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One of the most fascinating solid-state NMR experiments
introduced within the past two years is the two-dimensional (2D)
multiple-quantum (MQ) magic-angle spinning (MAS) experi-
ment by Frydman and Harwodd!* In an elegant and
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sensitivity for the experiment has been addressed by several
authors?356.16-12 Ty factors are important for the sensitivity
of the experiment. First, the excitation of MQ coherences
(MQC'’s) and their subsequent reconversion into 1QC for nuclei
exhibiting large quadrupolar interactions are difficult and often
subjected to low transfer efficienciéd?! Second, indirect
observation of the combined MQ and 1Q evolutien)(through
second-order quadrupolar broadenedlYQ MAS lineshapes
(w) may significantly reduce the sensitivity of the experiment
compared to that obtained by a hypothetical high-resolution
experiment without second-order broadening indhedimen-
sion. Several solutions to the first problem, including single-
pulse excitatioh®>1%r excitation using spinlock sequences,
have been proposed. In contrast, the second problem has not
yet been addressed.

In this Communication we present a new method which
effectively improves the sensitivity of the MQMAS experiment
by splitting the second-order quadrupolar lineshapes invthe

experimentally feasible manner this experiment accomplishesdimension into manifolds of spin-echo “sidebands” while
what earlier required technically more demanding methods, suchpreserving high resolution in the; dimension. The timing

as dynamic-angle spinning (DAS)'” or double-rotation
(DOR)17~1% namely the achievement of high-resolution spectra

scheme of our proposed MQ-QCPMG-MAS (MQ Quadrupolar
Carr—Purcel-Meiboom-Gill22-25 MAS) pulse sequence is

of half-integer quadrupolar nuclei possessing large quadrupolepresented in Figure 1 along with the coherence transfer pathways

coupling interactions. By combining the evolution of MQ and
single-quantum (1Q) coherences, active in two different time

for an ensemble of = 3/, quadrupolar nuclei. Thp=0—
+3 — +1 — 0— +1 — F1 — etc. pathways are selected by

periods of a 2D experiment, broadening by second-order selective rf pulsé$and phase cycling®. The first pulse is tuned

quadrupolar coupling may be eliminated in one dimensios) (

to efficiently excite the desired MQC which evolve during the

while second-order broadened spectra are observed in the othefirst part (1/(1+ k) ) of thet; period. The second pulse transfers
(w2) dimension. In some cases preservation of resolved second-the MQC back to 1QC which after a periédy/(1 + k) forms

order lineshapes in the, dimension, from which the quadru-

an echo with all anisotropic interactions refocuskd=("/s for

polar coupling parameters can be extracted, is of fundamentalspin| = 3/, nuclei). The third and fourth pulse are selectfve

interest for determination of isotropic chemical shifts from the
line positions in the high-resolutio@; dimension (influenced
by second-order quadrupolar shifts). In other applications,

7/2 pulses for the central transition and constitutefidter,”°
which leads to an equal distribution 6fLQC and+1QC. These
coherences are refocused using a selective rotor-synchronized

where the determination of accurate isotropic chemical shifts spin echo (fifth pulse) to prevent sampling close to a rf pulse.

is irrelevant, the high resolution of the isotropie dimension
may by itself provide the relevant information.

Finally, the free induction decay (FID) for the centrilb(—1/,)
transition is sampled during a train of selectfeefocusingr

While there has been no dispute about the advantages of thepulses which constitute the QCPMG part (cf., Figure 1a) of the

MQMAS method in terms of resolution, improvement of the
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pulse sequence. The QCPMG sequence is rotor synchronized
according to Rz, = 7, + 2t + 7, where N is the number of
rotor echoes per spirecho period and 14 the spin-echo side-
band separation. We note that a similar strategy based on
CPMG&223has earlier been proposed for sensitivity enhancement
of 2D magic-angle hopping experiments for spis 1/, nuclei
in static powder sampleé®8. Sampling through the quadrupolar
versiort*25 of the CPMG pulse sequerd@® (QCPMG) has
recently been succesfully exploited to record sensitivity-
enhanced quadrupolar echo spectra for the central transition of
half-integer quadrupolar nuclei in static pow#eand MAS?
experiments.
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Figure 1. (a) Timing scheme of the MQ-QCPMG-MAS pulse sequence
where the events during A, B, C, and D constitutefdtered MOQMAS
experiment;® a rotor-synchronized spin echo, the replicating part of
the QCPMG sequenceN( M integers), and an additional sampling

period to ensure full decay of the FID. Part C is rotor-synchronized 32 (I
according to Rz, = 7, + 2t + 7, Wheret, is the duration of the ig )0
selective w pulse. (b) Coherence transfer pathway applied to an w“

ensemble of spih = ¥, nuclei and selected usinﬂggj = 27j/n;, j = 0,
.. i — 1, withn, = 6, 4, 2, and 2 (in given order) and the receiver
reference phase adjusted to select the coherences indicated, according
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to standard procedurés(c) Visualization of the FID recorded in the e L
direct sampling dimensiortx() of the 2D experiment. gl v

. . g
MAS spectra for an approximately equimolar sample of-Na 0 20 -40
SO, and NaC,04 (both anhydrous polycrystalline powders). @, (ppm)

Clearly, all spectra display well-resolved resonances for Na Figure 2. (a) ®Nazfiltered MQMAS and (b-e) MQ-QCPMG-MAS
SOy (34 ppm) and NgC,04 (40 ppm) in thew; dimension of 2D spectra of an approximately equimolar sample of anhydroys Na
the 2D spectrum. Contrary, the appearance iruthdimension SO, and NaC,0, polycrystalline powders. The spectra were recorded
and the spectral sensitivity differ significantly for the five spectra at 105.8 MHz using a Varian UNITY-400 spectrometer with a home-
depending on the sampling conditions in this dimension. The built high-speed spinning MAS probe using 5 mmhgirotors. An rf
standardz-filtered MQMAS spectrum (Figure 2a) shows broad ~field strengthw./2 = 58 kHz was applied for all pulses. Pulse lengths
second-order quadrupolar lineshapes for the &ida reso- of 20, 10, 2.2, 22 _and 4 4s were used for the pulses in the same
nances. Upon detection during a QCPMG train of selective order as shown in Flgur_e la. E_ach spectrum has 96 scans, a relaxation
pulses these resonances split into manifolds of sidebandsdelay of 3 s, 1Qs dwell time durings, and 128, increments separated
(Figures 2b-¢) as a result of the combined action of spin and 0¥ 674s- For the MQ-QCPMG-MAS spectra £ 150s) the number
rotary echoes. Since the overall spectral intensity of the of points per echo (corresponding value), numbers of repllcatlr_}g
experiment is defined solely by the intensity of the first point echos 1), and MAS frequency were (b) 400 (4 ms), 9, 10.7 kHz; (c)

f the free induction d d m ition of th trum int 200 (2 ms), 19, 10.4 kHz; (d) 100' 1 ms_), 39, 10.7 kHz; and (e_) 50
orthe free induction decay, aecompaosition of the spectrum into (500us), 80, 9.9 kHz. Thé*Na chemical shift scales (ppm) are relative
a set of distinct spin-echo sidebands translates directly into ; oviernal 1.0 M Nacl.
increased sensitivity of the experiment. By adjustment of the
echo-sampling period, it is feasible to specify the number of
spin-echo sidebands and thereby the content of information in
this dimension and the overall sensitivity of the experiment.
For example, by increasing the sideband separation the sensitiv
ity increases at the expense of the information about the
inhomogeneous quadrupole coupling and chemical shielding
interactions defining the envelope of the spin-echo sideband
pattern. Information about homogeneous interactions (homo-
nuclear dipolar coupling and dynamics) may independently be
obtained from the line shape of the spin-echo sidebands being
determined by sampling of multiple spin echoes. The spectra
in Figure 2b-e correspond to gain factors in signal intensity of
5, 8, 12, and 20, respectively. It is evident that the spectrum
of highest gain (Figure 2e with a separation,1# 2 kHz
between sidebands) yields little information about the quadru-
pole interaction. This may be acceptable in applications where  acknowledgment. The use of the Varian UNITY-400 NMR
the main concern is resolution/determination of the number of spectrometer, sponsored by Teknologistyrelsen, at the Instrument Centre
different chemical sites. Decreasing the sideband separationfor Solid-State NMR Spectroscopy, University of Aarhus, is acknowl-
from 2000 to 250 Hz in Figure 2 gradually introduces a manifold edged. Support of this research by equipment grants from the Danish
of spin-echo sidebands with an envelope resembling the standardNatural Science Research Council, Carlsbergfondet, and Aarhus
zfiltered MQMAS spectrum. Thus, in principle the MQ- University Research Foundation is acknowledged. This work has been
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information as the MQMAS spectrum in Figure 2a while
simultaneously a 5-fold improvement in sensitivity is obtained.
_In conclusion, the MQ-QCPMG-MAS experiment introduced
here significantly improves the sensitivity of the extremely
useful MQMAS experiment. This sensitivity gain is obtained
solely by modifying the conditions in the sampling dimension.
Therefore, it may be combined with schemes providing ad-
ditional sensitivity improvement by more efficient MQC excita-
tion and MQC to 1QC conversion. The actual gain in sensitivity
depends on the desired definition of the second-order quadru-
polar envelope of sidebands which paves the way for informa-
tion about quadrupole coupling and shielding parameters and
thereby second-order shifts required for determination of the
isotropic chemical shifts.




