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A novel magic angle spinning (MAS) multiple-quantum spin
ounting experiment based on the C7 recoupling sequence of Lee
t al. is described. In contrast to previous approaches the new
xperiment is applicable at fast MAS rates and can be used to
ollow the multiple-quantum excitation dynamics with fine time
esolution. The new method is illustrated by experiments on ada-
antane at spinning speeds comparable to the nonspinning dipo-

ar linewidth. The sizes of the clusters of dipolar-coupled spins
easured using the new experiment are compared to those ob-

ained using the original nonspinning spin counting technique of
aum et al. © 1999 Academic Press

Key Words: multiple-quantum coherence; magic angle spinning;
ecoupling; spin counting; dipolar clusters.

Multiple-quantum transitions in restricted scalar-coup
ystems of spin-1

2 nuclei are often excited during the course
olution-state NMR experiments in order to simplify com
ated spectra and to determine coupling topologies. In s
tate NMR the straightforward combination of these exp
ents and magic angle spinning (MAS) has proved usefu

tructural studies of zeolites based on double-quantum
roscopy of dilute pairs of scalar-coupled silicon-29 nuclei1).
ntil recently, applications to dipolar systems were essen
onfined to the wideline “spin counting” experiments of Ba
t al.,which follow the multiple-quantum excitation dynam

n an attempt to extract information about the size of local
lusters of coupled spins (2). Spin counting has been used
tudy the structure of amorphous silicon and carbon, as w
he distribution of adsorbate molecules in zeolites and o
itives in polymer films (3). The incorporation of MAS is no
o straightforward in the dipolar case, due to the reversal o
ultiple-quantum excitation dynamics during the second
f the rotor period (4). An early solution due to Meier and Ea

nvolved synchronizing phase-shifted variants of the excita
equences used by Baumet al. with the rotor in order to
ompensate for the effects of spinning (5). The past few year
ave seen the advent of “recoupling” sequences design
eintroduce MAS-averaged dipolar couplings between s12
uclei (6). This advance has prompted the developmen
olid-state MAS-based counterparts to the solution-state
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iple-quantum applications described above. These inc
ouble-quantum filtration to remove background signals f

he carbon-13 spectra of labeled biomolecules (7) and double
uantum spectroscopy (8) to study the structures of phosph
aterials (9) and the dynamics of polymer melts (10).
However, with one exception (see below) high-order co

nces have not been observed in straightforward MAS m
le-quantum experiments to date. Problems arise be
any recoupling sequences suffer from low multiple-quan
xcitation efficiencies in powder samples, since the streng

he recoupled dipolar interaction varies significantly with m
ecular orientation. In addition, some sequences operate
ectly only in the limit of very short radio frequency pu
engths relative to the rotor period, a condition which beco
ifficult to satisfy as the MAS rate is increased. Finally,
resence of resonance offset and chemical shift aniso

nterferes with recoupling and further reduces excitation
iency. A degree of compensation for these effects ca
btained in a straightforward fashion by concatenation
hase-shifted variants of the basic sequences, but this le
nacceptably long cycle times. These restrictions pose a
iderable limitation on the potential utility of recoupling
uences in spin counting applications.
Recently, 10-quantum coherence has been excited in p
AS experiments on adamantane by Ba and Veeman11),
sing the method of Meier and Earl. However, for the rea
escribed above, those experiments sampled the exci
ynamics with extremely coarse time resolution at MAS r
ignificantly smaller than the nonspinning linewidth. Tomas
t al. (12) have detected 8-quantum coherence in proton M
xperiments on calcium formate at 16 kHz, a rate compa

o the nonspinning linewidth. However, in that work the m
iple-quantum coherences were generated during carb
etected coherence echo experiments. In this paper we p
roton multiple-quantum spin counting experiments in wh
igh-order coherences are excited in a straightforward fas
e demonstrate that high-order coherences can be exci
AS rates comparable to the nonspinning linewidth and

he growth of the multiple-quantum intensities can be m
ured with very fine time resolution. Finally, we show that
1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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xcitation dynamics are essentially identical to that obse
or nonspinning samples.

The experiments described here follow the phase-in
ented scheme (Fig. 1a) of Shykindet al. (13), which is an
fficient method for investigating multiple-quantum excita
ynamics. Multiple-quantum coherences are excited dur
reparation period by application of a suitable recoupling
uence and are subsequently reconverted to longitudinal
etization. In order to separate the multiple-quantum co
nces of different orderp, a series of experiments is perform

or which the phasef of the excitation sequence is inc
ented by an amountDf. In this way, coherence of orderp
cquires an additional phase shift ofpDf for each experimen
ence, Fourier transformation of the signalS(f, t 5 0) with

espect tof results in a spectrum in which multiple-quant
ntensities appear as delta-functions at artificial frequency
ets proportional top. The phase incrementDf must be se
mall enough to avoid aliasing of high-order coherence
ractice, several copies of the resulting data set are con
ated and the result is multiplied with a line broadening fu

ion prior to Fourier transformation in order to produce a m

FIG. 1. Pulse sequence used to follow multiple-quantum excitation
amics. (a) shows the overall phase-incremented experimental scheme,

nto preparation, mixing, and detection periods. During the preparation
ixing periods (shaded boxes), which are of equal durationt, a suitable

ecoupling sequence operates. The propagatorsU andU † acting during the tw
eriods and the apparent time reversal in the mixing period are indicate
econversion sequence is followed by ap/2 pulse (filled box) to excit
bservable transverse magnetization. (b) shows details of the C7-based

ments used in this paper. The shaded boxes represent the cyclic C se
sed for excitation and reconversion, timed so that seven occupy two
eriods, with successive phase shifts of 2p/7. Note that the indexn which
etermines the phase of a given segment according to the requirements
7 sequence runs continuously through both preparation and mixing pe
egments in the preparation period have an additional phase shiftf which is

ncremented in small stepsDf in successive experiments and acts as
ariable in the Fourier transformation used to generate the spectra. Se
n the mixing period have an additional constant phase shift ofp/2.
d

e-

a
-
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-
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leasing lineshape. Odd-order coherences can be remo
esired by coadding signalsS(f, t 5 0) andS(f 1 p, t 5
), but in the present case this procedure has not bee

owed, in order to emphasize the quality of the experime
esults obtained.

Multiple-quantum excitation is achieved in this work by
7 recoupling sequence (14) of Lee et al. This sequenc
omprises seven cyclic pulse segments (denoted C) tim
ccupy two rotor periods in total, with neighboring C segm
iffering in phase by 2p/7 (Fig. 1b). One simple C segment
2p02pp cycle where the subscripts represent the rela

hases of the two pulses within the segment. This ch
mplies a relationship between the rotor frequency and the
trengthv1 5 7vR. To zeroth order the effective C7 Hamilt
ian for a dipolar-coupled pair of spin-1

2 nuclei has been show
14) to be

H# ~0! 5 vC7T212 1 v*C7T222

vC7 5
2343~i 1 eip/14!

520p Î2
x sin 2b exp~2ig!,

hereT262 is an irreducible spherical tensor operator,b andg
re two of the Euler angles which relate the molecular fram

he rotor frame, andx is the dipolar coupling constant whi
epends on internuclear distancer

x 5 2S m0

4pD g 2\

r 3 .

part from a phase shift, the spin part of the C7 effec
amiltonian is identical to the double-quantum dipolar H

ltonian used for nonspinning multiple-quantum excitation
aumet al. (2). The sign of the effective Hamiltonian must
hanged in order to obtain the apparent time reversal nece
or reconversion without phase distortion. This is sim
chieved by application of an extrap/2 phase shift to all the C
ulses in the mixing period. In the limit of fast MAS where
pinning rate and the radio frequency field strength are m
reater than the nonspinning proton linewidth, the effec
ouble-quantum dipolar Hamiltonian and its time-reve
ounterpart are valid for the extended systems probed by
ounting experiments.
It should be noted that in common with all recoupl

equences, C7 reintroduces a scaled orientation-depend
olar coupling. A convenient measure of the scaling is

ained by consideration of the orientationally averaged nor
he coupling\vC7\ which is given by

\vC7\
2 5

1

4p E
0

2p

dg E
0

p

sin bdbvC7v*C7.

-
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he norm of the coupling for the C7 sequence operating o
solated pair of spin-1

2 nuclei is approximately 0.169x (14). In
ontrast to other sequences for C7 the scaling depends o
, so that multiple-quantum coherences can potentiall
reated with high efficiency in a powder. In addition, del
ious resonance offset and radio frequency field inhomoge
ffects are removed to zeroth order over the individua
egments (15), while shift anisotropy terms are likewise ca
eled by the symmetry properties of the sequence.
A particular advantage of the approach described here i

he excitation dynamics can be studied with fine time res
ion, regardless of constraints imposed by the pulse sequ
ycle time and the rotor period. This is achieved by samp
he excitation dynamics with the preparation period se
onintegral multiples of the overall cycle time. It has b
emonstrated (14) that the evolution under the C7 effect
amiltonian, which is theoretically valid only after who
ycles of the sequence, is a good approximation to the a
volution for nonintegral numbers of C7 cycles, provi
ampling is restricted to whole numbers of C segment
rder to take advantage of this property of C7 care mus

aken with the relative phases of the C segments (14), as shown
n Fig. 1b.

Figures 2 and 3 show results for the C7-based phase-
ented proton multiple-quantum experiment of Fig. 1 on
antane at a Larmor frequency of 300.07 MHz at MAS r

FIG. 2. Proton phase-incremented multiple-quantum experiments for
kHz. Complete cycles of the C7 recoupling sequence were used for e
ere 64 values of the phasef with a phase increment of 5.625°. Note th
n
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f 8 and 16 kHz, respectively. The multiple-quantum excita
ynamics were sampled after whole numbers of C7 cycle

hat the preparation time ranged from 0.25 to 1.25 ms at 8
nd from 0.125 to 0.875 ms at 16 kHz. Double-quantum a
mall amount of four-quantum coherence are excited ev
he shortest preparation times, while higher orders are cr
s the number of cycles is increased. Up to 16-quantum
erence is clearly observed at longer preparation times
dd-order coherences which were not removed in the
rocessing are of negligible intensity. For comparable pr
ation times similar multiple-quantum intensities are obta
or the two MAS rates, although as expected efficienc
lightly improved at the faster MAS rate for which higher or
rror terms in the effective Hamiltonian are less significant.
damantane, relaxation of the multiple-quantum cohere
uring the excitation and reconversion sequences was the

imitation on the maximum preparation time which could
sed.
Figure 4 demonstrates the possibility of sampling with

omplete C7 cycles. The excitation dynamics are observed
fter six C segments and subsequently after every seco
egment with a MAS rate of 8 kHz and preparation tim
anging from 0.214 to 1.071 ms. The multiple-quantum in
ities in these experiments fall between those observed
omplete cycles in Fig. 2, as expected. The observatio
igh-order coherences at longer preparation times and

amantane. The proton resonance frequency was 300.07 MHz, and the M
ation and reconversion, with preparation times ranging from 0.25 to 1.2ere
citation of 16-quantum coherence at the longest preparation time.
ad
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e ex
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FIG. 3. Same as Fig. 2 but with a MAS rate of 16 kHz and preparation times ranging from 0.125 to 0.875 ms. The multiple-quantum inten
omparable to those of Fig. 2 at corresponding preparation times.
14 to 1.071
FIG. 4. Same as Fig. 2 but using incomplete cycles of the C7 sequence for excitation and reconversion with preparation times ranging from 0.2
s. The multiple-quantum intensities are comparable to those of Fig. 2 at similar preparation times.
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egligible odd-order intensities provide an experimental d
nstration of the unexpected validity of the C7 effective H

ltonian for incomplete cycles (14).
In the experiments described here the best multiple-qua

xcitation efficiencies were observed with radio frequency
trengths of up to 25% less than 7vR, such that the C cycle
ontained pulses with flip angles of less than 2p. The origin of
his improvement is under investigation, but it should be n
hat high orders were still observed with the field strength
o the correct value. There was no improvement when C7
eplaced by a modified sequence (15) which removes erro
erms in the effective Hamiltonian arising from the combi
ffects of offset and inhomogeneity. This is expected for
roton experiments described here, in which resonance o
re negligible.
Estimates of the effective sizeN of the dipolar-coupled sp

luster for a given preparation time can be extracted from
ata by assuming that the intensity ofp-quantum coherence
elated to the number of different transitions of orderp in a
ystem ofN spins. Simple combinatorial arguments (2) then
uggest that for large clusters the multiple-quantum inte
istribution is approximated by a Gaussian of varianceN/ 2.
ence, the experimental multiple-quantum intensities were

o a Gaussian intensity distribution of the formA exp((2p2)/N),
hereA andN are adjustable parameters. The small spur
eaks observed at very high coherence orders were us

FIG. 5. Cluster sizeN measured as a function of effective preparation
ade using the original nonspinning experiment. The coincidence of

ndividual C segments (Œ) should be noted. This gives an indication of t
greement between cluster sizes measured using the nonspinning an
econversion were achieved with the pulse sequence described by Baumet al. (
here were 64 values of the phasef with a phase increment of 5.625°.
-
-

m
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s
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efine the baseline for the measured intensities. Figure 5 s
he growth of the cluster size measured as a function o
reparation time for the 8-kHz MAS experiments of Fig. 2�)
nd Fig. 4 (Œ). To aid comparison with nonspinning measu
ents (see below) the cluster sizes are plotted again
ffective preparation time\vC7\t/x, which takes the scaling

he dipolar coupling into account. As expected the cluster
rows monotonically with increasing preparation time.
bserved multiple-quantum excitation dynamics are simila

hat observed by Baumet al. in nonspinning experiments o
damantane. The results of similar fits to data from nons
ing experiments identical to those described in Ref. 2 are
lotted in Fig. 5 (circles). The moderate scaling of the dip
oupling imposed by the pulse sequence of Baumet al. was
aken into account. The match between cluster sizes mea
y MAS and nonspinning experiments as a function of ef

ive preparation time is gratifying.
The experimental results presented in this paper demon

hat high-order multiple-quantum coherences can be excit
olids spinning at MAS rates greater than the nonspin
inewidth using suitable recoupling sequences. This al

easurements of cluster sizes to be made with the high sp
esolution afforded by MAS. Spin counting experiments ba
n the C7 recoupling sequence have been shown to be p
larly effective due to the favorable orientation dependenc

he recoupled dipolar interaction, as well as good compe

(see text) for the data of Figs. 2 and 4, as well as a comparison with me
points sampled after integral numbers of C7 cycles (�) and those sampled aft
alidity of the C7 effective Hamiltonian even after incomplete cycles. T
e MAS experiments is gratifying. For the nonspinning experiments end

or preparation times ranging from 132 to 396ms. As in the MAS experimen
time
the
he v
d th
2) f
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ion for error terms. At long preparation times the effective
f the spin cluster is large, indicating that the C7 sequ
ffectively recouples the dipolar interaction. At these l

imes and with effective recoupling, the full multibody beh
or characteristic of a nonspinning dipolar solid is evidence
ur results. A full account of the contrasting behavior of s
ystems of arbitrary topology under fast MAS in the absen
recoupling sequence is given elsewhere (16). A noteworthy

eature of the experiments described here is the abilit
ample the excitation dynamics with fine time resolution. T
epresents an advance over previous MAS spin countin
eriments and is achieved by a combination of fast MAS
ampling after incomplete cycles of the C7 sequence. Fu
mprovements in resolution can be achieved by combi
hese MAS experiments with cross polarization to a d
eteronucleus such as carbon-13 (11, 12). Future application
f the experiments described here to high-order carbo
ultiple-quantum filtration experiments in globally labe
iomolecules can also be envisaged.
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