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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-
guantum dimension). In the MQ dimension, the MP sequence has
to be supplemented by two bracketing pulses in order to preserve

tion on the strength of dipolar couplinggl,(14 and the
topology of the spin system can be obtain8fl On the other
hand, it has been show8)(that for extended dipolar-coupled
networks the remaining dipolar broadening of resonance line
in spinning-sideband patterns leads to a severe loss in spect
resolution. Moreover, the structural and dynamic informatior
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

the order and the intensities of the evolving MQ coherences.
Double-quantum *H NMR spectra of L-alanine recorded using
both decoupling techniques are shown and compared to each
other. Triple-quantum *H NMR spectra under ultrafast MAS

network of spin—spin interactions to such an extent that it cal
be handled for extracting detailed information.

In the MQ investigations performed to date, the decou
pling of the homonuclear dipolar interaction was basec

guencies of up to 15 kHz. The advantage of technica
simplicity is accompanied by the limited line-narrowing
efficiency, in particular when MAS is applied to rigid solids
with a static*H linewidth of 50 kHz and more. The inves-

. : _Wgations of this paper, therefore, aim to improve the reso
(MQ) NMR spectroscopyl 2) has developed into an impor tion in solid-state MQ spectroscopy by introducing ultra-

tant tool for characterizing materials on molecular leng . <=
scales. In order to resolve chemically distinct sites by avera iStrani\vS IWItrrr: ﬁi Tpmn:ng f'\r/IeF()]uenc?/ to:j ﬁ/I5AS!(H22 and,
ing of the anisotropic spin interactions also in solids, M ernatively, multiple-pulse (MP) assiste %-29.

spectroscopy has been combined with magic-angle spinninge efficiencies of the different approaches are compared

(MAS). Such high-resolution MQ MAS techniques were intro-
duced for dipolar-coupled homonucle&t (3-9), *'P (10-13,
13C (14), and heteronucledH-"3C (15-17 spin3 systems as
well as for half-integer quadrupolar nucldi§—24 and refer-
ences therein). Applying these techniques, internuclear dis-The general schematic representation of an MQ MAS ex
tances, residual dipolar couplings, and quadrupolar couplipgriment is shown in Fig. 1a. During the excitation period, MQ
parameters could be measured. coherences between dipolar-coupled spins are generated by |
For high-resolution MQ experiments in rigid sgjsystems, action of an effective Hamiltoniahi,, producing a density
the handling of the dipolar interaction is particularly challengsperator of the form
ing because of its complexity and the homogenous nature of
th_e r_esultmg line broadenlng. On_ one hand, the dependen(_:e of P (Toxe) = EXP—iH oy cToxal P (0)€XP +iH o oToxd) . [1]
this interaction on internuclear distances and molecular orien-
tations can be exploited to extract information on both structure . h N he initial .
and dynamics. First, 2D MQ MAS spectra provide directl%x.C IS t. e excitation t|'me, appl(O)t e.'”'t.'a density operator
gualitative insight into dipolar connectivities. In addition tg hich is, When.startllng Wltrg-polarlzat|on and setting the
that, analyzing MQ buildup intensities and MQ spinning sidg?‘ctOr of proportionality to unity, equal t.

band patterns of various order provides quantitative informa-D.epe.mdmg on the effective dipolar coupling strer'lgth,'the
excitation of MQ coherences can follow two strategies: first

short-time excitation withr,,. =< 7=/2, such that the dipolar
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FIG. 1. (a) Schematic representation of a two-dimensional MQ experiment. In both spectral dimensions (MQ cohergraxed 80Q coherences ig),
dipolar decoupling can be achieved either by MAS only or by MAS combined with MP techniques. (b) Five-pulse sequence used for the excitation
coherences under MAS atz/27 = 13 kHz. The timingr.,. = 7=/2 avoids phase distortions and gives rise to characteristic spinning sideband patterns in
resulting MQ MAS spectrumg; 41). (c) BABA recoupling pulse sequence used for the excitation of MQ coherences under MA®Rat= 35 kHz. For*H
DQ excitation inL-alanine, the excitation period was set equatdQ = 75, whereas TQ coherences were excited witl) = 275, additionally applying two
bracketing 90° pulses withand —y phase at the beginning of the excitation period and at the end of the reconversion period, respectively. (d) Pulse seqt
consisting of WHH-4 cycles used for dipolar decoupling during MQ evolutjeand detectior,, respectively. Fot,-decoupling, the WHH-4 cycles are rotor
synchronized and bracketing 54.7° pulses are applied in thed[4direction, that is, with a phase of 315°. These bracketing pulses flip the magnetization ot
the effective precession axis, in order to preserve the order of evolving MQ coherences. DutiegWWHH-4 cycle is not fully synchronized, following the
direct detection technique described in R&B)(

interaction is only partially averaged by MAS; and secon®0° pulses, one before the excitation and one after the reco
recoupling techniques with,,. = n - 7, in which the pulse version period.
sequence compensates the dipolar decoupling of M285 (  The excited MQ coherences can be expresggthterms of
In this paper, for rigid proton systems and moderate spiitreducible tensor operatof ,, of rank| and ordem, that is,
ning frequenciewg/2m ~ 13 kHz, short-time excitation was
applied using the five-pulse sequendg 4, 8 of Fig. 1b _ 0 T

. _ P . . p(Texc) E bI,mTI,mr [2]
with 7., = 7=/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 pay .o the quantum numben can be identified with the co-

terns are excited for spin pairs and methyl-like Systemﬁerence order, ant:il("ﬂ1 are Liouville-space coordinates. The

rﬁspg(:iB\/:Iy 8). Folr'spinning frecg;en(iiasR/f&;é 315 khiz, index k distinguishes different operators with the same trans
the recoupling sequencel@, 14 of Fig. 1c was formation properties.

applied.
Both pulse sequences in Figs. 1b and 1c excite MQ COh%f()nservation of the MQ Coherence Order in t

ences of only even order, whereas odd-order MQ coherences

are generated either by a five-pulse sequence of the fofm 90 After the excitation, the MQ coherences evolve under the

Texc 90+ mzt1—905 4 /o Texs 90, —10—90; —1, acting onp(0) resonance offset, the chemical-shielding interactions, and tf

« |, (8), or by application of recoupling pulse sequences datipolar coupling to spins which are not involved in the con-

p(0) = 1, spin modes which are generated by two bracketirgidered MQ coherence. The isotropic chemical shift provide:

kl,m
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the desired spectral resolution of the chemically distinct siteddamiltonian isH® o 1. This can be achieved by bracketing

whereas the dipolar interaction broadens the MQ resonartbe MP sequence with two phase-alternated sandwich puls

lines increasingly with the order of the selected MQ coherend8}1) as outlined later in more detail for a particular sequence

as has recently been shown for TQ MAS specBa (o Moreover, when discussing the conservation of the MC

improve resolution, it is therefore essential to reduce thimherence order during the action of the average (chemic

undesired broadening in the evolution and/or detection pericghift and dipolar) Hamiltoniakl of a MP decoupling sequence,

During excitation and reconversion, however, the dipolar ithe effect of higher-order terms of the Magnus expansion fo

teraction has to be retained or even to be recoupled. timest = n- t; (29, 30 has also to be taken into account, that
During the evolution period, care must be taken to preserige

the order of the excited MQ coherences. Unlike for MAS, this

is not automatically guaranteed when applying MP sequences H=HO+HY + @ + 5]

for dipolar decoupling. This is because the total average Ham-

iltonian includes contributions of off-resonance and chemical-

S . : ; The higher-order terms continuously change the spin-corre
shielding interactions. In the toggling-frame representation, we. )
. ) o ation order and the order of the evolving MQ coherences, thi
can write for this contribution

first reflected in the rankof the tensor operatoff ,, the latter
B . , . in the orderm (cf. Eq. [4]). These changes also result in line
HO =k X (8 + Aw) (e, + ¢, Iy + ¢ 1Y), [3] broadening and the presence of additional MQ orders. In Ml
i line-narrowing experiments, these effects of higher-order term
are usually dealt with by confining to short cycle times and by
wherek is a numerical factor related to the scaling fackwf high-order compensating sequences. Under the conditions
the MP dipolar decoupling sequen@gis the isotropic chem- fast sample spinning, as investigated here, higher-order cor
ical shift of the spins, andAw is the off-resonance frequency.pensation is left to MAS25, 26.
I denotes the total spin operator of the nuclguand thec,
(¢ = X, y, 2) are Cartesian spin-operator coordinates whidhipolar Decoupling of the MQ Evolution
depend on the applied MP sequen28,(30.

Consider the short-time evolution of MQ coherences, that is In order to average dipolar couplings during the evolutior
using the Liouville formalism ' périod, two strategies are possibB2). The most straightfor-

ward technique is to increase the MAS frequency to the ulti
mately possible value, which presently is around 35 kHz. Tht

exp(—iHOt) - T =~ T — iIHOTM t, advantage of this pure MAS approach is that there are n
1. -« artifacts generated by radio-frequency (RF) pulse imperfec
+ EH(O)H(O)TFF,Ltﬁ +..., [4] tions, since MAS modulates solely the space part of the intet

actions.

An alternative line-narrowing technique is the application of
where t. is the cy:cle time of the MP sequence, a:nd thgrp sequences at moderately fast MAS frequencies. It is we
Liouville operator H® corresponds to Eg. [3]. SincBl®  known that MP line narrowing and MAS might interfere with
containsl, andl, spin operators, andrf's, T{. ;] # 0, where each other when applied on about the same time scale. In orc
T(%, represents MQ coherences of oraerinvolving nucleus to avoid such an interference, both techniques can be eith
k,andT{?, ; = F1/V2(1{ + I{9), the MQ coherences are notappropriately synchronize@7) or performed on different time
retained. In factH©® describes rotations which change thecales. In the latter case, the faster one (usually MP) is applie
orderm (but not the rank) of the irreducible-tensor operatorsunder quasi-static conditions. Conventional CRAMPS experi
(2). Therefore, coherences of different orders are generateénts use this approach by confining to MAS frequencies ¢
from the originally excited coherences. This process resultsaround 3 kHz 83-35.

a damping of the original coherences with time, which causeslt has recently been show§, 26 that similar experiments
line broadening and hence a loss in spectral resolution. Moran also be performed at MAS frequencies of up to 15 kHz by
over, there is experimental evidence that these new coheéecreasing the length of the pulse cycle as much as possit
ences generated By give rise to additional signals, sinceand complying with the synchronization conditions. This car
they retain a finite phase memory and, therefore, pass teaccomplished by use of windowless or semiwindowless Ml
phase-cycling procedure used for MQ-order selection. Thessquences which consist only of a short basic cycle. As
signals overlap with the MQ spectrum of the desired ordesonsequence of that design, the MP sequence does not co
Thus, conversion of the MQ order during the evolution periggensate effects of high-order terms (cf. Eq. [5]) and cannot b
also vitiates the quantitative interpretation of the MQ spectrursupposed to remove the dipolar interaction completely. In suc
The conversion effect can be cured by application of addixperiments, the MP technique is meant to reduce the dipol:
tional pulses, such that the evolution can be described innderaction to such an extent that, in a second averaging pr
tilted rotating frame with axesX( Y, Z), in which the average cess, the residual parts can be dealt with by fast MAS, whicl
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also removes the effects of other imperfections of the Méhce between both cases can be neglected in the limits of tl
experiment and further anisotropic interactions. In comparisemperimental accuracy.

to conventional CRAMPS experiments, this additional fast- In the preceding treatment, the bracketing pulses are su
MAS averaging process makes tmeultiple-pulse assisted posed to act on the Hamiltonians. An equivalent approach is t
MASapproach much more forgiving with respect to hardwamnsider them as preparation pulses which align the initial sta

limitations and misadjustments. It is therefore particularly suip(7.,J orthogonal to the effective Hamiltoniar( ¢s acting
able for application within a 2D experiment. in t,. This strategy is well known from conventional single-

Following this approach, the semiwindowless WHH-4 seguantum (SQ) decoupling experiments where a correspondir
guence 29, 30 was applied during the evolution period of thepreparation pulse is usually applied to maximize the contribu
MQ experiment (see Fig. 1d). As already outlined, care hastton of the signal which is encoded by the chemical shift. In the
be taken that the selected MQ coherences do not change tbage of MQ coherences, however, these bracketing pulses ¢
order during the; evolution, since for most MP sequences thalso essential for preserving the order of the observed M(
off-resonance and chemical-shift evolution takes place aroucoherences during the evolution period. In this context, i
an axis different from,. For the WHH-4 sequence, for exam-should be mentioned that there are MP sequences for whic
ple, the off-resonance and chemical-shift Hamiltonians in tiseich bracketing pulses are unnecessary, since the evolvi
toggling frame areHYf s = %(IX + I, + 1) (29, 30 and, coherences and the effective field are automatically perpendi
therefore, convert the orders of MQ coherences. In order twtar to each other during the whole sequeng8, (37). The
prevent this, the respective Hamiltonian has to be transformadaptation of such sequences to fast MAS conditions might k
such that feasible and promises further improvement of the resolution.

In the MQ experiment, following the evolution period, the
AW = —S(5 + Aw)l [6] MQ coherences are reconverted back to detectable SQ coh
omes z ences, while the desired order of MQ coherences is selected |

the conventional phase cycling techniqués 2). During the
iy Hetection period, the SQ coherences can be acquired, narro
Eq. [3]). ngg effect ofHoir.cs on the MQ coherences repreg the resonance lines by MAS alone or by simultaneous Mi
sented byTi  is then given by decoupling. For direct detection under windowless or semiwin

dowless MP sequences, a recently developed techni@)és(

exp(—iS(§ + Aw)It) - T - exp(iS(8 + Aw)lt) used in the experiments described next.

= exp(—iS(8 + Aw)mt) T, [7]
EXPERIMENTAL AND RESULTS

Thus, the only effect is a scaling of the frequency by a factor
6 + Aw)m, whereSis the scaling factor of the decouplingBr

MP sequence. . :
. MHz. In order to provide comparable results, all experiment:
For the WHH-4 sequence, the necessary transformation is . .
; . . o.were carried out on a double-resonance MAS probe usin
performed by bracketing the MP train by two pulses with flip

anglesh, = +54.74° oriented along the [1dl-direction in the rotors of an outer diameter of 2.5 mm. This equipment enable

rotating frame 81), that is, a pulse phase of 315° (see Fig. 1d AS spinning frequen:nes of up to 35 kHz. For MP dipolar
. ) . ecoupling int;, the 90° pulse length was set equal to L%

In the spin space, the action of this pulse can be decomposed .~ . . :

. L resulting in a WHH-4 cycle time of, = 9.6 us, which was

in a cascade of three rotations:

synchronized with the rotor frequencywd/2m = 13 kHz
corresponding tag = 8- ty). For the direct detection of the SQ

The experiments were performed aralanine using a
uker ASX spectrometer with # Larmor frequency of 500

exp(—i 7 1) exp(—ifnl, )expi I 1, coherences, the WHH-4 cycles were applied asynchronously
the rotor period t, = 16 us; see Fig. 1d), such that MAS
X {% (L+1,+ 1)} = 1/V/§ l,, [8] averages the timing imperfections originating from the direc

detection of the FID during the pulse traipg).

where, by spin rotations (written as Liouville operators), wg
pass through various reference framesy(z) — (X', y', ') —
(X,Y,2). The resulting scaling factor 8= 1/\/3 = 0.58. For L-Alanine is a rigid dipolar solid with a statiH resonance
simplicity, this treatment was performed in thepulse limit, linewidth of about 35 kHz. Therefore, at moderate rotor fre-
which means that the coordinatesin Eq. [3] are assumed to quencies, DQ coherences can be easily excited using the sil
be the same for alk = X, y, z. For the experimentally applied ple five-pulse sequence of Fig. 1b (see later discussion). On tl
semiwindowless variant of the WHH-4 sequence, the actuather hand, such strong dipolar couplings severely degrade tl
coefficients in Eq. [3] are, = ¢, = 1.138 andc, = 1.273, resolution. Figure 2 presentsl SQ spectra of -alanine ap-
which results in a scaling fact@= 0.554. This minor differ- plying MAS at a rotor frequency of (apg/27 = 13 kHz and

ingle-Quantum Spectra
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C: CH, several spinning sidebands, the pattern of which has alreac
been described elsewher8, (4, 8, 14. In order to derive
A N B CH qualitatively dipolar connectivities from a 2D DQ spectrum,
. 3

l one usually concentrates on the subspectrum at the first-ord
MQ spinning sideband. A quantitative consideration of DQ
intensities requires either the interpretation of the complet
MQ MAS sideband pattern4( 8, 19 or, alternatively, the
integration of all sideband<®) which can be experimentally
achieved by stroboscopic signal acquisition in intervals o
Aty , = Tw
) In the following, we consider the 2D DQ subspectrum
present at the first-order DQ spinning sideband. The resonan
b) lines are narrowed by the following four combinations of
dipolar decoupling techniques: first, MAS alonewi27 = 13
kHz (Fig. 3a); MP-assisted MAS in only one of the spectral
) dimensions, that is, second,(Fig. 3b) and, thirdt, (Fig. 3c);
and, fourth, MP-assisted MAS in both dimensions (Fig. 3d). I
T T T T T L T T T e e is important to note that, in the case of badly resolved peak:
16 12 8 4 0 4 ppm the assignment is based on thepriori knowledge of DQ
FIG. 2. H 500-MHz SQ spectra of-alanine recorded using different Signals and the corresponding dipolar connectivities from :
dipolar decoupling techniques: (a) MAS at/2m = 13 kHz. (b) Ultrafast well-resolved 2D DQ spectrum af-alanine (as obtained by
MAS at wg/27 = 35 kHz. (c) MP-assisted dipolar decoupling under MAS a|trafast MAS; see later discussion)_
wg/2m = 13 kHz, using the WHH-4 sequence with direct detecti cf. _ ; ;
FiRé. 1d). The WHH-4 Zequence scalesqthe chemical shift axis b?/a)a(factor ofAS Ipng gslsolely MAS atDFJZW =13 kHz is applled, the
about 0.6, which has been corrected for. two aliphatic *H resonances are not separated, and the D(
peaks can hardly be assigned (see Fig. 3a)Lfadanine, three
diagonal peaks (AA, BB, CC) and three cross-peaks (AB, AC
'BC) are expected, owing to dipolar connectivities between th
I}H—L} (A), CH (B) and CH, (C) protons, respectively.

Q

C

(b) wx/2m = 35 kHz. As expected, the resolution is conside

ably enhanced by increasing the MAS spinning frequency fro A ' "
13 to 35 kHz. However, even at a spinning frequency of 3 Application of a WHH-4 pulse sequence in addition to MAS

kHz, not all lines are resolved to the baseline. Only the sim uring the detection periag enhances the resolution in the SQ

taneous application of the semiwindowless WHH-4 MP Sgl_i.mension and separates all three resonances completely (s
quence and MAS abg/2 = 13 kHz yields three completely Fig. 3b). As known from the WHH-4 decoupled SQ spectrum

resolved resonance lines (see Fig. 2c). This increase in reSoFid- 2¢, the NH proton resonance line is broader and less
lution takes place despite of the chemical shift axis beirl

tense compared to the aliphatic resonances. However, tt
scaled by a factor of, experimentally, 0.6, which agrees w fferent DQ peaks are still not resolved in the DQ dimension
with the theoretical value for WHH-4.

In Fig. 3c, MP dipolar decoupling ity improves the reso-
The decoupling efficiency of MP-assisted MAS and ultrafag'ftion in the DQ dimepsion with, being incremented in steps
MAS, however, depends on the considered resonance line. fijghe WHH-4 cycle time; = 75/8 = 9.6 us). Although the
aliphatic'H resonances are narrowed by MP-assisted MAS rgtsolutlon in the SQ dimension is prqwded by MAS alone al
w2 = 13 kHz to linewidths of about 300 Hz, whereas MAS’R27 = 13 kHz, all expected DQ signals can be, at least
alone atwg/27 = 35 kHz still leads to linewidths of about 750!dentified and .aSS|gned o Q|polar connepﬂwﬂes.ezilamne.
Hz. On the other hand, the resonance line of the!Niotons Howgver, the |mprovement in resqlutlon is qccompanled by
is narrowed by both decoupling techniques to about the Sam&derable loss of 5|gna}ll mtensﬁy, especially for. thesNH
extent, resulting in a linewidth of about 1 kHz. Obviously, jfproton resonance, and art|f|C|a! pgaks are present in the spe
the latter case, th#H resonances are additionally broadened [um. Moreover, the overall spinning sideband pattern of the

{14\ interactions, and the MP-assisted technique provid2$ SPECtrum (not shown) is also modified by the MP sequenc
no advantage compared to pure MAS. and, thus, cannot be interpreted in the same way as known fro

MAS-only spectra4, 8, 14.

Up to this point, WHH-4 dipolar decoupling has been ap-
plied in the two spectral dimensions separately. Application o
MP-assisted MAS in both dimensions results in the 2D DC

Figure 3 presents 2BH DQ spectra of.-alanine recorded spectrum presented in Fig. 3d, in which most of the peaks ar
under MAS atwg/27m = 13 kHz with and without additional fully separated. It is clear that, compared to the MAS-only
MP decoupling during the corresponding evolution periodgpectrum of Fig. 3a, MP-assisted MA®Bastically enhances
(see Fig. 1a). In general, a DQ MAS spectrum consists thfe spectral resolution in both dimensions of a DQ spectrur

Double-Quantum Spectra under Combined Multiple-Pulse
and MAS Dipolar Decoupling
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FIG.3. Two-dimensionatH 500-MHz DQ spectra af-alanine using either MAS only or MP-assisted MAS for dipolar decoupling. In all cases, the spinnir
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 de«
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 scalir
of 0.6 is directly visible in the respective spectral dimensions.

although there are some minor drawbacks that still ask fepectrum. These signals result from the well-known sensi
further improvements. tivity of MP decoupling techniques to any kind of experi-
Obviously, the MP dipolar decoupling is still more effecmental misadjustments. In the case of MQ coherences, th
tive for SQ coherences than for DQ coherences, as candmnsitivity is even magnified for the same reasons outline
seen from comparing the linewidths in both dimension@ the previous discussion of the MP dipolar decoupling
There are several explanations for this difference in thedficiency. In order to avoid any undesired perturbation of
line-narrowing efficiencies: FirstN-quantum coherencesthe MQ evolution, a precise adjustment of all experimenta
are N-fold sensitive to any error of the pulse phases or thEarameters is required.
flip angles during the MP sequence. Second, there could beé\part from that, for both DQ spectra with MP decoupling
a loss of coherence order due to imperfect adjustment of timet, (Figs. 3c and 3d), the signal intensity and the effective
bracketing pulses. Third, as has recently been shdyn (line narrowing of the NH proton resonances are to be
MQ coherences are, in general, more sensitive to additiomadproved. This feature of MP decoupled spectra has alreac
spin interactions and, in particular, to dipolar line-broadeipeen observed for the SQ spectrum (cf. Fig. 2). Neverthe
ing effects than are SQ coherences. less, the main objective of this section is clearly achieved
In addition to the different decoupling efficiencies in botfThe principal strategy which makes resolution enhancemer
dimensions, there are weak artificial peaks present in thg MP decoupling sequences applicable to both dimensior
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A:NH, B:CH C:CH,
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double-quantum dimension

b)

A:NH, B:CH C:CH,
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FIG. 4. Two-dimensional MQ*H 500-MHz spectra ofi-alanine recorded under MAS aé/2m = 35 kHz, applying the BABA recoupling
pulse-sequence of Fig. 1c. (a) DQ spectrum with = 75, and (b) TQ spectrum with,,. = 27. On the left, the subspectra at the first-order DQ sidebanc
and the TQ centerband, respectively, are shown, as indicated by the marked regions of the slices on the right. From these 2D subspectra,
connectivities between pairs (DQ) or triads (TQ) of protons can be directly determined. On the right, slices at each of theSe@esonances show
the typical MQ spinning-sideband patterns.

of the MQ MAS experiment is introduced and experimeralmost all cases, for dipolar couplings between pairs of pro

tally demonstrated. tons. Hence, the five-pulse sequence used at moderate spinn
. frequencies, that isps/27 =< 15 kHz, has to be replaced by a
Multiple-Quantum Spectra under Ultrafast MAS recoupling pulse sequence such as BABA,(14.

After considering the dipolar decoupling performance of the The 2D DQ spectrum af-alanine obtained using MAS-only
WHH-4 sequence combined with MAS @/27 = 13 kHz, we decoupling withwg/27m = 35 kHz and an excitation period of
now give examples of 2D MQ spectra recorded under ultrafaske = Tr = 28.6 us is given in Fig. 4a. Compared to the
MAS. At spinning frequencies abg/2m = 35 kHz, the con- MAS-only spectrum withwe/27 = 13 kHz in Fig. 3a, the most
dition for the fast MAS regime, that iss; > w4 (Wherewy is  striking feature is the drastic increase of spectral resolution. Al
the strength of the static dipolar interaction), is fulfilled, ifDQ resonances can be precisely identified and, thus, the dipol
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connectivities in_-alanine can be determined from the 2D DQnly either NH; or CH;, protons, that is, AAA and CCC, lead
spectrum. As a specific example, consider the connectivity tof the most intense peaks.
the C-H proton (B) in Fig. 4a. It exhibits strong couplings to It should be noted that not all TQ resonance lines are
the other protons at distances of about 0.24 nm, but virtually ntearly resolved in the TQ dimension, and that most of the
intermolecular coupling to its equivalent at a distance of 0.380ss-peaks are considerably asymmetric. The latter featu
nm (38). is, to a certain extent, inherent to TQ coherences. An AAE
Compared to the MP decoupled spectrum given in Fig. 38Q coherence, for example, splits into two peaks in the SC
it can be clearly seen that, although the MP technique providdisnension, located at the respective resonance frequenci
a slightly better resolution, at the current state of development, A and B. The ratio of signal intensities A:B is then
it does not measure up to the standard of quality of MQ MA&xpected to be equal to 2:1. The observed asymmetry i
spectra provided by ultrafast MAS. however, much stronger than that, because, at the end of tl
In contrast to the DQ spectra with MP decoupling,ifFigs. reconversion period, after the AAB TQ signal has been spli
3c and 3d), the characteristic DQ spinning-sideband patténto its A and B part, the relaxation behavior and hence the
can be obtained, for all six DQ coherences, directly from tHmewidth are different for the two partS8).
35-kHz DQ MAS spectrum by extracting slices in the DQ In addition to the connectivities derived from the 2D TQ
dimension at the three different SQ resonances. The existeapectrum, the TQ spinning-sideband pattern contains, anal
of those spinning-sideband patterns (with relatively high integeusly to DQ spectra, further information on the spin topolo-
sities up to the third order) shows that the overall dipolajies. The origin of these TQ MAS patterns and their content o
couplings inL-alanine are still comparable to the spinningnformation are discussed in detail in ReB).(
frequency even at a value afx/27 = 35 kHz which agrees
with static linewidth. Thus, structural information on dipolar DISCUSSION
coupling strengths4( 14) and the spin topology8j is still
accessible under ultrafast MAS conditions, as we shall briefly The enhancement of resolution and sensitivitythsolid-
outline in the following. state MQ MAS spectroscopy by ultrafast MAS or by a com-
In the fast MAS regime, an isolated pair of séinnuclei bination of MP decoupling and MAS at moderate spinning
leads to symmetric DQ signals at odd-order spinning sidebarfdsquencies was demonstrated. The application of MAS &
only (14). For wg > wy, the signal intensity is concentrated inwg/27 = 35 kHz results, for rigid dipolar solids, in a resolution
the first-order sidebands. As is evident from Fig. 4a, all coheznhancement of about a factor of 2, compared with modera
ences in.-alanine also show spinning sidebands for even-ordgpinning frequencies ab/27m =< 15 kHz. Since, at present, the
multiples of the rotor frequency. This indicates the influence oésolution achievable by fast MAS has reached a regim
spins surrounding the considered spin pair. Nevertheless, tigere, even in rigid solids, théd chemical shifts of important
spectrum is dominated by its first-order spinning sidebandsoups start to be resolved, even a comparatively mode
even for the AA and CC coherences, although they originataprovement in resolution actually allows MQ MAS methods
from protons which are part of the three-spin systems NA)  to be extended to a considerable number of organic material
and CH, (C). At moderate MAS frequencies, those three-spimhich have been inaccessible up to now.
topologies lead to DQ spectra with a dominating centerband.Alternatively, at moderately fast MAS frequencies, the res-
At spinning frequencies of 35 kHz, however, the dipolar dedlution of MQ MAS spectra can be improved, even selectively
coupling suffices to emphasize the pair character even amangne of the two spectral dimensions, by MP decoupling. As
NH; and CH protons. The fact that the AA and CC resoa first example, a semiwindowless WHH-4 sequence was aj
nances show the most intense peaks in the central region of ptied, but other decoupling pulse sequences can also |
DQ spinning sideband pattern exhibits the residual influenceadapted for use in MQ experiments. Apart from alternative MF
the third spin in the NE and CH, groups. sequences, the Lee—Goldburg dipolar-decoupling metB8d (
The'H triple-quantum (TQ) spectrum ofalanine presented 40) seems to be a promising approach. Like the WHH-4
in Fig. 4b was also obtained under MAS@t/27 = 35 kHz. sequence, it offers a short cycle time and the highest value ¢
For TQ excitation, the BABA recoupling sequence (Fig. 1cjhe chemical-shift scaling factor. The tilt angle of the bracket:
extended by bracketing pulses to prepare an initial i@ ing pulses is, in this case, agaip, = 54.7°.
Iy, Was applied withr.,, = 27x = 57 us. As described Both techniques, MP-assisted MAS as well as ultrafas
previously for the DQ spectrum, ultrafast MAS combines favlAS, allow high-resolution MQ spectra to be obtained. The
2D TQ spectra as well a drastic increase in spectral resolutioltrafast MAS technique additionally provides undistorted
with an artifact-free quality of signal. Although, with increasspinning sideband patterns which reflect the topologies of th
ing order of MQ coherences, the signal is less intense and thsti@ngly dipolar-coupled system. At such spinning frequencies
are more peaks present in the 2D spectrum, TQ coherenttesMQ MAS patterns result mainly from the rotor encoding of
among all possible proton triads could be excited and identififte dipolar Hamiltonian during the reconversion peribdi4,
in the 2D TQ spectrum (AAA, AAB, AAC, ABB, ACC, BBC, 41), while contributions from the evolution of the MQ coher-
BCC, and CCC). As expected, the TQ coherences involviegces are, by MAS, suppressed to a large ex#iit From



MULTIPLE-QUANTUM MAS NMR SPECTROSCOPY 69

such simplified patterns, information on the structure and thél. M. Feike, R. Graf, I. Schnell, C. Jager, and H. W. Spiess, J. Am.
dynamics of the spin system can be extracted more easily. ~ Chem. Soc. 118, 9631 (1996).

With respect to routine applications, the experimental adé- H- Geen, J. Gottwald, R. Graf, I Schnell, H. W. Spiess, and J. J.
vantages and disadvantages of both decoupling techniques!tMan: J- Magn. Reson. 125, 224 (1997). _
have to be considered. The acquisition of MQ spectra under '\fégg'ke' C. Jager, and H. W. Spiess, J. Non-Cryst. Solids 223, 200
ultrafast MAS is not only the far less sophisticated techniqu (1998).

e
but the resulting spectra are also artifact-free and the si rléﬂ R. Graf, D. E. Demco, J. Gottwald, S. Hafner, and H. W. Spiess,
g sp gnal 3 chem. Phys. 106, 885 (1997).

mtenslty IS hlgher gompared to .the MP d.ECOUpIIng ,teChmqu%. W. Sommer, J. Gottwald, D. E. Demco, and H. W. Spiess, J. Magn.

Additionally, experimental MP imperfections amplify the Reson. A 112, 131 (1995).

noise. On the other hand, if the resolution achievable Qy Feng, Y. K. Lee, D. Sandstrom, M. Edén, H. Maisel, A. Sebald,

ultrafast MAS is not sufficient, there is no alternative to the and m. H. Levitt, Chem. Phys. Lett. 257, 314 (1996).

application of MP decoupling sequences. Moreover, MP dg7. \. Hong, J. D. Gross, and R. G. Griffin, J. Phys. Chem. 101, 5869

coupling can be applied selectively in certain periods, whereas (1997).

MAS is present throughout the experiment. 18. L. Frydman and J. S. Harwood, J. Am. Chem. Soc. 117, 5367
However, the technical difficulties related with MP tech- (1995).

niques should not be underestimated. Special attention has4oA. Medek, J. S. Harwood, and L. Frydman, J. Am. Chem. Soc. 117,

be paid on the setup procedure, since MP decoupling is known 12779 (1995).

to be enormously sensitive to misadjustments. Moreover, th C. Fernandez and J. Amoureux, Chem. Phys. Lett. 242, 449 (1995).

cycle timet, of the MP sequence limits the sampling tilhe=  21. G. Wu, D. Rovnyank, B. Sun, and R. G. Griffin, Chem. Phys. Lett.

t. and thus the spectral width in the MP decoupled spectral 249. 210 (1995).

dimension. Therefore, the MP performance and the quality & S: P. Brown, S. J. Heyes, and S. Wimperis, J. Magn. Reson. A 119,

the resulting spectra strongly depend on various experimental 280 (1996).

parameters, whereas MAS QHZW > 15 kHz is straightfor- 23. M. Hanaya and R. K. Harris, Solid State NMR 8, 147 (1997).

wardly applicable. 24. G. Wu, S. Kroeker, R. E. Wasylishen, and R. G. Griffin, J. Magn.

. - Reson. 124, 237 (1997).

Apart from the homonuclear case discussed in this paper, eso: ’d3 (199 )_
heteronuclear MQ experiments in solids will particularly berf> S- Hafmer and H. W. Spiess, J. Magn. Reson. A 121, 160 (1995).
efit from the use of MP sequences for dipolar decoupling® S-Hafner and H. W. Spiess, Solid State NMR 8, 17 (1997).

Since the experiments can be performed at moderate spinrﬁﬁgg’(-3 fig’gif;m’ S. Hafner, and H. W. Spiess, J. Magn. Reson. A 116,
frequencies, larger sample volumes are accessible. For exper- '

iments limited mainly by th&N ratio, this could turn out to be 28. A. Bennett, R. G. Griffin, and S. Vega, NMR Basic Princ. Progr. 33,

. 3 (1994).
n ntial advan .
an essential adva tage 29. U. Haeberlen, “High Resolution NMR in Solids,” Academic Press,

New York (1979).
30. M. Mehring, “Principles of High Resolution NMR in Solids,”
) . ) Springer-Verlag, Berlin (1983).
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