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ABSTRACT  We report the observation of high-resolution
solid-state NMR spectra of 2*Na (I = 3/2), 2’Al (I = 5/2) and 5V
(I = 7/2) in various inorganic systems. We show that, contrary
to popular belief, relatively high-resolution (=10 ppm linewidth)
spectra may be obtained from quadrupolar systems, in which elec-
tric quadrupole coupling constants (e>Q /h) are in the range ~1-5
MHz, by means of observation of the (1/2, —1/2) spin transition.
The (1/2, —1/2) transition for all nonintegral spin quadrupolar
nuclei (I = 3/2,5/2, 7/2, or 9/2) is only normally broadened by
dipolar, chemical shift (or Knight shift) anisotropy or second-order
quadrupolar effects, all of which are to a greater or lesser extent
averaged under fast magic-angle sample rotation. In the case of
*3Na and *"Al, high-resolution spectra of 2>NaNO; (¢qQ/h ~300
kHz) and a-ﬁAlzoa (ezq(_)/h =~2-3 MHz) are presented; in the
case of *'V,05 (¢2gQ/h =800 kHz), rotational echo decays are
observed due to the presence of a =~10°-ppm chemical shift ani-
sotropy. The observation of high-resolution solid-siate spectra of
systems having spins I = 3/2, 5/2, and 7/2 in asymmetric en-
vironments opens up the possibility of examining about two out of
three nuclei by solid-state NMR that were previously thought of
as “inaccessible” due to the presence of large (a few megahertz)
quadrupole coupling constants. Preliminary results for an I =
9/2 system, **Nb, having e2qQ/h ~19.5 MHz, are also reported.

During the past 20 years or so there has been considerable in-
terest in obtaining high-resolution NMR spectra of solids (1-6).
One particularly widespread technique, originally introduced
by Andrew et al. (1, 2) and Lowe (3) for averaging of dipolar in-
teractions, involves high-speed sample rotation at the so-called
magic angle. In the past 5 years the technique has enjoyed great
popularity for investigating spin I = 1/2 nuclei such as *3C (7)
and *'P (8), and more recently the technique has been applied
to the spin I = 1 nucleus deuterium (9, 10).

In the case of spin I = 1/2 species, considerable narrowing
is achieved for spinning rates in excess of the static linebreadth.
However, such rapid spinning rates are sometimes not feasi-
ble—e.g., for some *C nuclei at very high field—in which case
spinning or rotational beats or echoes—i.e., well-resolved side-
bands—are formed in the NMR spectrum (8-14). Such is the
case, of course, for all rigid 2H-labeled species (9, 10). In the
case of H, magic-angle experiments have been carried out by
using synchronous sampling methods (9, 10, 13, 14), but the
minute angle adjustments required for efficient averaging make
it unlikely that the technique will be useful for narrowing in-
tegral spin quadrupolar powder patterns =200 kHz in breadth
©, 10).

The general belief, therefore, based on the work done to
date, is that it is unlikely to be practical to obtain high-resolution
spectra of quadrupolar nuclei in the solid state for systems hav-
ing large (=1-5 MHz) quadrupole interactions, not only for the
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technical reason outlined above but also because of the increas-
ing importance of second-order quadrupole effects which in-
crease as (e>gQ/h)? (15, 16).

In this paper, we indicate that such problems may be cir-
cumvented to a large extent by operation at very high magnetic
field strength and observation solely of the (1/2, —1/2) spin
transitions of nonintegral spin quadrupolar nuclei, under con-
ditions-of magic-angle sample spinning. Because heteronuclear
(e.g., 'H) decoupling and enhancement also may be used in
such systems, and because second-order effects in many cases
may be averaged to very small values, our observations open
new areas of application of the magic-angle sample-spinning
technique to high-resolution NMR of solids of chemical and
biological interest. Independently of this work, Miiller et al.
(17) have reported high-resolution NMR spectra of some alu-
minum oxide compounds, some of which exhibit broad lines in
the solid state (18).

MATERIALS AND METHODS

Spectra were obtained either on a “home-built” double-reso-
nance spectrometer (19) which now utilizes a 4.0-inch (10.2-
cm)-bore 3.5-T superconducting solenoid (Nalorac Cryogenics,
Concord, CA), together with a Nicolet (Madison, WI) 1280 com-
puter system, and a home-built magic-angle sample-spinning
probe which typically operates between 2.0 and 3.0 kHz or on
a “home-built” 3.5-inch (8.9-cm)-bore 8.5-T superconducting
solenoid (Oxford Instruments, Osney Mead, Oxford, England)
based spectrometer which utilizes a Nicolet 1180/Explorer I1IC
system and a second magic-angle sample-spinning probe which
operates between 4 and 6 kHz. Proton decoupling was unnec-
essary for the spectra shown herein, but it is available. The 90°

- pulse widths were =2-3 usec for each system studied. In most
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of the samples discussed, the magic angle was set by observing
single-shot free induction decays on an oscilloscope. All chem-
icals were of reagent grade except for V,05 which was technical
grade from Fisher. a-Al,O; was a 320-m?/g sample from Alfa-
Ventron (Danvers, MA).

RESULTS AND DISCUSSION

The first application of magic-angle sample-spinning in high-
resolution solid-state NMR made by Andrew et al. (2) in the late
1950s did in fact involve observation of a quadrupolar nucleus,
®Na, as did somewhat later experiments by Kessemeier and
Norberg [2’Al in Al metal and AIP (20)] and Cunningham and
Day [**Na in NaCl (21)]. However, in each instance the nuclei
in question were in highly symmetric environments, and no
large quadrupolar broadenings were noted. As a result, sub-
stantial line narrowings were achieved under fast magic-angle
rotation conditions, because both the small dipolar and first-
order quadrupolar broadenings (20, 21) were effectively aver-
aged. For comparison with results to be discussed in more detail
later, we show in Fig. 1 a typical free induction decay (at 39.7
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Fic. 1. 2Na (I = 3/2) NMR free induction decays of polycrystal-
line NaCl at 39.7 MHz. (A) Static sample; (B) sample spinning at the
magic angle at about 2.5 kHz.

MHz) of #NaCl, both as the static material (Fig. 14) and while
spinning at the magic angle at about 2.5 kHz (Fig. 1B). Clearly,
there is a significant reduction in linewidth under magic-angle
rotation, the residual width being ~3-4 ppm.

In the presence of a large electric field gradient at the nucleus
in question, as is the general case for systems of nonspherical
symmetry, overall 2Na spectral breadths are expected to be
considerably broader than those shown in Fig. 1. For example,
Pound (22) measured the electric quadrupole coupling constant
of Na in ZNaNO; by using single-crystal rotation techniques
and obtained a value e2qQ/h =334 + 2 kHz. Presumably, the
occurrence of such large quadrupole coupling constants have
dissuaded many investigators from investigating such broad
lines by using magic-angle sample rotation techniques.

However, Fig. 2 and Table 1 suggest why such experiments
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Fig. 2. Spin I = 3/2 NMR powder pattern showing that the
(1/2, —1/2) transition is broadened only by second-order quadrupolar
interactions, in addition to the dipolar and anisotropic magnetic shift
interactions. The linewidth will thus in general be <<e*qQ/h.
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could in fact be successful. As illustrated in Fig. 2, there are
three transitions for the 2Na nucleus: (3/2, 1/2), (1/2, -1 /2)
and (—1/2, —3/2). Importantly, because the central (1/2:
—1/2) energy levels shift in the same way with change in sample
orientation, the (1/2, —1/2) transition in general will only be
broadened by dipolar, chemical shift, or Knight shift anisotro.-
pies, or by second-order quadrupole effects. The dipolar and
anisotropic shift interactions are known to average to zero under
rapid magic-angle rotation (1-3, 11, 12).
The second-order frequency shift of the central line is

2
17
na® = - @ = Y40 - WL -9
in which
_ 360 3 _
vo = Rl — 1),a =II+ 1); o = cos 6,

€qQ/h is the electric quadrupole coupling constant; and v, is
the nuclear Larmor frequency.

The conventional view is that magic-angle sample-spinning
experiments will be unsuccessful for most %uadrupolar nuclei
because the residual linebroadening is =(e*qQ/h)%/v,. How-
ever, the detailed expression for the static second-order
breadth, Eq. 1, strongly suggests that, for operation at high field
(and preferably for large I), residual second-order breadths will
not make the experimental spectra totally intractable. For ex-
ample, we show these second-order breadths in Table 1 for
three different Larmor frequencies—v; = 15, 35, and 100
MHz—which correspond (approximately) to the Larmor fre-
quencies of a wide variety of quadrupolar nuclei (e.g., ''B, *Na,
2741, 5y, %5Mn, %%Co, Cu, ®Nb, etc.) at 14, 35, and 120 kilo-
gauss. Values for spins I = 3/2, 5/2, 7/2, and 9/2 are
presented.

Operation at low field and assumption of a residual second-
order broadening of =~(e’qQ/h)?/v, leads to assumption of a
residual width of =60 kHz (Table 1) for the case of a quadru-
polar nucleus having an electric quadrupole coupling constant
¢’qQ/h = 1 MHz. Such a residual second-order broadening
would make spectra intractable because the second-order term
does not average to zero under magic-angle rotation. However,
when the numerical factors in the full expression (Eq. 1) are
taken into account, there is a dramatic decrease in these residual
widths. For example, for the case of I = 5/2, midfield (3.5 T)
operation yields a breadth of ~900 Hz, a sizeable linewidth but
significantly reduced from the 60 kHz back of the envelope cal-
culation; at high field (12 T) the broadening amounts to only
~3 ppm. Clearly, such residual breadths are insignificant for

Table 1. Second-order quadrupolar linewidths for spins I = 3/2,
5/2, 7/2, and 9/2 as a function of Larmor frequency

(equ/ h)z/ v, Vm(z)»f mert
Spin I Hz Hz ppm
3/2 ~=60,000 ~3700 =13
5/2 =~60,000 =900 =3
7/2 ~60,000 =400 =13
9/2 ~=60,000 =200 =0.7

Linewidths represent either the factor (e2gQ/k)?/ v, or are the max-
imum second-order breadth—i.e., 8 = 90°, 41.8° (see Eq. 1). Sample is
static.

* Approximate expression for second-order breadth, 15 MHz Larmor
frequency; e2qQ/h = 1 MHz.

 Approximate second-order breadth from Eq. 1, 35 MHz Larmor fre-
quency; e2gQ/h = 1 MHz.

# Approximate second-order breadth from Eq. 1, 100 MHz Larmor fre-
quency; e2gQ/h = 1 MHz.
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most metal nuclei, for which chemical shift ranges of hundreds
or thousands of parts per million are common. In addition, it
should be noted that these widths are an upper bound because,
as might be expected, there is extensive averaging of the sec-
ond-order term upon rapid magic-angle rotation (for example,
see refs. 1, 16, and 23 for discussion and observation of aver-
aging of second-order broadenings by specimen rotation).

As a test of these ideas we therefore obtained magic-angle
sample spinning spectra of 2NaNO, in the solid-state, where
le2qQ/h| =334 *+ 2 kHz (22). We show in Fig. 3A the static
spectrum of Z2NaNO; obtained using a 90° pulse width of about
2.5 usec. Because the overall spectral breadth is =0.3 MHz
(22), principally the (1/2, —1/2) transition is detected in the
presence of sodium-sodium and sodium-nitrogen dipolar
broadening, along with whatever small sodium chemical shift
anisotropy is present, together with a small second-order quad-
rupole broadening term (Table 1). On magic-angle rotation at
about 2.4 kHz, however, there is a long free induction decay,
corresponding to a **Na linewidth of ~3-4 ppm in the solid state
(Fig. 3B). The result in Fig. 3B clearly shows that considerable
line narrowing of the central (1/2, —1/2) transition occurs due
to averaging of the relatively weak dipole—dipole (and very small

NaNO;, static
A
t = 10 msec
NaNO;, 2.4 kHz
B
t = 10 msec
NaNOQg:NaCl, 2.4 kHz
C
t = 10 msec
D

Frequency, ppm

Fic. 3. #Na (I = 3/2) NMR spectra showing line-narrowing of
NaNO; (e%qQ/h =~ 0.3 MHz) at 39.7 MHz. (A) NaNOj, static free in-
duction decay; (B) NaNQ;, free induction decay under conditions of
magic-angle sample rotation at ~2.4 kHz; (C) 1:1 molar mixture of
NaNO;:NaCl, free induction decay under conditions of magic-angle
sample rotation at 2.4 kHz; (D) Fourier transform of the decay in C,
showing high-resolution signals for both 2NaCl (and side bands
marked “x”) and NaNQ; (1/2, —1/2 transition, and side bands marked

“v).
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CSA) interactions in this system. Averaging of such interactions
is expected to be quite effective in most systems of chemical or
biochemical interest, although pure metals and systems con-
taining strong metal-metal bonds may prove to be more in-
tractable due to strong dipole—dipole interactions. Presumably,
these could be removed by suitable multiple-pulse sequences.

To compare more readily the linewidths and intensities of
2Na in NaCl and NaNO; we show in Fig. 3C the free induction
decay of an equimolar mixture of 2NaNO, and **NaCl under
conditions of magic angle rotation at =~2.4 kHz. Clearly, there
is an interference pattern in the free induction decay due to the
nonequivalent chemical shifts, and spectral intensities, of the
two sodium ions. These effects are seen more clearly in the
Fourier transform (Fig. 3D) which shows that the *NaCl res-
onance has a significantly increased intensity over the *NaNO,
resonance, due to the observation of all three transitions in the
cubic phase material. The 2NaNO; resonance, by contrast, is
considerably smaller, due primarily to the observation of pre-
dominantly the (1/2, —1/2) spin transition. The linewidths of
both species are the same, ~3-4 ppm.

The results of Fig. 3 were not completely unexpected be-
cause the low-field spectra of Pound (22) and the rough calcu-
lations in Table 1 indicate only a small second-order contribu-
tion to the static linewidth in the case of ®NaNQ,. By contrast,
the system a-2’Al,0, (corundum), also investigated by Pound
(22), is known to possess a substantially larger quadrupole cou-
pling constant, e°’qQ/h ~2-3 MHz (22). We show in Fig. 4A
the rotation pattern obtained by Pound for a->"Al,05. The curve
in Fig. 44 follows the (1 — u%)(1 — 9u?) rotation pattern outlined
in Eq. 1 (22), indicating the presence of a large second-order
quadrupole interaction. This result is not too surprising because
the spectra of Fig. 4A were obtained by using a static magnetic
field strength Hy, = 2.8 kG, in which the 2’Al resonance fre-
quency is =2.6 MHz. The quadrupole interaction is therefore
not a negligible fraction of the Zeeman interaction, and large
second-order effects are expected. However, as pointed out
above and in Table 1, such second-order effects become much
smaller at high field, especially for large I (*Al, I = 5/2).

We show, therefore, in Fig. 4B the (1/2, —1/2) transition
in a-2"A1,0, obtained at 35 MHz (H, = 35.2kG). The linewidth
is about 8.5 kHz and is comprised primarily of dipolar, second-
order quadrupolar, and chemical shift anisotropy broadening.
The symmetric lineshape strongly suggests that it is the dipolar
interaction rather than second-order broadening that dominates
the experimental spectrum, due presumably to a distribution
of €>qQ/h values in this high-surface-area sample (18). As a re-
sult, there is relatively little line narrowing upon spinning at
the relatively slow speed of 2.6 kHz (Fig. 4C), the breadth de-
creasing from =8.5 to 7.0 kHz (=200 ppm). Much better res-
olution is obtained at higher spinning frequency with our 4- to
6-kHz probe (at 8.5 T). In addition, instrumental dead-time is
also much shorter at higher operating fields and there is a re-
duction in the second-order term by a factor of 1/2.4. We show
therefore in Fig. 4 D and E static and magic-angle spinning
spectra of a-2’Al,0; obtained at 93.8 MHz (corresponding to
a magnetic field strength H, = 8.5 T). In this case the spinning
frequency was =~4.6 kHz, and the side bands are well resolved
from the centerband (Fig. 4E). The reduced linewidth is ~14
ppm (Fig. 4E), a considerable reduction from the =70 ppm
static breadth for the (1/2, —1/2) transition at high field (Fig.
4D).

The results obtained above on 2Na and #’Al suggested to us
that we could profitably investigate systems having even larger
spins. In Fig. 5 we show spectra of V,05 with and without
magic-angle spinning. *'V has a spin I = 7/2 and an electric
quadrupole moment of about —0.4 X 10~2barn. Previous work-
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Fic. 4. Z'Al (I = 5/2) NMR spectra of a-Al,03. (A) Rotation pat-
tern of a single crystal of a-Al;0; (corundum), after Pound (22); (B)
39.1-MHz Fourier transform spectrum of static sample of a-Al;03; (C)
as in B but under conditions of magic-angle sample rotation at =2.6
kHz; (D) 93.8-MHz Fourier transform spectrum of static sample of a-
Al,0;; (E) as in D but under conditions of magic-angle sample rotation
at ~4.6 kHz.

ers (24-27) have determined the electric quadrupole coupling
constant (¢2gQ/h) to be =800 kHz, with an asymmetry param-
eter (m) of =0.04. A typical wide-line absorption spectrum is
shown in Fig. 5A. The free induction decay of this system when
subjected to an =3-usec 90° pulse is an extremely rapid tran-
sient response (Fig. 5B) in which we are investigating princi-
pally the central (1/2, —1/2) spin transition. On magic-angle
sample rotation, large effects are again seen. Fig. 5C shows a
typical free induction decay of *'V,05 when spinning at a fre-
quency of about 2.9 kHz. Clearly, the spectrum in Fig. 5C ex-
hibits between six and seven “rotational echoes” (9, 10, 12-14).
Note, however, that such responses were not observed in the
case of ®Na or 2’Al discussed above.

The reason for the presence of such echoes in the case of
51V,05 may be understood by further examination of the con-
tinuous wave spectrum in Fig. 54, where a splitting of the
(1/2, —1/2) transition is apparent. Previous workers have de-
termined that this originates in an =~1000-ppm chemical shift
anisotropy for the 5'V nucleus in this system. At 3.5 T, a 1000-
ppm chemical shift anisotropy corresponds to an =~35-kHz
broadening of the central (1/2, —1/2) transition. Nevertheless,
as expected, at relatively low spinning speeds most dipolar
broadening is removed in this again relatively magnetically di-
lute lattice, and we obtain well-resolved rotational echoes be-
cause our spinning frequency (=3 kHz) is substantially less than
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Fic. 5. 5V (I = 7/2) NMR spectra of V,0;. (A) Static sample, wide-
line derivative absorption spectrum (24); (B) 39.4-MHz free induction
decay, static sample; (C) as in B but sample spinning at the magic angle
at =~2.9 kHz. The “rotational echoes” arise from the ~1000-ppm chem-
ical shift anisotropy (24).

the anisotropy of the interaction we are averaging, the 35-kHz
chemical shift anisotropy. More-rapid magic-angle spinning will
naturally lead to the appearance of additional rotational echoes,
opening up the possibility in some systems of synchronous sam-
pling and two-dimensional spectroscopy of quadrupolar nuclei
in solids.

Finally, we show in Fig. 6 some preliminary results on the
spin I = 9/2 nucleus ®*Nb. ®*Nb has a 100% natural abundance,
and a quadrupole moment Q = —0.2 barn. We chose to in-
vestigate the system NaNbO, because well-resolved second-
order powder patterns have been observed for the (1/2,
—1/2) transition (28). Unfortunately, however, eqQ/h is 19.5
MHz, because the NbOg octahedra are quite distorted (29, 30).
Nevertheless, there is significant averaging of the second-order
broadenings, with formation of a center band and associated side
bands, Fig. 6, upon very rapid (=6 kHz) spinning at high field
(8.5T, corresponding to a 'H resonance frequency of 360 MHz).

The results discussed above now open up the possibility of
examining a considerable number of quadrupolar nuclei in the
solid state by using magic-angle sample spinning techniques.
Contrary to popular belief, second-order quadrupole effects do
not completely eliminate the possibility of obtaining high-res-
olution solid-state spectra for a wide variety of nuclei in the solid
state. Operation at very high magnetic fields will generally be
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FiG. 6. NaNbO,: 88 MHz **Nb (I = 9/2) spectra at 8.5 T. (A) Static
sample; (B) sample spinning at the magic angle at ~6 kHz. The quad-
rupole coupling constant for ®*Nb in NaNbOj is ~19.5 MHz (28).

most advantageous, although in some cases there will be trade-
offs—for example, high-field operation affects the second-order
term as H, ! while increasing the chemical shift anisotropy lin-
early with H. Therefore, cotrect decisions have to be made
about which field strengths will be optimal, depending on the
actual magnitudes of €>gQ/h, the nuclear spin I, and the chem-
ical shift or Knight shift anisotropy. Our results to date, how-
ever, suggest that, in general, increasing field strength will
permit acquisition of spectra of higher resolution. Investigation
of a wide variety of metal nuclei in systems of commercial in-
terest—for example, catalysts and their supports, glasses and
solid electrolytes—should be amenable to very high field magic-
angle sample spinning techniques, as will investigation of quad-
rupolar nuclei such as 1’0, Mg, *K, ¥*Ca, ®Cu, *Zn, and
%Mo in enzymes and other biological systems.

Note Added in Proof. After communication of this article, a paper de-
scribing high-resolution NMR of 2Na in solids using magic-angle spin-
ning by Kundla et al. (31) appeared. Their results are consistent with
ours; however, we have now found that, for systems in which second-
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order quadrupolar interactions are overwhelmingly dominant, that
magic angles other than 54.7° are more effective in line narrowing.
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