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A new approach for high-resolution solid-state heteronuclear
ultiple-quantum MAS NMR spectroscopy of dipolar-coupled

pin-1
2 nuclei is introduced. The method is a heteronuclear chem-

cal shift correlation technique of abundant spins, like 1H with rare
pins, like 13C in natural abundance. High resolution is provided
y ultra-fast MAS and high magnetic fields, high sensitivity being
nsured by a direct polarization transfer from the abundant pro-
ons to 13C. In a rotor-synchronized variant, the method can be
sed to probe heteronuclear through-space proximities, while the
eteronuclear dipolar coupling constant can quantitatively be de-
ermined by measuring multiple-quantum spinning-sideband pat-
erns. By means of recoupling, even weak heteronuclear dipolar
nteractions are accessible. The capabilities of the technique are
emonstrated by measurements on crystalline L-tyrosine hydro-
hloride salt. © 1999 Academic Press

Key Words: multiple-quantum spectroscopy; heteronuclear di-
olar correlation; recoupling methods; spinning-sideband pat-
erns; magic-angle spinning.

The use of two-spin modes such as homonuclear do
uantum coherences has been shown to be a versatile ap

n solid-state NMR spectroscopy for the determination of
ecular parameters such as internuclear distances (1) and tor-
ion angles (2, 3). Even the structural elucidation of comp
ydrogen-bonded systems has become possible (4). However

n the case of abundant proton systems, homonuclear1H–1H
ouble-quantum techniques are limited by a lack of spe
esolution, even at the highest magic-angle spinning (M
peeds available. By taking advantage of the larger spre
hemical shifts of rare spins, such as13C, the amount o

nformation which can be harnessed from double- and m
le-quantum (MQ) spectra is greatly increased (5, 6).
In this paper, we introduce a novel high-resolution so

tate NMR technique employing heteronuclear multiple-q
um coherences to abundant spins. The experiment is te
ecoupled polarization transfer–heteronuclear multiple-q
um correlation (REPT-HMQC) and employs heteronuc
ipolar couplings to excite multiple-quantum coherences.
ulse sequence can be used either to correlate13C–1H chemica
hifts in a two-dimensional experiment or to evaluate dip

1 To whom correspondence should be addressed.
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oupling constants in a quantitative manner by measu
ultiple-quantum spinning sideband patterns. Furtherm

pectral editing can be accomplished by measuring one-d
ional HMQ-filtered spectra. Thus, the advantages of h
peed spinning can be exploited in13C NMR.
Heteronuclear correlation (HETCOR) techniques are am

he most important methods for advanced structural elu
ion. In the solid state, such techniques have proven use
chieve1H wideline separation (WISE-NMR, (7)) to study the
ynamics in complex polymer systems, in spectral ed
8, 9), and for obtaining distance constraints (10). We presen
ere a method which combines the advantages of mul
uantum NMR and the wealth of information obtainable fr
ETCOR experiments. Previous work has concentrated o
uasistatic excitation of heteronuclear double-quantum c
nces (6) which were excited using sychronous irradiation
oth channels. However, since this method is limited to e

ation times of half a rotor period and thus to strongly dipo
oupled spins like directly bound1H–13C pairs at modera
pinning frequencies, it is obviously desirable to extend
ethod so that it is applicable to weaker couplings at very
AS frequencies—the latter being necessary to simplify
ipolar coupling amongst the abundant spins (11), leading to
ptimum resolution in the MQ dimension and hence spe
implification.
To this end, a robust recoupling method for the selec

xcitation of heteronuclear MQ coherences has been d
ped. The pulse scheme for our experiment is depicted in
. Considering only the five 90° pulses following the satura
ulse comb on theS spin channel and the refocusingp-pulse

n t 1, the pulse sequence corresponds to an HMQC exper
nvolving a polarization transfer from protons to carbons. T
olarization transfer renders the sequence applicable to
les naturally abundant in13C, since one benefits from the hi

nitial polarization and the shortT1 relaxation time of protons
he experiment was first applied in solution-state NMR
ates back to the first publication of the HMQC idea (12). The
MQC experiment, as popularized by Bax in the early 19

13), was designed to yield information on heteronuclear
elations in solution-state NMR and utilized the scalar J
ling between protons and rare spin species such as13C or 15N.
1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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472 SAALWÄCHTER, GRAF, AND SPIESS
n extension of this technique to perform high resolu
ETCOR experiments throughJ couplings in solids has r
ently been reported (9), the method being termed MAS-
MQC by the authors.
Before discussing the application to solid-state NMR,

hall in short outline the basic stages of the experiment.
roton transverse magnetization created by the first 90°
volves into antiphase magnetizationI xSz under the action o
eteronucleardipolar or scalar couplings. The second 9
ulse converts the antiphase magnetization into a term pr

ional to

I xSx 5 1
4~I 1S1 2 I 2S2! 1 1

4~I 1S2 2 I 2S1!, [1]

hich constitutes a mixture of 2-spin zero- and double-q
um coherences. This coherence state then evolves durt 1

nder the chemical shift interaction of the two nuclei invol
nd (dipolar) couplings to additional spins. Thep-pulse in the
iddle of thet 1 evolution period refocuses all heteronucl

ouplings of theS spin and its isotropic chemical shift, leavi
he proton chemical shift as the defining interaction int 1.
dditionally, thep-pulse interchanges zero- and double-qu

um coherences; thus the refocused sequence is only capa
etecting the above mixture of both types of coherence. D

ar couplings of the involved two spins to other spins lea
ine broadening inF 1 and deviations from the expected sp
ing sideband patterns. After applying another 90° pulse t

FIG. 1. Pulse sequence for the two-dimensional REPT-HMQC ex
ment. Narrow black bars correspond to 90° pulses and open bars re
180° pulses. In order to avoid interference from directly excited13C signals,
saturation pulse train is applied to theS spin channel prior to the experime
The MQ excitation and recoupling periods are made up of REDORp-pulse
trains. The scheme depicted here represents fully offset— and for13C chemica
shift anisotropy compensated—recoupling periods of duration 2tR. For jus
one rotor period of recoupling, twop-pulses in each period (dotted brack
and the corresponding delays are omitted. For higher recoupling
p-pulses on the proton channel have to be repeated with 0.5tR spacings an
may be cycled according to the XY-4 phase cycling scheme (26) to render th
pulse train insensitive to spectral offsets. The phases of the REDOR pul
kept constant during the whole experiment, with the phases of the five H
pulses being listed in Table 1. To achieve sign-sensitive detection int 1, the
TPPI method (27) can be implemented by incrementing the phase o
reconversion pulsef3 by 90° for subsequent slices int 1.
e
e

se

or-

-

r

-
e of
o-
o

e

spins, the resultingS spin antiphase magnetizationI zSx

volves into observableSspin transverse magnetization, wh
s then subjected to az filter (last pair of 90° pulses on theS
pins) of durationt d in order to suppress unwanted sig
ontributions.
Under fast MAS, all dipolar couplings are significan

educed and pair correlations prevail (11). Recoupling of the
eteronuclear dipolar interaction can be achieved by app
simplep-pulse train with half rotor periods spacings on eit
ne of the two involved spin species. This method is ter
otational-echo double-resonance (REDOR) and has al
ound a great variety of applications (14–16). The p-pulse
rain not only recouples the dipolar interaction, but also r
uses the sample orientation independent heteronuclear
ouplings; this interaction is thus neglected in the analy
reatment of the pulse sequence presented below. Als
sotropic chemical shifts are refocused by thep-pulses, an
uring reconversion the singleSspinp-pulse even corrects f
ny contribution ofS spin chemical shift anisotropy (CSA

eaving the dipolar coupling under MAS as the only interac
o be considered during the recoupling periods of the ex
ent. It should be noted that a similar pulse sequence has
sed previously to excite HMQ coherences between rare

n an experiment to determine torsion angles in13C,15N doubly
abeled amino acids (17). There, the orientation-depend
ipolar couplings of the13C–15N HMQ coherences to1H were
valuated in a separated local field experiment.
The average dipolar Hamiltonian under MAS for a RED

-pulse train in the secular approximation equals (15)

H# D,IS 5 2I zSzd#
IS~t!, [2]

here

d# IS~t! 5 2
D IS

2p
~2Î2 sin 2b sin ~vRt 1 g!!, [3]

ith vR denoting the angular spinning frequency. The anglb
nd g correspond to the angle of the internuclear axis
espect to the rotor axis and the initial rotor phase, respect
he dipolar coupling constant is given by

TABLE 1
Proposed Phase Cycle for the REPT-HMQC Pulse Sequence

f1 xxyyx#x#y#y#
f2 yy#x#xy#yxx#
f3 yyx#x#y#y#xx
f4 x#x#y#y#xxyy
f5 y#yxx#yy#x#xyy#x#xy#yxx#
freca xxy#y#x#x#yyx#x#yyxxy#y#

a For the caset rcpl 5 1 tR, y andy# have to be interchanged.
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473MULTIPLE-QUANTUM CORRELATION IN SOLIDS UNDER ULTRA-FAST MAS
D IS 5
m0\

4p

g IgS

r IS
3 , [4]

sing the average dipolar Hamiltonian (Eq. [2]) for both
xcitation and the recoupling periods of the experiment
eglecting contributions fromS spin CSA duringt 1, straight-

orward product operator algebra (18) leads to the following
xpressions for theS-detected time domain signals int 1 for an

solatedIS spin pair,

Sx
S~t1!}^1

2 sin ~NtRd# IS~0!! sin ~NtRd# IS~t1!! cos~vCS,It1!&

[5]

Sy
S~t1!}^1

2 sin ~NtRd# IS~0!! sin ~NtRd# IS~t1!! sin ~vCS,It1!& ,

[6]

here^ . . . & denotes the powder average to be taken ove
rientations (b, g). The two-dimensional experiment can
erformed in two ways: Since the time-dependent dip
oupling elementd# IS(t) (Eq. [3]) is periodic with respect to on
otor period, tR 5 2p/vR, it is obvious from the abov
quations that incrementingt 1 in steps of full rotor cycle

eaves only the modulation of thet 1 signal with respect to th
sotropic chemical shiftvCS,I of the I spins. Thus a HETCO
pectrum is recorded in which the intensity of the crosspea
etermined by the heteronuclear dipolar coupling and the
er of recoupling cyclesN. The first slice of the 2D data s
fter one Fourier transformation fort 1 5 0 represents
MQ-filtered S spin spectrum. Incrementingt 1 in smaller
teps gives a full MQ spinning sideband pattern in tht 1

imension. The origin of these MQ spinning sidebands
een found to be the rotor encoding of the orientation-de
ent dipolar Hamiltonian during the reconversion pe
1, 19). From these spinning sidebands, the dipolar coup
onstant and thus the internuclear distance can be derived
pinning sideband pattern for the case of an isolatedIS spin
air consists only of odd order sidebands; via the depend

n Eqs. [5], [6], the overall pattern is also dependent on
umber of recoupling cyclesN. In the case of very wea
ouplings and low values ofN, only first order sidebands a
isible, and the buildup of MQ intensity can be studied
ncreasing the recoupling time.

We demonstrate here the capabilities of the technique a
ighest MAS rotor frequencies currently available by show
easurements of crystallineL-tyrosine hydrochloride salt o
ifferent spectrometers with proton resonance frequenci
00 and 700 MHz. In Fig. 2, spectra recorded witht rcpl 5 tR

nd t rcpl 5 2tR at 30 kHz MAS are compared for the tw
ifferent magnetic field strengths. Clearly, the resolution in
roton (MQ) dimension is significantly increased at the hig
agnetic field. The effect of higher magnetic fields on
roton resolution has been observed before in CP/WISE
ronuclear correlation spectra ofL-tyrosinez HCl (10) and has
d

ll

r

is
-

s
n-

g
he

es
e

he
g

of

e
r

e
t-

een explained by both the larger chemical shift freque
ispersion of protons in higher field and a more effec

runcation of the strong dipolar couplings among the pro
y the increased Zeeman interaction. Proton linewidths o
rder of 1 ppm for abundant1H systems have only be
bserved before at high spinning frequencies (about 15 kH
ETCOR experiments using elaborate line narrowing t
iques in the proton dimension, such as frequency swit
ee–Goldburg (FSLG) decoupling (9, 20) or in homonuclea
ingle- and double-quantum spectra, using multiple-pulse
iation (21, 22). It should be emphasized that all these te
iques are very sensitive to effects of B1 inhomogeneity an
re strongly dependent on very precise settings of pulse

ions and phases and on an exact rotor synchronization
EPT-HMQC sequence in turn is rather robust, requiring
laborate setup of the spectrometer or exact matching c

ions, and only the approximate pulse lengths on both cha
ave to be determined. Spinning speed variations as lar
15 Hz at 30kHz MAS can be tolerated.
The assignment of proton and carbon signals inL-tyrosinez
Cl has also been discussed before in great detail (20). The
orrelations visible for 1tR recoupling time (Fig. 2, spectru
I) are one-bond correlations only; the information con
ompares well to that obtained from MAS-J-HMQC spec
or 2 tR recoupling time, couplings of protons to quatern
arbons become visible. This is similar to the situation in
SLG decoupled CP/WISE spectra, where even at sho
ontact times of 100ms these correlations are already visib
ere, visible correlations correspond to localized 2-
odes, with perturbing effects like spin diffusion being

luded. Hence, each crosspeak corresponds to a well-d
ipolar-coupled1H–13C pair. As in the CP/WISE correlatio
pectra, even intermolecular couplings (e.g., the one of C9 to
he COOH proton, see arrow in spectrum IV) can be identi
n alternative explanation of these long-range crosspea

erms of relayed coherence transfer is unlikely for a samp
atural abundance and, in particular, when the substa
eduction of the homonuclear dipolar couplings by the very
AS is considered.
A very interesting feature visible in such highly resolv
ETCOR spectra ofL-tyrosine has obviously not yet be
iscussed: The chemical shift of the protons associated wi5

nd C7 (and with C6 and C8 alike) is different by about 2 ppm
lthough as to their magnetic properties both positions sh
e equivalent on a molecular level. Clearly, a packing effe
bserved here. We attribute the significant upfield shift on
roton at C5 (and C8) to the influence of the phenyl ring curre

n adjacent molecules in the crystal. Just recently in our gr
imilar effects have been observed in substituted hexab
oronene samples, disk-shaped molecules which are kno
orm columnar stacks in the solid phase (23). To our knowl-
dge, such effects have not been reported before to be p

n solid-state1H NMR spectra.
A limitation of the technique is obvious from the disappe
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474 SAALWÄCHTER, GRAF, AND SPIESS
nce of the methylene (C3) signal at longer recoupling tim
Fig. 2, spectra III and IV). An effect common to all M
ethods is the relaxation of the MQ coherences during
xcitation and reconversion intervals. It is here due to

nfluence of remote protons on the 2-spin coherences.
ffect is most pronounced for moieties like methylene gro
here, first, still a rather large perturbing homonuclear
ling among the two protons exists (which is only parti
veraged out even at ultrafast MAS rates) and, second
erturbing heteronuclear dipolar interaction of the additi
roton on the carbon is just as large as the one-bond he

FIG. 2. REPT-HMQC spectra ofL-tyrosinez HCl at 30 kHz MAS and m
nd 700 MHz (II,IV), rotor-synchronized int 1. The MQ recoupling times w
pectrum, skyline projections along both the MQ (1H) and the13C dimension
t al. (9). The 300 MHz spectra were measured on a Bruker DSC 300
bundantL-tyrosinez HCl, acquiring 32 slices int 1 with 512 transients each
ecently developed Bruker DRX 700 spectrometer using a narrow-bore m
ere 2ms on both channels; TPPM dipolar decoupling (28) with a proton B1 fi
f the maximum signal.
e
e
he
s
-

he
l

ro-

uclear coupling to be measured. This becomes even c
hen MQ spinning sidebands are recorded.
Figure 3 shows REPT-HMQC spectra recorded on the

00 spectrometer using naturally abundantL-tyrosinez HCl, the
asic difference to the spectra I and III in Fig. 2 only being

he t 1 increment is not set to a full rotor period but rather t
mall value, such that the full spinning sideband pattern
ecorded. Spectrum I, which was acquired with 1tR recoupling
ime, is dominated by first order spinning sidebands, the
ntense signals being those of the carbons directly boun
rotons. Spectrum II shows the corresponding MQ spin

netic field strengths corresponding to proton Larmor frequencies of 30
1tR for spectra I and II, and 2tR for spectra III and IV, respectively. For ea
e shown. The13C spectral assignments, denoted in IV, are according to Le
ectrometer equipped with a 2.5 mm MAS double-resonance probe us
quisition time approx. 5 h). The spectra at 700 MHz were measured on
net with 2.5 mm MAS equipment under the same conditions. The 90° p
of 125 kHz was applied during acquisition. Contour levels start at about
ag
ere
s ar
sp
(ac
ag

eld



s nt
b hi
c sp
p is i
s tro
p se
o ter
n aft
o ica
s

e spec-
t not
a ting,
t

C–H
m ond
l pec-
t ,
a ote
p order

d
2 terns in
t orr
t are slightl
b ith
n unt;
m te
g a
o

475MULTIPLE-QUANTUM CORRELATION IN SOLIDS UNDER ULTRA-FAST MAS
ideband pattern of the methylene group. Here, strong ce
and and even order sideband intensity is observed, w
annot be explained from theory considering only a simple
air (Eqs. [5], [6]). As noted above, the methylene group
ome way a “pathological” case, in the sense that the s
erturbations (homo- and heteronuclear) imposed by the
nd proton lead to a considerable dephasing of the he
uclear 2-spin mode during excitation and reconversion
nly 2 tR. This is clearly demonstrated by the numer
imulations of the methylene group signals for 1 and 2t , thus

FIG. 3. REPT-HMQC spectra ofL-tyrosinez HCl at 25 kHz MAS and a
tR for spectrum III. Due to a shortt 1 increment of 2z 0.5ms (correspondin

he multiple-quantum dimension. Here, the projections shown on top of t
o HMQ-filtered spectra. Due to a weaker proton decoupling field of 83
roadened. Spectra II and IV represent sum projections along the direct
umerical density matrix simulations (dotted traces) for three spins ass
ethylene group,r HH 5 1.8 Å, and for the case of the aromatic C6–H gro
eometry, was included in the simulation. The simulated spectra in II are
f the maximum signal.
R

er-
ch
in
n
ng
c-
o-
er
l

xplaining the disappearance of the methylene signal in
rum III. It should be mentioned that this restriction does
pply to methyl groups, since these are usually rapidly rota

hus behaving inhomogeneously like a 2-spin system.
As expected, the spinning sideband patterns of the
oieties in the molecule look alike because the C–H b

engths are similar for all C–H groups. As an example, s
rum IV in Fig. 3 shows the pattern for the aromatic C6 carbon
long with a numerical simulation taking the closest rem
roton into account. Again, weak centerband and even

ton frequency of 300 MHz. MQ recoupling times were 1tR for spectrum 1 an
a spectral width of 500 kHz) the spectra exhibit spinning sideband pat

spectra are the Fourier transforms of the first slices of the 2D data set, cesponding
Hz as compared to the spectra in Fig. 1, the aliphatic carbon signalsy

ensions of the methylene and the aromatic C6 carbon signals, respectively, along w
ing C–H distances of 1.14 Å. Finite pulse lengths were taken into accofor the
the closest remote proton (C5–H) with r HH 5 2.6 Å, using the appropria

otted on the same vertical scale, contour levels in spectra I and III startt about 5%
pro
g to
he
.3 k
dim
um
up,

pl
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476 SAALWÄCHTER, GRAF, AND SPIESS
ideband intensity can be observed. As shown in [6], this
he one hand due to the perturbing influence of remote pro
nd, on the other hand, to the contribution of CSA during
volution int 1. It should be noted that the intensities of the
rder sidebands are hardly affected by the remote proton

urbance, so that an interpretation of the pattern using
xpressions for a spin pair (Eqs. [5] and [6]) is possible. F
pectrum recorded on a 300 MHz spectrometer at 25
AS, modulations of the pattern due to CSA are neglig

mall. At higher magnetic field strengths, though, pronoun
istortions of the patterns occur for carbons with high CS
n approach showing how this problem can be circumve
ill be presented in a further publication. Slight phase dis

ions in the spectra are in part due to finite pulse lengths, w
ave been taken into account in the simulations. From
imulation, we obtain a C–H bond length of the arom
arbon of 1.14 Å, which compares well with the value rCH 5
.09 Å from neutron diffraction studies (24). The difference o
bout 5% between distances from NMR measurements
istances from diffraction data has been observed before
an be explained by different averaging of fast vibratio
otions (25). We note that the relative intensities of the d

erent sideband orders is very sensitive to changes in
nternuclear distance at the specified spinning speed an
oupling time, such that differences in distances of60.03 Å
an be discriminated.
We thus conclude that REPT-HMQC represents a prom

ew tool for advanced structure elucidation in solids. H
roton resolution for13C–1H correlation is provided by hig
agnetic fields and ultra-fast MAS with spinning frequen
reater than 25 kHz. At such high spinning frequencies,
ronuclear dipolar coupling constants in situations whe
arbon atom experiences one primary coupling to a proton
e measured virtually unperturbed by couplings to more
ote protons. As a specific example, site-selectivep-packing
ffects are detected. The pulse sequence is rather robus
espect to deviations from the ideal 90° and 180° pulse len
n precise rotor synchronization, spectral offsets on both c
els, and S spin CSA. The experiment may not only be v
ble for the application to spectral assignment and stru
efinement problems, it has already proven to be useful fo13C
ite-resolved studies of the dynamics of complex org
olecules in the solid state by analyzing motional averagin
ipolar couplings. These results, along with a more quantit

reatment of the theoretical capabilities and limitations of
echnique, are currently being prepared for publication.
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