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A three-dimensional multiple-quantum NMR experiment that
produces individual spectra of all quantum orders is described.
The separation of different quantum orders is accomplished via
Fourier transformation with respect to the phase of the first two
pulses of a generic three-pulse multiple-quantum sequence. This
dramatically reduces the time required to obtain several selec-
tively detected spectra and enhances the sensitivity and digital
resolution from that obtained using the original two-dimensional
technique. The experiment is demonstrated on the protons of
para-chlorotoluene dissolved in the nematic liquid crystal Merck
ZLI-1132. © 2002 Elsevier Science (USA)
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1. INTRODUCTION

The NMR spectra of solute molecules that are orientationally
ordered in liquid crystalline solvents provide a wealth of infor-
mation that is unavailable from high-resolution NMR spectra of
isotropic liquids, and that is obscured by the broad, featureless
NMR spectra obtained from solid materials. In particular, ac-
curate molecular structures and information on orientational or-
dering are available from the dipolar and quadrupolar couplings
that dominate the spectra of orientationally ordered fluids. In
addition, anisotropies of spin—spin coupling and chemical shift
tensors can be measured, as well as the absolute signs of indi-
rect spin—spin coupling constants. The method also provides an
indirect way of probing the relative conformer probabilities of
flexible molecules in the liquid phase (/-7).

Unfortunately, the complexity of the NMR spectrum of an ori-
entationally ordered solute increases dramatically with the num-
ber of spins. For example, amolecule such as butane that contains
10 spin 1/2 protons gives rise to a high-resolution NMR spec-
trum that contains thousands of lines (7). Thus high-resolution
NMR spectroscopy of orientationally ordered solutes has been
limited in general to the investigation of relatively small solutes
dissolved in nematic liquid crystal solvents.

The technique of multiple quantum NMR (MQ-NMR) was
proposed as an attractive means of dealing with more compli-
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cated spin systems. In the original versions of the technique, all
quantum orders were collected simultaneously in a single, very
broad spectrum that had very poor digital resolution (8). Later
modifications to the phase cycling enabled the measurement of
one selected quantum order with much higher digital resolution
(9, 10); however, the time needed to acquire such a spectrum
is roughly equal to that required for the original, nonselective
experiment.

It has been suggested that all quantum orders can be measured
simultaneously (as separate slices of a multidimensional spec-
trum) in an experiment that performs a Fourier analysis with
respect to the phase incrementation of the preparation pulses
(8, 9, 11). In this paper we demonstrate this suggestion using
a 3D method that, similar to the original MQ-NMR method,
simultaneously measures all MQ-NMR orders but with the ex-
cellent digital resolution of the selective experiment. We choose
the seven-proton system of para-chlorotoluene to demonstrate
the ideas.

2. EXPERIMENTAL

The solute para-chlorotoluene was dissolved in the nematic
liquid crystal Merck ZLI-1132 (4) which was then placed inside
a 5-mm outer diameter NMR tube with a capillary containing
dg-acetone (to provide a field-frequency lock signal) in the cen-
ter. Spectra were run on a Bruker AMX-500 high-resolution
pulsed NMR spectrometer, and temperature was controlled and
maintained at 300 K using the standard air-flow system. For all
experiments the recycle delay was 1.5 s, the 90° pulse width
varied between 10 and 10.5 us, and 1024 complex points were
acquired for each variable increment. The proton spin—lattice
relaxation times of the various transitions in para-chlorotoluene
varied from about 1.4 s for the methyl protons to about 2.4 s for
the aromatic protons.

3. RESULTS AND DISCUSSION

The simplest way to obtain a multiple-quantum NMR spec-
trum is to use the pulse sequence of Fig. 1 with phases ¢
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FIG. 1. The pulse sequences used in this paper are all variants of the se-
quence shown, with phase cycling as described in Table 1. Sequence A is a
simple example of a generic three-pulse sequence, any of which can in general
produce a MQ-NMR spectrum. In general, some of the MQ-NMR coherences
that are generated by the second pulse, and that evolve during the variable time
11, are transferred back into observable coherences by the third pulse. The MQ-
NMR spectrum is obtained by Fourier transforming as a function of #; the echo
signal that follows the third pulse. In practice this is accomplished via a 2D
transform of the signals acquired as a function of #; and ;. The absolute value
of the summed projection onto the F axis is then the MQ-NMR spectrum, as
shown in Fig. 2.

and 6 kept constant, and to perform a two-dimensional (2D)
Fourier transform of the signals S(#,) collected as a function of
varying t; (sequence A of Table 1). The absolute value of the
summed projection onto the F axis is then the spectrum of co-
herences that are evolving between the second and third pulses.
Figure 2 presents the MQ-NMR spectrum of para-chlorotoluene
obtained from such a 2D experiment. Both positive and negative
multiple-quantum orders are obtained. The problem with MQ-
NMR spectra obtained in this manner is that the wide spectral
width (1 MHz is required in this case by the large orientational

TABLE 1
Phase Cycles for the Three Pulse Sequences®
Sequence  Phase Phase list

AP ) 0
[ 0

B¢ ® 0, 90/N, 2 x 90/N, 3 x 90/N ....(4N — 1) x 90/N
[ 0, 90, 180, 270

cd é 0, 360/n, 2 x 360/n, 3 x 360/n....(n — 1) x 360/n
[ 0

¢ As defined in Fig. 1, ¢ refers to the phase of pulses 1 and 2, and 6 refers to
the receiver phase.

? Sequence A gives all MQ orders in a single, wide spectrum (see, e.g., Fig. 2).
For this experiment the phases ¢ and 6 can be any arbitrary constant angle. Zero
degrees was chosen for convenience.

¢ Sequence B is used for the selective detection of the NQ (and 2N Q,
3NQ...)spectrum. N is the quantum order being selectively detected.

@ Sequence C is used for the 3D experiment, where  is an arbitrary integer
that should be at least 2Npax + 1. A separate signal is acquired and stored for
each value of n, giving a three-dimensional interferogram that is a function of
t, ¢, and ;.
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order of para-chlorotoluene) and large spectral offset (required
to separate the various orders) give rise to very poor digital reso-
lution (61 Hz per point in Fig. 2). These conditions also produce
poor signal to noise in the resulting MQ-NMR spectrum.

The problems of large offset and spectral width can be allevi-
ated somewhat by selectively detecting a specific N Q spectrum
(where N is the MQ order); this spectrum can be measured via
a pulse sequence in which the phase of the first two pulses is
incremented by 360/N degrees with N scans per ¢#; increment,
and with the signals following the third pulse co-added. In this
case the 0, =N, £2N ... quanta spectra will be obtained, with
the signals from all other orders adding to zero. The 0Q spec-
trum can be canceled by doubling the number of scans per ¢,
increment (to 2N), halving the size (to 180/N degrees) of the
phase increment of the first two pulses, and alternately adding
and subtracting the echo signal. Furthermore, the negative orders
can be eliminated by the pulse sequence (sequence B of Table 1)
in which for each value of #; the phase of the first two pulses
¢ is incremented by 90/N degrees with 4N scans per ¢; incre-
ment while the receiver phase is cycled 0, 90, 180, 270 degrees.
The signals from all except orders +N, 42N ... add to zero.
The cancellation occurs because the phase of the detected quan-
tum order N following pulse 2 is shifted by N x ¢. Hence, as ¢ is
incremented by 90/N degrees, the phase of the quantum order
N is incremented by 90°. As the receiver phase is also incre-
mented by 90°, the signals from order +N (and +2N, +3N ...)
add constructively, while the signals from all other quantum
orders are canceled. Hence, only multiples of the quantum
order +N contribute to the signal obtained over a full phase
cycle (10).

Figure 3 gives the selective detection +4Q and +6Q spec-
tra of para-chlorotoluene obtained using the selective detection
pulse sequence B. Figure 3 includes for comparison expansions
from Fig. 2 of these same orders obtained using the nonselective
pulse sequence A. The improvement in spectral quality achieved
with selective detection is quite dramatic; the digital resolution
and the signal to noise are both improved. However, because the
total experiment must be repeated for each selectively detected
MQ-NMR spectrum desired, the total time taken to observe all
important orders (the highest three orders are most important for
determining spectral parameters) is greatly increased. For exam-
ple, the time taken for the selective +4Q spectrum of Fig. 3 is
equal to that required to obtain the nonselective spectrum of all
orders in Fig. 2. In each selective detection experiment, infor-
mation about any except the desired MQ-NMR order has been
removed (i.e., thrown away) by the add/subtract effect of the
receiver phase cycling.

It is possible to perform the selective detection experiment in
such a manner as to obtain spectra of all orders simultaneously.
Instead of adding/subtracting echo signals as in sequence B,
individual echoes S(#,) are acquired as a function of #; and of
¢, where ¢ is incremented by 360/n degrees n times for each
t; value (sequence C) (8). This gives rise to a 3-dimensional
interferogram, where the acquired signal is a function of #,
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FIG. 2. Multiple-quantum spectrum of para-chlorotoluene in ZLI-1132. This spectrum was collected in 14 h 5 m using sequence A (Fig. 1, Table 1) with ©
set to 20 ms, four scans/t; increment, 8192 ¢; increments, F, spectral width of 83333 Hz, and F; spectral width of 1 MHz. The absolute value of the projection of
the complex F> spectra onto the F axis gives the F; spectrum, which is the entire MQ-NMR spectrum. The spectrometer frequency was offset by 60000 Hz from
the center of the spectrum in order to separate the various orders. Under these conditions, the higher order coherences are poorly detected, presumably due to the

combination of the large offset with the long duration (10 us) of the 90° pulses.

¢, and the acquisition time #,. After Fourier transforming with
respect to ¢, ¢, and t,, the Fourier transforms of the echo signals
F5 are summed onto the F; dimension; the absolute values of
the ¢ slices of this projection are the desired MQ-NMR spectra
which occur at “pseudo frequencies” N, as demonstrated for
para-chlorotoluene for slices 9 to 16 in Fig. 4 (spectra for the
—70Q to —1Q orders are not shown). This experiment, which
measures all quantum orders at the same time, took precisely
the same time as the nonselective experiment of Fig. 2 and as
the selective +4Q spectrum of Fig. 3.

The quality of the spectra obtained can be judged in Fig. 3,
where the +40 and 460 spectra obtained using the pulse se-
quences A and B are compared with those obtained from a
three-dimensional experiment using pulse sequence C. There
is no loss in digital resolution or spectral quality when using the
three-dimensional approach C rather than the usual coaddition
approach B, but the approach C has the tremendous advantage
of alarge reduction in total acquisition time (which no longer in-
creases proportional to the number of different MQ-NMR spec-

tra required), and the additional benefit of simultaneous acqui-
sition of all selective spectra at precisely the same sample and
spectrometer conditions.

Two factors contribute to the much poorer quality of the “se-
quence A” spectrum shown in Figs. 2 and 3A. First, the spec-
tral resolution is severely limited by the very large width (about
1 MHz) of this indirectly detected spectrum. The other difficulty
arises from the combination of the 10 us 90° pulse width (that
is inherent in the use of a standard high-resolution NMR spec-
trometer) with the large “chemical shift” offset (60 kHz) that
is required to separate the spectra from different MQ orders.
To illustrate the problem, consider the motion of a free proton
with the average chemical shift of protons in para-chlorotoluene,
during such an offset irradiation. In the appropriate frame rotat-
ing at the irradiation frequency, this motion combines a rotation
around X at 25 kHz (1/4 turn in 10 pus) with a rotation around Z
at 60 kHz (the offset), which results in an overall Rabi rotation at
65 kHz (hence, 2234° in 10 us) around an axis in the X Z plane,
tilted by ~22.6° from Z. This somewhat complicated motion,
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Comparison of the +4Q and +6Q MQ-NMR spectra obtained with different techniques. A is from Fig. 2 and was obtained using sequence A.

The line at ~18 kHz in the 6Q spectrum is an artifact (equivalent to the noise observed in Fig. 2). B is the absolute value of the spectrum obtained from a

selective detection of the +4Q complex spectrum requiring 14 h 10 m (and the

+6Q complex spectrum requiring another 10 h 40 m) obtained using sequence

B with N equal 4 (and 6), T set to 20 ms, two (and one) scans for each of 16 (and 24) phase increments per #; increment, 1024 #; increments, F spectral width
of 33333 Hz, and F; spectral width of 70 kHz. C gives two slices of the absolute value of the 3D experiment (displayed in Fig. 4) obtained using sequence
C. The intensity differences between the 6Q spectra obtained using sequences B and C are most likely due to spectrometer fluctuations. For comparison, the
ratios of vertical scales for the 6Q to the 40 spectra are 17 x for A, 1.35 x for B, and 1.42 x for C. One zero filling was applied to the #; signals before the
Fourier transform. The digital resolution is then 61 Hz per point in A and 34 Hz per point in B and C. The peaks of very strong lines have been chopped off for

clarity.

acting on a vector which points initially in the Z direction, leaves
this vector tilted by ~40.1° from the Z axis at the end of the
10 us pulse (instead of the “nominal” value of 90°). For ideal
hard pulses of small tipping angle 0, the efficiency of the gen-
eration or observation of n-quantum coherences is known to be
proportional to #!"!. This provides a simple qualitative interpre-

tation for the strong decrease in signal intensity seen in Fig. 2
for the higher values of |n|. A quantitative interpretation for the
intensities of all lines, for all the experiments presented here,
would require a numerical calculation (which we have not per-
formed) involving pulse duration, offset, and the complete spin
Hamiltonian.
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FIG. 4. Absolute values of multiple-quantum spectra obtained in 14 h 25 m from the 3D experiment using sequence C with 7 set to 20 ms, two scans for each
of n = 16 phase increments per #; increment, 1024 ¢; increments, F3 spectral width of 33333 Hz, and F spectral width of 70 kHz. The Fourier transforms F3 of
the echo signals S(#2) have been summed onto the F; dimension. The absolute value of the result is a 2-dimensional spectrum where F; are the pseudo ¢ spectra,
and F the desired multiple quantum spectra. The positive MQ-NMR orders (F slices 9 to 16) are shown, which correspond to the O to +7Q spectra. The peaks

of very strong lines have been chopped off for clarity.
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