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The utility of gradient selection in MAS spectroscopy of dipolar
solids is explored in two examples. In the first, rotor-synchronized
gradients of appropriate strength and duration are applied to
select 1H double-quantum coherences. The resulting DQ MAS
spectrum of adamantane is compared with that acquired by the
corresponding phase-cycling technique. As a second example, a 1H
2D exchange MAS experiment is performed on an elastomer
sample. In this experiment, a gradient is applied to remove unde-
sired coherences that would otherwise distort the spectrum for
short mixing times. The diagonal-peak intensities in the resulting
spectrum show a linear decrease with increasing mixing time
indicating cross-relaxation by slow chain motions as the relevant
process. Both types of experiments demonstrate the potential of
gradient-selection techniques for MAS spectroscopy of dipolar
solids. © 1998 Academic Press

High-resolution solid-state NMR spectroscopy is an impor-
tant tool for the study of structure, molecular dynamics and
molecular orientation in dipolar and quadrupolar solids (1).
Although most applications to date have focused on13C MAS
spectroscopy, there has also been progress concerning high-
resolution spectroscopy of protons in rigid solids. Fast magic
angle sample spinning (MAS) alone or in combination with
coherent-averaging multiple-pulse sequences can be used to
increase resolution and sensitivity (2). Moreover, using suit-
able dipolar recoupling techniques, dipolar couplings can be
reintroduced again during parts of a fast MAS experiment
which allows couplings and distances to be measured site
selectively (3). A prominent example of such experiments is
given by multiple-quantum MAS spectroscopy where applica-
tions to homonuclear (2, 4–8) and heteronuclear (9) systems
have been already shown. Both aspects, the decoupling and the
possibility for recoupling of parts of the interaction, make fast
MAS spectroscopy a promising tool for the investigation of
materials.

While the selection of coherences in these experiments usu-
ally is performed by phase cycling (10), coherence-pathway
selection can also be achieved by use of pulsed field gradients

(PFGs) as is well-established in high-resolution solution NMR
spectroscopy (for recent reviews see for instance Refs.
(11, 12)). Although pulsed field gradients have been used in
solid-state MAS imaging (13, 14), it was only recently that
field gradients were combined with magic-angle spinning for
spectroscopic purposes. As an early example, a heteronuclear
correlation (HETCOR) gradient-MAS experiment was per-
formed on swollen resins (15) to show that PFGs can reducet1
noise due to probe geometry and sample spinning which would
otherwise lead to pronounced spectral artifacts. Also in MQ-
MAS spectroscopy of half-integer quadrupole nuclei (16–19)
PFGs have been used already (20).

There are some advantages of PFG techniques compared
with phase cycling procedures. For instance, coherence selec-
tion by PFGs is not based on differences of signals as are the
methods using phase cycling. Thus, the full dynamic range of
the analog–digital converter can be exploited for the desired
signal contributions. Phase cycling procedures in sophisticated
pulse techniques tend to be complex, that is, it is often neces-
sary to superimpose a large number of acquisitions until un-
desired signal contributions finally are eliminated. A pulse
sequence utilizing gradients could therefore highly simplify the
experiment and save measurement time when signal accumu-
lation is not required anyway forS/N reasons. Further benefits
of gradients in NMR spectroscopy are the reduction oft1 noise
(see above) and the elimination of signal contributions from
mobile components. The most prominent example for the latter
case is the suppression of water signals in solution-state
NMR (21).

The aim of this work is to explore the use of field gradients
for 1H MAS spectroscopy of dipolar solids. Two types of
gradient MAS experiments will be investigated. The first is
a coherence-transfer-echo (22, 23) multiple-quantum (MQ)
MAS experiment where the gradient is used for selection of the
coherence order while the second is a NOESY-type experiment
(10) where the gradient filters out undesired transverse coher-
ences during the mixing time.

The experiments were performed on a Bruker DSX 300
NMR spectrometer. A newly designed Bruker gradient MAS
probe was used. It has the same RF capability as the 4-mm
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CP-MAS probe and uses the gradient technology of the high-
resolution MAS probes as described elsewhere (15). A field
gradient of up to 45 G/cm can be applied in the direction of the
rotor axis. This particular direction has the advantage that
off-resonance effects caused by the gradient are not modulated
by sample rotation. The gradient switching times were deter-
mined to be less than 10ms (at 10% maximum intensity) so
that the gradient pulse could be applied within one rotor period
for rotor frequencies of up to 15 kHz. Adamantane was used as
a representative solid for the MQMAS experiments, while the
exchange experiments were performed on a crosslinked sty-
rene-butadiene rubber (SBR). Spinning frequencies of 10 kHz
and 8 kHz were used, respectively; this is sufficient for con-
siderable line-narrowing in both cases.

A MQMAS experiment with gradient selection can be per-
formed using the general scheme presented in Fig. 1a. For
excitation and reconversion, suitable pulse sequences must be
chosen depending on the dipolar-coupling strength found in the
investigated material and on the rotor frequency. In this study,
a broadband five-pulse sequence (cf. Fig. 1b) was used. For
selecting the desired coherence order, gradient pulses are used
instead of the usual phase-cycling technique. The sequence of
Fig. 1b thus exploits the different sensitivities of the various
coherence orders to resonance offsets. More specifically, it
takes advantage of the fact that p-quantum coherences dephase
p times faster in the presence of a field gradient with strength
G than single-quantum coherences do (11, 12). After all co-
herences have been dephased, the desired coherence can be
refocused by applying a second gradient pulse with p times the
gradient strength G at a later time as shown in Fig. 1b. As an
alternative, also a gradient pulse with strength G and p times
the duration of the original gradient-pulse length can be ap-

plied. In our experiments, however, we used the first procedure
which allows rotor synchronization of the gradient pulses with
both pulses as short as one rotor periodtR. Rotor synchroni-
zation is not essential when the gradient is applied in the
magic-angle direction as long as the crossterms between the
dipolar interaction and the gradient are negligible. However,
since rotor synchronization does not complicate the experi-
ment, it will nevertheless be used to avoid any influence of
such effects.

In order to show the selection of MQ coherences by the field
gradients, we consider DQ coherences of a spin-1/2 pair under
on-resonance conditions. The treatment is similar to that per-
formed for phase-cycled DQ sequences in Ref. (6). For the
five-pulse sequence presented in Fig. 1a, the spatially encoded
spin-system response for thet1 period is given by
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2
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where the symbol̂ & represents the powder average,kz 5
gGztR is the wave vector corresponding to a gradient Gz which
is applied along the direction of the magic angle, andzm is the
displacement along this direction. The rotor-modulated space
part of the dipolar coupling integrated for the time interval
(t0; t9) is given by

d~t0; t9! 5 O
m522

2

~2Î6! Dijd2m,0
~2! ~bM! D0,2m

~2! (aij , bij , gij )

E
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whereDij 5 m0g2\/4pr ij
3 is the dipolar coupling constant,vR

is the rotor frequency,bM is the magic angle, anda ij , bij , g ij

are the Euler angles relating the principal axes of the dipolar
coupling tensor to the reference frame of the rotor. The con-
ventions for the Wigner rotation matricesDm,m9

(2) (a, b, g) 5
exp(2ima)dm,m9

(2) (b)exp(2im9g) are those defined in Ref. (1),
where also the reduced rotation matrix elementsdm,m9

(2) (b) are
explicitly given.

The total NMR signal integrated over the sample (denoted
below byS# ) is given by

FIG. 1. (a) General scheme of multiple–quantum NMR spectroscopy. (b)
Five-pulse sequence used for excitation and reconversion of double-quantum
coherences. The applied gradient pulses for the selection of DQ coherences are
also shown. In order to obtain absorptive spectra, two experiments with
different gradient sign are coadded (the negative gradient is indicated by dotted
lines).
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The gradient thus filters out the z-magnetization (first term in
Eq. [1]) as well as half of the intensity of the double-quantum
coherences (this is strictly valid only for a symmetric sample
placed in the middle of the gradient coil). The coherence-
transfer echo is generated at timetR after the read pulse and the
filtering efficiency increases with increasing gradient strength.

As a consequence of considering on-resonance conditions,
we obtain a pure absorptive signal. Since the gradient is in the
argument of the cosine function in Eq. [1], it is obvious that the
relative sign of the field gradients is irrelevant, in principle.
The spectrum thus can be acquired in a single step. In the real
experiment, however, dispersive contributions from chemical
shifts and frequency offsets lead to phase distortions which
must be compensated by coadding a second acquisition with a
negative dephasing gradient (24) (see dotted lines in Fig. 1).

In order to demonstrate the use of gradient selection in
MQMAS spectroscopy, the experiment of Fig. 1b has been
performed by setting the relative gradient strengths G2/G1 5 2
for selecting double-quantum (DQ) coherences. For compari-
son, a DQ spectrum with selection by phase cycling was
acquired under equivalent experimental conditions. The timet1
was incremented in 512 steps in both cases and 32 acquisitions
were coadded with a repetition time of 3 s. The timet was
chosen to betR/2 to avoid phase distortions. Figure 2 shows
the DQ sideband-pattern spectra (5, 6) that result after Fourier
transformation and phase correction (no further processing of
the data was made). In case of selection by phase-cycling (Fig.
2a), phase distortions appear that originate from the finite pulse
length which was set to be 3.5ms for a 90° pulse. These phase
problems are obviously removed in the gradient-selected DQ
spectrum (Fig. 2b) where, however, small signal contributions
are present on the left side that are shifted with respect to the
normal DQ sideband pattern. These signal contributions are
aliased into the spectral range of the DQ spectrum and origi-
nate from the leakage of undesired coherences through the DQ
filter because of insufficient gradient strength. Nevertheless,
apart from these deviations, both patterns correspond well to
each other which once more ensures that DQ sideband patterns
(5, 6) are genuine and no artifact of the selection technique.
They also correspond to the patterns that are expected for spin
pairs perturbed by dipolar couplings to remote spins (6).

The second gradient-MAS experiment, a NOESY-type ex-
periment, exploits a spoil gradient for removing transverse
components during the mixing time. Figure 3 shows the basic
pulse program, a three-pulse exchange sequence. It corre-
sponds to the exchange experiment performed in Ref. (25) with
the only exception that it is now applied under high-resolution

MAS conditions. In order to avoid unnecessary complications
due to sample rotation, the mixing time tm is chosen to be a
multiple of the rotor period. Since the free-induction decay of
elastomers under MAS is relatively long, it is important that
the transverse components of the magnetization are filtered out
when the mixing times are short. For this reason the gradient is
applied during the mixing time.

As was already outlined in Ref. (25), there are two processes
to be considered which could lead to the generation of cross-
peaks between the different lines in the exchange spectrum of
an elastomer sample. The first is a coherent exchange process
mediated by a constant residual dipolar coupling while the
other corresponds to cross-relaxation due to the fluctuating part
of the dipolar interaction. As was shown in Ref. (25) the
coherent-exchange process can be selectively investigated for
static samples using the fact that it dominates the initial part of
the decay. Under fast MAS conditions, however, the coherent
exchange is largely refocused for full rotor periods and there-
fore does not influence the decay to first order. In this case, a
pure NOESY type spectrum should result even for short mix-

FIG. 2. Proton DQ spinning-sideband patterns of an adamantane sample
acquired at 10 kHz (normalized to the same height). (a) Spectrum with DQ
selection by phase cycling. (b) Spectrum with gradient selection of the double-
quantum coherence.
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ing times so that now the cross-relaxation by the fluctuating
part of the dipolar interaction can be studied.

Figure 4 shows the 2D spectra of a SBR sample acquired
with a mixing time of 4 ms. The relevant lines in the 8 kHz
MAS spectra are well resolved. They can be assigned as is
indicated in Fig. 4. Already at the short mixing time of 4 ms
pronounced crosspeaks are visible. The first 2D spectrum,
Fig. 4a, has been acquired without application of the gradi-
ent but with a phase cycle for correcting quadrature balance
imperfections (CYCLOPS) and T1 relaxation. A repetition
time of 1 s was chosen which is about twiceT1. The
experiment was performed using time-proportional phase-
incrementation and 256t1 increments were found to be
sufficient to resolve the spectrum. While the desired part of
the signal stems from longitudinal magnetization during the
mixing period, obviously also transverse components sur-
vive the 4 ms mixing time and lead to pronounced phase
distortions, for instance in the region around 5 ppm. In order
to avoid these phase distortions, a short gradient pulse of
length tR is applied in the mixing period. Figure 4b shows
the corresponding spectrum which was acquired with the
same number of acquisitions and is practically free from
phase distortions. A phase cycling scheme for eliminating
these effects would be four times longer.

Since the time required for the 2D exchange spectra with
gradient selection is relatively short for the investigated
samples (around one hour), a series of such spectra with
increasing mixing time could be acquired overnight. From
such a series of 2D spectra, the decay of the diagonal peaks
or the build-up of the crosspeaks can be evaluated. As a
representative example for the three main diagonal peaks,
Fig. 5 shows the decay curve for the CH peak for short
mixing times. It is found to be approximately linear in
contrast to the short-time behavior of the static exchange
experiment which is quadratic. While in the static case, the
initial magnetization-exchange process is dominated by co-
herent exchange, cross-relaxation effects obviously domi-
nate under MAS conditions and lead to a linear dependence

for short mixing times (Refs. (25, 26)) as is indeed observed
in Fig. 5. Moreover, the positive crosspeaks are a clear
indication of slow chain motions.

In conclusion, the applicability of gradient-selection meth-
ods to solid-state NMR MAS spectroscopy has been shown for
two representative examples. The advantages of gradient se-
lection were found to apply equally well to the case of solid-
state MAS spectroscopy as to high-resolution spectroscopy of
liquids. In particular, complicated phase-cycling techniques,
t1-noise, and dynamic-range problems of the digitizer can be
avoided.

In the case of modestly rigid solids, the use of gradients for
the selection of MQ coherences provides an attractive alterna-
tive to phase-cycling procedures. Also, for particularly com-

FIG. 3. Pulse scheme for 2D-exchange MAS spectroscopy used in the
experiments. A spoil gradient is applied during the mixing time to select for
longitudinal magnetization.

FIG. 4. 1H 2D exchange spectra of a SBR sample acquired under MAS
conditions for a mixing time of 4 ms. (a) Spectrum without gradient. Phase
distortions prevent quantitative evaluation of the exchange peaks. (b) Spectrum
with spoil gradient applied during the mixing time of the experiment. In both
spectra the contour levels are shown for the range of 4–26% of the maximum
peak intensity to allow a convenient comparison of the crosspeak intensities.
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plicated pulse sequences both techniques can be combined to
avoid long phase-cycling schemes. In the 2D exchange spec-
troscopy experiment, a spoil gradient is sufficient to clean the
detected signal from phase distortions by removing the trans-
verse components and multiple-quantum coherences during the
mixing time. Together with MAS, this allows the separation of
the NOE effect from the coherent magnetization exchange
even for short mixing times, where a linear approximation can
be used for evaluating cross-relaxation rates.

The experiments discussed above demonstrate that gradient-
selection techniques have considerable potential for simplify-
ing solid-state NMR techniques under MAS conditions. The
main limitation so far is the duration of the gradient pulses
which is determined by the achievable gradient strength and
the gradient switching times. For the latter reason, RF-field
gradients (11) might be an alternative to static magnetic-field
gradients.
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