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Abstract: Vanadium environments in Keggin oxopolytungstates were characterized by 51V solid-state MAS
NMR spectroscopy. (C4H9)4N+-, K+-, Cs+-, as well as mixed Na+/Cs+- salts of the mono-, di-, and trivanadium
substituted oxotungstates, [VW11O40]4-, [V2W10O40]5-, and [V3W9O40]6-, have been prepared as micro-
crystalline and crystalline solids. Solid-state NMR spectra report on the local environment of the vanadium
site in these Keggin ions via their anisotropic quadrupolar and chemical-shielding interactions. These 51V
fine structure constants in the solid state are determined by the number of vanadium atoms present in the
oxoanion core. Surprisingly, the quadrupolar anisotropy tensors do not depend to any significant extent on
the nature of the countercations. On the other hand, the chemical-shielding anisotropy tensors, as well as
the isotropic chemical shifts, display large variations as a function of the cationic environment. This
information can be used as a probe of the local cationic environment in the vanadium-substituted Keggin
solids.

Introduction

The Keggin-type oxoanions are the most investigated family
of polyoxometalates.1,2 Polyoxomolybdates [PMo12O40]3- have
been known since 1826,3,4 and the first structure of a related
polyoxotungstate [PW12O40]3- was reported by Keggin in 1933.5

Interest in Keggin polyoxometalates has been growing in the
recent years.1,2 Relatively facile functionalization of the oxo-
anion core [PM12O40]3-, for example, by substituting different
transition metals or rare earths metals (e.g., V(V), Cu(II), Ln(III),
Eu(IV)) into one or more of the framework metal sites allows
for fine-tuning of the electronic, photochemical, magnetic, and
catalytic properties of Keggin compounds, making them attrac-
tive for the design of new materials for a variety of applica-
tions.2,6,7

Vanadium-containing Keggin polyoxometalates have received
much attention due their catalytic activity, for example, in
selective oxidations of hydrocarbons.8-10 The presence of one

or more vanadium(V) centers in the W(VI) or Mo(VI) oxoanion
core has been shown to lead to greatly enhanced catalytic
performance.8-10 Recently, K. Nomiya and colleagues have
studied toluene and nitrobenzene oxidation reactions catalyzed
by vanadium-substituted polyoxomolybdates and polyoxotung-
states.9 They have shown that both the degree of vanadium
substitution and the countercation environment of the vanadium
center are key factors in determining the distribution of oxidation
products and the catalyst stability.9,10 It is thus of interest to
investigate the role of both countercations and stoichiometry
of the vanadium centers that affect the catalytic performance
of these heteropolyoanions. Despite the fact that physical
methods such as EPR, FTIR, Raman spectroscopy, and powder
X-ray diffraction have been used to address these questions,
the catalytic mechanism remains unclear.8

In this work, we investigated the local geometric and
electronic environment of a series of vanadium-substituted
Keggin oxopolyotungstates by51V solid-state Magic Angle
Spinning NMR spectroscopy. We discuss the spectroscopic
properties of a series of 10 molecules, (C4H9)4N+-, K+-, Cs+-,
and mixed Na+/Cs+-salts of [VW11O40]4-, [V2W10O40]5-, and
[V3W9O40]6-, where the compounds have been prepared as
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powder and diffraction quality crystals. We address the effect
of the cation, the number of the vanadium atoms in the
oxotungstate core, and the sample morphology on the51V solid-
state NMR spectra. The solid-state NMR measurements pre-
sented herein, reveal that51V quadrupolar and chemical shielding
anisotropies of these Keggin solids are determined by the
number of vanadium atoms present in the oxoanion core. The
51V chemical shielding anisotropy tensor components as well
as the isotropic chemical shifts vary significantly as a function
of the nature and geometry of the countercation. These results
provide direct experimental evidence that the electronic proper-
ties of the oxoanion are modulated by the cationic environment
and explain the previous observations concerning the depend-
ence of chemical reactivities and thermal stabilities of Keggin
polyoxometalates on the countercations.

Theoretical Considerations for 51V Solid-State NMR
Spectroscopy. Quadrupolar and Chemical Shielding Anisotro-
pies. 51V is a half-integer quadrupolar nucleus (I ) 7/2) with
high natural abundance (99.8%) and relatively high gyromag-
netic ratio (Larmor frequency of 105.2 MHz at 9.4 T). The small
quadrupolar moment allows direct observation of vanadium, and
due to the favorable magnetic properties, small quantities of
vanadium can be readily detected.

For half-integer spin nuclei, such as51V, the solid-state NMR
spectra are dominated by a combination of the quadrupolar
interaction (the interaction between the electric quadrupole
moment of the nucleus and the electric field gradient on the
nuclear site) and nuclear magnetic shielding anisotropy. The
latter is observable in the NMR spectra via the symmetric part
of the chemical shielding anisotropy (CSA) tensor,11,12 and
references therein. The different magnitudes and different
symmetry properties of the quadrupolar and chemical shielding
anisotropies allow these tensorial quantities to be extracted from
a single spectrum, along with the mutual orientations of the
quadrupolar and CSA tensors.12 The total Hamiltonian in
addition includes the dipolar and the radio frequency terms and
can be expressed as follows:

The first three terms represent the Zeeman, the radio frequency
field, and the dipolar interactions. The last two terms are the
quadrupolar and CSA interactions, which dictate the spectral
shape. They are conveniently expressed in a spherical tensor
notation in terms of the spatial (Rmn) and spin (Tmn) vari-
ables:13

H Q
(1) and H Q

(2) are the first and second-order quadrupolar
interaction. The quadrupolar and CSA tensor elements are

defined in a spherical harmonics basis set according to the
standard notation:14,15

whereCQ is the quadrupolar coupling constant (in MHz);Vxx,
Vyy, Vzzare the principal components of the electric field gradient
(EFG) tensor, withVzz ) eq being its largest principal
component, and|Vzz| g |Vyy| g |Vxx|. CQ defines the overall
breadth of the spectral envelope.Q is the vanadium quadrupole
moment (-0.052× 10-28 V/m2);11 e is the electronic charge;
h is the Planck constant.δiso is the isotropic chemical shift;δxx,
δyy, andδzzare the principal components of the CSA tensor.δσ

is the shielding anisotropy determining the breadth of the CSA
tensor.ηQ and ησ are the asymmetry parameters of the EFG
and CSA tensors.

Upon spinning the solid powder sample at the Magic Angle
(54.7°) the second-rank spatial componentsR20 of tensorial
anisotropies ofH Q

(1) andH CSA are efficiently averaged into a
spinning sideband pattern while the fourth-rank terms of the
H Q

(2) are preserved, resulting in a characteristic second-order
line shape.

Skibsted, Nielsen, Jacobsen, and their colleagues have previ-
ously demonstrated that the quadrupolar and the chemical
shielding tensors, as well as their relative orientations can be
extracted with high precision by detecting the complete manifold
of spinning sidebands from the central and the satellite transi-
tions and subsequently simulating the spectra.12,16-21 These
tensorial interactions can be further correlated with the structure
and electronic properties at the vanadium site. Approximate
estimates of the coordination geometries could be obtained from
the quadrupolar coupling constant and the asymmetry parameter
of the EFG tensor, using a simple electrostatic model.22

According to the electrostatic model, the atoms in the first
coordination sphere are treated as point charges, whose indi-
vidual contributions to the electric field gradient on the central
atom are combined to yield the net EFG tensor. This model is
an oversimplification and cannot be relied on for precise
quadrupolar interaction parameters, but it has been quite
successful in predicting trends in homologous series of com-
pounds, especially those containing bonds with significant ionic
character.16,17,22 In recent years, more rigorous quantum me-
chanical methods have been increasingly applied for calculations
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of the EFG tensors, found experimentally by solid-state NMR,
Mössbauer spectroscopy and other techniques.23-30

Experimental Section

Materials. All chemicals were obtained from Aldrich and used
without further purification: sodium tungstate dihydrate (Na2WO4‚
2H2O), tungstophosphoric acid (H3PW12O40‚xH2O), vanadyl sulfate
(VOSO4), sodium metavanadate (NaVO3), sulfuric acid, tetrabutyl-
ammonium bromide (n-C4H9)4NBr, cesium chloride, hydrochloric acid,
glacial acetic acid.

R-K4[PVW11O40] (I) andR-1,2-K2H3[V2W10O40]‚2CH3OH‚7H2O (V),
andR-1,2,3-K6[PV3W9O40] (VIII ) have been synthesized according to
the literature protocols.31 Either (n-C4H9)4NBr or CsCl, or NaCl/CsCl
was used in the last step of the synthesis to obtain the corresponding
salts of theR-vanadoundecatungstophosphate: ((n-C4H9)4N)4[PVW11O40]
(II ), Cs4PVW11O40 (III ), Na2Cs2PVW11O40 (IV ), R-1,2-Cs5PV2W10O40

(VII ), or R-1,2,3-Cs6PV3W9O40 (X). TetrabutylammoniumR-divanado-
decatungstophosphate (R-1,2-((n-C4H9)4N)5[PV2W10O40] (VI )) and tetra-
butylammoniumR-trivanadononatungstophosphate (R-1,2,3-[(n-C4H9)4N]6-
[PV3W9O40] (IX )) was obtained by adding (n-C4H9)4NBr into theR-1,2-
K5[PV2W10O40] solution at acidic conditions (pH) 2). Compounds
II , V, VI were prepared as a microcrystalline powder or diffraction-
quality crystals. Despite repeated crystallization attempts,I , III , and
IV consistently form powders. Their powder samples were prepared
by fast precipitation from concentrated anion solutions using an excess
of the corresponding countercation. The trivanadium substituted Keggin
anionsR-1,2,3-K6[PV3W10O40] (VIII ), R-1,2,3-((n-C4H9)4N)6[PV3W9O40]
(IX ), andR-1,2,3-Cs6[PV3W9O40] (X) were prepared as powders.

Crystal Structure of K 2H3[V2W10O40]‚2CH3OH‚7H2O. Diffraction
quality single crystals ofV were prepared by gradually cooling a
saturated aqueous solution from 80°C to 4°C at pH) 2. The intensity
data forV were measured on a Bruker-Nonius KappaCCD diffrac-
tometer (graphite-monochromated MoKR radiation,φ-ω scans). Of
the 11 239 independent reflections forθ < 27.45ï, 9701 were considered
observed [I > 2.0σ(I)]. The structure ofV was solved with SHELXS-
97 and refined by full-matrix least squares onF2 with SHELXL-97.32

In the crystal, the various heavy-atom sites were occupied by both
tungsten and vanadium atoms in an approximate ratio of 10 to 2,
respectively: so the twelve occupancy factors of the so-called tungsten
atoms refined to partial occupancies. In the final refinement, the non-
hydrogen atoms were refined anisotropically. The hydrogen atoms of
the solvent atoms were not included in the structure-factor calculations.
The final difference map peaks (<1.10 e Å-3) were near the tungsten/
vanadium atoms.

Crystal Structure of [( n-C4H9)4N]4[PVW11O40] (II) and [( n-
C4H9)4N]5[PV2W10O40] (VI). Crystals ofII andVI were prepared by
gradual cooling of hot saturated solutions inN,N-dimethylformamide
solvent. Suitable crystals were selected, sectioned, mounted with
Paratone oil on glass fibers and flash-cooled to the data collection
temperature. Diffraction data were collected on a Bruker AXS SMART

APEX diffractometer using Mo kR radiation (λ ) 0.7173 Å). Unit cell
parameters were obtained from 60 data frames, 0.3° ω, from three
different sections of the Ewald sphere. Systematic absences in the
diffraction data and unit cell parameters were consistent with space
groupsI4 (No. 79),I-4 (No. 82),I4/m (No. 87), I422 (No. 97),I4mm
(No. 107),I-42m (No. 121) andI4/mmm(No. 139) forII andI23 (No.
197),I213 (No. 199),Im-3 (No. 204),I432 (No. 211),I-43m (No. 217)
and Im-3m (No. 229) for VI . The cubic crystal system forVI was
confirmed by polarized light microscopy. After an exhaustive explora-
tion of the space group options, only the reported space groups yielded
reasonable connectivity and computationally stable results of refinement.
The data sets were treated with SADABS absorption corrections based
on redundant data. Each data set was treated as racemic twin data with
a roughly 50/50 distribution. The structures were solved using direct
methods and refined by full-matrix least squares onF2. Atom identities
in the anions were chosen as best-fit models within the range of known
possible atoms to represent irresolvable heavy atom disorder. The
severely disordered cations were refined isotropically with common
displacement parameters for the carbon atoms and with restrained equal
N-C bond distances, C1-C2 bond distances and C1-C3 interatomic
separations. The occupancy of the cation atoms inVI are based on
noncrystallographic information. All non-hydrogen anion atoms were
refined with anisotropic displacement parameters. All hydrogen atoms
on the ammonium cations were treated as idealized contributions.
Structure factors and anomalous dispersion coefficients are contained
in the SHELXTL 6.12 program library.32

FTIR Spectroscopy.FTIR spectra ofI-VI were acquired using a
Nicolet Magna 560 FTIR spectrometer with a liquid nitrogen cooled
MCT detector. Infrared spectra were recorded at room temperature with
4 cm-1 resolution and 32 scans per experiment.

Solution NMR Spectroscopy.51V and 31P solution NMR spectra
were acquired at 9.4T on a JEOL GSX-400 spectrometer equipped with
Delta data system. The51V and31P resonance frequencies were 105.12
and 161.87 MHz, respectively. All spectra were acquired using a 5
mm broadband probe.51V spectra were acquired using a 5.8µs (30°)
single pulse; the31P spectra were acquired with a 15µs (90°) single
pulse. 2048 complex FID points were collected for51V, the total
acquisition time of 48.7 ms, and the recycle delay of 500 ms. For31P,
a recycle delay of 2 s was used. The spectra were processed with 2 Hz
exponential line broadening; no zero filling was applied. The isotropic
chemical shifts are reported relative to the neat VOCl3 sample and H3-
PO4, used as the external reference.

Solid-State NMR Spectroscopy.51V solid-state NMR spectra were
acquired at 105.2 MHz (9.4 T) on a Tecmag Discovery spectrometer
using a 4 mmDoty XC4 MAS probe. Spectra were recorded using
8-16 mg of sample. For each of the compounds, spectra at several
different spinning speeds ranging between 4 and 17 kHz were acquired.
The spinning speed was controlled to within(5 Hz. The Magic Angle
was adjusted using NaNO3 (by detecting the23Na MAS signal). A single
1 µs pulse (γH1/2π ≈ 80 kHz) was employed to excite the central and
the satellite transitions; 1 s recycle delays were used. The spectral widths
were 1.25 MHz, and 4096 complex data points were acquired. The
data were processed by linear prediction of the first 66 points to suppress
the baseline distortions, followed by Fourier transformation and baseline
correction using the MestRe-C23 NMR data processing software.33

Isotropic chemical shifts are reported with respect to neat VOCl3, whose
51V spectrum was recorded and used as an external reference.

Additional data sets forI-III , V, andVI were acquired at 131.371
MHz (11.74 T) on a Varian Inova spectrometer using a 4 mmDoty
XC4 MAS probe. The spinning speeds, the data acquisition and
processing parameters were identical to those at 9.4 T.

Simulations of the NMR Spectra.Numerical simulations of the
experimental51V solid-state NMR spectra were performed on a 1.1

(23) Marichal, C.; Kempf, J.-Y.; Maigret, B.; Hirschinger, J.Solid State NMR
1997, 8, 33-46.
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Timkin, V. V.; Menushenkov, A. P.; Kuznetsov, A. V.; Shabanov, V. M.;
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GHz Pentium-4 PC under Linux environment using the SIMPSON
software package.34 The combined effect of the quadrupolar interaction
to second order and chemical shielding anisotropy was taken into
account in the simulations. The seven independent parameters describing
the quadrupolar and CSA tensor anisotropies (CQ, ηQ, δσ, andησ) and
the relative tensor orientations (the Euler anglesR, â, and γ) were
obtained by the least-squares fitting of the simulated and experimental
sideband intensities using a home-written program in Mathematica 5.0
(Wolfram, Inc.). The quality factor of the probe (Q) has been taken
into account in the simulations.

Calculation of Atomic Charges.Atomic charges in [(n-C4H9)4N]+

were calculated quantum mechanically using density functional theory
implemented in Gaussian98.35 Becke’s three-parameter hybrid B3LYP
functional and 6-31G basis set were used.36 Calculations were performed
the IBM pSeries 690 system at the National Center for Supercomputing
Applications (NCSA).

Single-point calculation was conducted with the TBA geometry
derived from the experimental X-ray structures. Both Mulliken charges
and those derived from the natural population analysis were considered.

Results and Discussion

Single-Crystal X-ray Diffraction of r-1,2-K2H3[PV2W10O40]‚
2CH3OH‚7H2O (V). The potassium salt of divanadium sub-
stituted Keggin polyoxotungstate crystallizes in the trigonal
space group P32 with one oxoanion molecule per unit cell.
Positional disorder with respect to the vanadium atom(s) is

present in the structures, which is quite common for the
substituted heteropoly anions.37-39 The X-ray data can be
explained assuming statistical distribution of vanadium atoms
in the tungstate framework. The stoichiometry of substituted
heteropoly anions in the X-ray crystal structures can only be
inferred from the relative site occupancies. The structure ofV
refined with the relative W:V site occupancies of 5:1, in
agreement with the expected stoichiometry.

Electron densities corresponding only to three K+ cations per
one PV2W10O40

5- anion could be identified. We therefore
conclude that three additional protons are present in the structure
to balance the overall charge of the anion. This is also consistent
with the fact thatV was prepared under acidic conditions (pH
2.0). The crystal data and structure refinement parameters are
given in Table 1.

In Figure 1, the packing diagram is shown. One of the K+

cations is at a distance of 2.83 Å from the bridging oxygen on
one oxoanion, whereas the second K+ is at 2.73 Å from the
terminal oxo ligands on two adjacent POMs. Fourteen coordina-
tion waters and one molecule of methanol were identified in
the crystal structure.

Single-Crystal X-ray Diffraction of [( n-C4H9)4N]4-
[PVW11O40] (II) and [( n-C4H9)4N]4H[PV2W10O40] (VI). The
n-tetrabutylammonium salts of mono- and di- vanadium sub-
stituted Keggin polyoxotungstates crystallize in cubicI-4 and
I-43mspace groups, respectively, with two oxoanion molecules,
and eightn-tetrabutylammonium cations per unit cell. The
crystal data and structure refinement parameters are given in
Table 1.

Similar to V, positional disorder with respect to vanadium
atoms was observed in the crystal structure ofII andVI . Since
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Table 1. Crystal Data and Structure Refinement for [(n-C4H9)4N]4[PVW11O40] (II), R-1,2-K2H3[V2W10O40]‚2CH3OH‚7H2O (V), and
[(n-C4H9)4N]5[PV2W10O40] (VI)

II V VI

formula C64H144N4O40PVW11 C2H23KO49PV2W10 C64H145N4O40PV2W10

fw 3714.09 2925.73 3582.12
T (K) 150(2) 295 150(2)
crystal system tetragonal trigonal cubic
space group I-4 P32 I-43m
a (Å) 18.6299(7) 19.057(3) 17.588(3)
b (Å) 18.6299(7) 19.057(3) 17.588(3)
c (Å) 14.3535(10) 12.505 (3) 17.588(3)
R (°) 90 90 90
â (°) 90 90 90
γ (°) 90 120 90
V (Å3) 49817(4) 3933.0(11) 5440.7(13)
F (g/cm3) (calc.) 2.476 3.706 2.187
Z, Z′ 8, 0.25 3, 1 48, 0.041 667
µ(Mo KR) (mm-1) 12.823 22.474 10.771
crystal size (mm) 0.30× 0.28× 0.25 0.03× 0.05× 0.50 0.40× 0.30× 0.30
maxθ for data collection (°) 28.28 27.45 28.06
reflns unique/observed 15371/5744 11239/9701 16645/1227
no. of variables 174 629 82
min/max transmission (%) 10.31/12.89 3.14/ 60.34 7.99/11.42
R(F) (%)a 4.29 6.09 3.44
Rw(F2) (%)a 11.50 11.18 9.87
largest diff peak, hole, (e/Å3) 1.84,-1.28 1.06,-1.10 0.96,-3.70

a Quantity minimized) R(wF2) ) {∑[w(Fo
2 -Fc

2)2]/∑(wFo
2)2}1/2: R(F) ) ∑∆/∑(Fo), ∆ ) |(Fo - Fc)|: w ) [σ2(Fo

2) + (aP)2 + bP]-1:P ) [2Fc
2 +

Max(Fo,0)]/3.
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the crystal symmetry is higher than the molecular symmetry
and the heavy atom positions are disordered, we employed the
crystal structures ofII and VI only to infer the overall
countercation arrangement in these solids. The stoichiometry
of the complexes was confirmed using NMR31P and 51V
chemical shifts, as well as the FTIR vibrational frequencies (as
discussed in the previous section).

In Figure 2, the coordination environments are shown forII
andVI . In both compounds, each POM anion is surrounded by
eight [(n-C4H9)4N]+ cations resulting in a pseudo-octahedral
environment for the anion. As the electron density maps ofVI
did not indicate other cationic species, an additional H+ is likely
to be present in the structure for charge neutrality, which is
also consistent with the acidic conditions (pH) 2) used in the
preparation of the complex.

These results suggest that coordination environments in
Keggin polyoxoanions do not differ significantly for mono- and
di-vanadium substituted molecules, and depend only on the
nature of the countercation. We observed similar behavior in
the vanadium-substituted Lindqvist hexatungstates.40

FT-IR Spectroscopy of Vanadium-Substituted Keggin
Oxotungstates.Vanadium-substituted Keggin anions display
characteristic FT-IR bands in the region of 1060-1100 cm-1

giving rise to the additional V-O(terminal) stretch vibration
whose frequency appears close to the P-O stretch vibration of
the tetrahedral PO4 unit in the oxoanion core. The combination
of these vibrations yields a distinct multiplet structure, which
depends on the degree of vanadium substitution (doublet for
mono-vanadium, triplet for di-vanadium, and triplet with distinct
intensity ratios for tri-V-substituted oxotungstates). The FT-IR
spectra are consistent with the bands associated with mono (I-
IV ), di (V-VII ), and tri (VIII -X) substituted anions. The
vibrational frequencies are presented in Table 2; the detailed
discussion will be reported elsewhere.

Solution NMR Characterization of the Keggin Oxoanions
I, II, V, and VI. We have acquired multinuclear (31P and51V)
solution NMR spectra for four mono- and di- vanadium

substituted Keggin anions under investigation. The solution
chemical shifts are compiled in Table 3. ForI andV, 31P and
51V solution chemical shifts have been reported previously, and
our results are in good agreement with the literature data.31 The
di-vanadium substituted complexesV and VI represent indi-
vidual positional isomers rather than a mixture of stereoisomers,
as is evidenced by a single peak in the51V solution NMR
spectra.31 The tetrabutylammonium salts of mono- and di-
vanadium substitutedII andVI exhibit different chemical shifts
in solution (51V and 31P), attesting to the different degree of
vanadium substitution in these compounds.

51V Solid-State NMR Magic Angle Spinning Spectros-
copy: Isotropic Chemical Shifts and Anisotropic Line
Shapes. The 51V MAS solid-state NMR spectra ofI-IV
acquired at 9.7 T and a spinning speed of 15 kHz are presented
in Figure 3; the corresponding spectra ofV-VI are displayed
in Figure 4. The isotropic chemical shifts are compiled in Table
3. The second-order quadrupole induced shifts were taken into
account as a correction to the experimentally observed isotropic
sideband according to literature:41

where (e2qQ/h) is the quadrupolar coupling constant (in MHz),
I is the spin number;I ) 7/2 for 51V; m is the magnetic spin
number (m ) 1/2 for the central transition),η is the asymmetry
of the CSA tensor,ν0 is the resonance frequency of the51V
nucleus (105.2 MHz at 9.4T). For the compounds reported in
this work, these upfield shifts ranged from-0.1 to -2 ppm.

51V solution and solid-state isotropic chemical shifts differ
by several ppm, suggesting that the local environments of the
vanadium nucleus are different. Similar behavior was observed
previously in Lindqvist polyoxometalates,40 as well as bio-
inorganic oxovanadium(V) complexes.30 As observed previ-
ously,31 di- and tri-vanadium derivatives exhibit a single peak

(40) Huang, W.; Todaro, L.; Francesconi, L. C.; Polenova, T.J. Am. Chem.
Soc.2003, 125, 5928-5938. (41) Kundla, E.; Samoson, A.; Lipmaa, E.Chem. Phys. Lett.1981, 83, 229.

Figure 1. Coordination environment ofR-1,2-K2H3[PV2W10O40]‚2CH3OH‚7H2O (V). View down the crystallographica axis to indicate packing of the K+

countercations and solvent molecules. Vanadium atoms display positional disorder within the crystal lattice. The anion is shown in a wireframe representation.
The O atoms of the solvent are depicted as small spheres, the K+ cations are shown as large spheres, and the protons are omitted. One of the K+ cations
(shown in light gray) is at a distance of 2.83 Å from the bridging oxygen on one POM molecule, while the second K+ (shown in dark gray) is at 2.73 Å
from the terminal oxo ligands on two adjacent polyoxometalates. The crystal structure suggests weak electrostatic interactions between the K+ cations and
the vanadium atoms in the polyoxotungstate clusters.

δobserved- δiso )

-3*106(e2qQ/h)2[I(I + 1) - 9m(m - 1) - 3][1 + η2/3]

40(ν0
2)[I(2I - 1)]2

(6)
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in the solution NMR spectra, in agreement with the symmetry
of the vanadium sites in the Keggin anion.

In the solid state, the isotropic chemical shifts appear to be
determined by the nature of the countercation. Mono- and tri-

Figure 2. Coordination environments and unit cells of (a) [(n-C4H9)4N]4[PVW11O40] (II ) and (b) [(n-C4H9)4N]4H[PV2W10O40] (VI ). View down the
crystallographicc axis to indicate packing of the [(n-C4H9)4N]+ countercations. The vanadium atoms display positional disorder within the crystal lattice;
In both II andIV , each anion is surrounded by eight cation molecules. An additional H+ is likely to be present in the structure ofVI for charge neutrality;
however, it is not revealed in the electron density and is thus not shown here. The anion is shown in a wireframe representation. [(n-C4H9)4N]+ is depicted
in a ball-and-stick representation.

Table 2. Experimental FTIR Parameters for Vanadium-Substituted Keggin Polyoxotungstate Solids I-X (KBr pellet) (characteristic V-O and
P-O stretching frequencies are given in bold)

compd experimental infrared frequencies

I K4PVW11O40 1618,(1103, 1082),a 990, 885, 789, 601, 526
II [(n-C4H9)4N]4PVW11O40 2962, 2873, 1485, 1386,(1100, 1071),a 963, 891, 812, 601, 526
III Cs4PVW11O40

IV [NaxCs4-x]PVW11O40 1622,(1100, 1072),a 973, 908, 803, 598, 512
V R-1,2-K2H3[PV2W10O40]‚2CH3OH‚7H2O 1637,(1100, 1079, 1062),b 966, 898, 792, 601, 509
VI R-1,2-[(n-C4H9)4N]5PV2W10O4 2996, 2877, 1485, 1383,(1103, 1082, 1061),b 963, 894, 806, 598, 523
VII R-1,2-Cs5PV2W10O40 2980, 1635,(1096, 1079, 1055),b 980, 874, 792, 597, 509
VIII R-1,2,3-K6PV3W9O40 3741, 3481, 2925, 1625,(1089, 1059),c 960, 871, 796, 625, 526
IX R-1,2,3-[(n-C4H9)4N]6PV3W9O40 3649, 3447, 3260, 2959, 2871, 1577, 1482, 1383, 1154,(1086, 1048),c 949, 885, 803, 646, 523
X R-1,2,3-Cs6PV3W9O40 3652, 3475, 3181, 1639,(1089, 1055),c 956, 874, 792, 615, 520

a Characteristic doublet corresponding to the mono-vanadium substitution; intensity ratio 1:1.b Characteristic triplet corresponding to the di-vanadium
substitution; intensity ratio 1:1:1.c Characteristic doublet corresponding to the tri-vanadium substitution; intensity ratio 2:1.
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vanadium substituted molecules show similar isotropic chemical
shift dependence on the countercation. InII andIV , which are
complexed with a TBA countercation vanadium atoms are more
deshielded, with the isotropic chemical shifts of-543.0/-551.7
and-452.7/-480.3 ppm, respectively. The shifts ofI , III , IV ,
which are mono-vanadium Keggin salts of alkali metals, are
-561.3,-563.9, and-562.5 ppm. For the corresponding tri-
vanadium Keggin derivativesVIII andX, the chemical shifts
are-526.6/-538.2 and-523.7/-506.4 ppm. Interestingly, the
di-vanadium derivatives exhibit the opposite countercation
dependence, with the chemical shift for the TBA salt (VI ) being
more shielded (-557.0 ppm) than those for alkali metal salts
V andVII (chemical shifts of-542.5 and-533.7/-545.4 ppm,
respectively). To understand these trends, quantum mechanical
calculations of magnetic shielding anisotropies will be required,
using density functional theory and including the complete
countercation environment. At present such calculations are not
feasible because of the large number of heavy atoms and the
overall size of the system.

Asymmetric spectral envelopes observed for all compounds
indicate large chemical shielding anisotropies. The overall width
of the spectral envelope reflects the magnitude of the quadru-
polar interaction, and varies significantly as a function of the
number of vanadium atoms in the Keggin anion, but appears to
be only weakly dependent on the countercation. The quadrupole
coupling constant increases with the number of vanadium atoms
(mono- < di- < tri-), suggesting a more asymmetric charge
distribution and very likely a more distorted geometric structure
for the more substituted molecules.

Solid-State NMR Spectral Line Widths. The insets in
Figures 3 and 4 contrast the line shapes for the individual
spinning sidebands. The line widths range between 5.7 and 28.6
ppm. As anticipated, the narrowest lines (5.7 ppm) are observed
for II , the mono-vanadium Keggin oxoanion prepared as a
diffraction quality crystalline solid. The possible contributions
to the line widths include the second-order quadrupolar broad-
ening, the dipolar broadening, the positional disorder in
vanadium distribution, and the bulk morphology of the solid.

The second-order quadrupolar broadening is expected to be
weak in the mono-vanadium substitutedI-IV , and become
more pronounced for the di- and tri- vanadium compoundsV-X
due to the larger quadrupolar coupling constants. Indeed, the
characteristic second-order quadrupolar line shape is observed
both in the experimental and the simulated spectra forV-X.

Homonuclear51V-51V dipolar coupling has a weak effect
on the line widths for the Keggin solids. The V-V distance in
the di- and tri- vanadium derivatives is 3.5 Å, and the
corresponding dipolar coupling constantωD is 193 Hz. Ad-
ditionally, as has been pointed out by S. Wimperis and
colleagues previously,42 in a dipolar-coupled system of two
quadrupolar nuclei, such as a51V-51V pair, a second-order
quadrupolar-dipolar cross term is not averaged out by MAS,
resulting in additional broadening of the spinning sidebands.
However, since this term is scaled with the quadrupolar coupling
strength,42 its contribution to the line width is expected to be
insignificant (of the order of 15-50 Hz) for the compounds
discussed in this work.

The largest contributions to the line widths appear to arise
from the positional disorder with respect to the vanadium atoms,
and from the bulk morphology of the sample. Positional disorder
is common in substituted polyoxometalates, and was revealed
in the X-ray structures ofII , V, andVI . This disorder causes
spread in both the values of the quadrupolar coupling constant,
and in the isotropic chemical shifts. For example, in the crystal-
line form of II two distinct sets of individual spinning sidebands
were observed (Figure 3b) that most likely represent two
different magnetically nonequivalent positions of vanadium sites
in the crystalline lattice. In the samples prepared as powders,
conformational heterogeneity introduces additional linebroad-
ening, as is illustrated in the insets of Figure 3b, for crystalline
and powder morphologies ofII . Interestingly, doublet structure
of the individual sidebands was observed for di- and tri-
vanadium compounds (Figure 4), which also indicates presence

(42) McManus, J.; Kemp-Harper, R.; Wimperis, S.Chem. Phys. Lett.1999, 311,
292-298.

Table 3. Experimental 51V Solid-State and Solution NMR Parameters for the Vanadium-Substituted Keggin Oxotungstates I-X: 51V
Isotropic Chemical Shifts (δIso), Quadrupolar Couplings (CQ, ηQ), Chemical Shielding Anisotropies (δσ, ησ), and the Euler Angles (R, â, γ),
Describing the Relative Orientations of the Two Tensors

compd
CQ, MHz 9.4 T

(11.7 T)a ηQ δσ, ppm ησ R, deg â, deg γ, deg

δobsvd,
ppm

(solid state)

quadrupole
induced

shift, ppm

δiso,
ppm

(solid state)

δiso,
ppm

(solution)

I K4PVW11O40 0.94( 0.12 0.48( 0.19 536.6( 14.3 0.16( 0.15 0-180 64( 4 26( 17 -561.5 -0.2 -561.3 -557.3
0.79( 0.09 (0.4( 0.14) (531( 30) (0.3( 0.15) (60( 7) (35( 15)

II [(n-C4H9)4N]4PVW11O40 1.13( 0.03 0.61( 0.12 521( 40 0.13( 0.19 0-180 52( 9 42( 4 -543.3 -0.3 -543.0 -550.3
(0.98( 0.03) (0.5( 0.1) (507( 10) (0.15( 0.15) (57( 8) (41( 7) -552.0 -551.7

III Cs4PVW11O40 1.25( 0.13 0.53( 0.21 589( 40 0.25( 0.06 0-180 55( 10 52( 3 -564.3 -0.4 -563.9
(1.25( 0.14) (0.40( 0.28) (551( 80) (0.30( 0.42) (65( 7) (50( 5)

IV [NaxCs4-x]PVW11O40 1.15( 0.21 0.15( 0.21 590( 40 0( 0.05 0-180 62.5( 3.5 50 -562.7 -0.3 -562.4
V R-1,2-H3K2[PV2W10O40]‚ 1.79( 0.17 0.81( 0.26 516( 56 0.07( 0.16 0-180 62( 12 36( 3 -543.4 -0.9 -542.5 -548.5

CH3OH‚14H2O (1.80( 0.20) (0.47( 0.06) (494( 40) (0.00( 0.05) (55( 10) (52( 3)
VI R-1,2-[(n-C4H9)4N]5-

PV2W10O4

1.75( 0.08 0.77( 0.20 549( 19 0.01( 0.02 0-180 81( 12 39( 2 -557.8 -0.8 -557.0 -561.6

VII R-1,2-Cs5PV2W10O40 1.51( 0.19 0.57( 0.21 479( 33 0( 0.05 0-180 63( 6 42( 14 -533.7 -0.58 -533.12
-545.4

VIII R-1,2,3-K6PV3W9O40 3.93( 0.06 0.87( 0.12 371( 34 0( 0 0-180 0( 0 38( 4 -526.6 -4.5 -522.1 533.62
-538.2 -533.7

IX R-1,2,3-[(n-C4H9)4N]6- 5.50( 0.71 0.75( 0.35 451( 34 0.05( 0.07 0-180 45( 63 40( 0 -452.7 -8.3 -444.4 562.73
PV3W9O40 -480.3 -472

X R-1,2,3-Cs6PV3W9O40 3.5( 0.08 1.0( 0.05 428( 20 0( 0.05 0-180 87( 6 5 ( 2 -523.7 -3.8 -519.9
-506.4 -502.6

a Data in parentheses indicate measurements at 11.7 T (500 MHz).
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of two magnetically nonequivalent vanadium positions in the
crystal lattice rather than a random distribution of orientations.

Simulations of the Solid-State NMR spectra.The param-
eters describing the quadrupolar and CSA interactions were
determined from numerical simulations of the solid-state NMR
spectra, and are reported in Table 3 for each of the 10
compounds. The asymmetric line shapes in the MAS spectra
result from the combined effect of the anisotropic quadrupolar
and CSA interactions, and are described by seven independent
parameters: the anisotropy and the asymmetry of the quadru-
polar and CSA tensors (CQ, ηQ, δσ, andησ), and the three Euler
angles (R, â, andγ) relating the Principal Axes System (PAS)
of the quadrupolar and CSA tensors. For51V and a number of
other half-integer quadrupolar nuclei, the quadrupolar and CSA
interactions are orders of magnitude different in strength, thus
allowing for the seven independent parameters describing these
interactions to be obtained from a single MAS spectrum.

We have acquired and simulated MAS spectra for each
compound at five different spinning speeds, to be able to extract
with greater accuracy the quadrupolar and CSA tensor elements,

and to obtain reliable error estimates. The anisotropic observ-
ables were found to be consistent at all spinning speeds. ForI ,
II , III , V, andVI , the spectra were also acquired at two magnetic
field strengths, 9.7 and 11.4 T, and the results are in good
agreement. In Figures 5-7, the experimental and simulated
spectra at several spinning speeds are shown for representatives
of mono-, di-, and tri-vanadium series,I , V, andVIII .

Effect of Cationic Environment and Vanadium Substitu-
tion on Quadrupolar and CSA Tensors. The experimental
data discussed above reveal that in Keggin solids, both counter-
cations and vanadium substitution determine the anisotropic

Figure 3. Experimental 9.7 T51V MAS NMR spectra of the mono-
vanadium Keggin solids (a)I (crystal), (b)II (amorphous powder), (c)III
(amorphous powder), (d)IV (amorphous powder), at 15 kHz. The center
band is indicated with an asterisk. The isotropic chemical shifts are compiled
in Table 3 with respect to neat VOCl3, used as an external referencing
standard. The insets on the right are expansions around the centerband to
demonstrate the line shapes of the individual spinning sidebands. ForII ,
the insets are shown for samples prepared both as diffraction quality crystals
(left) and amorphous powder (right), to illustrate the two dominant sources
of line broadening-positional disorder of vanadium in the crystalline lattice,
and conformational heterogeneity.

Figure 4. Experimental 9.7 T51V MAS NMR spectra of di- and
tri-vanadium Keggin solids (a)V, (b) VI , (c) VII , (d) VIII , (e) IX , (f) X
at 15 kHz. The center band is indicated with an asterisk. The isotropic
chemical shifts are compiled in Table 3 with respect to neat VOCl3, used
as an external referencing standard. The insets are expansions around the
centerband to demonstrate the line shapes of the individual spinning
sidebands.
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NMR observables (CQ, δiso, andδσ). Interestingly, and somewhat
unexpectedly, in the Keggin series under investigation, counter-
cations have large effect on the chemical-shielding anisotropy
tensor components, but only weakly influence the quadrupolar
interaction. For comparison, in Lindqvist polyoxometalates, the
quadrupolar interaction is dictated by counteractions,40 which
determine the crystal packing and the symmetry of electronic
charge distribution. In Keggin solids, the weak countercation
influence can be qualitatively understood by analysis of crystal
structures ofII , V, andVI in the following way. According to
the classical point monopole model, the electric field gradient

is treated in purely electrostatic terms, and its matrix is
represented by the nine entriesVij ) ne(3ij /r5 - δij/r3), where
e is the electronic charge,ne is the charge on each atom,i and
j are the Cartesianx, y, or z coordinates of the ligand atom
(assuming the coordinates of the central vanadium are (0, 0,
0)), andr is the distance between the ligand and the central
vanadium atom. The contribution of the individual charge scales
linearly with its magnitude and as the cube of the distance to
the central atom. In practice, this contribution is negligible for
distances of 4 Å and longer. According to the X-ray structure
of V, the shortest distance between the K+ cation and the

Figure 5. Experimental (top) and simulated (bottom)51V MAS NMR spectra ofR-K4[PVW11O40] (I ) at (a) 7.986 kHz, (b) 10.000 kHz, (c) 13.010 kHz, (d)
15.190 kHz, and (e) 16.980 kHz. The spectra were simulated using the following parameters:CQ ) 0.94( 0.12 MHz;δσ ) 536.6( 14.3 ppm;ηQ ) 0.48
( 0.19;ησ ) 0.16( 0.15;R ) undetermined;â ) 64 ( 4°; γ ) 26 ( 17°. The rmsd values were (a) 0.08, (b) 0.08, (c) 0.07, (d) 0.06, and (e) 0.05. The
insets are expansions of a satellite peak comparing the experimental and simulated line shapes of the individual spinning sidebands.

Figure 6. Experimental (top) and simulated (bottom)51V MAS NMR spectra ofR-1,2-K2H3[PV2W10O40]‚2CH3OH‚7H2O (V) at (a) 8.000 kHz, (b) 10.011
kHz, (c) 13.010 kHz, (d) 15.000 kHz, and (e) 17.000 kHz. The spectra were simulated using the following parameters:CQ ) 1.79( 0.17 MHz;δσ ) 516
( 56 ppm;ηQ ) 0.81( 0.26;ησ ) 0.07( 0.16;R ) undetermined;â ) 62 ( 12°; γ ) 36 ( 3°. The rmsd values were (a) 0.08, (b) 0.08, (c) 0.06, (d)
0.08, and (e) 0.06. The insets are expansions of a satellite peak comparing the experimental and simulated line shapes of the individual spinning sidebands.
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vanadium atom in the Keggin anion is 4.18 Å; the distances
from vanadium to protons of the hydration water molecules are
somewhat shorter (ca., 3.8-4.0 Å), but due to the overall
electrical neutrality of water molecules, their contribution to
the electric field gradient at these distances is expected to be
small. In II and VI , the shortest distance from vanadium to
one of the hydrogen atoms on the [(n-C4H9)4N]+ cations is 3.3
Å; the shortest possible distance to a carbon atom in [(n-
C4H9)4N]+ is 4.2 Å, and that to nitrogen is 5 Å. Thus, the only
possible contribution to the EFG tensor could come from a
hydrogen atom on [(n-C4H9)4N]+. However, based on the
density functional theory calculations, the partial atomic charges
on the hydrogen atoms do not exceed+0.22 (natural charge)
or +0.19 (Mulliken charges), and their effect on the overall
EFG tensor will be very small even at 3.3 Å. The natural and
Mulliken charges are given in Table 1s of the Supporting
Information.

Despite the fact that no X-ray structures are available for Na+

and Cs+ salts, very mild variations in the quadrupolar interaction
parameters suggest similar cationic environment, i.e., relatively
large vanadium-to-cation distances. In comparison, the average
metal to Na+ cation distances were found to be significantly
shorter (of the order of 3.6 Å) in vanadium-substituted Lindqvist
hexametalates, where the quadrupolar coupling constants were
dictated by the countercations.40

In contrast,51V chemical shielding anisotropies were found
to be very sensitive to the countercations inI-X (Table 3).
Most likely, this is an indirect effect involving terminal oxygen
atoms, which are at relatively short distances to alkali metals
and [(n-C4H9)4N]+. For example, inV the K+-to-terminal O
distance is 2.7 Å, and strong electrostatic interactions are
expected, which are likely to modulate the electronic structure
of the entire anion. For a more rigorous understanding of the
countercation effect on chemical shielding anisotropy in the
Keggin solids, a quantum mechanical treatment is required,
which will be the subject of a separate study.

Conclusions

The work reported here demonstrates that51V solid-state MAS
NMR spectroscopy can be used as a sensitive probe of the
cationic environment, vanadium substitution, positional disorder,
and bulk morphology of Keggin oxotungstate solids. The
quadrupolar interaction in these solids is determined mostly by
the number of vanadium atoms in the oxotungstate anion core.
The chemical-shielding anisotropy tensor is affected by the

nature and geometry of countercations, as well as vanadium
substitution. The multiplet structure in the individual spinning
sidebands reflects the positional disorder with respect to
vanadium atoms. The line widths report on sample morphology.
Thus, a single51V MAS NMR spectrum provides a quick,
convenient, and nondestructive probe of the above molecular
properties. That the chemical-shielding anisotropy tensor ele-
ments are dictated by the countercation environment in each
series of mono-, di-, and tri-vanadium substituted compounds
suggests that the electronic structure of the entire Keggin anion
is modulated by the crystal field. Similarly, the electronic
structure of the anion depends on the number of vanadium atoms
in the anion molecule, as is manifested by the pronounced effect
of vanadium substitution on the CSA and the quadrupolar
anisotropy tensors. These results suggest that the previously
observed dependence of chemical reactivities and thermal
stabilities of Keggin oxotungstate catalysts on countercation and
vanadium substitution, could result from the altered electronic
environment.9,10 51V Magic Angle Spinning NMR spectroscopy
thus exhibits excellent promise to become a widely utilized tool
for the analysis of oxoanionic Keggin solids, as well as for
design of Keggin materials with tunable catalytic properties.
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Figure 7. Experimental (top) and simulated (bottom)51V MAS NMR spectra ofR-1,2,3-K6[PV3W10O40] (VIII ) at (a) 13.199 kHz, (b) 15.213 kHz, and (c)
17.239 kHz. The spectra were simulated using the following parameters:CQ ) 3.93( 0.06 MHz;δσ) 371 ( 34 ppm;ηQ ) 0.87( 0.12;ησ ) 0 ( 0; R
) undetermined;â ) 0 ( 0°; γ ) 38 ( 4°. The rmsd values were (a) 0.12, (b) 0.08, and (c) 0.07. The insets are expansions of a satellite peak comparing
the experimental and simulated line shapes of the individual spinning sidebands.
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