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A recent demonstration of multiquantum NMR of quadru-
pole nuclel in solids leads to new interesting possibilities
in analytical spectroscopy. One-dimensional high-resolution
spectra without any anisotropic second- or fourth-rank line
broadening were recorded, using a sample spinning about
a single constant angle with the magnetic field (1). The
suppression of the second anisotropic component was effec-
tively achieved by implementation of a parametric evolution
time. The same averaging effect can be achieved in real time
with the double-rotation sample reorientation technique (2).
In both cases, spectraremain field dependent, with the center
of gravity of the line determined by the combination of
guadrupole interaction and chemical shift. A field-indepen-
dent interpretation of spectra is in principle possible with
numerical analyses using either DOR sidebands or a 2D
representation of multiquantum MAS spectra (3, 4), or re-
peated measurements at different magnetic field strengths.
However, simulation of multiquantum powder-pattern line-
shapesis associated with problems of nonuniform excitation;
moreover, for a certain combination of isotropic chemical-
shift value and quadrupole interaction, powder-pattern line-
shapes remain overlapped, thus strongly reducing reliability
of the multiquantum MAS method.

We shall demonstrate how a combination of double rota-
tion and multiquantum evolution lifts these limitations, pro-
vides improved resolution, and opens new analytical possi-
bilities of NMR spectroscopy in the solid state.

The Zeeman energy of a nucleus with spin | at level |m)
in a rotating coordinate frame can be expressed as
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where o, is the offset from a carrier frequency (in hertz),
containing isotropic chemical-shift information, the compos-
ite quadrupole-interaction constant is defined as
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with conventional quadrupole-interaction parameters (5),
and v is the Larmor frequency.

The anisotropic term can assume values approximately
equal to the isotropic term (6) and depends on the fourth-
order spherical-harmonic functions Ry, of the particular ori-
entation of the atomic environment as
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[3]

A variation of Ry, with explicit form given in many papers
(1, 3) but irrelevant for current purposes, expresses only the
anisotropic contribution which is averaged by double rota-
tion but not by MAS.

The pulse sequence for multiquantum signal detection
comprised two strong pulses separated by a quadrupole evo-
lution time of 15 us, followed by an evolution period and
readout pulse. The effective 7/2 pulse was about 1.5 us.
Phases were chosen such as to observe al transitions in a
positive absorption mode (7).

Two-dimensional MAS spectra of **Mn in potassium per-
manganate (Fig. 1) give three lines with characteristic quad-
rupole lineshape. Positions of the lines on the real axis (in
hertz), as derived from Eq. [1] for the case | = 3, are given

by

2
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4
500 VL [4]

and on the parametric axis by

Fi = 300 — 9 Pg, 228A
2000 v,
2
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for triple- and five-quantum transitions, respectively. A pro-
jection perpendicular to line broadening would yield spectra
identical to (1) where the position of the line is a linear
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FIG. 1. Two-dimensiona single-, triple-, and five-quantum MAS NMR

spectra of *Mn in KMnO, at 49.6 MHz. The parametric F, axis is along
the vertical.

combination of chemical-shift value via carrier offset with
the isotropic second-order quadrupole shift.

Evaluation of quadrupole interaction and chemical shift
from Egs. [4] and [5],
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for a triple-quantum signal and
2
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for a five-quantum signal, shows that both multiquantum
transitions carry equivalent information and atomic parame-
ters remain interdependent within the range of possible A
values. Multiquantum MAS lines overlap if pairs of parame-
ters (Pg, 0o) Obey

F)2
3 —2 + 8500, = const.
VL

[10]

The situation is qualitatively different after application of
double rotation, giving average A = 0. A DOR spectrum
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(Fig. 2) exhibits narrow lines of single- and triple-quantum
transitions with outer rotation sidebands. The RF field ampli-
tude (an effective /2 pulse of about 4 microseconds) was
too weak to excite a five-quantum line because of a much
larger coil volume.

From the expressions [6] and [7], the line coordinates
immediately enable simultaneous evaluation of chemical
shift, i.e., a correction to the original F, value, and isotropic
second-order quadrupole shift, giving Po = 1.6 MHz in
agreement with earlier studies (8).

Although multiquantum lines inherit the line broadening
linear with a magnetic field, the two-dimensional stretching
of spectra generally improves the resolution due to a differ-
ent transition dependency of the second-order quadrupole
shift. Furthermore, the entire spectral plane can be trans-
formed by double shearing as given by expressions [5] —
[8]. Field-independent 2D spectra are obtained if the
P&/, axisis multiplied by the Larmor frequency. This is
demonstrated on a 3Q DOR spectrum of #’Al of a mineral
nepheline, where the more-abundant of the two sitesis char-
acterized by substitutional disorder (9). Two lines overlap
dightly in a conventional DOR spectrum, but separate
clearly in acanonical representation (Fig. 3). The horizontal
axis indicates chemical shift from agueous solution, and the
vertical axis has been transformed in a nonlinear manner to
enable a direct readout of the composite quadrupol e-interac-
tion constant in the first power. Slices at the left show the
guadrupole-interaction lineshape of both sites at the most
intense point. Lines in the 2D spectrum along the horizontal
axis display the correct chemical shift and are displaced by
adifferent amount from positions in the 1D DOR spectrum,
as a result of the respective quadrupole-interaction value.
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FIG. 2. Two-dimensiona single- and triple-quantum DOR NMR spec-
tra of Mn in KMnO, at 49.6 MHz. Outer rotor sidebands are visible at
1000 Hz from the triple-quantum centerband.
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FIG. 3. DOR and canonical high-resolution 2D spectrum of *Al in nepheline at 93.8 MHz. Peaks along F, in the DOR spectrum are located at 63.4
and 60.2 ppm (upper trace), in the canonical spectrum at 64.8 and 60.5 ppm respectively. F; slices at 60.4 and 64.8 ppm are shown on the left.
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