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Polycrystalline samples of AIVO, have been prepared by two methods of synthesis and characterized by 2’Al and
1V MAS NMR spectroscopy at 14.1 T. The MAS NMR spectra clearly reveal that essentially pure samples with
minor impurities of V,0s and alumina have been obtained. From these samples, 27Al quadrupole coupling parameters
and isotropic chemical shifts as well as the magnitudes and relative orientations of the 5V quadrupole coupling
and chemical shift tensors have been determined with high precision for AIVO,. These data have been obtained
from a combined analysis of multiple-quantum (MQ) MAS NMR spectra and MAS NMR spectra of the central and
satellite transitions. The #’Al and 51V NMR data show that the asymmetric unit for AIVO, contains three isolated
VO, tetrahedra, one pentacoordinated Al site, and two AlOg octahedra. This is in agreement with the supposition
that AIVO, is isostructural with FeVO,4 and with a recent structure refinement for AIVO, based on powder X-ray
diffraction (XRD) data. The favorable agreement between the refined crystal structure from powder XRD and the
NMR parameters is apparent from a convincing correlation between experimental 5V quadrupole tensor elements
and calculated 51V electric field gradient tensor elements obtained by the point-monopole approach. An assignment
of the Al NMR data is obtained from similar calculations of the 2’Al electric field gradients and by estimation of
the distortion of the AlOs octahedra.

Introduction on their surfaces, it is of paramount importance to obtain
information about the chemical composition and local
structure of the vanadium species on the surface. Generally,
this information may be achieved by NMR, ESR, Raman,
or IR spectroscopy alone or in combination with X-ray
diffraction (XRD) or absorption techniques such as EXAFS
and XANES® However, most of these methods require the
establishment of correlations between structural and spec-
troscopic parameters in order to obtain structural information
about the surface species. These correlations are usually
derived from studies of model compounds with known
crystal structures including inorganic vanadates and alumi-
* To whom correspondence should be addressed. E-mail: jskib@ nates a; We”_ as metalloorganic compounds. Resea,rCherS
chem.au.dk. Fax-+45 8619 6199. Phone#45 8942 3900. employing solid-state NMR spectroscopy have established
IUmvefSity of Aarhus. a number of relationships between NMR parameters and
Haldor Topsge A/S. . .
(1) Le Coustumer, L. R.; Taouk, B.; Le Meur, M.; Payen, E.; Guelton, Structural data, for example, between thi@él isotropic

M.; Grimblot, J.J. Phys. Chem1988 92, 1230. chemical shift §iso(*’Al)) and the coordination state for Al
(2) Eon, J. G.; Qlier, R.; Volta, J. @. Catal. 1994 145 318.
(3) Khodakov, A.; Olthof, B.; Bell, A. T.; Iglesia, El. Catal.1999 181,

Vanadium oxides impregnated on the surface of alumina
supports are industrially important catalysts used in a number
of catalytic reactions including selective oxidation of
hydrocarbond:2 Similarly, vanadium oxides on titania
supports are used for selective catalytic reduction of.NO
Such catalysts are of increasing importance in the efforts to
efficiently use the limited resources of fossil fuels and to
meet environmental legislation. In the optimization of the
catalytic properties (e.g., activity, selectivity, and lifetime)
for these catalysts and for identification of the active sites

205. (5) Dunn, J. P.; Stenger, H. G., Jr.; Wachs, |(atal. Today1999 51,
(4) Topsge, N.-YCATTECH1997, 1, 125. 301.
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in inorganic oxide%® and between théV chemical shift
anisotropy (CSA) and the degree of condensation for the
VO42~ anions in inorganic vanadat&s:

The only stable compound in the &;—V,0s5 system is
aluminum orthovanadate (AIVA) and this phase may be
considered an important model compound for®—Al
bonding in relation to studies of vanadia impregnation on
alumina surfaces. However, AINOs rather difficult to
synthesize which is partly due to the fact that AlyO
undergoes a peritectic reaction at 785, preventing its
synthesis by high-temperature methétBrobably, for this
reason, the synthesis of Al\i@rystals of sufficient size for
structure determination by single-crystal XRD has not been
reported. Powder XRD studies of Al\V\@ave provided the
space group (triclinicP1, Z = 6) and unit cell parameters
while IR studies indicate that the structure contains isolated
VO~ units, AlO, tetrahedra, and AI© octahedrd®'’
Moreover, from a Raman spectroscopic investigatfanwas
proposed that AIVQis isostructural with FeV@for which

the crystal structure has been reported from single-crystal

XRD.'® Most recently, AIVQ has been used as a test
compound in the evaluation of a new method for structure

Figure 1. Polyhedral representation of the structure for Alshown by

a projection along the axis and based on the crystallographic data from
the refined structure from powder XR.The light tetrahedra illustrate
the isolated VQ units while the dark polyhedra show the coordination for
aluminum.

the?’Al/5" NMR data and the proposed structure for AlyO
from powder XRD are discussed.

Experimental Section
Synthesis of AIVO,. All reagents were of analytical purity grade

determination based on simulated annealing combined withand were used without further purification. Two samples of AlVO

nonlinear least-squares Rietveld refinen@nbsing this
method, a powder XRD profile for AlV@Qwas refined in
the space groupl, and fractional atomic coordinates were
reportec?® The refined structure (Figure 1), which closely
resembles the structure reported for FeV&bntains three
distinct VO~ tetrahedra, two Al@ octahedra, and a
pentacoordinated AlQunit.

were synthesized using the methods described here.

Sample I. A 5.286 g (14 mmol) portion of aluminum nitrate
nonahydrate (Al(NG)3-9H,0) was mixed with 1.282 g (7.0 mmol)
of vanadium(V) oxide (¥Os) in a platinum crucible A 5 mL
portion of concentrated nitric acid was added, and the suspension
was stirred for 1 h. The suspension was dried for 24 h (IQp
and subsequently calcined at 650 for 5 days.

Sample II. A 3.1965 g (0.0176 mole) portion of )05 was

In this work, we present new procedures for the synthesis dissolved in 25 mL of a saturated aqueous solution of tetramethyl-

of AIVO,. The resulting polycrystalline samples are char-
acterized by’Al and 5V MAS and multiple-quantum (MQ)
MAS NMR spectroscopy. This includes a precise determi-
nation of the?’Al quadrupole coupling parameters and
isotropic chemical shifts for three Al sites. Moreover, the
magnitudes and relative orientations of fi¢ quadrupole
coupling and CSA tensors for three WO tetrahedra in
AIVO, are determined fromV MAS and triple-quantum
(3Q) MAS NMR experiments. Finally, relationships between

(6) Mdller, D.; Gessner, W.; Behrens, H.-J.; SchelerOBem. Phys. Lett.
1981, 79, 59.
(7) Smith, M. E.Appl. Magn. Resonl993 4, 1.
(8) Jansen, S. R.; Hintzen, H. T.; Metselaar, R.; de Haan, J. W.; van de
Ven, L. J. M.; Kentgens, A. P. M.; Nachtegaal, G. HPhys. Chem.
B 1998 102, 5969.
(9) Lapina, O. B.; Mastikhin, V. M.; Shubin, A. A.; Krasilnikov, V. N.;
Zamareaev, K. IProg. Nucl. Magn. Reson. Spectro&892 24, 457.
(10) Eckert, H.; Wachs, I. E]. Phys. Chem1989 93, 6796.
(11) Hayakawa, S.; Yoko, T.; Sakka, Bull. Chem. Soc. JpriL993 66,
3393.
(12) Skibsted, J.; Jacobsen, C. J. H.; Jakobsen, hhodg. Chem.1998
37, 3083.
(13) Nielsen, U. G.; Jakobsen, H. J.; Skibstedndrg. Chem.200Q 39,
2135.
(14) Nielsen, U. G.; Jakobsen, H. J.; Skibsted].Phys. Chem. R001,
105, 420.
(15) Touboul, M.; Popot, AJ. Therm. Anall1986 31, 117.
(16) Baran, E. J.; Bottom, I. LMonatsh. Chem1977, 108 311.
(17) Yamaguchi, O.; Uegaki, T.; Miyata, Y.; Shimizu, B. Am. Ceram.
Soc.1987 70, C-198.
(18) Hardcastle, F. D.; Wachs, I. B. Phys. Chem1991, 95, 5031.
(19) Robertson, B.; Kostiner, B. Solid State Chenl972 4, 29.
(20) Coelho, A. AJ. Appl. Crystallogr.200Q 33, 899.

ammonium hydroxide ((CE4sNOH). AI(NO3)3-9H,O [15.13 g
(0.0403 mol)] dissolved in 50 mL of #D was slowly added to the
vanadium solution. The pH of the resulting solution was adjusted
to 14 by adding additional tetramethylammonium hydroxide solu-
tion and subsequently filtered 6 M solution of HNQ was added
dropwise to the filtrate until a pH value of 7 was reached. The
yellow precipitate was isolated, dried, and finally calcined at 650
°C for 20 h.

NMR Measurements. Solid-state?’Al (156.3 MHz) and>V
(157.7 MHz) MAS NMR experiments were performed at 14.1 T
on a Varian Unity INOVA-600 spectrometer using home-built CP/
MAS NMR probes for 4 and 5 mm o.d. rotors. TR&AI and 5V
single-pulse MAS NMR experiments employed a spectral width
of 4 MHz, an rf pulse width of 0.%s for yB,/2% ~ 55 kHz, and
a relaxation delay of 1 s. Baseline distortions were suppressed by
linear prediction of the first few data points of the FID followed
by baseline correction using the Varian VNMR software. T#é
and 5%V 3QMAS NMR experiments employed a home-built
variable-temperature broadband MAS NMR probe for 4 mm o.d.
rotors. 3QMAS spectra were acquired using the two-pulse se-
quencé! with a 24 step phase-cycling scheme and pulse widths
for the 3Q excitation and conversion pulses corresponding td 180
(105°) and 60 (35°) liquid pulses? for 27Al (51V), respectively,
for an rf field strength of/B,/2r = 105 kHz. The indirect dimension
was incremented in 128 steps, and spectral widths of 50 kHz

(21) Massiot, D.; Touzo, B.; Trumeau, D.; Coutures, J. P.; Virlet, J.; Florian,
P.; Grandinetti, P. JSolid State Nucl. Magn. Resoi996 6, 73.

(22) Amoureux, J.-P.; Fernandez, C.; FrydmanChem. Phys. Letl996
259, 347.
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(?Al) and 150 kHz $1V) were used in both dimensions. AlNMR  aluminum isopropoxide, were monitored by DTA and
experiments employed exact magic-angle setting and spinning powder XRD*’ Other synthetic methods include approaches
speeds in the range $(15 kHz with a stability of:2 Hz, obtained  sjmijlar to the procedure employed in this work for sample
using a Varian Inc. rotor-speed controller. Isotropisl and 5V 11516 and a solution combustion process, where a solution
chemical shifts are relative to_a 1.0 M aqueous solution of AICI of aluminum nitrate, ammonium metavanadate, ammonium
6H,0 and neat VOG] respectively. nitrate, and 3-methyl-5-hydrazol is heated rapitlliviethod

Spectral Analysis.Simulations, least-squares fittings, and error . .
analysis of the experiment&Al and 5V MAS and 3QMAS NMR Il utilizes the fact that both AD; and \,Os are soluble in

spectra were performed on a SUN ULTRA-5 workstation using & Srong base. Thus, a solution containing these metals can
the STARS software packag&2® Optimization of integrated to € prepared. By acidification of such a solution, a precursor
simulated spinning sideband (ssb) intensities for the central and material was obtained that upon calcination at 66(yave
satellite transitions included effects from nonuniform detection (i.e., the desired AIVQ phase free of alkali-ion impurities because
the quality factor of the probé&y.Determination of théV CSA tetramethylammonium hydroxide was used as the strong
parameters from the manifolds of ssbs in the isotropic (F1) base.

dimension of thé'v 3QMAS NMR spectra employed the method  he products resulting from the different methods of
recently described elsewhefe?® The chemical shift parameters synthesis are generally examined by powder XRD®

are defined as which usually fails to detect amorphous phases. As an
1 Oy — Oy example, sample | is observed to be Aly@ith an impurity
Oiso = 30T Oy + 029, 05 = 0igo = 072 M, = — 5 @ of less than 5 wt % YOs using powder XRD. The YOs
’ impurity, readily identified by MAS NMR, prevents the
using the convention,; — disol = [9xx — disol = [y — disol. The determination of precise’v NMR parameters for AIVQ
quadrupole coupling parameter€y and 770) are related to the because the ssbs from this impurity overlap with one of the
principal elements of the electric-field gradient tenséy by the manifolds of the sshs for AIVQ 2’Al MAS NMR spectra

following equation of sample | unexpectedly show an additional resonance in
eQV VoV the range 4580 ppm resulting fr_or_n a minor impurity of
Co= - z no= WV X ) amorphougy-alumina; however, this impurity does not affect
2z the analysis of the spectral region for the resonances from

for V24 > |Vl = [Vyyl. The relative orientation of the quadrupole AIVO,. With the aim of mlnllelng the YOs Impurlty,' a
coupling and chemical shift tensors is described by the Euler anglesS€cond sample of AlVEXi.e., sample 1l) was synthesized.
¥, %, andé for 0 < y < 27 and 0< y, & < 7/2,25which correspond For this sample, no ¥0s impurity could be detected BV

to positive rotations about, (1), the newdyy (), and the finab., MAS NMR. However, quite large quantities of alumina
(&) axis. impurities, which overlap with thé’Al resonances from

AIVO,, are observed b§Al MAS NMR for sample II. Thus,

samples | and Il have been used for #&l and >V NMR
Synthesis.AIVO, is the only stable compound in the experiments, respectively. We should note that, despite

V,0s—Al,Os system, and the thermodynamic properties several attempts, it has not yet been possible to synthesize a

described later make synthesis of a pure crystalline samplecompletely pure crystalline sample of AINMO

difficult. Touboul and Popdt studied the formation of 27Al MAS and MQMAS NMR. The ?7Al MAS NMR

AIVO, by differential thermal analysis (DTA) and thermo- spectrum (Figure 2a) of AIVQ(sample 1) is dominated by

gravimetric analysis (TGA). They observed the crystallization the central and satellite transitions from a singflal site

of AIVO 4 at 266°C, an eutectic equilibrium (liquig> AIVO 4 (i.e., Al(2)) influenced by a fairly weak quadrupole coupling.

Results and Discussion

+ V205) at 695°C, and a peritectic equilibrium (liquie- Least-squares optimization of simulated to integrated spin-
Al,O3 < AIVO,) at 765°C.15 In a study of AIVQ, solid ning sideband (ssb) intensities for the satellite transitions for
solutions in the AlOs-rich region of the YOs-Al O3 system, this site leads to determination of precise values for the
Yamaguchi et al. found that AlV£decomposes to XDs and quadrupole coupling paramete(andrg) and the isotropic
o-Al,O3 when heated above approximately 7.7 The chemical shift §iso). A simulated spectrum (Figure 2b) based

formation and decomposition of AIVQ obtained by hy- on these parameters (Table 1) reproduces all features in the
drolysis of a solution containing vanadyl ethoxide and experimental manifold of ssbs for the Al(1) site. Expansion

of the spectral region for the central transitions (Figure 3a)
(23) g‘éisbosrtlel%gi-?g'g“egge”’ N. C.; Bildsge, H.; Jakobsen, H. Magn. shows a second-order quadrupolar line shape in the region
(24) Skibsted, J.; Nielsen, N. C.; Bildsge, H.; Jakobsen, Bham. Phys. 5—30 ppm, originating from ai’Al site (i.e., Al(2)) with a

- Iéit'tbth%ZJlgﬁﬁos' N G- Bildsge. H.- Jakobsen. BLam. Ch strong quadrupole couplingo, 70, and dis, are readily
. n, N. C.; . n .Am. m. . . . . .
(23) So:;igegé 1’15'35'31] - Bliasee, H Jaxobsen, e determined for this site by simulation of the second-order

(26) Skibsted, J.; Vosegaard, T.; Bildsge, H.; Jakobsen,HPhys. Chem.  quadrupolar line shape. Furthermore, examination of the
1996 100, 14872, :

(27) Wang, S. H.- Xu. Z.: Baltisberger, J. H.: Bull, L. M.: Stebbins, J. F.: spectral region from-30 to 0 ppm revegls that the narrow
Pines, A.Solid State Nucl. Magn. Resoh997, 8, 1. center band for the Al(1) site is superimposed on a much
Reson2001, 20, 23.

(29) Nielsen, U. G.; Jakobsen, H. J.; Skibstedsdlid State Nucl. Magn.
Reson.jn press. (30) Ekambaram, S.; Patil, K. Q. Alloys Compd1995 217, 104.
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Figure 2. (a)2’Al MAS NMR spectrum (14.1 Ty, = 12.0 kHz) of AIVO,
illustrating the manifold of ssbs observed for the satellite transitions. (b)
Optimized simulation of the ssbs in part (a) employingté parameters

in Table 1. The right-hand insets show the resolution and line shapes of
the individual ssbs for the thréeAl sites in AIVO,4. The central transition

for the Al(1) site is cut off at 1/10 of its total height in both spectra.

Table 1. 27Al Quadrupole Coupling ParameterSd; #q) and Isotropic
Chemical Shifts diso) for AIVO4

site? Co (MHz) 7o Jiso (PpM)
Al(1) 1.64+0.10 0.304+ 0.04 —-8.9+ 0.5
Al(2) 6.73+£0.10 0.424-0.02 27.2+0.6
Al(3) 5.88+ 0.10 0.58+ 0.03 -1.1+1.0

a Assignment of th&’Al NMR data to the specific Al sites in the crystal
structure from powder XRE (see text).

(a)

(b)
©
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Figure 3. (a) Expansion of the spectral region for tR&l central
transitions observed in téAl MAS NMR spectrum of AIVQ, at 14.1 T

(cf., Figure 2). (b) Optimized simulation of the central transitions for the
three 27Al sites in AIVO, using the parameters in Table 1. Separate
simulations of the second-order quadrupolar line shapes for the individual
27A| sites are shown for Al(1), Al(2), and Al(3) in parts (c), (d), and (e),
respectively. The simulated spectra employ the same vertical scale except
for the Al(1) site (c) where the vertical scale is reduced by a factor of 2.

| Fl
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— - @A
2> AI0) v
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Figure 4. Contour plot for the?’Al 3QMAS NMR spectrum of AIVQ
(14.1 T,», = 12.0 kHz). The contours from the three Al sites in Aly@re

An impro\/ed resolution of these resonances is achieved inlabeled by Al(1), Al(2), and AI(3) whereas the asterisk indicates the

the 27Al 3QMAS NMR spectrum of AIVQ illustrated in
Figure 4. The contour plot as well as the isotropic (F1)

resonance from the impurity phase. The projection onto the F1 axis
corresponds to a summation over the 2D spectrum.

dimension of this spectrum clearly resolve three resonancespyerlapping with the Al(1) site in the MAS NMR spectrum

for AIVO,. Moreover, a broad, low-intensity resonance is
observed at about-515 ppm in the F2 dimension which
originates from an impurity in the sample. We note that the
three?’Al resonances for AlV@and the impurity resonance
can alternatively be resolved BYAl MAS NMR at a very
high magnetic field (21.15 T) as recently demonstrated.
The Cq, 170, anddis, parameters for the Al(3) site, the site

(31) Nielsen, U. G.; Skibsted, J.; Jakobsen, HCiem. Commur2001,
2690.

(Figure 3a), are determined from line shape analysis of a
summation in the F2 dimension over the Al(3) resonance in
the 3QMAS spectrum, and they are identical within error
limits with the parameters obtained at 21.15'TThe

optimized parameters for the three Al sites in Aly@re

summarized in Table 1 and illustrated by the simulations in
Figure 3b-e of the center bands for the central transitions.
The total simulation (Figure 3b) reproduces well all features
of the experimental spectrum for the central transitions,

Inorganic Chemistry, Vol. 41, No. 24, 2002 6435
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except for the region at about—35 ppm, where the ~

quadrupolar line shape for the Al(2) resonance is slightly D Vi)
distorted as a result of the overlap with the broad resonance

from the impurity phase. The broad and featureless appear- Vi3) V@)
ance of the resonance from the impurity in the 3QMAS

spectrum shows that this resonance originates from an vy
amorphous phase, in agreement with the fact that this

impurity is not observed by powder XRD. Furthermore, the

estimated chemical shifé(= 10—20 ppm) demonstrates that

the impurity contains aluminum in octahedral coordination.

Thus, the impurity is most likely an amorphous alumina

phase in our sample | of AlVQ Using the well-known 140 132 (kHz)
correlation betweemiso(?’Al) and the AFO coordination
state®8 the resonances for Al(1) and Al(3) are assigned to (a)
octahedrally coordinated aluminum, and the resonance from i
Al(2) is assigned to a pentacoordinated aluminum site. This
observation is in agreement with the crystal structure reported
by Coelh@® and thereby supports the expectation that AIVO
and FeVQ are isostructural. AlIV@has earlier been studied

by 2’Al MAS NMR by Ekambaram and Pafif, who only
observed a single resonance at 7.1 T. This observation may
reflect the fact that the central transitions for the Al(2) and
Al(3) sites strongly overlap with the narrow center band from JJ

\®))

I

T
-680 -740 (ppm)

(x2)

Al(1) in MAS NMR spectra at 7.1 P!

5V MAS and MQMAS NMR. The 5%V MAS NMR
spectrum ¢, = 10.5 kHz) of the complete manifold of sshs WWM 11 0s)
from the central and satellite transitions for AlY® shown z
in Figure 5a. Expansion of the spectral region for the central (b)
transitions and of selected ssbs from the satellite transitions
(Figure 5a) shows a distinct resolution of resonances from T 00
three different vanadium sites. The individual ssbs from the _ o
hreeSV sites are almost completely separated, a situation -9ure 5 (&)Y MAS NMR spectrum (14.1 Ty, = 105 kiz) of the
t r_ee ) S - p y sep TR ~'' central and satellite transitions for Al\\Ghown on a kilohertz scale relative
which is achieved at 14.1 T only when spinning speeds in to the isotropic peak for V(2). (b) Optimized simulation of the three

the range 10 kHz< v, < 11 kHz or above 20 kHz are overlapping_manifolds of s_sbs i_n part (a) employing Y NMR
parameters in Table 2 and including second-order quadrupolar effects to

employed. Obviously, the thimum.reSOMt_ion of the mani- account for the line shapes of the ssbs. The right-hand insets show the
folds of ssbs from the three sites is obtained #prz 20 spectral region for the isotropic peaks (on a ppm scale relative to YOCI

kHz; however, for such spinning speeds, the spectral effectswhile the left-hand insets illustrate that the ssbs f_rom the satellite transitions
L are almost completely separated for the tHaesites.
from the smalPv CSAs are almost completely eliminated.
Furthermore, we note that at 14.1 T the manifolds of ssbs of the quadrupole coupling and CSéA(andz,) parameters
from the satellite transitions fé*V (157.7 MHz) and?’Al as well as the Euler angleg (x, and&), relating the principal
(156.3 MHz) overlap only slightly in the outer regions and axis systems for the two tensorial interactions. However, for
only for the 2’Al and 5V sites with strongest quadrupole the manifolds of ssbs from the V(1) and V(3) sites, the least-
coupling. However, at lower magnetic fields, the small squares fitting arrives at a minimum in the rms function for
difference in Larmor frequencies 8% and?’Al results in two parameter sets corresponding to identi€gl 7o, and
a significant overlap of the ssbs from the satellite transitions #, values bu®, parameters with opposite sign and different
for these two spin isotopes which complicates the analysisvalues for the Euler angles. A similar ambiguity in the
of the vV MAS NMR spectra. The manifolds of ssbs for determination of the sign for th&, parameter has recently
the three?lV sites are observed over a spectral range of 1.2 been observed for LaV{3® In that work, a reliable deter-
MHz and are dominated by three intense center bands frommination ofd, was obtained by analysis of the ssb manifold
the three central transitions. This indicates that the thiiée  observed in the isotropic dimension o' 3QMAS NMR
sites possess moderate-sized quadrupole couplings and smadipectrum, utilizing the fact that the CSA interaction is
CSAs, which are characteristic features for FOunits in magnified by a factor of 3 in this dimension. The same
orthovanadate®:?° Least-squares fitting of simulated to approach is used here employing tH¥ 3QMAS NMR
experimental ssb intensities for the individual manifolds of spectrum shown in Figure 6. Th&V 3QMAS NMR
ssbs, employing the same theoretical approach as used irspectrum of AIVQ is dominated by the manifolds of ssbs
studies of other inorganic vanadatésy has been employed originating from the three center bands in the isotropic
for the spectrum in Figure 5a. For one of tH¥ sites (i.e., dimension. However, ssb manifolds of lower intensity are
V(2)), this procedure gives a straightforward determination also observed for the first-order ssbs in the isotropic

"—I""T'—r'_r’—l—"rrl—m"'r
630 -740 (ppm)

(x2)

UL L IR I LR
200 0 -200

400 (kiz)
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Figure 6. Contour plot of the’®V 3Q MAS NMR spectrum of AIVQ
(14.1 T,» = 10.5 kHz). The projection onto the anisotropic dimension
(F2) is a summation. V(1), V(2), and V(3) indicate the isotropic peaks in
this dimension for the thre®V sites.

80

dimension. A reconstruction of these ssb manifolds in the
isotropic dimension, employing the approach by Wang et
al.?” gives subspectra for the thre® sites that are strongly

dominated by the CSA interaction. Including effects from
only the CSA interaction in least-squares fits to these

vanadium sites fromv MAS NMR at 9.4 T; however, no
quadrupole coupling parameters were determined. In addi-
tion, they reported isotropic chemical shift values-661,
—740, and—772 ppm, in good agreement with those given
in Table 2.

Relationships between theé’Al and 5V NMR Param-
eters and Structural Data. The %V NMR data for AIVO,
(Table 2) show that each of the thré®/ sites possesses
small chemical shift anisotropiefd}| ~ 80—120 ppm),y,
~ 0.7-0.9, and fairly small quadrupole couplings. Further-
more, the Euler angleg( y, and§) are identical within error
limits for the three®V sites. Nearly identical values fay,,

7, andy have recently been observed #v in isostructural
ortho-, pyro-, and metavanadatés!* Thus, the similarity

of these parameters for AIVGhows that the environments
of the VO~ anions are quite similar for this compound.
Moreover, a comparison of the CSAs and quadrupole
couplings with those reported for ortho-, pyro-, and
metavanadatés!* strongly suggests that AlVOcontains
three orthovanadate units (i.e., isolated #/Otetrahedra),

in agreement with the refined crystal structure from powder
XRD.20

subspectra gives an unambiguous determination of the sign

for 6, as well as the magnitudes fér andy, for the V(1)
and V(3) sites (cf., Table 2). It is noted that the CSA

Relationships between tf&/ data and the refined crystal
structure are further investigated by estimation of theé

parameters cannot be determined in a similar manner for the€lectric field gradients (EFGs) using point-monopole calcula-

V(2) site, because the small quadrupole coupling for this
site Cqo = 2.35 MH2z) results in modulations of the first-
order quadrupole coupling interaction which significantly
contribute to the ssb intensities in the isotropic dimensfon.
The CSA data determined from the 3QMAS spectrum are

tions in combination with the structural data from powder
XRD. These types of calculations, which also have been used
in the analysis of?®Na and 13*Cs quadrupole coupling
parameterd®**have recently proven useful in the assignment
of 53V NMR data to specific vanadium sites for pyro- and

. . ini i i 13,14,35
subsequently used as fixed parameters in least-square§netavanadates containing multigtey sites: In the

optimizations for the determination of theg y, and& Euler
angles from the manifolds of ssbs for the V(1) and V(3) sites
in the vV MAS NMR spectrum (Figure 5a).

approach used in these studies, the point-monopole calcula-
tions only consider the oxygen atoms within the first
coordination sphere of the®/ ion and employ effective

The analysis described here gives the magnitudes andcharges for these anions obtainedigs= (—2 + 2f;)e. Here,

relative orientations of the quadrupole coupling and CSA
tensors for the three'V sites in AIVO, listed in Table 2,
which should be considered the optimum data resulting from
the combined analysis of tHév 3QMAS and MAS NMR

spectra. The optimized parameters are illustrated by a tota

simulation (Figure 5b) of the three overlapping manifolds
of sshs and by the simulated spectra for the individial
sites illustrated in Figure 7. Eckert and Wattsave earlier
studied AIVQ by %V MAS NMR at 7.1 and 11.7 T.

Although the strong overlap of ssbs for the central transitions Q5" = C,

from the three®V sites prevented a determination of the
CSA parameters, they reportéd, values of—661, —745,

fj is the covalence of the oxygep cation) bond calculated
from the bond-valence equations of Brown and Shaffhon
and the chemical-bond data of Brown and Alterniafthis
procedure and the structural data from powder XRive

|the calculatedV EFG tensor elements listed in Table 3 for

AIVO,. The calculated EFG elements are correlated with the
principal elements of thé'v quadrupole coupling tensors,
derived fromCq and#q in Table 2 according to

exp __

1

exp __

XX _%(1 + UQ)CQ
3)

and—775 ppm for the three sites from analysis of the centers and assumingCq, > 0. The plot of the experimental

of gravity for the central transitions at the two magnetic
fields. These isotropic chemical shifts are in excellent
agreement with those determined in this work (cf., Table
2). AIVO, has most recently been investigated by Kalinikin
et al®® who reported an estimate of the magnitude of the
CSA interaction corresponding t& ~ 100 ppm for all three

(32) Marinelli, L.; Frydman, L.Chem. Phys. Lett1997 275 188.
(33) Kalinkin, P.; Kovalenko, O.; Lapina, O.; Khabibulin, D.; Kundo, N.
J. Mol. Catal. A2002 178 173.

guadrupole tensor elements as a function of the calculated
principal elements of théV EFG tensors (Figure 8)
demonstrates a linear correlation between these parameters.

(34) Koller, H.; Engelhardt, G.; Kentgens, A. P. M.; Saued, Phys. Chem.
1994 98, 1544.

(35) Nielsen, U. G.; Jakobsen, H. J.; Skibsted, J.; Norby, Ehem. Soc.,
Dalton Trans.2001, 21, 3214.

(36) Brown, I. D.; Shannon, R. DActa Crystallogr., Sect. A973 29,
266.

(37) Brown, I. D.; Altermatt, DActa Crystallogr., Sect. B985 41, 244.
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Table 2. 5% Quadrupole CouplingGq, 70), Chemical Shift Parameters 7., diso), and Relative Orientationy(, , &) of the Two Tensors for the

51V Sites in AIVOz2

site? Cq (MH2) o Jiso (PPM) o y (deg) % (deg) £ (deg) diso (PPM)
V(1) 4.05+0.05 0.84+ 0.02 87+ 8 0.74+ 0.17 1144 30 29+ 23 88+ 31 —660.5+ 1
V(2) 2.3540.03 0.93+ 0.02 —-120+6 0.72+0.10 137+ 30 277 58 30 —743.6+ 1
V(3) 3.08+0.02 0.62+ 0.02 -82+7 0.88+0.11 1304+ 30 25+ 12 15+ 20 ~775.7+ 1

aFor a definition of the®®v NMR parameters, see the Experimental Secthossignment of thévV NMR parameters to the speciffdV sites in the
crystal structure from powder XRPbased on calculatetdy EFG tensor elements (see text).

~

(a) (x2)
OSSO | U dssssnsssnnsssnnconnce
(b)
(c)

400 200 0 200 -400 (KHz)

Figure 7. Simulated®V MAS NMR spectra (14.1 Ty, = 10.5 kHz)
illustrating the individual manifold of ssbs for the (a) V(1), (b) V(2), and
(c) V(3) sites in AIVQ, and corresponding to the optimizet parameters

Table 3. Calculated Principal Element¥ (<39 (x10%° V m~2) of the
51y Electric Field Gradient Tensors for the Vanadium Sites in AlRO

site? VCX:IC ch;lc V\;;Ic

V(1) —1.066 —-0.237 1.301
V(2) —0.644 -0.048 0.692
V(3) —0.772 —0.147 0.919

a Calculated values from point-monopole calculations (see text) using
the structural data reported from powder XRD.

ogw
A

1 (MHz)
4.0

2.0
0.0 .
-2.01

-4.07

] (x1020 vm2)
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Figure 8. Linear correlation between tiéV quadrupole coupling tensor
elements QP and calculated EFG tensor element$®f) from point-
monopole calculations (Table 3) for the thre®% sites in AIVO,. The
straight line shows the results of linear regression (cf., eq 4).

calc
Vii

parameters in Table 2 to the specific crystallographic
vanadium positions in the crystal structure for AlyO
reported from powder XRBE? However, the coefficient of
3.33 relating the EFG tensor to the quadrupole coupling
tensor deviates somewhat from the corresponding coefficients
determined for divalent metal pyrovanadates (Z834hd
metavanadates (2.45)Employing the previously reported
5/ quadrupole coupling parameters for the orthovanadates
Mgs(VO,)2, Zng(VO,)2, BiVO,, and LavQ!??gives a linear
correlation between the experimental quadrupole coupling
tensor elements and the calculated principal elements of the

in Table 2. Summation of the manifolds of ssbs in parts (a), (b), and (c) °2V EFG tensors corresponding to the equation

gives the simulated spectrum for AIMGhown in Figure 5b. All spectra

are shown on the same vertical scale; however, the center band for the

V(1) site is cut off at half-height.

P = 2.46/510°°V m?) (5)

Linear regression analysis of the data in Figure 8 gives the with the correlation coefficierR = 0.98. The coefficient in

equation

| —
P = 3.3354910°°V m?) (4)
with the correlation coefficienR = 0.991. The excellent
correlation betweerQ®” and V¥ shows that theSV

eq 5 is in excellent agreement with those determined for the
divalent metal pyro- and metavanadates, considering the
simplicity of the point-monopole approach. The larger value
observed for AIVQ (eq 4) may reflect the fact that the
refined structure by Coell® gives V—O bond distances
which are either shorter or longer than those reported for

quadrupole coupling parameters (Table 2) are in favor of the VO, tetrahedra in the isostructural compound FeW¥O
the overall structure reported from powder XRD. Further- For example, the refined structure of AlV@ives V-0 bond

more, the correlation provides an assignment oPtMeNMR

6438 Inorganic Chemistry, Vol. 41, No. 24, 2002

distances of 1.56, 1.59, 1.80, and 1.82 A for the V(1) site



Aluminum Orthovanadate (AIVQ)

whereas the corresponding distances for the V(1) site inthe structure from powder XRD gives the values= 4.9

FeVQ, are 1.65, 1.66, 1.78, and 1.79 A. These bond lengthsandD = 7.0° for Al(1) and Al(3), respectively. Thus, this

for FeVQ, are very similar to those determined for YO  approach results in the same assignment oRtAeNMR

tetrahedra in other orthovanadates whereas th©\Wond  resonances as obtained by the point-monopole calculations.

distances for AlVQ deviate significantly from these values.

This indicates that the atomic coordinates determined for )

AIVO, from powder XRD are not as accurate as those Conclusions

reported for FeV@from single-crystal diffraction. Recently,

we have observed that precise structural parameters are Polycrystalline samples of AV containing only small

required to obtain a reliable correlation betwéévi quad- ~ quantities of MOs and alumina impurities, have been

rupole coupling tensors and calculatéd EFG tensors® prepared using two different methods of synthesis. The

Thus, we expect that the difference in coefficients in egs 4 characterization of these samples’ and 5V MAS NMR

and 5 indicates that the structural data reported for AlVO of the central and satellite transitions and by MQMAS NMR

are of lower precision as compared to the single-crystal XRD has shown that the asymmetric unit for Aly@cludes three

structures reported for Fe\\Gand for the orthovanadates isolated VQ tetrahedra, one pentacoordinated Al site, and

Mgs(VOa)z2, Zns(VOa)2, BiVOs and LaVQ. Thus, 4 5 two AlOg octahedra. These observations support the sup-

represents an improved correlation betweghquadrupole  position that AIVQ and FeVQ are isostructural compounds

coupling tensor elements and calculated principal elementsgng are in agreement with the refined crystal structure for

of the 5 E_FG tensors for orthovanadates as compared to AIVO, from powder XRD? The MAS and MQMAS NMR

the correl_atmn (eq 4) observed for ANO ... spectra have allowed the determination of precise values for
An assignment of thé’Al resonances to the specific . . .

o . . the anisotropic parameters characterizing?A¢quadrupole
crystallographic sites in the powder XRD structure is . . . . .
obtained from similar point-monopole calculations of tha couplings and the magnlt-udes and rela'Flve orlgntanons of

the 5V quadrupole coupling and chemical shift tensors.

EFGs. The?’Al resonance withdis, = 27.2 ppm originates i =
from a pentacoordinated Al site, and thus, this resonance is ! N€S€ parameters have been assigned to the specific Al and

assigned to the Al(2) site in the crystal structure of Codho. V Sites in the crystal structure obtained from powd(g; XRD,
Point-monopole calculations of tR&l EFGs for Al(1) and  €mploying point-monopole calculations of tA and *’Al

Al(3) give the unique EFG tensor elemen§'® = 0.70 x electric field gradient tensors. A convincing correlation
10%° V m~2 and VE¥° = 1.48 x 10%° V m~2, respectively. between these calculated data and the experimental elements
Thus, the?’Al resonances with quadrupole couplinGs = for the 5%V quadrupole coupling tensors illustrates an

1.64 MHz andCq = 5.88 MHz are assigned to the Al(1) excellent coherence between the proposed crystal structure
and Al(3) sites, respectively, in the crystal structure from from powder XRB° and the NMR data determined in this
powder XRD? Alternatively, the distortion of the Al® work.

octahedra can be described by the mean deviafijnof
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