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Two-dimensional nutation pure NQR experiments on 35Cl
have been carried out on a single crystal of NaClO3. The 2D
nutation experiment separates out different orientations of
each chemically equivalent site in a unit cell as a separate
frequency in the v1 domain. The squares of the observed fre-
quencies lie on a straight line with respect to the squares of the
offsets, confirming the expected offset dependence quantita-
tively. The intercepts at zero offset yield the relative orienta-
tions of the efg tensors with respect to the axis of the radiofre-
quency coil. © 1998 Academic Press

INTRODUCTION

Recently two-dimensional nutation nuclear quadrupolar res-
onance (NQR) experiments have been described in which the
two-dimensional time-domain signalS(t1, t2) is detected dur-
ing the free induction decay (FID) for timet2 for varying
radiofrequency (rf) pulse widthst1 (1, 2). These experiments
have the advantage that the nutation frequencies of chemically
equivalent but physically inequivalent (identical electric field
gradient (efg) tensors being oriented in different directions)
sites are different, leading to a resolution and identification of
such sites. The off-resonance effects in such experiments have
also recently been described (3–5). Most of these experiments
were carried out on powder samples leading to broad two-
dimensional contours. These broad contours were compared
with simulated contours, qualitatively confirming the offset
dependence (3–5). This paper describes experiments carried
out on a single crystal, leading to quantitative comparison with
theory. These experiments confirm the offset dependence and
opens the way to obtaining detailed information on various
chemically equivalent but physically inequivalent sites in a
crystal.

The experiments have been carried out using a single crystal
of NaClO3. The pure NQR of35Cl is observed at 29.92 MHz
and is an extremely well-studied resonance (6–9).

The Hamiltonian in the nutation period is given by

H 5 HQ 1 Hrf. [1]

HQ is the Hamiltonian in the absence of rf given by (10)

HQ 5
e2qQ
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whereeq 5 2V/ z2 is the electric field gradient,Q is the
quadrupole moment,I is the nuclear spin,h is the asymmetry
parameter, andHrf is given by

Hrf 5 2gH1cosvt

3 @I xsin u cosf 1 I ysin u sin f 1 I zcosu#, @3#

wheregH1 is the amplitude of the rf,v is its frequency, andu,
f are the angles the rf field makes with the principal axis of the
efg tensor.

THEORY

The pulse sequence used for the two-dimensional nutation
pure NQR spectroscopy is given in Fig. 1a. Here the rf field is
present during the evolution periodt1. The detection periodt2
consists of pure NQR evolution in the absence of rf fields. The
two-dimensional signal in the experiment, after phase-sensitive
detection, is obtained as (4, 5, 10)
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where

Dv 5 v 2 v0 [5]

vR 5 gH1 [6]

2z 5 Î4m2 1 Dv2 [7]

m 5
vR5~u, f!

4Î3 1 h2 [8]

5~u, f! 5 @4h2cos2u 1 sin2u

3 ~9 1 h2 1 6h cos 2f!] 1/ 2 [9]

andv0 for spin I 5 3
2

is

v0 5
e2qQ

2\ S1 1
h2

3 D 1/ 2

. [10]

It may be pointed out that Eq. [4] differs from earlier results
(3, 4), which used the original calculation of the NQR signal by
Pratt et al. (10). Recently Mackowaik and Katowski (5)
pointed out that Prattet al.calculated the expectation values of
operatorŝ IQ& in the laboratory frame, but with the expansion
coefficients in the rotating frame, resulting in an error of the
factor of exp(i (v i 2 v j)tw) in the signal, wheretw is the pulse
width and (v i 2 v j) is the resonance frequency. This causes

FIG. 1. (a) The pulse sequence for the 2D nutation NQR spectroscopy. (b) Absolute intensity contour plot of the 2D nutation NQR spectrum, obtained with
the pulse sequence of (a). The rf offset in this experiment was 2.0 kHz. (c) A cross section from the 2D nutation NQR spectrum of (b) taken parallel tov1 at
v2 5 22 kHz.
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little error in one-dimensional experiments wheretw is small,
but becomes crucial in two-dimensional experiments, where it
is a variable parameter. We have recalculated the time evolu-
tion of the magnetization according to Fig. 1a ab initio and the
result is given in Eq. [4]. Equation [4] is also more general than
that given by Mackowaik and Katowski (5).

Equation [4] states that in thev1 dimension, there is a
zero-frequency component of amplitude (Dv/2z), an absorp-
tive component at62z of amplitude (Dv/2z), and a dispersive

component at62z whose amplitude is not dependent onDv.
All these components have mixed phase (for arbitraryc) in the
v2 domain and occur atv2 5 2Dv.

From Eq. [7], the square of the nutation frequency in thev1

domain can be written as

~2z!2 5 4m2 1 ~Dv!2 [11]

and a plot of (2z)2 versus (Dv)2 yields a straight line of slope
unity and intercept given by 4m2. This intercept depends onu,
f, and h. However, forh 5 0, it depends only onu and is
given by

4m2 5
3
4

vR
2sin2u. [12]

In single crystals, such intercepts yield relative orientations of
chemically equivalent tensors.

EXPERIMENT

Two-dimensional nutation NQR experiments were carried
out using an MSL-300 solid-state NMR spectrometer without
the magnet. A solenoid rf coil, in the place of the stator of a
magic angle spinning Bruker probe, was used. For good rf
homogeneity, a small crystal of NaClO3 (dimension 43 2 3
2 mm) was placed at the center of a long coil (length 30 mm,
inner diameter 8 mm having 12 turns) using Teflon spacers.
The absolute intensity 2D spectrum for an arbitrary rf field with
offset (Dv) 5 2.0 kHz is shown in Fig. 1b. There is a single
frequency in thev2 domain and four frequencies in each
quadrant ofv1 along with a zero-frequency component. The
amplitude of the zero-frequency component increases with the
increasing offsets in confirmation with Eq. [4]. The experiment
was repeated for various values of rf offsets, in both the
negative and the positive directions, for a constant rf ampli-
tude. A cross section of the 2D spectrum (Fig. 1b) parallel to
v1 taken at v2 5 2Dv is shown in Fig. 1c. The exact
frequencies of various lines have been obtained from such
cross sections. The square of thev1 frequencies (2z)2 is plotted

TABLE 1
The Ratio of Square Roots of the Intercepts (5mi /m1) of the

(v1)2 vs (Dv)2 Plots (Figs. 2a and 2b) and the Best Fit sin ui /sin
u1 Values Obtained Using the Crystal Structure Data

i

rf offset

sin u i /sin u1

Negative
mi /m1

Positive
mi /m1

2 1.66 1.64 1.65
3 1.81 1.79 1.79
4 2.02 2.00 2.00

FIG. 2. (a) Plot of the square of thev1 frequency versusDv2 for positive
Dv. The 2D experiments were carried out for 11 different offsets. The four
straight lines correspond to four different sites in the unit cell. The data fit the
straight lines having slopes of 1.04, 1.14, 1.18, and 1.24, respectively, for
intercepts of 90.8, 246.8, 290.8, and 363.5 (kHz)2. (b) Plot of the square of the
v1 frequency versusDv2 for negativeDv. The 2D experiments were carried
out for 7 different offsets. The four straight lines again correspond to four
different sites in the unit cell. The data fit the straight lines having slopes of
0.90, 0.80, 0.81, and 0.79, respectively, for intercepts of 101.2, 278.3, 329.6,
and 410.8 (kHz)2.
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versus (Dv)2 in Fig. 2a for positiveDv and in Fig. 2b for
negativeDv. These plots yield straight lines, confirming the
offset dependence of the nutation frequency as given by Eq.
[4].2 The ordinate of these lines gives the nutation frequency
for Dv 5 0, which is related to the strength of the rf field and
the orientation of the efg tensor with respect to the coil axis.

The ratios of various intercepts yields52(u i, f i)/5
2(u j,

f j), which for h 5 0 are sin2ui/sin2uj. Assumingh 5 0, the
square roots of these ratios are given in Table 1 for positive and
negative offsets.

The orientation of the four physically inequivalent efg ten-
sors with reference to the axis of the rf coil can be obtained as
follows. Thez component of the efg tensor has been assumed
to be along the Na–Cl bond. From the crystal structure (11), the
orientation of these bonds is known. By allowing the orienta-
tion of the rf coil axis to span the entire range of direction
cosines, the ratios sinu2/sin u1, sin u3/sin u1, and sinu4/sin u1

have been calculated and compared with the experimental
values given in Table 1. From these calculations, the orienta-
tions of the principal axes of the four efg tensors, with respect
to the rf coil axis, turn out to be atu 5 (150.7; 54.3; 61.5;
110.7) or equivalently atu 5 (29.3; 125.7; 118.5; 69.3). The
amplitude of the applied rf,vR, calculated for positiveDv
experiment, Fig. 2a, is 22.76 1 kHz and for negativeDv
experiment, Fig. 2b, is 24.06 1 kHz.

CONCLUSIONS

The offset dependence of NQR nutation frequencies has
been studied using a single crystal of NaClO3 and the orien-
tations of the four chemically equivalent quadrupolar tensors
per unit cell have been obtained, for the first time, from such
studies.
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