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Two techniques for resolution and sensitivity enhancement are
introduced in multiple-quantum (MQ) MAS spectroscopy of rigid
solids. The first makes use of ultrafast MAS with spinning fre-
quencies of up to 35 kHz, while the second combines MAS at
moderately fast spinning frequencies of about 13 kHz with multi-
ple-pulse (MP) dipolar decoupling. For the latter approach, a
semiwindowless WHH-4 sequence is applied during the MQ evo-
lution period (MQ dimension) and/or detection period (single-
quantum dimension). In the MQ dimension, the MP sequence has
to be supplemented by two bracketing pulses in order to preserve
the order and the intensities of the evolving MQ coherences.
Double-quantum 1H NMR spectra of L-alanine recorded using
both decoupling techniques are shown and compared to each
other. Triple-quantum 1H NMR spectra under ultrafast MAS
conditions are also presented. © 1998 Academic Press

INTRODUCTION

In the past years, the field of solid-state multiple-quantum
(MQ) NMR spectroscopy (1, 2) has developed into an impor-
tant tool for characterizing materials on molecular length
scales. In order to resolve chemically distinct sites by averag-
ing of the anisotropic spin interactions also in solids, MQ
spectroscopy has been combined with magic-angle spinning
(MAS). Such high-resolution MQ MAS techniques were intro-
duced for dipolar-coupled homonuclear1H (3–9), 31P (10–13),
13C (14), and heteronuclear1H–13C (15–17) spin-1

2
systems as

well as for half-integer quadrupolar nuclei (18–24, and refer-
ences therein). Applying these techniques, internuclear dis-
tances, residual dipolar couplings, and quadrupolar coupling
parameters could be measured.

For high-resolution MQ experiments in rigid spin-1
2

systems,
the handling of the dipolar interaction is particularly challeng-
ing because of its complexity and the homogenous nature of
the resulting line broadening. On one hand, the dependence of
this interaction on internuclear distances and molecular orien-
tations can be exploited to extract information on both structure
and dynamics. First, 2D MQ MAS spectra provide directly
qualitative insight into dipolar connectivities. In addition to
that, analyzing MQ buildup intensities and MQ spinning side-
band patterns of various order provides quantitative informa-

tion on the strength of dipolar couplings (4, 14) and the
topology of the spin system can be obtained (8). On the other
hand, it has been shown (8) that for extended dipolar-coupled
networks the remaining dipolar broadening of resonance lines
in spinning-sideband patterns leads to a severe loss in spectral
resolution. Moreover, the structural and dynamic information
is difficult to extract from complex many-spin topologies.
Hence, an efficient dipolar decoupling technique is desirable,
which provides sufficient spectral resolution and simplifies the
network of spin–spin interactions to such an extent that it can
be handled for extracting detailed information.

In the MQ investigations performed to date, the decou-
pling of the homonuclear dipolar interaction was based
solely on MAS with the routinely available spinning fre-
quencies of up to 15 kHz. The advantage of technical
simplicity is accompanied by the limited line-narrowing
efficiency, in particular when MAS is applied to rigid solids
with a static1H linewidth of 50 kHz and more. The inves-
tigations of this paper, therefore, aim to improve the reso-
lution in solid-state MQ spectroscopy by introducing ultra-
fast MAS with a spinning frequency of 35 kHz and,
alternatively, multiple-pulse (MP) assisted MAS (25–27).
The efficiencies of the different approaches are compared.

METHOD

Excitation of Multiple-Quantum Coherences

The general schematic representation of an MQ MAS ex-
periment is shown in Fig. 1a. During the excitation period, MQ
coherences between dipolar-coupled spins are generated by the
action of an effective HamiltonianHexc, producing a density
operator of the form

r ~texc! 5 exp$2iHexctexc%r ~0!exp$1iHexctexc% . [1]

texc is the excitation time, andr(0) the initial density operator
which is, when starting withz-polarization and setting the
factor of proportionality to unity, equal toIz.

Depending on the effective dipolar coupling strength, the
excitation of MQ coherences can follow two strategies: first,
short-time excitation withtexc # tR/2, such that the dipolar1 To whom correspondence should be addressed.
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interaction is only partially averaged by MAS; and second,
recoupling techniques withtexc 5 n z tR, in which the pulse
sequence compensates the dipolar decoupling of MAS (28).
In this paper, for rigid proton systems and moderate spin-
ning frequenciesvR/2p ' 13 kHz, short-time excitation was
applied using the five-pulse sequence (1, 4, 8) of Fig. 1b
with texc 5 tR/2. The timing is chosen such that, in the MQ
spectrum, phase distortions are avoided and characteristic
double-quantum (DQ) and triple-quantum (TQ) MAS pat-
terns are excited for spin pairs and methyl-like systems,
respectively (8). For spinning frequenciesvR/2p ' 35 kHz,
the BABA recoupling sequence (10, 14) of Fig. 1c was
applied.

Both pulse sequences in Figs. 1b and 1c excite MQ coher-
ences of only even order, whereas odd-order MQ coherences
are generated either by a five-pulse sequence of the form 90w°–
texc–90w1p/2° –t1–90w1p/2° –texc–90w° –t0–90w9° –t2 acting onr(0)
} Iz (8), or by application of recoupling pulse sequences on
r(0) } Ix,y spin modes which are generated by two bracketing

90° pulses, one before the excitation and one after the recon-
version period.

The excited MQ coherences can be expressed (1) in terms of
irreducible tensor operatorsTl,m of rank l and orderm, that is,

r ~texc! 5 O
k,l,m

bl,m
~k! Tl,m

~k! , [2]

where the quantum numberm can be identified with the co-
herence order, andbl,m

(k) are Liouville-space coordinates. The
index k distinguishes different operators with the same trans-
formation properties.

Conservation of the MQ Coherence Order in t1

After the excitation, the MQ coherences evolve under the
resonance offset, the chemical-shielding interactions, and the
dipolar coupling to spins which are not involved in the con-
sidered MQ coherence. The isotropic chemical shift provides

FIG. 1. (a) Schematic representation of a two-dimensional MQ experiment. In both spectral dimensions (MQ coherences int1 and SQ coherences int2),
dipolar decoupling can be achieved either by MAS only or by MAS combined with MP techniques. (b) Five-pulse sequence used for the excitation of MQ
coherences under MAS atvR/2p 5 13 kHz. The timingtexc 5 tR/2 avoids phase distortions and gives rise to characteristic spinning sideband patterns in the
resulting MQ MAS spectrum (8, 41). (c) BABA recoupling pulse sequence used for the excitation of MQ coherences under MAS atvR/2p 5 35 kHz. For1H
DQ excitation inL-alanine, the excitation period was set equal totexc 5 tR, whereas TQ coherences were excited withtexc 5 2tR, additionally applying two
bracketing 90° pulses withy and2y phase at the beginning of the excitation period and at the end of the reconversion period, respectively. (d) Pulse sequences
consisting of WHH-4 cycles used for dipolar decoupling during MQ evolutiont1 and detectiont2, respectively. Fort1-decoupling, the WHH-4 cycles are rotor
synchronized and bracketing 54.7° pulses are applied in the [1,1#,0]-direction, that is, with a phase of 315°. These bracketing pulses flip the magnetization onto
the effective precession axis, in order to preserve the order of evolving MQ coherences. Duringt2, the WHH-4 cycle is not fully synchronized, following the
direct detection technique described in Ref. (26).
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the desired spectral resolution of the chemically distinct sites,
whereas the dipolar interaction broadens the MQ resonance
lines increasingly with the order of the selected MQ coherence,
as has recently been shown for TQ MAS spectra (8). To
improve resolution, it is therefore essential to reduce this
undesired broadening in the evolution and/or detection period.
During excitation and reconversion, however, the dipolar in-
teraction has to be retained or even to be recoupled.

During the evolution period, care must be taken to preserve
the order of the excited MQ coherences. Unlike for MAS, this
is not automatically guaranteed when applying MP sequences
for dipolar decoupling. This is because the total average Ham-
iltonian includes contributions of off-resonance and chemical-
shielding interactions. In the toggling-frame representation, we
can write for this contribution

H# ~0! 5 k O
i

~d i 1 Dv !~cxI x
~i! 1 cyI y

~i! 1 czI z
~i!! , [3]

wherek is a numerical factor related to the scaling factorSof
the MP dipolar decoupling sequence.di is the isotropic chem-
ical shift of the spinsi, andDv is the off-resonance frequency.
IW(i) denotes the total spin operator of the nucleusi, and theca

(a 5 x, y, z) are Cartesian spin-operator coordinates which
depend on the applied MP sequence (29, 30).

Consider the short-time evolution of MQ coherences, that is,
using the Liouville formalism,

exp~2iĤ# ~0!tc! z Tl,m
~k! < Tl,m

~k! 2 iĤ# ~0!Tl,m
~k! tc

1
1

2
Ĥ# ~0!Ĥ# ~0!Tl,m

~k! tc
2 1 . . . , [4]

where tc is the cycle time of the MP sequence, and the
Liouville operator Ĥ# (0) corresponds to Eq. [3]. SinceĤ# (0)

containsIx andIy spin operators, and [Tl ,m
(k) , T1,61

(k) ] Þ 0, where
Tl ,m

(k) represents MQ coherences of orderm, involving nucleus
k, andT1,61

(k) 5 71/=2(Ix
(k) 6 Iy

(k)), the MQ coherences are not

retained. In fact,H# (0) describes rotations which change the
orderm (but not the rankl) of the irreducible-tensor operators
(1). Therefore, coherences of different orders are generated
from the originally excited coherences. This process results in
a damping of the original coherences with time, which causes
line broadening and hence a loss in spectral resolution. More-
over, there is experimental evidence that these new coher-
ences generated byĤ# (0) give rise to additional signals, since
they retain a finite phase memory and, therefore, pass the
phase-cycling procedure used for MQ-order selection. These
signals overlap with the MQ spectrum of the desired order.
Thus, conversion of the MQ order during the evolution period
also vitiates the quantitative interpretation of the MQ spectrum.

The conversion effect can be cured by application of addi-
tional pulses, such that the evolution can be described in a
tilted rotating frame with axes (X, Y, Z), in which the average

Hamiltonian isH̃(0) } Iz. This can be achieved by bracketing
the MP sequence with two phase-alternated sandwich pulses
(31) as outlined later in more detail for a particular sequence.

Moreover, when discussing the conservation of the MQ
coherence order during the action of the average (chemical
shift and dipolar) HamiltonianH# of a MP decoupling sequence,
the effect of higher-order terms of the Magnus expansion for
timest 5 n z tc (29, 30) has also to be taken into account, that
is,

H# 5 H# ~0! 1 H# ~1! 1 H# ~2! 1 . . . . [5]

The higher-order terms continuously change the spin-corre-
lation order and the order of the evolving MQ coherences, the
first reflected in the rankl of the tensor operatorsTl ,m, the latter
in the orderm (cf. Eq. [4]). These changes also result in line
broadening and the presence of additional MQ orders. In MP
line-narrowing experiments, these effects of higher-order terms
are usually dealt with by confining to short cycle times and by
high-order compensating sequences. Under the conditions of
fast sample spinning, as investigated here, higher-order com-
pensation is left to MAS (25, 26).

Dipolar Decoupling of the MQ Evolution

In order to average dipolar couplings during the evolution
period, two strategies are possible (32). The most straightfor-
ward technique is to increase the MAS frequency to the ulti-
mately possible value, which presently is around 35 kHz. The
advantage of this pure MAS approach is that there are no
artifacts generated by radio-frequency (RF) pulse imperfec-
tions, since MAS modulates solely the space part of the inter-
actions.

An alternative line-narrowing technique is the application of
MP sequences at moderately fast MAS frequencies. It is well
known that MP line narrowing and MAS might interfere with
each other when applied on about the same time scale. In order
to avoid such an interference, both techniques can be either
appropriately synchronized (27) or performed on different time
scales. In the latter case, the faster one (usually MP) is applied
under quasi-static conditions. Conventional CRAMPS experi-
ments use this approach by confining to MAS frequencies of
around 3 kHz (33–35).

It has recently been shown (25, 26) that similar experiments
can also be performed at MAS frequencies of up to 15 kHz by
decreasing the length of the pulse cycle as much as possible
and complying with the synchronization conditions. This can
be accomplished by use of windowless or semiwindowless MP
sequences which consist only of a short basic cycle. As a
consequence of that design, the MP sequence does not com-
pensate effects of high-order terms (cf. Eq. [5]) and cannot be
supposed to remove the dipolar interaction completely. In such
experiments, the MP technique is meant to reduce the dipolar
interaction to such an extent that, in a second averaging pro-
cess, the residual parts can be dealt with by fast MAS, which
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also removes the effects of other imperfections of the MP
experiment and further anisotropic interactions. In comparison
to conventional CRAMPS experiments, this additional fast-
MAS averaging process makes themultiple-pulse assisted
MASapproach much more forgiving with respect to hardware
limitations and misadjustments. It is therefore particularly suit-
able for application within a 2D experiment.

Following this approach, the semiwindowless WHH-4 se-
quence (29, 30) was applied during the evolution period of the
MQ experiment (see Fig. 1d). As already outlined, care has to
be taken that the selected MQ coherences do not change their
order during thet1 evolution, since for most MP sequences the
off-resonance and chemical-shift evolution takes place around
an axis different fromIz. For the WHH-4 sequence, for exam-
ple, the off-resonance and chemical-shift Hamiltonians in the
toggling frame areH# off,CS

WHH } 1
3
(Ix 1 Iy 1 Iz) (29, 30) and,

therefore, convert the orders of MQ coherences. In order to
prevent this, the respective Hamiltonian has to be transformed
such that

H̃off,CS
WHH 5 2S~d 1 Dv !I z, [6]

where only one spin species was considered for simplicity (cf.
Eq. [3]). The effect ofH̃off,CS

WHH on the MQ coherences repre-
sented byTl ,m

(k) is then given by

exp~2iS~d 1 Dv !I zt ! z Tl,m
~k! z exp~iS~d 1 Dv !I zt !

5 exp~2iS~d 1 Dv !mt!Tl,m
~k! . [7]

Thus, the only effect is a scaling of the frequency by a factor
S(d 1 Dv)m, whereS is the scaling factor of the decoupling
MP sequence.

For the WHH-4 sequence, the necessary transformation is
performed by bracketing the MP train by two pulses with flip
anglesum 5 654.74° oriented along the [1,1# ,0]-direction in the
rotating frame (31), that is, a pulse phase of 315° (see Fig. 1d).
In the spin space, the action of this pulse can be decomposed
in a cascade of three rotations:

exp~2i p

4
Î z!exp~2iumÎ x9 !exp~i p

4
Î z!

3 $1
3

~I x 1 I y 1 I z!% 5 1/Î3 I z, [8]

where, by spin rotations (written as Liouville operators), we
pass through various reference frames: (x, y, z)3 (x9, y9, z9)3
(X,Y,Z). The resulting scaling factor isS5 1/=3 > 0.58. For
simplicity, this treatment was performed in thed-pulse limit,
which means that the coordinatesca in Eq. [3] are assumed to
be the same for alla 5 x, y, z. For the experimentally applied
semiwindowless variant of the WHH-4 sequence, the actual
coefficients in Eq. [3] arecx 5 cz 5 1.138 andcy 5 1.273,
which results in a scaling factorS> 0.554. This minor differ-

ence between both cases can be neglected in the limits of the
experimental accuracy.

In the preceding treatment, the bracketing pulses are sup-
posed to act on the Hamiltonians. An equivalent approach is to
consider them as preparation pulses which align the initial state
r(texc) orthogonal to the effective HamiltonianH# off,CS

WHH acting
in t1. This strategy is well known from conventional single-
quantum (SQ) decoupling experiments where a corresponding
preparation pulse is usually applied to maximize the contribu-
tion of the signal which is encoded by the chemical shift. In the
case of MQ coherences, however, these bracketing pulses are
also essential for preserving the order of the observed MQ
coherences during the evolution period. In this context, it
should be mentioned that there are MP sequences for which
such bracketing pulses are unnecessary, since the evolving
coherences and the effective field are automatically perpendic-
ular to each other during the whole sequence (36, 37). The
adaptation of such sequences to fast MAS conditions might be
feasible and promises further improvement of the resolution.

In the MQ experiment, following the evolution period, the
MQ coherences are reconverted back to detectable SQ coher-
ences, while the desired order of MQ coherences is selected by
the conventional phase cycling techniques (1, 2). During the
detection period, the SQ coherences can be acquired, narrow-
ing the resonance lines by MAS alone or by simultaneous MP
decoupling. For direct detection under windowless or semiwin-
dowless MP sequences, a recently developed technique (26) is
used in the experiments described next.

EXPERIMENTAL AND RESULTS

The experiments were performed onL-alanine using a
Bruker ASX spectrometer with a1H Larmor frequency of 500
MHz. In order to provide comparable results, all experiments
were carried out on a double-resonance MAS probe using
rotors of an outer diameter of 2.5 mm. This equipment enables
MAS spinning frequencies of up to 35 kHz. For MP dipolar
decoupling int1, the 90° pulse length was set equal to 1.6ms,
resulting in a WHH-4 cycle time oftc 5 9.6 ms, which was
synchronized with the rotor frequency (vR/2p 5 13 kHz
corresponding totR 5 8 z tc). For the direct detection of the SQ
coherences, the WHH-4 cycles were applied asynchronously to
the rotor period (tc 5 16 ms; see Fig. 1d), such that MAS
averages the timing imperfections originating from the direct
detection of the FID during the pulse train (26).

Single-Quantum Spectra

L-Alanine is a rigid dipolar solid with a static1H resonance
linewidth of about 35 kHz. Therefore, at moderate rotor fre-
quencies, DQ coherences can be easily excited using the sim-
ple five-pulse sequence of Fig. 1b (see later discussion). On the
other hand, such strong dipolar couplings severely degrade the
resolution. Figure 2 presents1H SQ spectra ofL-alanine ap-
plying MAS at a rotor frequency of (a)vR/2p 5 13 kHz and
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(b) vR/2p 5 35 kHz. As expected, the resolution is consider-
ably enhanced by increasing the MAS spinning frequency from
13 to 35 kHz. However, even at a spinning frequency of 35
kHz, not all lines are resolved to the baseline. Only the simul-
taneous application of the semiwindowless WHH-4 MP se-
quence and MAS atvR/2p 5 13 kHz yields three completely
resolved resonance lines (see Fig. 2c). This increase in reso-
lution takes place despite of the chemical shift axis being
scaled by a factor of, experimentally, 0.6, which agrees well
with the theoretical value for WHH-4.

The decoupling efficiency of MP-assisted MAS and ultrafast
MAS, however, depends on the considered resonance line. The
aliphatic1H resonances are narrowed by MP-assisted MAS at
vR/2p 5 13 kHz to linewidths of about 300 Hz, whereas MAS
alone atvR/2p 5 35 kHz still leads to linewidths of about 750
Hz. On the other hand, the resonance line of the NH3

1 protons
is narrowed by both decoupling techniques to about the same
extent, resulting in a linewidth of about 1 kHz. Obviously, in
the latter case, the1H resonances are additionally broadened by
1H–14N interactions, and the MP-assisted technique provides
no advantage compared to pure MAS.

Double-Quantum Spectra under Combined Multiple-Pulse
and MAS Dipolar Decoupling

Figure 3 presents 2D1H DQ spectra ofL-alanine recorded
under MAS atvR/2p 5 13 kHz with and without additional
MP decoupling during the corresponding evolution periods
(see Fig. 1a). In general, a DQ MAS spectrum consists of

several spinning sidebands, the pattern of which has already
been described elsewhere (3, 4, 8, 14). In order to derive
qualitatively dipolar connectivities from a 2D DQ spectrum,
one usually concentrates on the subspectrum at the first-order
MQ spinning sideband. A quantitative consideration of DQ
intensities requires either the interpretation of the complete
MQ MAS sideband pattern (4, 8, 14) or, alternatively, the
integration of all sidebands (9) which can be experimentally
achieved by stroboscopic signal acquisition in intervals of
Dt1,2 5 tR.

In the following, we consider the 2D DQ subspectrum
present at the first-order DQ spinning sideband. The resonance
lines are narrowed by the following four combinations of
dipolar decoupling techniques: first, MAS alone atvR/2p 5 13
kHz (Fig. 3a); MP-assisted MAS in only one of the spectral
dimensions, that is, second,t2 (Fig. 3b) and, third,t1 (Fig. 3c);
and, fourth, MP-assisted MAS in both dimensions (Fig. 3d). It
is important to note that, in the case of badly resolved peaks,
the assignment is based on thea priori knowledge of DQ
signals and the corresponding dipolar connectivities from a
well-resolved 2D DQ spectrum ofL-alanine (as obtained by
ultrafast MAS; see later discussion).

As long as solely MAS atvR/2p 5 13 kHz is applied, the
two aliphatic 1H resonances are not separated, and the DQ
peaks can hardly be assigned (see Fig. 3a). ForL-alanine, three
diagonal peaks (AA, BB, CC) and three cross-peaks (AB, AC,
BC) are expected, owing to dipolar connectivities between the
NH3

1 (A), CH (B) and CH3 (C) protons, respectively.
Application of a WHH-4 pulse sequence in addition to MAS

during the detection periodt2 enhances the resolution in the SQ
dimension and separates all three resonances completely (see
Fig. 3b). As known from the WHH-4 decoupled SQ spectrum
in Fig. 2c, the NH3

1 proton resonance line is broader and less
intense compared to the aliphatic resonances. However, the
different DQ peaks are still not resolved in the DQ dimension.

In Fig. 3c, MP dipolar decoupling int1 improves the reso-
lution in the DQ dimension witht1 being incremented in steps
of the WHH-4 cycle time (tc 5 tR/8 5 9.6 ms). Although the
resolution in the SQ dimension is provided by MAS alone at
vR/2p 5 13 kHz, all expected DQ signals can be, at least,
identified and assigned to dipolar connectivities ofL-alanine.
However, the improvement in resolution is accompanied by a
considerable loss of signal intensity, especially for the NH3

1

proton resonance, and artificial peaks are present in the spec-
trum. Moreover, the overall spinning sideband pattern of the
DQ spectrum (not shown) is also modified by the MP sequence
and, thus, cannot be interpreted in the same way as known from
MAS-only spectra (4, 8, 14).

Up to this point, WHH-4 dipolar decoupling has been ap-
plied in the two spectral dimensions separately. Application of
MP-assisted MAS in both dimensions results in the 2D DQ
spectrum presented in Fig. 3d, in which most of the peaks are
fully separated. It is clear that, compared to the MAS-only
spectrum of Fig. 3a, MP-assisted MASdrastically enhances
the spectral resolution in both dimensions of a DQ spectrum,

FIG. 2. 1H 500-MHz SQ spectra ofL-alanine recorded using different
dipolar decoupling techniques: (a) MAS atvR/2p 5 13 kHz. (b) Ultrafast
MAS at vR/2p 5 35 kHz. (c) MP-assisted dipolar decoupling under MAS at
vR/2p 5 13 kHz, using the WHH-4 sequence with direct detection (26) (cf.
Fig. 1d). The WHH-4 sequence scales the chemical shift axis by a factor of
about 0.6, which has been corrected for.
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although there are some minor drawbacks that still ask for
further improvements.

Obviously, the MP dipolar decoupling is still more effec-
tive for SQ coherences than for DQ coherences, as can be
seen from comparing the linewidths in both dimensions.
There are several explanations for this difference in the
line-narrowing efficiencies: First,N-quantum coherences
are N-fold sensitive to any error of the pulse phases or the
flip angles during the MP sequence. Second, there could be
a loss of coherence order due to imperfect adjustment of the
bracketing pulses. Third, as has recently been shown (8),
MQ coherences are, in general, more sensitive to additional
spin interactions and, in particular, to dipolar line-broaden-
ing effects than are SQ coherences.

In addition to the different decoupling efficiencies in both
dimensions, there are weak artificial peaks present in the

spectrum. These signals result from the well-known sensi-
tivity of MP decoupling techniques to any kind of experi-
mental misadjustments. In the case of MQ coherences, this
sensitivity is even magnified for the same reasons outlined
in the previous discussion of the MP dipolar decoupling
efficiency. In order to avoid any undesired perturbation of
the MQ evolution, a precise adjustment of all experimental
parameters is required.

Apart from that, for both DQ spectra with MP decoupling
in t1 (Figs. 3c and 3d), the signal intensity and the effective
line narrowing of the NH3

1 proton resonances are to be
improved. This feature of MP decoupled spectra has already
been observed for the SQ spectrum (cf. Fig. 2). Neverthe-
less, the main objective of this section is clearly achieved.
The principal strategy which makes resolution enhancement
by MP decoupling sequences applicable to both dimensions

FIG. 3. Two-dimensional1H 500-MHz DQ spectra ofL-alanine using either MAS only or MP-assisted MAS for dipolar decoupling. In all cases, the spinning
frequency was set equal to 13 kHz, and the DQ coherences were excited using the five-pulse sequence of Fig. 1b. (a) MAS alone. (b) Additional MP decoupling
in the SQ dimension, (c) in the DQ dimension, and (d) in both dimensions. For MP decoupling, the chemical-shift axes are not corrected, so that the scaling factor
of 0.6 is directly visible in the respective spectral dimensions.
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of the MQ MAS experiment is introduced and experimen-
tally demonstrated.

Multiple-Quantum Spectra under Ultrafast MAS

After considering the dipolar decoupling performance of the
WHH-4 sequence combined with MAS atvR/2p 5 13 kHz, we
now give examples of 2D MQ spectra recorded under ultrafast
MAS. At spinning frequencies ofvR/2p 5 35 kHz, the con-
dition for the fast MAS regime, that is,vR . vd (wherevd is
the strength of the static dipolar interaction), is fulfilled, in

almost all cases, for dipolar couplings between pairs of pro-
tons. Hence, the five-pulse sequence used at moderate spinning
frequencies, that is,vR/2p # 15 kHz, has to be replaced by a
recoupling pulse sequence such as BABA (10, 14).

The 2D DQ spectrum ofL-alanine obtained using MAS-only
decoupling withvR/2p 5 35 kHz and an excitation period of
texc 5 tR 5 28.6 ms is given in Fig. 4a. Compared to the
MAS-only spectrum withvR/2p 5 13 kHz in Fig. 3a, the most
striking feature is the drastic increase of spectral resolution. All
DQ resonances can be precisely identified and, thus, the dipolar

FIG. 4. Two-dimensional MQ1H 500-MHz spectra ofL-alanine recorded under MAS atvR/2p 5 35 kHz, applying the BABA recoupling
pulse-sequence of Fig. 1c. (a) DQ spectrum withtexc5 tR, and (b) TQ spectrum withtexc5 2tR. On the left, the subspectra at the first-order DQ sideband
and the TQ centerband, respectively, are shown, as indicated by the marked regions of the slices on the right. From these 2D subspectra, dipolar
connectivities between pairs (DQ) or triads (TQ) of protons can be directly determined. On the right, slices at each of the three1H SQ resonances show
the typical MQ spinning-sideband patterns.
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connectivities inL-alanine can be determined from the 2D DQ
spectrum. As a specific example, consider the connectivity of
the C–H proton (B) in Fig. 4a. It exhibits strong couplings to
the other protons at distances of about 0.24 nm, but virtually no
intermolecular coupling to its equivalent at a distance of 0.36
nm (38).

Compared to the MP decoupled spectrum given in Fig. 3d,
it can be clearly seen that, although the MP technique provides
a slightly better resolution, at the current state of development,
it does not measure up to the standard of quality of MQ MAS
spectra provided by ultrafast MAS.

In contrast to the DQ spectra with MP decoupling int1 (Figs.
3c and 3d), the characteristic DQ spinning-sideband pattern
can be obtained, for all six DQ coherences, directly from the
35-kHz DQ MAS spectrum by extracting slices in the DQ
dimension at the three different SQ resonances. The existence
of those spinning-sideband patterns (with relatively high inten-
sities up to the third order) shows that the overall dipolar
couplings in L-alanine are still comparable to the spinning
frequency even at a value ofvR/2p 5 35 kHz which agrees
with static linewidth. Thus, structural information on dipolar
coupling strengths (4, 14) and the spin topology (8) is still
accessible under ultrafast MAS conditions, as we shall briefly
outline in the following.

In the fast MAS regime, an isolated pair of spin-1
2

nuclei
leads to symmetric DQ signals at odd-order spinning sidebands
only (14). For vR @ vd, the signal intensity is concentrated in
the first-order sidebands. As is evident from Fig. 4a, all coher-
ences inL-alanine also show spinning sidebands for even-order
multiples of the rotor frequency. This indicates the influence of
spins surrounding the considered spin pair. Nevertheless, the
spectrum is dominated by its first-order spinning sidebands
even for the AA and CC coherences, although they originate
from protons which are part of the three-spin systems NH3

1 (A)
and CH3 (C). At moderate MAS frequencies, those three-spin
topologies lead to DQ spectra with a dominating centerband.
At spinning frequencies of 35 kHz, however, the dipolar de-
coupling suffices to emphasize the pair character even among
NH3

1 and CH3 protons. The fact that the AA and CC reso-
nances show the most intense peaks in the central region of the
DQ spinning sideband pattern exhibits the residual influence of
the third spin in the NH3

1 and CH3 groups.
The1H triple-quantum (TQ) spectrum ofL-alanine presented

in Fig. 4b was also obtained under MAS atvR/2p 5 35 kHz.
For TQ excitation, the BABA recoupling sequence (Fig. 1c),
extended by bracketing pulses to prepare an initial stater(0) }
I x,y, was applied withtexc 5 2tR 5 57 ms. As described
previously for the DQ spectrum, ultrafast MAS combines for
2D TQ spectra as well a drastic increase in spectral resolution
with an artifact-free quality of signal. Although, with increas-
ing order of MQ coherences, the signal is less intense and there
are more peaks present in the 2D spectrum, TQ coherences
among all possible proton triads could be excited and identified
in the 2D TQ spectrum (AAA, AAB, AAC, ABB, ACC, BBC,
BCC, and CCC). As expected, the TQ coherences involving

only either NH3
1 or CH3 protons, that is, AAA and CCC, lead

to the most intense peaks.
It should be noted that not all TQ resonance lines are

clearly resolved in the TQ dimension, and that most of the
cross-peaks are considerably asymmetric. The latter feature
is, to a certain extent, inherent to TQ coherences. An AAB
TQ coherence, for example, splits into two peaks in the SQ
dimension, located at the respective resonance frequencies
of A and B. The ratio of signal intensities A:B is then
expected to be equal to 2:1. The observed asymmetry is,
however, much stronger than that, because, at the end of the
reconversion period, after the AAB TQ signal has been split
into its A and B part, the relaxation behavior and hence the
linewidth are different for the two parts (8).

In addition to the connectivities derived from the 2D TQ
spectrum, the TQ spinning-sideband pattern contains, analo-
gously to DQ spectra, further information on the spin topolo-
gies. The origin of these TQ MAS patterns and their content of
information are discussed in detail in Ref. (8).

DISCUSSION

The enhancement of resolution and sensitivity in1H solid-
state MQ MAS spectroscopy by ultrafast MAS or by a com-
bination of MP decoupling and MAS at moderate spinning
frequencies was demonstrated. The application of MAS at
vR/2p 5 35 kHz results, for rigid dipolar solids, in a resolution
enhancement of about a factor of 2, compared with moderate
spinning frequencies ofvR/2p # 15 kHz. Since, at present, the
resolution achievable by fast MAS has reached a regime
where, even in rigid solids, the1H chemical shifts of important
groups start to be resolved, even a comparatively modest
improvement in resolution actually allows MQ MAS methods
to be extended to a considerable number of organic materials,
which have been inaccessible up to now.

Alternatively, at moderately fast MAS frequencies, the res-
olution of MQ MAS spectra can be improved, even selectively
in one of the two spectral dimensions, by MP decoupling. As
a first example, a semiwindowless WHH-4 sequence was ap-
plied, but other decoupling pulse sequences can also be
adapted for use in MQ experiments. Apart from alternative MP
sequences, the Lee–Goldburg dipolar-decoupling method (39,
40) seems to be a promising approach. Like the WHH-4
sequence, it offers a short cycle time and the highest value of
the chemical-shift scaling factor. The tilt angle of the bracket-
ing pulses is, in this case, againum 5 54.7°.

Both techniques, MP-assisted MAS as well as ultrafast
MAS, allow high-resolution MQ spectra to be obtained. The
ultrafast MAS technique additionally provides undistorted
spinning sideband patterns which reflect the topologies of the
strongly dipolar-coupled system. At such spinning frequencies,
the MQ MAS patterns result mainly from the rotor encoding of
the dipolar Hamiltonian during the reconversion period (5, 14,
41), while contributions from the evolution of the MQ coher-
ences are, by MAS, suppressed to a large extent (41). From
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such simplified patterns, information on the structure and the
dynamics of the spin system can be extracted more easily.

With respect to routine applications, the experimental ad-
vantages and disadvantages of both decoupling techniques
have to be considered. The acquisition of MQ spectra under
ultrafast MAS is not only the far less sophisticated technique,
but the resulting spectra are also artifact-free and the signal
intensity is higher compared to the MP decoupling technique.
Additionally, experimental MP imperfections amplify thet1
noise. On the other hand, if the resolution achievable by
ultrafast MAS is not sufficient, there is no alternative to the
application of MP decoupling sequences. Moreover, MP de-
coupling can be applied selectively in certain periods, whereas
MAS is present throughout the experiment.

However, the technical difficulties related with MP tech-
niques should not be underestimated. Special attention has to
be paid on the setup procedure, since MP decoupling is known
to be enormously sensitive to misadjustments. Moreover, the
cycle timetc of the MP sequence limits the sampling timeDt $
tc and thus the spectral width in the MP decoupled spectral
dimension. Therefore, the MP performance and the quality of
the resulting spectra strongly depend on various experimental
parameters, whereas MAS atvR/2p . 15 kHz is straightfor-
wardly applicable.

Apart from the homonuclear case discussed in this paper,
heteronuclear MQ experiments in solids will particularly ben-
efit from the use of MP sequences for dipolar decoupling.
Since the experiments can be performed at moderate spinning
frequencies, larger sample volumes are accessible. For exper-
iments limited mainly by theS/N ratio, this could turn out to be
an essential advantage.
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