Variable-angle sample-spinning high resolution NMR of

solids?

Subramanian Ganapathy, Suzanne Schramm, and Eric Oldfield®

School of Chemical Sciences, University of Illinois at Urbana, Urbana, Illinois 61801
(Received 8 June 1982; accepted 14 July 1982)

We have obtained high-resolution solid-state NMR spectra of a variety of nonintegral-spin quadrupolar nuclei
(*Na, *'V, and *Mn} under conditions of “magic-angle” sample-spinning (MASS) and “variable-angle”
sample-spinning (VASS). We show for systems in which the second-order quadrupole interaction dominates
the breadth of the (1/2, — 1/2) spin transition, that optimum line narrowing is achieved by rapid sample

rotation at angles other than the familiar § = 54.7° “magic-angle.” The effect originates in the more complex
angle dependence of the second-order quadrupole interaction, rather than the more familiar P, {cos 6}

dependence of dipolar and chemical shift interactions, and theoretical VASS line shapes for a variety of
spinning angles, and electric field gradient tensor asymmetry parameters (7), are presented. We show that
VASS NMR at low fields generates complex spectral line shapes, which at some angles exhibit well-resolved
centerbands and spinning sidebands. We also discuss briefly, with examples, the complexities introduced by
the presence of dipolar and/or chemical shift anisotropy interactions in such experiments and investigate the
question of the optimum field-strengths for NMR of quadrupolar nuclei. Our results indicate that the VASS
NMR technique appears to have considerable utility in obtaining high-resolution NMR spectra of a wide

variety of quadrupolar nuclei in inorganic solids, especially those with relatively small { S 5 MHz) quadrupole

coupling constants.

. INTRODUCTION

Conventional “magic-angle” sample spinning (MASS),
introduced by Andrew and co-workers''? and by Lowe, 3
has been in existence for almost a quarter of a century,
and there have been numerous applications of the tech-
nique to high-resolution NMR of spin-3 nuclei in solids.*
There has, however, been a rather surprising paucity
of data on the application of the MASS technique to the
study of nuclei having spins 7>1. Early investigators
showed that the MASS technique could be usefully applied
to nuclei having small quadrupole coupling constants,
e.g., ¥ Al in AlP® or '33Cs in CsCl, ¢ and more recently,
the technique has been applied to the *H nucleus, where
€’qQ/h values are also rather small (£200 kHz), and a
combination of synchronous sampling and other special-
ized techniques has yielded high-resolution ®H spectra,
by avTeraging of the (first-order) quadrupole interac-
tion.

Most nuclei in the Periodic Table, however, have
equ/h values considerably in excess of the 200 kHz
displayed by deuterium, and such MASS experiments
are not feasible, since the residual breadths, due to
rotor instability, are ~2.5% per degree deviation, at
the “magic-angle.” Thus, a 1 degree rotor oscillation
yields a ~25 kHz residual breadth for a system having
equ/h: 1 MHz. Fortunately, however, most of these
same nuclei in the Periodic Table possess nonintegral
spins I=3/2, 5/2, 7/2, and 9/2. There is thus a central
(3, -%) transition, which to first order is not broadened
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by quadrupole effects, % and this transition has recently
been the subject of considerable interest® !5 as a means
of obtaining high-resolution NMR in inorganic solids,
especially those systems of importance as industrial
catalysts.

In this article we discuss our recent progress in NMR
of quadrupolar nuclei in inorganic solids, considering
in particular the optimum experimental conditions for
obtaining high-resolution. Most importantly, we find
for systems with large equ/h values (of the order of a
few MHz) that spinning angles other than the familiar
54, 7° are most efficient in line narrowing. For example,
for ¥*Na in Na,MoQ,, an order-of-magnitude reduction
in breadth of the central transition is achieved by rapid
rotation at 8=36° or 75°, over twice that achieved at
54.7°. We thus present in this paper both experimental
results, and theoretical calculations, of NMR line shapes
under conditions of rapid “variable-angle” sample rota-
tion, and we also discuss the importance of other fac-
tors, such as field-strength optimization, and the pres-
ence of dipolar and chemical shift interactions, on the
experimental spectra. Overall, our data clearly indi-
cate that VASS is a promising new approach for
obtaining high-resolution spectra of quadrupolar nuclei
in inorganic solids.

Il. THEORY FOR VASS LINE SHAPES

We consider a quadrupolar nucleus having a noninte-
gral spin, and confine ourselves to the central (3, -3)
spin transition. Neglecting anisotropic chemical shifts,
the total Hamiltonian in the high field regime (1.l
> |Hgl) for the static case may be written as

=3¢ +Kq , (1)
where the Zeeman Hamiltonian is

Ko = -vRH, , @)
and the nuclear quadrupolar Hamiltonian, treated as a
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perturbation, is

2
% eqQ

o= ity 88 - P - 2], ®)

where the symbols have their usual meanings, ® and the
spin operators of 3Cg are evaluated in a coordinate sys-
tem in which the field gradient tensor is diagonal.

For a polycrystalline sample spun at ar. :ngle g
with respect to the static magnetic field H; with an angu-
lar velocity w, the Hamiltonian, ¥C, becomes time-depen-
dent. However, the variation is slow since w, is several
orders of magnitude smaller than the perturbing frequen-
cy (v, =w,/27r~2-6 kHz; €’gQ/h~1-5 MHz). The
Hamiltonian is quasistationary, and as in the adiabatic
approximation we may use the instantaneous eigenval-
ues of ¢, allowing us to calculate the energy of the NMR
resonance at a certain molecular orientation at time
“t” as follows:

K@) = E@RE) . )

As pointed out by Haeberlen, '8 considerations as to
whether the spin magnetization can follow adiabatically
the motion of the sample will be required only in the
weak-field case. For our high-field case, the approxi-
mation is thus valid.

For the most general case of n# 0, we thus transform
the spin operators of Eq. (3} from the principal axis
system (PAS; x/, y’, z') of the quadrupole tensor, to
the Zeeman axis system (ZAS, x, y, z), via the rota-
tion axis system (RAS). Details of this transformation
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procedure are given in detail by Naito et al. 11 e ele-

ments of the coordinate transformation matrix are
trigonometric functions of the Euler angles of the RAS!S;
g'(0 tow), ¢(0to 27) and (0 to 2r), and the angle 8 be-
tween the spinning axis and the static magnetic field H,.
Due to spinning at a frequency v,=w,/2n, ¥ is time de-
pendent, and is given by ¥ =w, f + ¢, where ¥, is the ini-
tial angle at t =0. We use the Zeeman quantized spin
functions |m,)| as the basis set, and calculate the
matrix elements of 3 (¢). Treating X,(t) as a perturba-
tion on 3C,, the transition energy for the central transi-
tion (3, —3) of a nonintegral spin I (I>1) at a given mo-
lecular orientation at time “#” is calculated using sec-
ond-order perturbation theory as follows:

AE5:°(I): E(_%)/z(t) - E(iz/)z(t) ’

3¢t V[r10+1)-3/4
“=“L+[21(21_1)h] [ 9, ][X_ZY]’ ®)

where
X =1g{[3(4%; -A%) +nal + A}, - 4} - A})F
+ 4343145, + MA1s A1y - A1 AR) I},
Y = 1{[3Ag3451 + MA1s411 ~ Agsdy) [
+ (345455 + 1A A1 - ApAn)F},

and v, is the nuclear Larmor frequency. The As are
the matrix elements of 4, where A=BC. Here, B
represents the first transformation from PAS to RAS,
and C the transformation from RAS to ZAS. These
have the explicit forms

cosy cos ¢ — cos B'singsing  -sinycos ¢ —cos B’ sinep cos P sing’sin ¢

B=|cos ¢ sin¢ + cos B’ cos ¢ sin P -siny sing +cosB'cospcosyy -sing’ cos¢ , (M
sin ¢ sin g’ cos P sin g8’ cos g’
{
1 0 0 and ¢, and the theoretically averaged line positions con-
. voluted with a Gaussian broadening function to give the
C=|0 cosp -sing ' (8) actual experimental line shape. Note that our expressions
sing cosp reduce to those of Baugher et al. ' for the static case

For rapid sample spinning, such that v, is greater
than the second-order quadrupole linebreadth of the
(3, ~%) transition, AE() may be averaged over one
cycle to give

2r
AEB.,(t)=§1; fo AEgey (D)0 . 9)

The actual line shape function S(v) is a convolution of the
rotation averaged powder shape, AFEg.,(¢), and a broad-

ening function, taken as Gaussian for our case,
F{V - AEB'O(t)]'

In our calculations, the values of AEg.,(¢) were eval-
uated numerically on a Control Data Corporation Cyber -
175 computer system, using 5° increments for §=w,t
+ ¥y, in the range 0°-360°, for a given molecular orien-
tation (i.e., for fixed 8’ and ¢ values). The average
AE;.,(¢) was then calculated for each combination of 8

(8=0, p=¢, ¥=0, 8'=0).

1. RESULTS AND DISCUSSION

We show in Fig. 1 theoretical variable-angle sample-
spinning spectra for the central (%, -5 spin transition,
under conditions of rapid sample-rotation, for asym-
metry parameters (1) of 0 [Fig. 1(A)], 0.3 [Fig. 1(B)},
0.6 [Fig. 1(C)], and 1.0 [Fig. 1(D)]. Interestingly, the
case of 90° sample-spinning (n=0) was investigated in
Andrew’s original work' and Nolle has verified this
early prediction experimentally, %

The results of Fig. 1 clearly indicate that a wide
variety of experimental line shapes may be generated
using the VASS technique. In addition, it appears
in all cases that more efficient line narrowing may be
achieved by spinning at angles other than the conven-
tional 54, 7° “magic-angle.” For example, even with
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FIG, 1. Computer simulated variable-angle sample-spinning
line shapes for the central (§, %) transition of ®Na (I =3/2),
broadened by second-order quadrupole effectg, and under the
condition of “rapid” sample rotation. The simulations are
shown for different values of the rotation angle B in the range
0-90¢°, in 10° intervals, for n=0,0, 0,3, 0.6, and 1,0, The
following parameters were used: e2qQ/h=2,6 MHz, vy
=95.25 MHz, and 100 Hz Gaussian broadening, (v-v;) cor-
responds to the frequency deviation from the Larmor fre-
quency, Vi.

the coarse (10°) selection of spectra shown in Fig. 1(A),
it seems most likely that spinning at 3=30~40° or 8

=~ 80° may be more effective than in the range 50-60°
(near the “magic-angle”), at least for n=0.

We have therefore recorded experimental VASS spec-
tra of the *Na nucleus in Na,MoO, (¢%9Q/k = 2. 6 MHz,
n=0, Ref. 21) and in Na,SO, (e’qQ/h=2.6 MHz, 7
=0. 6, Ref. 22) at 1° increments in the range 0-90°
(data not shown) and at the “magic-angle” of 54. 7°,
and selected examples are given in Figs. 2 and 3.

We show in Fig. 2, A-D, 95.2 MHz sodium-23
Fourier transform NMR spectra of a ~400 mg sample
of freshly dried Na,MoO,, static, and spinning at =5
kHz, at the angles indicated. Also shown are spectral
simulations obtained using the method described in
Sec. II. The spectrum of the static sample is in good
agreement with that calculated theoretically, and any
differences presumably reside in a small orientation-
dependent dipolar interaction, which was not included
in the simulation. Upon spinning at the “magic-angle”
of 54.7°, Fig. 2(B), there is an approximately fourfold
decrease in linebreadth, in agreement with theory, and
as observed by others. 1,14 The additional features are
due to spinning sidebands. Importantly, however, when
spinning at 8=36° or at 8="75° even further line nar-
rowing is observed experimentally, Figs. 2(C), 2(D)
and these results are in excellent accord with those pre-
dicted on the basis of the theory discussed above, and
the known electric quadrupole coupling constant and
asymmetry parameter. 2 Interestingly, our results in-
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dicate considerably larger first-order spinning-side-
bands when spinning at g=36° than at §="75° an effect
that is accentuated at low field (see below), indicating the
need for additional calculations of side band intensities.
Notably, both the 36° and 75° VASS spectra show an ap-
proximately tenfold decrease in breadth over that of the
static spectrum, an additional factor of 2 decrease in
linewidth over that obtained using conventional MASS
techniques.

The results of Fig. 3 were obtained on a sample of
freshly dried Na,SO, (¢’¢Q/h=2.6 MHz, 7=0.620.1,
Ref. 22) at 95. 2 MHz (corresponding to a magnetic
field strength of 8.45 T) and show similar line narrow-
ing to that seen with the zero asymmetry-parameter
species Na,MoO, Fig. 2. The static spectrum [Fig.
3(A)] is in good agreement with that expected on the
basis of the theory outlined above, slight differences be-
tween the experimental and calculated line shapes
again being due, presumably, to orientation-dependent
dipolar broadening in the rigid lattice, which was not
considered in the simulation.

On rapid “magic-angle” spinning (8="54.7°), there is

Na2MoO4, €?qQ/h=2.6 MHz, 1 =0
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FIG. 2. 95.2 MHz ®Na Fourier transform NMR spectra, and
computer simulations, of the central (}, —%) transition of
Na,;MoO, (corresponding to a magnetic field strength of 8, 45
T), (A) Static spectrum; (B)—{(D) spinning spectra correspond-
ing to (B) B=54,7; (C) =363 (D) B="75°, Spectra were ob-
tained using spinning rates of ~ 5 kHz, 3 scans, recycle time
=20 s, Values of between 50 and 300 Hz broadening were used
in the computer simulations.
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N0zSO4, €qQ/h=2.6 MHz, 7= 0.6
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FIG, 3. 95.2 MHz BNa Fourier transform NMR spectra, and
computer simulations, of the central (4, —4) transition of
Ns,S0;. (A) Static spectrum; (B)—(D} spinning spectra corre-
sponding to (B) 8=54.T; (C) B=44"; (D) B=75". Spectra were
obtained using spinning rates of ~ 5 kHz, 120 scans, recycle
time =1.0 s. Values of between 50 and 100 Hz broadening
were used in the computer simulations,

again an approximately fourfold reduction in the spec-
tral breadth, Fig. 3(B), in good agreement with the
results of Kundla et al.! on the **Na NMR spectrum of
natrolite (a zeolite), where ¢2qQ/h and 7 values of 1.76
MHz and 0. 643 have been observed.? However, the ob-
served **Na NMR spectrum displays a well-defined
splitting which may be eliminated in the variable -angle
spinning experiment by rapid rotation at 8=44°, Fig.
3(C). This is the optimum theoretical angle for 7

~0, 6 (assuming only second-order quadrupolar broad-
ening effects). Note that for this large asymmetry pa-
rameter, the optimum angle is some 6° larger than in the
¢ase of Na,MoQ,, where n=0.

At much larger angles, there are still significant de-
creases in line width, but at 75° the overall linebreadth
is approximately the same as that achieved with conven-
tional MASS, [Figs. 3(B) and 3(D)]. Thus, the results
of Figs. 2 and 3 indicate that the “optimum” angles for
linenarrowing in the VASS NMR experiment are a strong
function of the asymmetry parameter of the nucleus in
question. The results of Figs. 1-3 do indicate, how-
ever, that rotation angles other than the familliar 54.7°,
may often be appropriate for nuclei in which the second-
order quadrupole interaction dominates. Note also, of

course, that for optimum-line narrowing, the rate of ro-
tation v, should be in excess of the breadth of the static
{3, — %) transition, when expressed in {requency units.
The effects seen at lower spinning speeds are discussed
briefly below in relation to the field-strength optimiza-
tion of high-resolution NMR of quadrupolar solids.

IV. OTHER FACTORS INFLUENCING VASS OF
QUADRUPOLAR SOLIDS

. In this final section we briefly discuss, with experi-
mental examples, general considerations for high-
resolution NMR of quadrupolar solids, especially with
respect to field-strength/spinning-frequency optimiza-
tion and the effects of other (dipolar and magnetic shift
anisotropy) interactions onthe VASS experiment.

We show in Fig. 4(A) static and spinning spectra of
2Na in Na,MoO,, at several different field strengths.
At 3.52 T (corresponding to a **Na resonance of 39. 7
MHz, or a 1Y resonance frequency of 150 MHz) the

23 51 5%
NopMoO4 Na VO3 K "MnO4
F
3527 3527 | \ 3527
STATIC A sTatic ! B smmnc C

3.92T
54.7°
4,0 kHz
. 3.52T7
. 36°
! 40kHz
3.527
36° 50 0 -50
4.6kHz 5% A
8.45T
56°
4,9kHz
3.52T
75°
Soni adsT
- 4.7kHz
8.457 8.45T 8.457
75° 75° 41°
4.3 4z 4.9kHz 4.7 kHz
° i L | R i : o
1000 0 -1000 75 ) 75 -2000 -2200
ppm Kiloheriz ppm

FIG. 4, Field and spinning-angle dependence of #Na, 1V,

and Mn NMR spectra of several inorganic solids, (A) Sodium-
23 NMR of Na,Mo0Q, (¢%qQ/h=2.6 MHz, 1=0) at 3,52 and 8,45
T. The spinning rate, angle, and field strength are indicated;
(B) Vanadium-51 NMR of NaVOQ; (e%qQ/h =3,6 MHz, 1=0.6) at
3.52 and 8.45 T, The spinning raie, angle, and field strength
are indicated; (C) Manganese-55 NMR of KMnO, at 3.52 T.

The spinning rate and angle are indicated; (D) Manganese-~55
NMR of Mnp{CO);o at 8.45 T. The spinning rate and angle are
indicated,
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breadth of the (3, ~%) central transition is some 20 kHz,
and as expected spinning at the “magic-angle” of 54. 7°
at ~4. 6 kHz produces a rather complex spectrum, since
neither the angle nor rotation rate are optimal. By
contrast, spinning at 36° produces a series of well re-
solved resonances, Fig. 4(A), but the spectrum is un-
necessarily complex since there is in fact only a single
sodium present, but some 5-6 sidebands are observed
upon “slow” sample rotation. We have, however, found
at 8="175° and the same rotation rate, that the first-order
sidebands are absent, and that relatively high-resolu-
tion is achievable, even at low-field, Fig. 4(A). High-
er frequency operation produces even smaller side
bands, since as indicated in Eq. 5, the breadth of the
3, -3) transition decreases linearly with magnetic
field. For the ®*Na nucleus in question, the residual
breadths at 8.45 T (360 MHz 'H resonance frequency)
and 11.7 T (500 MHz 'H resonance frequency) are thus
considerably narrower than those at lower field, being
~8 kHz at 8.5 T or only ~6 kHz at 11.7 T. Rapid
(~4-5 kHz) sample rotation at these higher field
strengths therefore gives considerably simpler spec-
tra than those obtained at the lower (3.52 T) field val-
ues, as shown in Fig. 4(A). It should be borne in

mind, however, that for systems having identical
chemical shifts but different quadrupole coupling con-
stants, low-field NMR operation may be preferable,
since the differential quadrupolar lineshifts may be used
as “spreading parameters.” Such results have been ob-
served in our laboratory using the 118 nucleus in a
borosilicate glass.

In the presence of a significant chemical shift aniso-
tropy and a moderate quadrupole coupling constant, the
situation is of course not so simple, as we have discussed
elsewhere. '3 By way of example, we show in Fig. 4(B)
Sy NMR spectra of NaVOQ,, static at 3,52 and 8.45 T,
and spinning at 8.45 T. 13 At low field the observed line-
shape is complex, due to significant contributions from
both CSA and second-order quadrupolar effects. At high
field, however, there is an increase in relative contri-
bution of the chemical shift anisotropy by a factor of
(360/150), or about 6. As a result, the CSA over-
whelmingly dominates the observed spectrum, and con-
ventional MASS is effective in producing numerous side-
bands, both from the central (CSA) and (quadrupolar)
satellite transitions. As pointed out elsewhere, 3 put
included here for completeness, we find by spinning
~1° off axis, near the “magic-angle, ” that the satellite
absorption may be effectively removed, due to a large
residual broadening. Also, as expected, we find that
spinning at the optimum angles for reducing the second
order quadrupole interaction (~44°, 75°; n=0. 6, Ref.
19) produces rather uninformative line shapes, Fig.
4(B), at both 3.52 and 8.45 T. Only at much lower
field strengths will the second order quadrupole interac-
tion dominate the (3, —3) transition with NavO,. Thus,
for NavO, (°'v, I="1/2, ¢%Q/h=3.6 MHz, n=0.6; CSA
~~213, -56, 369 ppm, Refs. 13, 19) high-field MASS
appears the most appropriate technique to attempt to ob-
tain high-resolution NMR spectral information. Note
for nuclei having similar e?yQ/k values but smaller
spins, e.g., I=3/2, that such a convenient elimination
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of the second-order breadth would not be feasible. !?

Finally, we show in Fig. 4(C) and 4(D) the effects of
dipolar interactions in two experimental systems:
%Mn in KMnO,, and in the metal-metal bond containing
carbonyl, Mn,(CO);,. Both we and Burton and Harris'!
have recently obtained low-field MASS spectra of KMnO,
in the solid state, Fig. 4(C). The *Mn NMR spectrum
of static KMnO, [and Mn,(CO);,] is an essentially fea-
tureless blob, due to the importance, we believe, of
K-Mn and Mn-Mn dipole-dipole interactions, in addi-
tion to a small second-order quadrupole interaction
(e?q@/h=1.6 MHz, 7=0, Ref. 14). On conventional
MASS the spectrum of KMnO, does, however, exhibit
a well resolved line shape, characteristic of a sec-
ond-order powder pattern of a nucleus having 7=0 un-
der 54, 7° MASS rotation, due to averaging of dipolar
and second -order quadrupolar interactions. As dis-
cussed above, and as shown in Figs. 1 and 2 we might
expect more efficient line narrowing, i.e., collapse
of the “doublet” line shape of Fig. 4(C) by rapid sample-
spinning at §=36° or 3="75° (Fig. 2). However, ex-
perimentally we find that only a rather broad resonance
is obtained at 8=36° (or 75°, data not shown) as shown
in Fig. 4{C). The origin of this effect lies in the sig-
nificant amount of dipolar broadening in the KMnO, sys-
tem, and this dipolar broadening is only significantly
averaged at 8= 54.7°. Similar results are achieved
with the system Mn,(CO)y, Fig. 4(D), which although
it contains a species having a relatively large quadru-
pole coupling constant (e’)¢@/h=3.5 MHz, n=0.3, Ref.
25) and should be a better choice for variable-angle
sample-spinning, the presence of a strong metal-metal
(Mn-Mn) bond introduces a large dipolar contribution
to the linewidth, thereby making VASS experiments less
successful. Presumably, very high-field MASS opera-
tion (2 14 T) would produce optimum resolution for
Mn,(CO)yy, since dipolar and CSA terms would be aver-
aged, and the reduced second-order term decreased by
~4 by MASS. An experiment carried out at 8.45 T is
shown in Fig. 4(D). Alternatively, homonuclear di-
polar -decoupling using some type of multiple-pulse
scheme could presumably be employed to reduce the
strength of the Mn—Mn interaction.

Overall then, the results we have discussed above in-
dicate that variable-angle sample-spinning (VASS) NMR
is a promising new technique for high resolution NMR
of nonintegral-spin quadrupolar solids. In common with
MASS averaging of dipolar interactions, VASS experi-
ments benefit from the fastest spinning speeds possible.
In contrast to MASS averaging of CSA interactions, VASS
experiments are probably generally best carried out at
the very highest magnetic field strengths possible, at
least when only quadrupole interactions are of concern and
the chemical species of interest have significantly dif-
ferent chemical shifts. Insome instances, however,
low field operation may yield improved resolution due
to a “spreading” effect induced by the second-order
quadrupolar frequency shifts. ¢

The results shown in this paper indicate that VASS
is most likely to be of utility in systems which have rel-
atively “dilute” quadrupolar nuclei, e.g., in oxide lat-
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tices or aluminosilicates, polyoxometallates, glasses
and so on. By combining such high-speed, high-field,
variable -angle spinning techniques with both homo and
heteronuclear dipolar decoupling techniques, and by
development of scaling methods for reduction of sec-
ond-order interactions, it should thus soon be possible
to obtain in a fairly routine manner high-resolution NMR
spectra of a large number of interesting quadrupolar
nuclei in inorganic solids, thereby opening up new

areas of chemical research.
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