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Abstract: 'V MAS NMR spectra, exhibiting the complete manifold of spinning sidebands (ssb’s) from all seven 5'V
(I =7/,) single-quantum transitions, have been obtained for a series of metavanadates (MVO3, M = Li, Na, K, NH,,
T1) and for KV;03 employing spectral windows up to 2 MHz. These MAS NMR spectra are influenced by interactions
from both the 'V quadrupole coupling and chemical shielding anisotropy. Analysis of the spectra has been performed
in terms of the two interactions employing a newly developed method requiring simulations and iterative fitting of the
calculated to the experimental intensities of the spinning sidebands. Accurate values for all eight parameters describing
the magnitude and relative orientation of the quadrupole coupling and anisotropic shielding tensors are obtained. The
applicability and high performance of the method are illustrated by comparison of simulated and experimental MAS
spectra, but also when 5!V parameters are compared to literature data determined for a few of the vanadates from static
NMR and nuclear quadrupole resonance. Correlations between 3!'V parameters and structural characteristics for the
metavanadates are discussed. Furthermore, the two polymorphs a- and 8-NaVOj; along with a commercial sample
of sodium metavanadate (consisting of a mixture of these polymorphs) are characterized by 22Na MAS NMR and the

23Na quadrupole coupling parameters and isotropic chemical shifts determined from these spectra.

Introduction

High-resolution solid-state NMR spectroscopy of quadrupolar
nuclei ( > !/,) in powders has gained widespread success in a
variety of branches of solid-state chemistry and materials science
during recent years. Important information about the local
electronic structure and geometry around the quadrupole nucleus
is provided by the quadrupole coupling constant (Cq) and the
associated asymmetry parameter (ng), which nowadays may
conveniently be determined by using various solid-state NMR
techniques. For example, Cq reflects the distortion of the
coordination polyhedron for the quadrupole nucleus!? while nq
isrelated to the symmetry at the nuclearsite. Thus, thequadrupole
coupling parameters represent an important supplement to the
chemical shielding anisotropy (CSA: §, and 7,) and the more
commonly reported isotropic chemical shift (8;), i.€., parameters
which are related to the net atomic charge and thereby the local
electronic structure and coordination state of the atom.> Among
the sample spinning NMR techniques, standard magic-angle
spinning (MAS)* experiments have proven useful for extracting
values for quadrupole coupling parameters and isotropic chemical
shifts (corrected for second-order quadrupolar-induced shifts).
Especially high-speed MAS experiments employing spinning
frequencies v, = 18-20 kHz have proven useful since quadrupole
coupling constants as large as 15-18 MHz for I = 5/, nuclei may
be obtained from simulation of the second-order quadrupolar
line shape observed for the (}/,, —!/;) central transition.>-” For
smaller quadrupole interactions where the central transition does
not show a well-resolved second-order line
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shape, accurate values for Cq and ng may conveniently be
determined from simulation of the intensities for the MAS NMR
manifold of spinning sidebands (ssb’s) observed for the satellite
transitions, which are influenced by the much larger first-order
quadrupolar interaction.??

Until recently MAS NMR studies of quadrupolar nuclei have
been confined to spins which are almost exclusively dominated
by the quadrupole interaction. Less attention has been paid to
the large number of quadrupolar nuclei (e.g., 5'V, 3Co, 8'Rb,
and %Mo) for which CSA represents a significant additional
contribution to the anisotropic interactions. The main reason for
this has most likely been the lack of numerical methods for a
correct interpretation of the rather complex MAS NMR spectra
for these nuclei. Recently, we demonstrated that observation of
the complete manifold of ssb’s from all seven 3!V (I =7/,) single-
quantum transitions in 'V MAS NMR spectra represent an
efficient mean for accurate determination of the parameters for
the quadrupole coupling (Cq, nq) and CSA (,, n,, and d;,) tensors
along with the relative orientation (,x,£) of their principal-axis
systems.!® Wenote that the combined effect from the quadrupole
and CSA interactions has previously been studied by static
powder!-'7 and single-crystal'® NMR methods, however, in some
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cases assuming coincidence of the principal-axis systems for the
two tensors.!!

In this work we investigate a series of metavanadates (LiVO;,
a-NaVO0O;, 8-NaVO;, KVO;, NH,VO;, and TIVO;) as well as
KV;0; using 'V MAS NMR. This includes the first determi-
nation of all eight parameters (i.e., Cq, 1qQ, 84> 70> 0ises ¥ X, and
£), describing the magnitudes and relative orientation of the
quadrupole coupling and anisotropic shielding tensors, from
simulation and iterative fitting of the manifolds of ssb’s observed
over spectral widths up to 2 MHz. It is demonstrated that 'V
MAS NMR allows determination of these parameters for the
metavanadates with improved accuracy compared to those
obtained with static NMR methods.!15!7 Furthermore, it is
illustrated that 5'V MAS NMR enable qualitative and quanti-
tative discrimination of a mixture of the -NaVQ; and 8-NaVO;
polymorphs as observed for a commercial sample of sodium
metavanadate. Alternatively, information about the polymorph
composition of this mixture can be obtained using 2’Na MAS
NMR and 25Na quadrupole coupling parameters and isotropic
chemical shifts are determined for the a- and 8-NaVOj; phases.
Theapplicability of 'V MAS NMR for samples containing more
than one vanadium site in the asymmetric unit is illustrated by
the spectrum of KV303. The 5!V quadrupole coupling parameters
for KVO;, NH,VOs3, and a-NaVO; are compared with those
obtained in a recent nuclear quadrupole resonance (NQR) study
by Mao et al.,'® where it is claimed that accurate Cq and nq
values for 5'V may hardly be determined by solid-state NMR
methods.

Theory

In the secular approximation the time-domain signal resulting
froma single-pulse 'V MAS NMR experiment may be described
(assuming ideal excitation) as

LORDIDI S expli f, [(mF (e"m) -
(m = 1F()m - 1] de} (1)

where p,, = I(I + 1) — m(m — 1) denotes the squared (m, m -

1) transition probability (m = ~I + 1, ..., I) and # (¢) the
combined quadrupole and anisotropic shielding average Hamil-
tonian in the Zeeman interaction representation. To first order

in the average Hamiltonian approximation % (¢) takes the form
- 2
H(1) = Z; WPBE - IT+ D] + P} explike) ()

where w;/2r = », denotes the spinning frequency and w®* the
orientationally-dependent Fourier components for the quadrupole
(A = Q) and shielding (A = ¢) interactions. The Fourier
components may be expressed as

Wl = “’ifoak,o +
n
“’x{Dg,-k(QQR) - ﬁ[Diz,—k(Q;R) + D;,—k(ﬂl);l{)] }dg,-k(ﬂRL)
3

where wq = 27I'CQ/{4I(21— D}, w, = wob,, wg = —yBg,and 0 <
1 < 1; only the shielding interaction has an isotropic component
W = wodis, (0 is a Kronecker delta and wo/2w = »q, the
resonance frequency). D,Z‘,I is a Wigner matrix element and
Qe = {a,8,7} are the Euler angles® relating the rotor-fixed

frame (R) to the principal-axis frame (P*) of the interaction A.
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The principal-axis frame for the anisotropic shielding tensor (P°)
is related to PQ through an additional Wigner rotation with Euler
angles (¥,x.§), ie, DXQ) = DAaBy) and D*(Qfp) =
D¥(a,8,)D*(¥,x.£). dy, is a reduced Wigner element relating
R to the laboratory frame (L), where 8gy = tan-!(1 /\/5) under
MAS conditions. Explicit expressions describing the transfor-
mation of the CSA tensor from P° into PQ followed by
transformation of both tensors to the laboratory-fixed frame via
the R frame have recently been presented.!® The symmetry of
these expressions reduces the ranges of the Euler angles relating
the CSA and quadrupole tensors to 0 < ¢, x, £ £ w. Summation
over all uniformly distributed crystallite orientations (i.e.,
averaging of the «, 8,y angles) introduces new symmetry relations
for the time domain signal:

s(t,x-8) = s(t;m—y,x,7-§) = s(t;m—y,7—x,£) =
S(t;%ﬂ'—x,ﬂ'—i) (4)

implying that the ranges for the Euler angles can be limited to
the intervals 0 < ¢ < v and 0 < x, £ < x/2. The interaction
parameters are expressed by the principal elements of the shielding
(o) and electric field-gradient (EFG, V) tensors using the standard
convention?® fA,; — ! /3Tr(A)| = Agx = 1/sTr(N)| 2 Ay — 1/3Tr (M)
forA=gq,V,ie,

6, =0, |/3Tl'(0'), N = (Uyy - axx)/av’

e
CQ = _hQsz’ NQ = (Vyy - Vxx)/sz (5)
A simulation program, based on the above formalism and
combined with the nonlinear optimization package MINUIT,2!
has been designed for iterative fitting to the experimental ssb
intensities in order to determine accurate values for the seven
parameters (Cq, 1q, 8+, 10, ¥ X, £) describing the magnitudes and
relative orientations of the 'V quadrupole and anisotropic
shielding tensors. The isotropic chemical shift (8;s) is determined
from the center of gravity of the centerband for the (1/2, -/,)
transition taking the second-order quadrupolar shift into account.

Experimental Section

51V and 22Na MAS NMR spectra were obtained on Varian XL-300
(7.1 T), VXR-400 S (9.4 T), and UNITY-500 (11.7 T) spectrometers
all equipped with homebuilt MAS probes?? for 7 mm o.d. rotors allowing
spinning speeds up to 10 kHz (Si3N, rotors) with a stability of £5 Hz
tobe employed. All experimentsused single-pulse excitation witha pulse
width of 7p = 1 us, a rf field strength of yH,/2x ~ 50 kHz, and a 1-s
relaxation delay. The isotropic chemical shifts, reported in ppm and
corrected for second-order quadrupolar induced shifts, are relative to
external samples of neat VOCl; ('V) and 1.0 M NaCl (*Na). The §
scale is positive toward lower shielding whereas the principal elements
of the shielding tensor (oy) are positive in the opposite direction (o = -4).
A 0.16 M NaVO; aqueous solution was used as a secondary reference
sample for the 'V MAS NMR spectra. The isotropic chemical shift
value of 8, = —574.38 ppm determined for this solution relative to neat
VOCI; is in excellent agreement with an earlier reported value (80 =
—574.28 ppm).!7 In all figures, the kHz scale is referenced to the center
of gravity for the isotropic peak, as determined from spectra employing
different spinning speeds. Simulations were performed ona Digital VAX-
6210 computer with the software described elsewhere.%10

The samples for KVO;, NH¢VO;, and NaVO; were obtained
commercially and their MAS NMR spectra recorded without further
purification. However, 'V and 2Na MAS NMR spectra as well as an
X-ray powder diffraction (XRD) diagram of sodium metavanadate
revealed that thissample is composed of a mixture of the a-and 8-NaVO,
polymorphs. From the commercial NaVO; product, a-NaVO; was
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Table I. 5!V Quadrupole Couplings (Cq,nq), Chemical Shielding Anisotropies (8,,8,), Relative Orientation of the Principal Axis Systems (y,x,£)
for the Quadrupole Coupling and Chemical Shielding Anisotropy, and Isotropic Chemical Shifts (8is0) for a Series of Metavanadates and KV30g
as well as 2Na Quadrupole Coupling Parameters and Isotropic Chemical Shifts for a-NaVO; and 8-NaVO,

compound method Cq (MHz) 1Q 8,° (ppm) 1,° P (deg) x5 (deg) £ (deg) dus° (ppm) ref
51V data
LiVO, MAS NMR¢4 3.18 £ 0.07 0.87 £0.03 221 +£5 0.70£003 154+10 9+10 4+10 -573.4+0.5¢ this work
static NMR/# 217£23 0.69x0.15 577105 17
KVO, MASNMRY 420+0.10 080+0.05 290+5 0.65+0.03 9010 0£10 31£10 —-552.7+0.5¢ this work
single crystal 4.22£0.15  0.65£0.15 31
NMR
static NMR#* 4.36 % 0.06 0.75£0.10 227 +£23 0.88 £0.15 11
static NMRs¥* 313+ 12 0.64 £0.05 -553+£2 15
static NMR/¢ 303+23 0.63£0.10 -557.7+£0.5 17
NQR/ 4,201 £ 0.002 0.794 £ 0.00! 19
NH.VO, MAS NMR¥ 295+0.07 030+£0.03 2405 0.70+003 78=%10 237 32+ 10 —569.5+ 0.5¢ this work
MAS NMR4 2.9] £0.07 0.30 £ 0.03 2375 071003 7510 237 34%x10 -569.0%£0.5¢ 10
static NMR#&* 288 £0.06 030010 250+23 028 +£0.12 11
static NMR&* 253+ 12 0.63£0.06 ~570 % 2 15
static NMR/¢ 243 £ 23 0.62x0.13 ~571.5£05 17
NQR/ 2.975 £ 0.020 0.437 £ 0.020 19
TIVO; MASNMR? 3.67+£0.10 071+£004 265+5 076+£003 114+£10 21+7 4+ 10 -529.1 £0.5¢ this work
a-NaVvVO; MASNMR? 380+0.10 046+0.04 259+5 068+£003 3010 15+£10 15+10 -572.7+ 0.5 this work
static NMR&* 365+ 0.06 0.60£0.10 253+23 0.87+0.14 11
static NMR#* 269 0.58 33
static NMR#& 26312 0.65x0.06 5762 15
static NMR/¢ 253£23 0.63x0.13 578205 17
NQR/ 3.745 £ 0.003 0.489 £ 0.003 19
B8-NaVO, MAS NMR4 4.20+0.10 0.55 £ 0.04 S512£7 0.17x0.05 17715 48%5 9+ 10 -510.4 £ 0.5¢ this work
static NMR/# 507 £ 20 0.00 £0.08 ~516.4+0.5 17
KV3i03 V(1) MASNMR? 245+0.10 0.44 £ 0.03 405+ 5 0.00 % 0.07 - 65+5 907 -548.1 % 0.5¢ this work/
V(2) MAS NMR? 3.03+0.10 089+0.03 459+5 0.00+0.07 + 617 56+7 -510.0% 0.5 this work’
23Na data
a-NaVQO; Na(l) MASNMR 1.50£0.05 0.58 £0.02 ~15.6 £ 0.5¢ this work
Na(2) MASNMR 0.765 £0.020 0.06 £ 0.02 —48%x0.2¢ this work
B8-NaVvVO;, MASNMR 1.42£0.02 0.27 £ 0.02 ~10.3 £ 0.3¢ this work

¢ The CSA parameters are defined as follows: 8, = 0;; —!/3T1(0), 1, = (0yy — 0xx) /84, Where the principal elements of the CSA tensor fulfill |o,,
—1/3Tt(0)| Z |oxx—"/3T1(0)| Z loyy—"/3Tr(0)|. ® Euler angles relating the principal axis systems for the quadrupole coupling and CSA tensors. ¢ Isotropic
chemical shifts on the 8 scale are referenced to liquid VOCl; (5'V) and 1.0 M NaCl (33Na). 9 Optimized 3!V data from 5'V MAS NMR spectra at
9.4 T. Uncertainty limits are estimated from the RMS deviation between experimental and simulated ssb intensities in combination with separate
simulations where only one parameter is varied. ¢ 8, corrected for the second-order quadrupolar shift. / §, and 5, determined from static NMR and
iso from MAS NMR. £ Values calculated from the principal elements of the CSA tensor with use of the expressions in footnote a. * Parameters from
static NMR at low magnetic field.  CSA data determined from static NMR spectra of the central transition assuming the line shape to be dominated
by the CSA interaction at high magnetic fields. / Data from NQR at 300 K. ¥ Optimized 5!V data from a 'V MAS NMR spectrum recorded at 11.7
T with uncertainty limits determined as in footnote d. ! For n, = 0 the { angle becomes undefined.

obtained by heating the sample overnight at 450 °C.23 Dissolution of the
commercial mixtureof sodium metavanadatein wateratca. 70 °C resulted
in precipitation of crystals of the hydrate 8-NaVO3.xH,O after storage
of the solution at room temperature for ca. 10 weeks. Anhydrous8-NaVO,;
was obtained by heating the hydrate at 300 °C for 2 days. LiVO; and
TIVO; were prepared by reaction of lithium and thallium carbonate with
V,0;s following the procedure reported elsewhere.2? KV;0g was kindly
provided by Dr. K. West, who recently reported the synthesis of this
compound.?* The basic structure and purity of all samples were checked
by XRD.

orthorhombic structure (space group Pnma)?® with vanadium
coordinated to five oxygens in distorted trigonal-bipyramidal units.
a-NaVOj; contains two Na sites in the asymmetric unit while all
Na atoms are equivalent in 8-NaVO;. KV;03 consists of layers
of highly distorted VOgs octahedra linked together by sharing
corners and edges. The monoclinic structure (spacegroup P2,/
m)30 for KV30; contains two nonequivalent vanadium atoms in
the asymmetric unit in a ratio of 1:2.

The applicability of 5!V MAS NMR for determination of the
magnitudes and relative orientation of the 'V quadrupole and

Results and Discussion

The crystal structures of the metavanadates MVO; (M = Li,
Na, K, NH;, TI) all contain infinite chains of corner-sharing
VO, tetrahedra with a single vanadium site in the asymmetric
unit.25-2¢ KVQ3;, NH4VO3,and TIVO; have orthorhomic lattices
(space group Pbcm),2526 while LiVO; and a-NaVOj; are iso-
morphous compounds with a monoclinic structure (space group
C2/c).2™?% The low-temperature 8 form of NaVOQ; has an

(23) Feigelson, R. S.; Martin, G. W.; Johnson, B. C. J. Cryst. Growth
1972, 13/ 14, 686.

(24) West, K.; Zachau-Christiansen, B.; Jacobsen, T.; Skaarup, S. Solid
State Ionics 1990, 40, 585.

(25) Evans, H. T. Z. Kristallogr. 1960, 114, 257.

(26) Ganne, M.; Piffard, Y.; Tournoux, M. Can. J. Chem. 1974, 52, 3539.

(27) Shannon, R. D.; Calvo, C. Can. J. Chem. 1973, 51, 265.
B3 528)6%arumo, F.; Isobe, M.; Iwai, S.; Kondo, Y. Acta Crystallogr. 1974,

, 1 .

CSA tensors from integrated ssb intensities of all seven 5!V single-
quantum transitions is demonstrated below for the above-
mentioned metavanadates and KV3;0s. The accuracy and
performance of the method is compared with that of other methods
such as 5!V static-sample NMR and NQR. Methods for obtaining
estimates of Cq, 6,, and n,, required as input to the optimization
software, are demonstrated for LiVO;. Effects from the second-
order quadrupolar contribution to the effective Hamiltonian are
illustrated for KVO; and TIVO;. The effects of the relative
magnitude of the CSA and quadrupole coupling on the 3'V MAS
NMR spectra, observed at different magnetic field strengths, are
illustrated for NH,VO;. The performance of the method for
samples containing nonequivalent vanadium sites is illustrated
by the 'V MAS NMR spectrum of KV;03. 5'V and 23Na MAS

(29) Kato, K.; Takayama, E. Acta Crystallogr. 1984, B40, 102.
(30) Evans, H. T.; Block, S. Inorg. Chem. 1966, 5, 1808.
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Figure 1. 'V MAS NMR spectrum (105.15 MHz) of the central and
satellite transitions for LiVO;. (a) Experimental spectrum (v, = 9.6
kHz). (b) Stick-plot of 128 integrated ssb intensities for the spectrum
in part a. (c) Stick-plot of approximate ssb intensities for the central
transition obtained from part b as the intensities of the ssb's above the
arrows. (d) Simulated ssbintensities (stick-plot) for the central transition
obtained from optimization of a CSA ssb pattern to the ssb intensities
in part ¢ and corresponding to the values é, = 230 ppm and 5, = 0.75
(initial values for the seven-parameter fit, see text). (e) Simulated MAS
spectrum corresponding to the optimized parameters in Table I and
resulting from a seven-parameter fit of the 128 ssb intensities in part b.
A Gaussian line width of 1000 Hz has been employed for the ssb’s in part
e. The asterisk indicates the isotropic peak.

T T
-400 -600

NMR spectra of a- and 8-NaVO; demonstrate that structural
information can be obtained for these samples and that quan-
titative analysis for a mixture of the two polymorphs is possible
with either nuclei. Finally, the relation between 'V NMR data
and crystal structure is discussed. The 'V and 2*Na parameters
determined in this work and previous studies are summarized
and compared in Table 1.

LiVO;. The 'V MAS NMR spectrum of LiVO;, recorded at
9.4 T with a spinning speed of ». = 9.6 kHz, is shown in Figure
la and illustrates the observation of the complete manifold of
ssb’s extending over a spectral width of about 1.4 MHz from all
seven 3!V single-quantum transitions. The centerbands and ssb’s
from the individual transitions overlap heavily and only minor
variations in the line widths of the ssb’s are observed over the full
spectral range. Optimum advantage of the spectral information
is obtained by employing our simulation software for a seven-
parameter fit. Inaddition tothe integrated ssbintensities (Figure
1b), the optimization routine requires estimates of the 'V
parameters as input. A fair estimate of Cqmay be obtained from

Skibsted et al.

the total width (6rg = 18Cq/{2I(21 — 1)}) of the ssb manifold
since the outer (£7/,, £5/,) transitions to a good approximation
are only influenced by the quadrupolar interaction. This is due
to the fact that the effect of the CSA relative to the quadrupole
interaction decreases considerably (proportional to [6,wo/
[wo(6m — 3)]|) with increasing |m| quantum number for the
transitions.!® For LiVO; the ssb’s are observed over a spectral
range of ca. 1.4 MHz which gives the estimated value of Cq =
3.3 MHz. The CSA parameters are estimated by fitting the
most intense ssb’s from the central transition (unperturbed by
the quadrupole interaction to first order) to a pure CSA pattern.
Approximate ssb intensities for the central transition (Figure 1¢)
areobtained from the stick-plot of integrated ssb intensities shown
in Figure 1b and have been taken as the intensities of the ssb’s
above the height indicated by thearrows. A fitof thessbintensities
in Figure 1c to a CSA pattern provides the ssb spectrum shown
in Figure 1d corresponding to the approximate values of 6, =~ 230
ppm and 7, =~ 0.75. Employing the estimated Cg, 8,, and 7,
values asinputin a least-squares fitting of simulated to integrated
ssb intensities gives the optimum simulated spectrum shown in
Figure le, which is in excellent agreement with the stick-plot of
integrated ssb intensities in Figure 1b. The corresponding
parameters for LiVO; are listed in Table I along with their
estimated errors as obtained by the least-squares optimization
andseparatesimulations. The CSA parameters determined from
the complete ssb manifold are consistent with those reported
recently for LiVO; (Table I) from static-powder NMR of the
central transition assuming the line shape to be dominated by the
CSA interaction at high magnetic fields.!” In that work ;s =
-577.1 £ 0.5 ppm!? was determined from the isotropic peak in
a 3'V MAS NMR spectrum at 9.4 T, however, without taking
the second-order quadrupolar-induced shift of the central tran-
sition into account. The Cq and nq values determined here from
Figure 1 give a second-order quadrupolar shift of 2.9 ppm for the
central transition at 9.4 T. Taking this shift into account, the
isotropic chemical shift reported earlier!” agrees with the value
biso = —573.4 £ 0.5 ppm determined in this work.

KVO0;. The 'V MAS NMR spectrum of KVO;, recorded at
9.4 T with a spectral width of 2 MHz and v, = 9.3 kHz, is shown
in Figure 2a. The line width of the ssb’s varies from ca. 1100 to
1400 Hz over the spectral range and therefore the spectrum in
Figure 2a gives an imperfect impression of the intensity distri-
bution over the ssb manifold. For visual comparison with spectra
simulated by using the first-order approximation (i.e., without
including second-order line shapes for the ssb’s), a stick-plot of
integrated experimental ssb intensities is shown in Figure 2b.
Estimates of Cq, 8,, and n,are determined as described for LiVO;,
and the optimum parameters resulting from iterative fitting to
the 141 ssb intensities are listed in Table I. The quality of the
SV parameters obtained for KVO; may be appreciated by
comparison of the simulated ssb intensities in Figure 2c with the
experimental ssb stick-plot intensities (Figure 2b). A simulated
spectrum, employing the same parameters as for Figure 2¢ but
including second-order quadrupolar-induced shifts of the indi-
vidual transitions, is shown in Figure 2d. For KVO; these shifts
(at9.4 T) are 2280, 730,-210, and 520 Hz for the (£7 /5, £3/5),
(£3/2,%3/2), (£3/2,£'/;),and (! /5,—!/,) transitions, respectively.
The appearance of the simulated ssb manifold in Figure 2d is in
excellent agreement with the experimental spectrum (Figure 2a),
which indicates that the observed variation in the line width of
the ssb’s is mainly caused by the overlap of second-order
quadrupolar shifted ssb’s from the individual transitions. A
variation in line width of the ssb’s from the individual transitions
is expected theoretically if the line shape of the ssb’s results
exclusively from second-order quadrupolar effects.? However,
the relatively large line widths observed in the experimental
spectrum reveals that mechanisms other than second-order
qudrupole broadening contribute significantly to the line width.

(31) Gornostansky, S. D.; Stager, C. V. J. Chem. Phys. 1968, 48, 1416.
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Figure 2. 5!V MAS NMR (105.15 MHz) spectrum of the central and satellite transitions for KVOs. (a) Experimental spectrum (v, = 9.3 kHz). (b)
Stick-plot of integrated ssb intensities for the spectrum in parta. (c) Simulated spectrum corresponding to the 'V parameters (Table I) obtained from
an optimization to the ssb’s in part b; a Gaussian line width of 1000 Hz has been employed for all ssb’s. (d) Simulated spectrum illustrating the same
51V data as in part ¢ but including the second-order quadrupolar shifts (see text) and Gaussian line widths of 1000 Hz ('/2, —!/3), 1000 Hz (£3/3,
+1/,), 1200 Hz (&5/5, £3/,), and 1500 Hz (£7/,, £3/,) for the indivudal 5'V transitions. The isotropic peak is marked by an asterisk.

The quadrupole coupling parameters obtained from the 'V
MAS NMR spectra in Figure 2 agree favorably with previously
reported single-crystal 'V NMR data?®! and recent results from
a NQR study' (Table I). Furthermore, 'V CSA parameters
for KVO; have been determined from static-powder spectra of
the central transition at high magnetic fields!>!7 (Table I), and
these values are in good agreement with the data from 'V MAS
NMR taking the error limits intoaccount. Assuming coincidence
of the principal axis for the CSA and quadrupole tensors, Baugher
etal.!! reported values for the magnitudes of these tensors (Table
I) from line shape analysis of the central transition in a low-field
static 'V NMR spectrum. Comparison of these data with those
obtained from the 'V MAS NMR spectrum (Figure 2) clearly
demonstrates the invalidity of this assumption.

NH VO;. Data for the 5'V quadrupole coupling and CSA
parameters, determined from the 'V MAS NMR spectrum of
NH.VO, at 9.4 T, have been reported in our preliminary
communication on %V MAS NMR.!® To illustrate the field
dependence of the appearance of the ssb manifold on the relative
scaling of the quadrupole and CSA interactions (e.g., 8,wp/wq
= (.72 and 0.90 at magnetic field strengths of 9.4 and 11.7 T,
respectively, as obtained from our data determined for NH VO,
at 9.4 T), Figure 3a shows the 11.7 T 'V MAS NMR spectrum
of NH,VO; with », = 9.0 kHz. Least-squares optimization of
simulated to integrated ssb intensities in Figure 3b gives the 3'V
parameters summarized in Table I. Within error limits the
parameters determined at 11.7 T agree with those obtained at 9.4
T (see Table I) and serve to illustrate the reliability and accuracy
of the MAS ssb method. The simulated ssb manifold corre-
sponding to the optimized parametersat 11.7 T (Figure 3c) shows
anexcellent agreement with the experimental ssb intensities. The
CSA parameters for NHVO; may be compared with those
determined earlier from static-powder spectra of the central
transition at high magnetic fields'*!” and the quadrupole coupling
parameters with those determined from NQR!? (see Table I).
Furthermore, assuming coincidence of the principal-axis frames
for the two tensorial interactions, Baugher et al.!! also reported
parameters for the magnitudes of the CSA and quadrupole tensors

inNH,VO; (TableI). Againtheinvalidity of thisapproximation
is demonstrated by comparison with our data.

TIVO;. The 'V MAS NMR spectrum of TIVO; (9.4 T, », =
9.1 kHz) shown in Figure 4a represents the basis for the first 53'V
NMR study of this compound. As illustrated by the insets in
Figure 4a, the difference in second-order quadrupolar-induced
shift between the (£%/,, £3/,) and (£7/,, £°/,) transitions is
clearly observed in the outer regions of the spectrum. This shift
difference is given by®? Aviqjpss/2 —Avssjaz3n = (15/1960)-
SOQE? /vy, where SOQE = Cq(1+9?/3)'/2is thesocalled second-
order quadrupolar effect parameter. From the experimentally
observed Sp]iltiﬂg A”t?ﬁ.ﬂ:sﬁ - A”ti,’l.t!ﬂ = 1300 £ 50 Hz a
value for SOQE = 4.2 £ 0.1 MHz is determined and from the
width of the ssb manifold we obtain Cg ~ 3.8 MHz. Combining
these values gives an estimated value for ng =~ 0.8. Employing
these data along with approximate parameters for the shielding
anisotropy (6,~ 270 ppm and n, = 0.76, obtained from simulations
of the ssb’s for the central transition) as starting parameters, an
iterative fitting leads to the final parameters listed in Table L
The quality of these parameters is best appreciated by comparison
of the simulated ssb spectrum in Figure 4c with the integrated
intensity stick-plot spectrum in Figure 4b.

a-NaVO;. Since our commercial sample of sodium metavan-
adate revealed the presence of the two polymorphs a- and
B-NaVOj; as observed from both 5!V and ZNa MAS NMR (vide
infra) we first discuss the MAS NMR spectra obtained for the
pure polymorphs synthesized from the commercial sample (see
Experimental Section). The MAS NMR spectrum of a-NaVO,
shown in Figure 5a, obtained using a spectral width of 2 MHz
anda 5!V transmitter frequency, illustrates the 3!V (105.15 MHz)
as well as the 22Na (105.80 MHz) resonances for a-NaVO; in
the same spectrum. The ssb’s from the two **Na sites do not
overlap with the 'V ssb manifold for the employed spinning speed
(v, = 9.3 kHz), which allow determination of accurate integrated
intensities for all 'V ssb’s as shown in Figure 5b. Using the
procedure described for LiVO; gives the optimum 'V parameters
listed in Table I for a-NaVO; and the corresponding simulated

(32) Samoson, A. Chem. Phys. Lett. 1985, 119, 29.
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Figure 3. 'V MAS NMR spectrumat 11.7 T (131.4 MHz) of the central
and satellite transitions for NH4VO;. (a) Experimental spectrum (v, =
9.0 kHz). (b) Stick-plot of integrated ssb intensities for the spectrum
inparta. (c) Simulated MAS spectrum corresponding to the optimized
parameters (Table I) obtained from a seven-parameter fit to the 139 ssb
intensities in part b. A Gaussian line width of 900 Hz has been employed
for all ssb’s in part c. The isotropic peak is marked by an asterisk.

T T
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spectrum in Figure 5c. The CSA parameters are in good
agreement with those determined previously from static-sample
NMR of the central transition at high magnetic field!5!7:33 (Table
1), however, with a higher accuracy for our MAS NMR data.
Mao et al.!® recently reported quadrupole coupling parameters
for -NaVO; using NQR (Table I), and the Cq and 5 values
determined in this study agree within error limits with their data.
Quadrupole coupling and CSA data have also been reported from
analysis of the static 'V spectrum of the central transition
assuming that the principal-axis frames for the CSA and
quadrupole tensors coincide.!! For comparison, a simulated 5'V
MAS NMR spectrum based on these parameters (Table I)!! is
illustrated in Figure 5d. This spectrum clearly demonstrates that
the relative orientation of the two tensors must be considered.

The MAS NMR spectrum in Figure 5a suggests that additional
information regarding the structure of «-NaVQ; may be obtained
with 22Na MAS NMR. The *Na MAS NMR spectrum at 7.1
T of the central transitions for the two Na sites in a-NaVO; is
shown in Figure 6b, while Figure 7a illustrates the two sets of
overlapping manifolds of ssb’s from the satellite transitions at 9.4
T, partly overlapping with the 5!V spectrum. The structure of

(33) Oldfield, E.; Kinsey, R. A.; Montez, B.; Ray, T.; Smith, K. A. J.
Chem. Soc., Chem. Commun. 1982, 254,
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Figure 4. 'V MAS NMR spectrum (105.15 MHz) of the central and
satellite transitions for TIVO;. (a) Experimental spectrum (v, = 9.1
kHz) where the insets for two regions illustrate the splitting of the ssb’s
caused by the difference in second-order quadrupolar shift for the (£5/;,
+3/;) and (£7/5, £%/;) transitions. (b) Stick-plot of integrated ssb
intensities for thespectruminparta. (c)Simulated MAS NMR spectrum
corresponding to the optimized parameters (Table I) resulting from an
iterative firting to the ssb intensities in part b. A Gaussian line width
of 900 Hz has been employed for all ssb’s in part c. The asterisk indicates
the isotropic peak.
a-NaVO; contains two Na atoms in the asymmetric unit, each
surrounded by six oxygen atoms.2® The six coordinated oxygens
for the Na(l) site are rather irregularly arranged while the
coordination for Na(2) is octahedral to a good approximation.2®
Thus, the 2*Na resonance corresponding to the large and small
quadrupole coupling is tentatively assigned to Na(1) and Na(2),
respectively. For Na(l) the Cq, ng, and éjs, values are most
conveniently determined from analysis of the second-order line
shape for the central transition giving Cq = 1.50 £ 0.05 MHz,
nq =0.58 £0.02, and §;;, =-15.6 £ 0.5 ppm. On the other hand,
the singularities, shoulders, and edges of the second-order
quadrupolar line shape for the Na(2) site are only partly resolved
at 7.1 T (Figure 6b), which impede accurate determination of Cq
and 7q from the central transition. Examination of the ssb
manifold for the satellite transitions (Figure 7a) shows a well-
defined shape for the overall ssb envelope, composed of overlapping
ssb’s from both Na sites. Although the difference in isotropic
chemical shifts for Na(1) and Na(2) is ca. 10 ppm (Figure 6b),
the second-order quadrupolar shift of the satellite transitions leads
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Figure 5. 51V MAS NMR spectrum of the central and satellite transitions
at 9.4 T for a-NaV0Q,. (a) The experimental spectrum (v, = 9.3 kHz,
2 MHz spectral width) was recorded with the carrier frequency placed
on-resonance for the 'V transitions. The spectrum illustrates the two
partially overlapping ssb manifolds from 5!V (105.15 MHz) and 2Na
(105.80 MHz). (b) Stick-plot of 148 integrated ssb intensities for the
1V ssb manifold in part a. (c and d) Simulated spectra corresponding
to (c) the optimized parameters (Table I) from a seven-parameter fit to
the ssb intensities in part b and (d) the previously reported data from
static powder NMR.!' A Gaussian line width of 900 Hz has been
employed for the simulations. The isotropic peak is marked by an asterisk.

to partly overlapping ssb’s for the two Na sites at 9.4 T,
independent of the spinning frequency. Quadrupole coupling
parameters for Na(2) can be determined from simulations of the
experimental ssb envelope, using integrated ssb intensities and
including both Na sites. By employing the Cq and nq values for
Na(1) (determined from the central transition) and a 1:1 intensity
ratio for the two Na sites, fitting of the simulated (summed) to
the experimental ssb’s gives Cqo = 0.765 £ 0.020 MHz and nq
=0.06 £ 0.02 for Na(2). The optimum simulated spectrum for
the combined set of satellite transitions is shown in Figure 7b,
while spectra cand d in Figure 7 display the individual simulated
ssb patterns for Na(2) and Na(1), respectively. The Cqy and 5q
values determined for Na(2) are in excellent agreement with the
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Figure 6. 2*Na MAS NMR spectra (7.1 T) of the central transitions for
(b) a-NaVO;and (d) 8-NaVO; (v, = 7.2 kHz for bothspectra). Optimum
simulated lineshapes for the central transitions are shown for the two Na
sites in «-NaVO; (a) and for Na in 8-NaVOs (c) using the parameters
given in Table I. The asterisk in part b indicates the centerband of the
satellite transitions for the Na(2) site in a-NaVO;.

line shape observed for the central transition at 7.1 T as shown
by the simulated line shapes for the two sodium sites in Figure
6a. In a NQR study of a-NaVO;, Mao et al.!' assumed the
broad resonance observed at 782.7 kHz to include a *Na line.
The Cq and nq values for the Na(1) site correspond to a NQR
frequency of 791 £ 13 kHz which confirms their assumption. We
note that in NQR studies of 7 = ?/; nuclei (e.g., **Na) only a
single resonance (v = !'/,Cq(1 + n?/3)'/2) is observed which
prevents an independent determination of Cg and 7q.**

B-NaVO;. The 9.4 T 5'V MAS NMR spectrum of 8-NaVO,
(Figure 8a), the low-temperature polymorph of sodium meta-
vanadate, shows resonances from both 5!V and 2Na. The result
of a least-squares fitting to the integrated 'V ssb intensities (shown
as stick-plot in Figure 8b) gives the 5!V data summarized in
Table I for 8-NaVOj; and the corresponding simulated spectrum
in Figure 8c. We note that for 5, = 0 the angle ¢ becomes
undefined. The 'V central transition in 8-NaVOj; has recently
been studied by staticand MAS NMR!7 leading toa determination
of the CSA and isotropic shift parameters. These values are in
good agreement with those obtained in this study considering the
error limits and the correction of the chemical shift for the second-
order quadrupolar shift determined here.

The environments of the sodium ion in 3-NaVOj can be probed
by 2’Na MAS NMR as illustrated by the 2*Na spectra of the
central transition (7.1 T) and the satellite transitions (9.4 T) in
Figures 6d and 9a, respectively. Both 2Na MAS NMR spectra
demonstrate that the structure of 3-NaVO; contains only one Na
sitein the asymmetric unit in agreement with the reported crystal
structure from XRD.2?® Obviously, for this sample the *Na
quadrupole coupling parameters may be determined by simulation
of the lineshape for the central transition (Figure 6d); however,
it is our experience that generally a considerable higher accuracy

(34) Gravina, S. 1.; Bray, P. J.; J. Magn. Reson. 1990, 89, 515.
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Figure 7. Na MAS NMR spectrum (9.4 T) of the satellite transitions
for a-NaVO;. (a) Experimental spectrum (v, = 8.0 kHz) showing the
two sets of ssb manifolds from the two Na sites in a-NaVO; (almost
completely overlapping by coincidence; see text) which partly overlap
into the 'V spectrum at lower frequency. (b) Optimum simulated
spectrum of the two overlapping manifolds of ssb’s obtained using an
intensity ratio of 1:1 and the Cq and ng values for Na(1) and Na(2) in
Table I. Simulated spectra of the satellite transitions for the individual
Na sites are shown for Na(2) (¢) (Cq = 0.765 MHz, ng = 0.06) and for
Na(1) (d) (Cq=1.50 MHz,ng = 0.58). Thesimulated spectra employed
Gaussian linewidths of 400 and 550 Hz for the ssb's from Na(2) and
Na(1), respectively. The asterisk indicates the #3*Cu resonance from the
rf copper coil.

d

for the parameters is achieved by fitting the intensities of the
observed ssb manifold for the satellite transitions. This procedure
gives Cq = 1.42 £ 0.02 MHz and nq = 0.27 £ 0.02. The quality
of the optimized parameters is illustrated by the simulations of
the ssb manifold (Figure 9b) and the lineshape for the central
transition (Figure 6¢). A distinct variationinquadrupole coupling
parameters and isotropic chemical shifts is observed for a- and
B-NaVO,; (Table I), indicating that a considerable structural
change of the Na environments is involved in the irreversible
phase transition from 8- to a-NaVO; at 405 °C.23

Commercial Sample of a Mixture of a- and §-NaVO;. The
differences in the 2*Na Cg, ng, and &, parameters for a- and
B-NaVO; allow a clear discrimination and quantification of the
two polymorphs in a mixture as illustrated by the 2Na MAS
NMR spectra of the central transitions for a commercial sample
of sodium metavanadate at 9.4 (Figure 10b) and 7.1 T (Figure
10d). At both magnetic fields the ’Na lineshapes of the
centerbands for the central transition in 8-NaVO; and for Na(1)
ina-NaVO,overlap. However,at 9.4 T fourdistinct singularities
are clearly observed for the two overlapping centerbands.
Deconvolution of the 2Na MAS NMR spectraat 7.1 and 9.4 T,
employing lineshapes for the central transitions corresponding to
Cq, 1q, and b;s, (Table I) determined for the individual polymorphs,
leads to a quantitative determination of a- and 8-NaVO; for our
commercial sample. For both deconvoluted spectra in Figure 10
an intensity ratio of /(a-NaV0;)/I(8-NaVO;) = 2.15 £ 0.15 is
obtained, where I(a«-NaVO;) includes the intensities for the Na-

Skibsted et al.
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Figure 8. 5!V MAS NMR spectrum (9.4 T) of the central and satellite
transitions for 3-NaVQ,. (a) Experimental spectrum (v, = 9.1 kHz)
illustrating the overlapping manifolds of ssb’s from the 3!V (105.15 MHz)
and 2*Na (105.80 MHz) spectra. (b) Stick-plot of integrated ssbintensities
for the 5'V ssb manifold in part a. (c) Optimum simulated spectrum of
the ssb’s in part b corresponding to the 5!V parameters in Table I. A
Gaussian line width of 1000 Hz is employed for all ssb’s in part c. The
isotropic *!V peak is indicated by an asterisk while the solid square marks
the central transition in the 2Na spectrum.

(1) and Na(2) site. This ratio gives a composition of 68 £ 2%
a-NaVO; and 32 £ 2% 8-NaVO, for the sample.
Alternatively, the mixture of the two polymorphs in our sample
can be distinguished using 'V MAS NMR as illustrated by the
9.4 T spectrum, employing », = 9.2 kHz, in Figure 11a. Under
these experimental conditions the spectrum shows two well-
separated manifolds of ssb’s, which are easily assigned to a- and
B-NaVOj; by comparison with the 'V MAS NMR spectra of the
individual components shown in Figures 5 and 8. A simulated
spectrum of the overlapping manifolds of ssb’s is shown in Figure
11b which is based on the 5!V data for - and §-NaVO, (Table
I) and the 'V intensity ratio of [{(a-NaVO,)/I(8-NaV0O,;) = 1.9
% 0.2 as determined from a comparison of simulated and
experimental integrated ssb intensities for the two ssb manifolds.
The intensity ratio, obtained from the 'V MAS spectrum,
corresponds to a composition of 66 £ 3% a-NaVO; and 34 £ 3%
B-NaVO; for the sample, which is in good agreement with the
results obtained above from the 2Na MAS NMR spectra.
KV30s. As the final example, the 'V MAS NMR spectrum
(9.4 T, v, = 9.2 kHz) of KV;04 in Figure 12a illustrates the
applicability of the MAS method for determination of CSA and
quadrupole coupling parameters in a sample with more than one
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Figure 9. 2Na MAS NMR spectrum (9.4 T) of the satellite transitions
for 3-NaVO;. (a) Experimental spectrum (v, = 9.1 kHz) showing a
partial overlap of the manifold of ssb’s from 2*Na into the 5!V spectrum
at lower frequency. (b) Optimum simulated spectrum corresponding to
Cq = 1.42 MHz, nq = 0.27, and a Gaussian line width of 800 Hz for the
ssb's. The asterisk indicates the *Cu resonance from the rf copper coil.
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Figure 10. 2*Na MAS NMR spectra of the central transitions for a
commercial sample of sodium metavanadate obtained at (b) 9.4 T (v, =
7.4kHz) and (d) 7.1 T (v, = 7.2kHz). Partsa and cillustrate optimum
simulated spectra for the central transitions at 9.4 and 7.1 T, respectively.
The simulated spectra employed the 2*Na data for a- and §-NaVO; in
Table I and an intensity ratio of I(a-NaVQ;)/I(8-NaVvVO;) = 2.15
corresponding to a composition of 32% 8-NaVO; and 68% a-NaVO; for
the sample.

vanadium site in the asymmetric unit. KV3;0g, a potential
electrode material for rechargeable solid-state sodium and lithium
cells,# contains sheets of edge-sharing VOg octahedra with two
nonequivalent vanadium sites, V(1) and V(2), in the asymmetric
unit and in the ratio of 1:2, respectively.’® Thus, the observation
of two overlapping manifolds of ssb’s in the 'V MAS NMR
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Figure 11. (a) 'V MAS NMR spectrum (9.4 T, », = 9.2 kHz) of a
commercial sample of sodium metavanadate illustrating the overlapping
manifolds of ssb’s from 'V in a- and §-NaVO;. The region for the
central transitions is shown in the inset, where a and § indicate the
centerbands for the two NaVO; polymorphs. (b) Simulated spectrum
of the ssb manifolds in part a employing the *!'V parameters for a- and
B-NaVOj; shown in Table I and an intensity ratio of /(a-NaVO,)/I(8-
NaVOj3) = 1.9, corresponding to a composition of 34% §-NaVO; and
66% a-NaVO; for the sample, as determined from a comparison of
simulated and experimental ssb intensities for the two manifolds. The
simulated spectrum employs Gaussian line widths of 1000 (!/,, -'/2),
1100 (£3/3, £1/5), 1200 (£3/, £3/3), and 1500 Hz (£7/5, +3/,) for the
ssb’s from the individual transitions for @- and 8-NaVO; and also includes
second-order quadrupolar shifts for all transitions.

spectrum is in accordance with the reported crystal structure.3
The two manifolds are well-separated, and integrated ssb
intensities for each V site can be accurately determined as
illustrated by the stick-plots for the V(1) and V(2) site in Figures
12b and 13b, respectively. 5!V parameters for the quadrupole
and shielding interactions are obtained using the optimization
procedure described above and are summarized in Table . The
corresponding simulated manifolds of ssb’s for V(1) and V(2)
(Figures 12c¢ and 13c) are in excellent agreement with the
experimentalssbintensities. A simulatedspectrum whichincludes
both ssb manifolds in an intensity ratio of 1:2 for V(1) and V(2),
respectively, and second-order quadrupolar shifts for all transitions
is shown in Figure 13a. Comparison of this spectrum with the
experimental spectrum in Figure 12a demonstrates the high
performance of the method.

Relationships of the 5'V NMR Parameters with Structural Data.
Although the XRD results show that KVO3;, NH4VO;,and TIVO;
are isomorphous,?*26 considerable variationsin the 5!V quadrupole
coupling parameters, which are, however, somewhat smaller for
the CSA, are observed for these vanadates (Table I). Cq is
proportional to the principal element (V) of the EFG tensor and
it has been proposed?3:36 that the geometrical dependence of the
EFG tensor can be approximated by the simple relation

e A
Vi=—7> VVR/ (6)

4#60 i=1
where R; is the modulus of the internuclear vector between the

(35) Cohen, M. H.; Reif, F. Solid State Phys. 1957, 5, 321.
(36) Villa, M.; Bjorkstam, J. L. J. Magn. Reson. 1983, 51, 349,




7360 J. Am. Chem. Soc., Vol. 115, No. 16, 1993

It
A A e
AT

L.

Skibsted et al.

-B00

600 400 200 o -200 | -abo | -800
kHz

Figure 12. 'V MAS NMR spectrum of the centraland satellite transitions
for KV303. (a) Experimental spectrum (v, = 9.2 kHz) illustrating the
overlapping manifolds of ssb’s from the two 'V sites in KV305. The
inset illustrates the region for the central transitions. (b) Stick-plot of
integrated ssb intensities for V(1). (c) Simulated ssb manifolds
corresponding to the optimized parameters (Table I) for the V(1) site.
A Gaussian line width of 1000 Hz has been employed for the ssb’s in part
c. The centerbands are marked by asterisks. 'V MAS NMR spectra
of the V(2) site and a simulated spectrum of the ssb manifolds from both
V sites are shown in Figure 13.

quadrupole nucleus and the O; oxygen atom. This relation
considers atoms only within the first coordination sphere and has
recently proven useful in the assignment of 2’Al quadrupole
coupling constants for AlO, tetrahedra in calcium aluminates.?’
Employing eq 6 to the VO, tetrahedra for the three isomorphous
metavanadates along with atomic coordinates from the refined
crystal structures? yields the following values (after diagonal-
ization of V’) for the principal element V7., (X102°V m2): 1.76
(NH4VO0;),2.24(TIVO,),and 2.34 (KVO;). Thus, the predicted
order of increasing V’;; values (NH,VO; < TIVO; < KVO;)
corresponds to the increasing order for the experimental Cq values
(Table I). Furthermore, it is seen that the CSA (i.e., 6, = o,
— 0is) fOr these compounds increases in the same order as observed
for the Cq values and shows an excellent correlation with these
data (however, only three points are used). This might suggest
that the axes for the principal element (},;) of the EFG and CSA
tensors are almost parallel which is fully supported by the relative
orientation of the two tensors, i.e., small x angles, determined
experimentally for KVO,;, NH4VO;, and TIVO; (Table I). For
these isomorphous metavanadates the symmetry of the orthor-
hombic crystal lattice (Pcbm)25.26 shows that the two V-0 bonds,
constituting the chains of VO, tetrahedra, are identical while the
bond lengths for the two nonbridging V-O bonds differ by less

(37) Skibsted, J.; Henderson, E.; Jakobsen, H. J. Inorg. Chem. 1993, 32,
1013,
(38) Hawthorne, F. C.; Calvo, C. J. Solid State Chem. 1977, 22, 157.
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Figure 13. (a) Simulated 'V MAS NMR spectrum (105.15 MHz, »,
= 9.2 kHz) of the ssb manifolds for the two V sites in KV3;0O3 obtained
using the 'V parameters in Table I and an intensity ratio of 1:2 for V(1)
and V(2), respectively. Thesimulated spectrumand insetin parta should
be compared with the experimental 'V MAS NMR spectrum of KV;04
in Figure 12a. The simulated spectrum employs Gaussian line widths
of 700 (1/2, ='/2), 800 (£3/4, £'/3), 1200 (£3/5, £¥/2), and 1500 Hz
(£7/2, £5/;) for the ssb’s from the individual transitions for both V sites
and also includes second-order quadrupolar shifts for all transitions. (b)
Stick-plot of experimental integrated ssb intensities for V(2) in KV30g
as determined from the 5'V MAS NMR spectrum in Figure 12a. (c)
Simulated spectrum of the ssb’s in part b corresponding to the optimized
parameters for V{2) shown in Table I and using a Gaussian line width
of 1000 Hz for the ssb’s. The centerbands are indicated by asterisks.

than 1%.*® Thus, the symmetry of the VO, tetrahedra is close
to Cy, since all O-V-O bond angles deviate only slightly from the
ideal tetrahedral angle (109.47°). From model calculations of
the geometrical dependence of the EFG tensor, employing eq 6
and under the condition of ideal C,, symmetry for the geometry
of the VO, tetrahedra, we obtain an EFG asymmetry parameter
of n’q = 1.0 for two cases: (a) all O-V-O bond angles are exact
tetrahedral and the bond lengths are pairwise identical (obviously
excluding the ideal tetrahedron where nq is undefined) and (b)
all V-0 bond lengths are equal but the O-V-O angles deviate
from the tetrahedral value. However, for other cases of exact Cy,
symmetry for a VO, unit with non-ideal tetrahedral O-V-O bond
angles as well as pairwise identical V-O bond lengths, calculations
show that 5’ becomes less than 1.0 and appears to be sensitive
to even small variations in these structural parameters. Model
calculations for KVO3;, NH,VO,, and TIVO; using the actual
bond lengths*® but assuming the ideal tetrahedral value for the
O-V-0 bond angles give n’q = 1.0 for all three metavanadates.
This might suggest that the experimental nq values for KVO;,
NH4VO;, and TIVO;, which are considerably lower than 1.0
(Table I), reflect deviations in the O-V-O bond angles from the
perfect tetrahedral value rather than variations in the V-O bond
lengths. However, further calculations show that it is rather a
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combination of changes in both bond angles and lengths that
makes 7nq extremely sensitive to the tetrahedral geometry.
Calculations of 5'q for KVO;, NH4VQ;, and TIVO;, employing
the actual O-V-O bond angles and V-O bond lengths determined
from the refined crystal structures,?® give 7'q = 0.49 (KVOs3), 7'q
= 0.40 (NH,VO3), and »’ = 0.80 (T1VO;), which agree fairly
well with the nq values determined experimentally (at least for
NH,VO; and TIVO;, Table I) and also reflect the sensitivity of
7’q to the VO, geometry. We note that asymmetry parameters
close to 1.0 for the 27Al quadrupole coupling tensor have recently
been reported from Al MAS NMR studies of AlQ, tetrahedra
in chain structures and used as an argument for C,, aluminum
symmetry of these AlO, units.?® 3!P shielding anisotropies and
theindividual tensor elements determined from solid-state NMR
studies of phosphates have previously been shown to correlate
with structural parameters such as P-O bond lengths, O-P-O
bond angles, and the average deviation of the O—~P-O bond angles
from perfect tetrahedral symmetry.40#! Corresponding corre-
lations between the 5!V shielding anisotropies (or the individual
tensor elements) and similar structural parameters for the VO,
tetrahedra are not apparent from the data for the metavanadates
(Table I). For the CSA asymmetry parameters (7,) in Table I
and those reported for CsVO; (9, = 0.61) and RbVO; (9, =
0.71),'7 it is observed that this parameter varies only slightly
within the series of metavanadates. From these values and CSA
asymmetry parameters for other tetrahedrally-coordinated va-
nadium compounds,!S it appears that 5, = 0.7 % 0.1 is
characteristic for VO, tetrahedra in chain structures (i.e., Q2
units).

The structural similarities of the two isomorphs a-NaVO; and
LiVO,;2"2 are alsoreflected by the eight 5!V parameters describing
the magnitudes and relative orientation of the quadrupole coupling
and CSA tensors. Employing the symmetry relations in eq 4 it
is observed that, within the error limits for the Euler angles (,x,£)
(Table I), the relative orientation of the two tensors is identical
for these compounds. Furthermore, the axis for the principal
element (A;;) of the EFG and CSA tensors almost coincides
(indicated by the small value for the angle x) for the two
compounds. In addition, LiVO; and a-NaVO; exhibit nearly
identical , and 6;, values while somewhat larger variations are
observed for Cq, ng, and 8,. From the crystal structure data of
the VO, tetrahedra?’?8 and employing eq 6 we estimate the
following values for the geometrical dependence of the EFG tensor
for the two compounds: V7, = 1.56 X 1020 V m-2 (LiVO;) and

%z = 1.69 X 1020 V m~2 (a«-NaVO;). Qualitatively these V7,
values are in accord with the somewhat larger Cq value observed
for @-NaVOQj;. Furthermore, a-NaVO; also exhibits the larger
&, value of the two compounds. Thus, the Cq and §, values for
LiVO; and a-NaVO; show the same relationship as observed
within the series of the isomorphous NH,*, TI*, and K*
metavanadates. Although the VO, tetrahedra in LiVO; and
a-NaVO; each have four different V-O bond lengths and all
O-V-0 bond angles deviate from the perfect tetrahedral value,
the calculated EFG tensors, corresponding to the geometrical
dependence expressed by eq 6, lead to the same value for the
estimated asymmetry parameter #n’q = 0.91 for the two com-
pounds. Thisvalueof 7’qisin good agreement with the quadrupole
coupling asymmetry parameter for LiVO; (Table I) but deviates
somewhat from the nq value determined for -NaVO;. Exam-
ination of the individual V-O bond lengths and O-V-O bond
angles in LiVO; and a-NaVO; shows very small variations in
these parameters (i.e., the meanvalues for the numerical difference
in V-O bond lengths and O~V-O bond angles are 0.009 A and
1.2°, respectively) which leads to the same calculated n’q value
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112, 9069.
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Reson. 1986, 70, 408.
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(eq 6) for the two compounds. Thus, we presume that the
difference between the estimated (n'q) and experimental (nq)
values for the asymmetry parameter in a-NaVO; is caused by
contributions to the EFG tensor from ions outside the first
coordination sphere.

The structure of 8-NaV0;2 is quite different from the
tetrahedral structures of the other metavandates, which is also
reflected by the 5!V parameters (Table I). In 8-NaVO; the
vanadium atom is coordinated to five oxygens in a distorted
trigonal bipyramid which forms a double-linked chain structure.2?
From the CSA and é;,, parameters it is evaluated that of all the
metavanadates 8-NaVOQj; possesses the most deshielded (o,, =
211 ppm) and most shielded (s,, = 1022 ppm) CSA tensor
element. CSA parameters of similar magnitude to those for
B8-NaVO; have recently been reported for 31V in V,05 (8, = 645
ppm, 1, = 0.11, 8, = —614.3 ppm; i.e., 6xx = 256 ppm and o,
= 1259 ppm) in our preliminary investigation on 'V MAS
NMR.!® The vanadium atom in V,0s is bonded to five oxygens
ina trigonal bipyramid;*> however, the coordination to the oxygens
is sometimes referred to as being that of a distorted octahedron
(or a square-bipyramid) because of the presence of anadditionally
and exceptionally long V-O “bond” (2.785 A) in the opposite
direction of the shortest V-O bond.!3#2 The symmetry of the
VOs unit in 8-NaVOs is similar to that of the trigonal bipyramid
in V,0s, since the base of the pyramid forms a mirror plane in
both polyhedra.2®#2 V,0; has previously been studied by 5'V
single-crystal NMR!® which shows that the most deshielded
element of the CSA tensor (oy,) is orthogonal to the mirror plane
and the unique element (o;) is oriented along the shortest V-O
bond in the base of the trigonal pyramid. The mirror-plane
symmetry of the VOs units for both V,05 and 8-NaVO; would
indicate a similar orientation of the shielding tensor elements in
B8-NaVO; and V,0s. Thus, we tentatively suggest that o, for
B-NaVQO; is orthogonal to the mirror plane, i.e., oy, and ¢, are
in the basal plane of the trigonal bipyramid, and g, is oriented
along the shortest V-O bond. Obviously, an unambigous
establishment of the orientation of the CSA tensor in 8-NaVO;
will have to await the result of a single-crystal 'V NMR study.
However, we note that with this orientation of the shielding tensors
in V,05and 8-NaVOj;, the most shielded element (¢, the unique
tensor element) is almost perpendicular to a pseudoplane
containing the longest V-O bonds. This observation is similar
tothe results obtained fromsolid-state !'3Cd NMR demonstrating
that long Cd-O bonds lead to anomalously large shielding of a
tensor element perpendicular to such bonds.#?

For KV;05 the oxygen coordination for both V(1) and V(2)
has been characterized as a square bipyramid, where the oxygens
outside the base of the pyramid have the shortest and longest
V-0 bond lengths.3® V(2) has the most distorted environments
whichis clearly reflected by the variations in the V-O bond lengths
and in the mean deviation (D) of the twelve O-V-O bond angles
from perfect octahedral symmetry. For both V sites the shortest
V-0 bond length is 1.58 A while a considerable difference in the
longest bond length for the two sites is observed (dv()-0 = 2.18
A, dv0=291 A).3 The mean angular deviation from perfect
symmetry for the VOg(1) and VOg(2) unitis D =8.1° and 13.9°,
respectively. Recent molecular orbital calculations of the Mo
EFG’s for [M0oQOg]%- units have shown that bond-angle as well
as bond-length variations within the first coordination sphere
also for octahedral coordination contribute significantly to the
magnitude of the quadrupole coupling constant.! Thus, thelarger
quadrupole coupling constant (Cq) for the V(2) site compared
toV(1),asdetermined from the 'V MAS NMR spectrum, agrees
with the above structural considerations. Furthermore, V(2)
exhibits the larger shielding anisotropy of the two V sites in
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agreement with the correlation between Cq and §, observed for

themetavanadates. Theoxygen coordination withinthe two VOyg -

units in KV;03 (especially for the V(2) site) is similar to the
coordination in V,Os, referred to asa square bipyramid when the
anomalously long V-O bond in V,0s is taken into account. 830,42
Asdiscussed for 8-NaV O3, the most shielded and unique element
(0;) for V,0;s is oriented along the shortest V-O bond,'® i.e.,
along the pseudo 4-fold rotation axis. Thus, we predict the most
shielded and unique element (o,;) for both the V(1) and V(2)
sites in KV305 to be oriented along the shortest V-O bond (1.58
A) of the two VO units, i.c., along the pseudo 4-fold axis. We
note that the predicted direction of the unique elements for the
two CSA tensors along the pseudo 4-fold axis in the VOg units
is in accordance with the experimental value 7, =~ 0 (i.e., g5, =
oy, With both elementsin the pseudoplane of the square bipyramids
and most likely with their axes oriented toward the oxygen atom
corners).

Itisclear that the 3'V quadrupole coupling and CSA parameters
determined in this study contain more information about the 5'V
environments in the vanadates than discussed in this section. A
more detailed understanding of the experimental 3!V parameters
will have to await molecular orbital calculations of 'V EFG and
CSA tensors.

Conclusions

This work has demonstrated that all parameters describing
the magnitudes and relative orientation of the quadrupole and
shielding tensors for a quadrupolar nucleus can be determined
from the manifold of spinning sidebands (ssb’s) observed in the
MAS spectrum for the central and satellite transitions. Computer
simulations combined with least-squares optimization of the ssb
intensities from all seven 3!V transitions for a series of meta-
vanadates and KV;O;g have led to a determination of accurate
51V parameters for these compounds. Compared to previously
reported CSA data for some of the samples, obtained from static
powder NMR spectra of the 5!V central transition at high magnetic
field strengths,!517.33 the CSA parameters determined from the
51V MAS NMR spectra in this study are of considerably higher
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accuracy. The quadrupole coupling parameters determined in
this work for KVQO;, a-NaVOQ;, and NH,VO; are in excellent
agreement with those recently reported from a NQR study by
Mao et al.!? The ability to determine CSA parameters, Cq, 10,
and the relative orientation of the quadrupole coupling and
shielding tensors from a single experiment makes MAS NMR
a superior method compared to NQR for characterization of the
local environments for the 5!V nucleus in vanadium compounds.
Thus, the comment by Mao et al.,'® concerning the usefulness of
solid-state NMR methods, should be reconsidered in light of the
results achieved in this study. Relationships between the 5!V
NMR parameters and structural data are observed and discussed.
Thus, correlations between the quadrupole coupling constant (Cg)
and the shielding anisotropy (8,) as well as between Cq and the
geometry of the VO, tetrahedra are observed within the two series
of isomorphous metavanadates,i.e., KVO;, NH;VO3,and TIVO;
onone hand and LiVO; and a-NaVOj on the other. Finally, the
51V quadrupole coupling and CSA parameters determined from
the present (and possible future) 5'V MAS NMR studies should
form the experimental basis for initiating and testing molecular
orbital calculations of 'V EFG and CSA tensors and thereby
contribute toanimproved insight intothe electronic and geometric
structure of vanadium compounds.
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