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High Resolution Solid State NMR

of Quadrupolar Nuclei

By Bernhard Bliimich *

Nuclear magnetic resonance spectroscopy is a standard
technique used for the structural analysis of liquid and dis-
solved samples. The information about the molecular struc-
ture is contained in narrow resonance lines at various
isotropic chemical shift values, which can be assigned to
different segments of a molecule. In solids, however, the
chemical shift information is hidden under overlapping wide
lineshapes. As a result of the reduced molecular mobility in
the solid state, a number of orientation dependent spin inter-
actions such as the quadrupolar and the dipolar couplings
and the anisotropy of the chemical shielding (chemical shift)
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Max-Planck-Institut fiir Polymerforschung
P.O. Box 3148, D-6500 Mainz (FRG)
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dominate the resonance. For spin 1/2 nuclei, for instance
13C, 2°Si and 3'P, there is no quadrupolar interaction, but
even under dipolar decoupling from the protons, the NMR
spectrum typically shows many overlapping chemical shield-
ing powder patterns, each of which can be a few kilohertz
wide. The standard approach to high resolution solid state
spectra for spin 1/2 nuclei then is magic angle spinning
(MAS). The sample is packed into a gas-driven turbine
which is spun at a rotation frequency of 3 to 10 kHz with the
rotation axis inclined against the magnetic field by the magic
angle of @_ = 54.7°. In this case liquid-like high resolution
spectra are obtained, which at slow spinning rates exhibit
side bands at integer multiples of the rotation frequency
away from the isotropic chemical shifts.!!
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Fig. 1. a) Structure of diopside, CaMgSi,O,. Oxygen is represented by open
circles with the three distinct sites Jabeled. b) MAS spectrum of 7O’ in a sample
of diopside. ¢) DOR spectrum with the outer rotor spinning at 680 Hz. (Adapt-
ed from rcf. 4)

However, MAS is unable to fully remove the broadening
of the central transition (1/2«< —1/2) of half-integer
quadrupolar spins like ''B, 70, 23Na and 27Al, because the
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linewidth is limited by second order quadrupolar broaden-
ing. Instead of just the second order Legendre polynomial,
which determines the magic angle, the fourth order term also
has to be eliminated.!” This requires sample spinning around
two axes, one at @, = 37.38° and the other at ¢, = 79.19°.
At first sight this seems impossible, but it can be done either
in 2 2D experiment with successive rotation around both
axes involving flipping of the spinning axis {dynamic angle
spinning: DAS) or by simultaneous rotation around both
axes (double rotation: DOR).°>~3) Both experiments have
recently been realized. A DAS probe is already available
commercially with a flipping time of less than 40 ms.!s How-
ever, the T, relaxation time must be longer than the flipping
time for the experiment to work. The DOR experiment
works with an ingeneously constructed rotor assembly,
where a small rotor is embedded in a large rotor, each of the
rotors spinning at one of the two angles ®, and ®,.13

Figure 1 gives an example with the '’O resonance of a
powder of crystalline diopside."! The sample contains three
distinct oxygen sites (a), which give rise to overlapping MAS
powder patterns (b). With the DOR technique the wide line
spectrum is broken down into narrow sideband resonances
(c), where the isotropic centerband peaks can be assigned to
the numbered oxygen sites. The linewidths are of the order of
100 Hz. This technique opens up & whole new area of NMR
spectroscopy, where high resolution spectra can now be ob-
tained for many nuclei of interest in ceramics, catalysis, geo-
physics and high temperature superconductivity.
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