenum sites of the Keggin anion PVMo11O40

3-. This
seems reasonable due to charge compensation (V4+ has two
positive charges less than Mo6+!). The reduction of V5+ to V4+

is only possible for (a few) “surface”-bound (outer oxygen ions)
vanadium ions in the Keggin unit. The reduction of V5+ located
on Mo6+ sites within the Keggin anion would be accompanied
by vanadium migration to the Keggin surface and thus by a
distortion and/or destruction of the Keggin structure. This is

pronounced during thermal treatment of the pure acid
H4PVMo11O40, but clearly less distinct for the Cs4 salt due to
the structural rigidity and the spatial demand of the Cs ions
and due to the lack of water. The slight differences in the
structure of VO2+ in the acid and the Cs salt can be explained
in the same manner. For a more detailed understanding, infor-
mation about VIV-VV and VIV-Cs interactions is of particular
importance. Corresponding investigations by ENDOR (V4+ as
probe) and51V-solid-state NMR spectroscopy are in progress.

6. Conclusions

The better orientation-selectivity of pulsed ENDOR experi-
ments at Q-band frequencies as compared to the conventional
X-band approach offered the opportunity to study the location
of paramagnetic V(IV) (VO2+) species in fresh and thermally
treated Cs4PVMo11O40 heteropoly compounds. In these materi-
als, the heteropolyanions have the well-known structure of the
Keggin ion. Using orientation-selective phosphorus ENDOR
measurements, the31P superhyperfine coupling tensor was
determined. The VO2+ ions were found to be attached to the
outer surface of the heteropolyanion, probably coordinated to
four outer oxygens, O(2) and O(3), and forming a distorted
square-pyramidal complex geometry. The distance between the
central phosphorus atom and the paramagnetic vanadium is 3.96
Å. The angle between the VdO bond direction and the vector
joining the P and V atom is 12°. With these results, it can be
excluded that the vanadyl ions are located at molybdenum sites
within the Keggin molecule and that they move to bridge-type
positions between the Keggin units. These findings apply for
both the fresh and the thermally treated Cs4PVMo11O40 materi-
als. Thermal treatment up to 573 K does not influence the
complex structure of the paramagnetic vanadyl species in the
cesium (Cs4) salt of PVMo11O40.
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Figure 6. Structure of the vanadyl complexes in fresh (as well as thermally treated) Cs4PVMo11O40 deduced from the ENDOR investigations: VO2+

coordination to four oxygen atoms O(2) and O(3) and the VdO bond direction pointing away from the heteropoly anion, forming an angle of 12° with the
vector joining V and P. For clarity, the whole Keggin anion (left) including the VO2+ unit (top, V) dark ball) and a slice of the relevant section PO4Mo4O4VO
of identical orientation (right) is given (in contrast to reality, metal ion radii larger than O2- radii were used).
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