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An in-depth account of the effects of homonuclear couplings
and multiple heteronuclear couplings is given for a recently pub-
lished technique for 1H–13C dipolar correlation in solids under
ery fast MAS, where the heteronuclear dipolar coupling is re-
oupled by means of REDOR p-pulse trains. The method bears
imilarities to well-known solution-state NMR techniques, which
orm the framework of a heteronuclear multiple-quantum exper-
ment. The so-called recoupled polarization-transfer (REPT) tech-
ique is versatile in that rotor-synchronized 1H–13C shift correla-
ion spectra can be recorded. In addition, weak heteronuclear
ipolar coupling constants can be extracted by means of spinning
ideband analysis in the indirect dimension of the experiment.
hese sidebands are generated by rotor encoding of the reconver-

ion Hamiltonian. We present generalized variants of the initially
escribed heteronuclear multiple-quantum correlation (HMQC)
xperiment, which are better suited for certain applications. Using
hese techniques, measurements on model compounds with 13C in
atural abundance, as well as simulations, confirm the very weak
ffect of 1H–1H homonuclear couplings on the spectra recorded

with spinning frequencies of 25–30 kHz. The effect of remote
heteronuclear couplings on the spinning-sideband patterns of CHn

groups is discussed, and 13C spectral editing of rigid organic solids
s shown to be practicable with these techniques. © 2001 Academic Press

Key Words: REDOR; TEDOR; distance measurements; dipolar
couplings; recoupling methods; spinning sideband patterns.

INTRODUCTION

The development of high-resolution heteronuclear cor
tion techniques for the determination of connectivities or
polar proximities in solid-state NMR has attracted much re
attention, on account of an increased interest in solving s
tural problems in the solid state. Apart from a multitude
applications to heteronuclear pairs of weakly polarized and
abundant (thus often isotopically enriched) spins such a13C

nd 15N (1, 2), substantial progress has been made to
aking advantage of1H as the most abundant nucleus in orga
compounds (3–9). In most of these experiments proposed
1H–13C correlation, coherent averaging techniques suc
multiple-pulse sequences (3) or frequency-switched Lee–Go
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burg (FSLG) irradiation (5, 6, 10) are applied in order t
chieve high resolution in the1H dimension. In addition

dipolar correlation techniques allow for the investigation
dynamics of complex molecules in condensed phases (11).

Recently, we introduced a novel heteronuclear mult
uantum (HMQ) MAS experiment (Fig. 1) for1H–13C corre-

ation in dipolar solids (8), where high resolution in the1H
dimension is achieved by virtue of highB0 fields (vL

1H/2p 5
700.13 MHz) and very fast MAS with spinning frequencies
to 35 kHz. The absence of coherent line-narrowing p
schemes, which are usually associated with a high sensitiv
experimental imperfections, renders the experiment ver
bust. The requirements for the spectrometer setup are min
only the approximate 90° pulse lengths on both channels
to be determined.

Under very fast MAS, all homo- and heteronuclear dip
couplings are largely averaged out. Even the strong dip
dipole coupling between protons in organic solids is simpl
by reduction to two-spin correlations (12, 13). Our experimen
is based on the selectiverecouplingof the heteronuclear dip
lar interaction by a REDOR (rotational-echo, double-re
nance)p-pulse train (1) during the excitation and reconvers
periods of an HMQ experiment, the framework of wh
(corresponding to the 90° pulses represented by black b
Fig. 1) resembles an HMQ correlation (HMQC) experim
known from solution-state NMR (14). The isotropicJ-cou-
pling, which is used for the excitation and reconversion o
heteronuclear coherences in the solution-state case, do
contribute in this solid-state experiment since it is refocu
One of the aims of this paper is to show experimentally
theoretically that very fast MAS helps in breaking up
tightly coupled homonuclear dipolar coupling network am
the protons, such that a treatment of the experiment is a
priate in terms ofheteronuclear couplings only,with the in-
fluence of the homonuclear couplings merely being restr
to the residual1H linewidth in the correlation spectra. T
recoupled heteronuclear dipolar coupling Hamiltonians fo
individual pairs commute with each other, and as a re
concepts known from solution-state NMR, which rely on
existence of a limited number of well-localized (usuallyJ-)
couplings, become applicable.
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3991H–13C DIPOLAR CORRELATION UNDER VERY FAST MAS
The experiment was termed REPT-HMQC, forrecoupled
olarization-transfer HMQC, in order to account for the f
hat initial 1H magnetization is used directly for the excitat
f the heteronuclear coherence states, which are subseq
onitored during thet 1 dimension of a 2D experiment, a

then converted to13C magnetization observable int 2. Apart
from the introduction of thet 1 evolution time, the pulse s-

uence is identical to the previously published TEDOR (tr
erred-echo, double-resonance) experiment (15, 16), which is
n principle the one-dimensional version of REPT-HM
t 1 5 0 in Fig. 1) and is useful for the determination

heteronuclear dipolar couplings between isolated pairs of
obtained from monitoring the signal intensity as a functio
independently chosen excitation and reconversion times.
dimensional versions of TEDOR have also been prese
(17–19), but they all differ from the REPT approach in the w
the dipolar coupling information is extracted (vide infra).
alternative approach to the coherent polarization transfer w
be to use a CP step to generate initial13C magnetization and
perform the two-dimensional analogue of a REDOR exp
ment (20), where one of the two involved spin species ne
undergoes evolution as transverse coherence.1H–13C correla-
tion experiments based on initial13C magnetization exhib
entirely different features compared with REPT when m
spin systems are considered. These aspects will be dealt w
a separate publication (21).

In both TEDOR and REDOR, the formalism originally us
or the description of these experiments was not particu
uited to address the possible excitation and measurem
he evolution of heteronuclear multispin coherences such a
entioned HMQ modes. This aspect has been recog

ecently in publications of Jelinski (20), Hong and Griffin (2),
nd Schmidt-Rohr (22), where 13C–15N and 13C–2H HMQ

correlation experiments were performed in order to study
tances, torsion angles, and site mobility in small pept

FIG. 1. Pulse sequence for the two-dimensional REPT-HMQC exp
xy-4) scheme (38) and are kept constant during the experiment. All othe

2 tR. For just one rotor period of recoupling, the firstp-pulse of each train an
represent a saturation pulse train applied in order to suppress signals
ntly
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respectively. A distinct feature of the REPT-HQMC exp
ment discussed here is the appearance of unusual sp
sidebands in the MQ dimension of the experiment, which
be used to extract quantitative1H–13C dipolar coupling infor-
mation. These spinning sidebands appear as a conseque
the explicit t 1 time dependence of the dipolar Hamilton
during the reconversion period of a 2D MQ experim
(23, 24). Characteristically, these spinning sidebands do
map out the anisotropy of the dipolar interaction, but cov
frequency range which is dependent on the product o
strength of the dipolar interaction with the excitation
reconversion times. In homo- and heteronuclear two-spin
tems, only odd-order sidebands are expected from th
while even-order sidebands and a centerband appear
consequence of either homo- or heteronuclear couplin
additional spins (25), chemical-shift anisotropy duringt 1 (7),
or pulse imperfections (26). UsingL-tyrosine, it was shown (8)
that strong CH dipolar couplings can be measured very a
rately by fitting the relative intensities of such sideba
which were found to be only weakly perturbed by coupling
additional spins. The emphasis of this paper is to explor
use and practical limits of heteronuclear MQ spinning side
analysis with respect to weaker couplings and multispin
tems.

The paper is structured as follows: in the first section, u
product operator formalism (27), a brief account of the the
retical treatment of the REPT-HMQC experiment is given,
REPT-HMQ spinning sideband measurements on an iso
CH model system will be presented, which illustrate that
fast MAS successfully removes perturbations from rem
protons. Then, in Section 2, it will be shown that the RE
HMQC technique can be improved for specific application
changing the coherence state present duringt 1.

1H–13C shift
correlation spectra obtained with the REPT techniques
compared with other currently used methods, and it is fu

ent. The relative phases of thep-pulses in the trains are chosen according to
hases,f i , are listed in Table 1. Settingn 5 0 corresponds to a recoupling time
e corresponding delays are also omitted. The initial pulses on the S-spin
initial13C polarization.
erim
r p
d th
from
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400 SAALWÄCHTER, GRAF, AND SPIESS
shown that spinning sideband patterns can be measured
time using a specific REPT variant. In Section 3, the theore
treatment will be extended to multiple couplings of a single13C
to many protons. It is shown that a spinning sideband ana
is feasible even in the multispin case and can be use
determine relatively weak1H–13C coupling constants. Also, t
remaining weak influence of homonuclear1H–1H couplings on
the spectra is investigated more closely. Finally, in Secti
the straightforward application of one-dimensional REPT t
niques for spectral editing applications is illustrated.

1. THE SPIN-PAIR APPROACH UNDER
VERY FAST MAS

1.1. Spin-Pair Theory for the REPT-HMQC Experiment

First, we will give a brief account of the description
heteronuclear dipolar couplings under MAS conditions, w
forms the basis of the theoretical considerations in this p
The heteronuclear dipolar coupling of a spin I(i ) and one S-spi

nder MAS is most conveniently treated by using the ave
amiltonian covering the evolution during an interval (t a; t b),

H# I iS~ta; tb! 5
F ~i !~ta; tb!

tb 2 ta
2Î z

~i !Ŝz, [1]

whereF (i )(t a; t b) is the dipolar phase factor, which is cal-
lated as the integral over them 5 0 spherical-tensor eleme
in the laboratory-frame representation of the second-orde
polar coupling,A20

I i S,LAB:

F ~i !~ta; tb! 5 E
ta

tb 1

Î6
A20

I iS,LAB~vRt!dt, [2]

20
I i S,LAB(vRt) is time-dependent by virtue of MAS and depe

on the set of Euler angles {a i , b i , g i}, which transform the
coupling tensor from its principal-axes system into the r
frame. Explicit representations are given in the litera
(28, 29). For REDOR, i.e., when the sign of the dipolar c
pling Hamiltonian is inverted by ap-pulse for every other ha
rotor cycle, the average phase factor for a full rotor cycle
indicated by the bar) reads

F# t
~i ! 5 E

t

t1tR/ 2

A20
I iS,LAB~vRt9!dt9

2 E
t1tR/ 2

t1tR

A20
I iS,LAB~vRt9!dt9 5 2F ~i !~t; t 1 tR/ 2!,

[3]
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where t merely describes a dependence on the initial r
phase,vRt. If only one I-spin is considered, i.e., when
relative orientation of different coupling tensors does not n
to be specified, only two of the three Euler angles ar
importance, and Eq. [3] reduces to

F# t 5
2DIS

vR
2Î2 sin 2b sin~vRt 1 g!. [4]

DIS is the heteronuclear dipolar coupling constant in unit
angular frequency, which depends on the internuclear distanr ij:

Dij 5
m0\g ig j

4pr ij
3 . [5]

For the following derivation of thet 1 time-domain signal o
the REPT-HMQC experiment (Fig. 1), the calculations in
section are limited to a single IS spin pair. Product ope
formalism (27) is used for the calculations, with the phases
he individual pulses given in Table 1.

After an initial 90°x-pulse, the resulting2y magnetizatio
volves under the action of the REDOR-recoupled he
uclear dipolar coupling:

2Î yO¡
NexcF# 02Î zŜz

2Î ycosNexcF# 0 1 2Î xŜzsin NexcF# 0.

[6]

n HMQ coherence is then created by application of a
-pulse on the S-spins (the remainingÎ y transverse coheren

does not evolve into detectable S-spin magnetization a
therefore omitted):

2Î xŜzsin NexcF# 0O¡

p
2 Ŝy

2Î xŜxsin NexcF# 0. [7]

This coherence is subject to chemical-shift evolution durint 1

in both the I- and the S-spin subspaces. However, negle

TABLE 1
Phase Cycle for the REPT Pulse Sequences

f1 xx#yy#x#xy#y x#xy#yxx#yy#
f2 yy#x#xy#yxx#
f3 yyx#x#y#y#xx
f4 x#x#y#y#xxyy
f5 xxyyx#x#y#y# x#x#y#y#xxyy
f6 yy#x#xy#yxx#
f7 x#xy#yxx#yy#
frec yyx#x#y#y#xx

Note.The phases differ from the ones given in Ref. (8), which gave spectr
which were not completely free of artifacts.
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4011H–13C DIPOLAR CORRELATION UNDER VERY FAST MAS
the influence of S-spin chemical-shift anisotropy for the t
being, the S-spin isotropic shift is refocused by thep-pulse in
the middle oft 1, and thus the HMQ coherence picks up I-s
chemical-shift phase factors according to

2Î xŜxsin NexcF# 0O¡
vCS,It1Î z

2Î xŜxsin NexcF# 0cosvCS,It1

12Î yŜxsin NexcF# 0sin vCS,It1. [8]

Sign-sensitive detection int 1 is implemented by varying th
phase of the third 90° pulse (f3 on I), thus flipping the I-spi
part of the HMQ coherence with either the cosvCS,I t 1 or the sin
vCS,I t 1 prefactor to thez-axis. Following the only the cosin
component (y-pulse), we obtain

2Î xŜxsin NexcF# 0cosvCS,It1O¡

p
2 Î y

22Î zŜxsin NexcF# 0cosvCS,It1. [9]

This antiphase coherence evolves back into observable S
magnetization during the reconversion period, where it
quires a sinNrecF# t1 phase factor. The two signal compone
for the indirect dimension of an REPT-HMQC spectrum (
v2 5 0) are thus (8)

Sx~t1! 5 ^sin NexcF# 0 sin NrecF# t1 cosvCS,It1&, [10]

Sy~t1! 5 ^sin NexcF# 0 sin NrecF# t1 sin vCS,It1&, [11]

where the possibility of choosing different recoupling times
the excitation and reconversion periods (Nexc Þ Nrec) has bee
ncluded. Note that, during the recoupling periods, the S-
hemical-shift anisotropy (CSA) iscompletelyrefocused an
hus does not contribute to the signal to a first approxima
nly a weak contribution of CSA to the evolution duringt 1

remains and will be discussed below.
The above equations form the basis of a two-dimens

experiment, which can be performed in three ways (8): (i)
Incrementingt 1 in steps of full rotor cycles (“rotor-synchr-
nized” experiment) leaves only the modulation of thet 1 signa
with respect to the isotropic chemical shiftvCS,I of the I spins
sinceF# t1 is periodic with respect to one rotor period), s

that a HETCOR spectrum is recorded, in which the intensi
the cross peaks is determined by the heteronuclear d
coupling and the number of recoupling cyclesNexc/rec. After
Fourier transformation overt 2, the sliceS(t 1 5 0; v 2) repre-
sents an HMQ-filtered S-spin spectrum (or a TEDOR s
trum). (ii) Incrementingt 1 in smaller steps gives a full HM
spinning sideband pattern in thev dimension, as discussed
1
e

pin
c-
s
.,

r

in

n.

al

f
lar

c-

Ref. (8), from which the dipolar coupling constant can
derived. (iii) Fixingt 1 5 0 and incrementingNexc/recallows one
o study the buildup of HMQ intensity (this is just the TEDO
pproach), which represents an alternative way to extract
eak dipolar couplings. However, if sufficient experime

ime is available to record full 2D HETCOR spectra, the H
uildup can also be studied with I-spin chemical-shift res

ion, in which way the contributions of couplings of differe
-spins to one S-spin can be unraveled.

.2. Experimental Test of the Spin-Pair Approach

In Ref. (8) it was shown that REPT-HMQ spinning sideba
patterns can be analyzed in terms of isolated spin pairs ev
real systems, where the protons form a tightly dipolar-cou
network. In order to experimentally justify this approach m
fully, ammonium formate was chosen as a model system
relatively isolated1H–13C pair, with the added benefit of
possible “tuning” of remote proton influences by deuteratio
the NH4

1 groups, which is easily achieved by dissolving
sample in D2O. The preparation and characterization of
sample is described in detail in Ref. (7).

In Fig. 2, spinning sideband spectra of the directly bo
CH-pair in ammonium formate measured for different spin
frequencies and recoupling times using the nondeuterate
deuterated formates are compared. At 10 kHz MAS, a
tively clean sideband pattern is obtained for the deute
compound. As is apparent from the corresponding simula
the baseline distortions can be explained by the influence
chemical shift anisotropy, which arises as a consequence
incomplete refocusing of the CSA during the non-rotor-s
chronizedt 1 evolution period with thep-pulse in the middle
The term describing this perturbation reads

@cosFCS,S~0; t1/ 2! cosFCS,S~t1/ 2; t1!

1 sinFCS,S~0; t1/ 2! sinFCS,S~t1/ 2; t1!#, [12]

which can be appended to Eqs. [10] and [11] as an addit
factor. FCS,S(t; t9) is defined in analogy to Eq. [2] as t

verage phase acquired under MAS evolution of a spin e
ting CSA. Explicit representations ofFCS are given in
Refs. (7, 30). At faster spinning, this contribution becom

egligible.
In contrast, the 10-kHz MAS pattern for the protona

ample has a considerably lowerS/N and broader peaks a
exhibits appreciable even-order sideband and centerban
tensity. In pure NH4HCO2, the closest remote proton is 2.8
from the proton of interest, which gives a dipolar prot
proton interaction more than five times smaller than the
interaction, not even considering the motional averaging d
rapid tumbling of the NH4

1 ions. Nevertheless, the large nu-
ber of perturbing homonuclear couplings from the nume
surrounding ammonium protons, along with an insuffic
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402 SAALWÄCHTER, GRAF, AND SPIESS
suppression of the homonuclear perturbation by MAS, ren
the method unsuitable at such “low” spinning frequencies

The situation changes markedly for a spinning rate o
kHz, where the sideband patterns for both compounds
almost the same, except for some residual even-order sid
and centerband contributions for the NH4HCO2. Upon increas-
ing the recoupling time, patterns with a large number of s
bands can be generated, allowing for a more accurate de
nation of the dipolar coupling constant which dominates
pattern. This is the major advantage of the REPT me
compared with related separated local-field (SLF) met
(31, 32), where under MAS the sideband patterns observ
the dipolar frequency dimension cover only a range whic
approximately equal to the coupling constant to be meas
In particular for very fast MAS, conventional SLF sideba
spectra would not exhibit higher than first-order spinning s
bands, thus hampering an exact determination of dipolar
pling constants.

At these longer recoupling times (4tR in our case), howeve
deviations from the ideal behavior are observed in the
order sidebands, which are higher than expected. This
straightforwardly be explained in terms of contributions fr
recoupled intermolecular interactions, and these are c
quently larger for the protonated compound. However, w
the first-order sidebands are excluded from the fit, reli
results can be obtained for both substances. Thus, these
imental results represent encouraging support for the va
of the spin-pair approach. A quantitative treatment of rem
spin effects, with the proper distinction of homo- and het
nuclear influences, will be given in the following sectio
Moreover, variants of the REPT-HMQC experiment will
proposed, with which the centralp-pulse int can be avoide

FIG. 2. REPT-HMQ sideband spectra of ammonium formate, meas
roups (middle), along with simulated spectra, where the best-fit CH dista

frequencies and recoupling times were 10 kHz, 1tR (a), 30 kHz, 2tR (b), an
1
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and with which spinning-sideband spectra can be acquir
much shorter times.

2. GENERALIZED REPT TECHNIQUES

2.1. Coherence Type Selection during t1

Even though the REPT-HMQC experiment represents
most versatile approach toward implementing the diffe
ways to perform REPT experiments (HETCOR, sideband s
tra, buildup), it exhibits some drawbacks. Apart from
mentioned slight distortions of the spinning sideband pat
due to incomplete refocusing of the CSA interaction, a fur
disadvantage arises from the inclusion of thep-pulse in the
middle of t 1: its finite length leads to synchronization pr-
lems, because, fort 1 5 0, the pulses with phasesf2 and f3

(see Fig. 1) should ideally be applied simultaneously on to
a rotor echo. Thus, introducing thep-pulse leads to a timin
problem with respect to thet 1 dimension and hence to pha
errors in the spectra and signal loss.

Improvements to the technique are straightforward and
be rationalized by following the spin dynamics under the p
sequence more closely. The possible changes in the seq
involve the timing of the second and third 90° pulse of
REPT-HMQC sequence (f2 andf3 in Fig. 1). The joint effec
of this pulse pair, i.e., the polarization transfer as the ce
idea of TEDOR and REPT, is a very famous concep
solution-state NMR, where, owing to the use ofJ-couplings
ransfer efficiencies of 100% are theoretically possible. It
ublished by Morris and Freeman (33) under the acronym

NEPT (insensitivenuclei enhanced bypolarization transfer
and is one of the most abundant building blocks foun
modern solution-state NMR pulse sequences. The theor

d as bought, i.e., fully protonated (lower traces), and deuterated in the
e and the influence of the chemical shift anisotropy were taken into accout. Spinning
0 kHz, 4tR (c).
ure
nc
d 3
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4031H–13C DIPOLAR CORRELATION UNDER VERY FAST MAS
treatment in the preceding section shows that this transfe
be envisaged to occur via an HMQ coherence, as created
90° y-pulse on the S-spins (3 2Î xŜx, Eq. [7]).

An alternative is, however, to apply an I-spin 90°y-pulse
first. In analogy to Eq. [7], we write

2Î xŜzsin NexcF# 0O¡

p
2 Î y

22Î zŜzsin NexcF# 0. [13]

Subsequent application of an S-spin 90° pulse convert
resulting coherence into S-spin antiphase coherence,

22Î zŜzsin NexcF# 0O¡

p
2 Ŝy

22Î zŜxsin NexcF# 0, [14]

which evolves back into observable magnetization during
reconversion period, where it acquires a sinNrecF# t1 phase
actor.

In this way, the polarization transfer occurs via a two-s
ipolar ordered state (Eq. [13], right-hand side). Moreo

hese considerations show that, by manipulation of a two
oherence by 90° pulses on either channel, four different
f coherences are accessible in a REPT experiment: tw

erent antiphase coherences (Eqs. [6] and [14]), the H
oherence, and the mentioned dipolar-ordered state. Fo
esign of a 2D experiment, the experimentalist is free to c
hich of these coherences are to be probed duringt 1. In all

cases, the reconversion process, in particular the encod
the reconversion Hamiltonian by the time-shifted rotor ph
F# t1, occurs in the same way, which means that spin
sideband patterns are generated, no matter which cohere
present duringt 1. This demonstrates that reconversion r
encoding is not specifically a multiple-quantum mechan
but rather reflects the rotor encoding of the interaction H
iltonian. In a recent paper, we have shown that in a slig
modified experiment (involving an initial CP), longitudin
magnetization (e.g., as created from the cosine term in Eq
can also be rotor-encoded to yield sideband patterns whic
dominated by even-order sidebands (34).

Pulse sequences designed to probe three of the four
ioned types of coherences duringt 1 are depicted in Fig. 3
They differ only in the placement of thet 1 period, and all puls
phases are the same as for the REPT-HMQC experimen
experiment on top is the familiar REPT-HMQC (see Fig.
where the evolution of an HMQ coherence duringt 1 necessi-
tates the application of a refocusingp-pulse in the middle oft 1,
the disadvantages of which have already been mentione

If the proton antiphase coherence given in Eq. [6] is the
state present duringt (second pulse sequence in Fig. 3), th
1
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e

is no need for refocusing any S-spin chemical-shift interac
since its free time evolution (without recoupling) is gover
solely by the I-spin chemical shift. The indirect probing of
time evolution of such an antiphase magnetization has
introduced by Bodenhausen and Ruben (35) for solution-stat
1H–15N spectroscopy and is referred to as heteronuclearsingle-
quantum correlation (HSQC). Aftert 1, the polarization transfe
2Î xŜz 3 22Î zŜx is performed by applying the I- and S-s
90° pulses simultaneously. In the approximation of neglec
the dipolar evolution of the antiphase coherence (in contra
the HMQ coherence, the antiphase coherence does e
under the unrecoupled IS dipolar coupling duringt 1), the
ime-domain signal for REPT-HSQC is identical to that of
EPT-HMQC experiment, given by Eqs. [10] and [11].
The third pulse sequence in Fig. 3 involves the presen

he two-spin dipolar-ordered state (Eq. [13]) duringt 1. This
tate is also termedlongitudinal dipolar order and has it
omonuclear equivalent in theT̂20 operator, which, in aI 5 1

system is also referred to as a spin-alignment state (36). Its
important property is that (neglecting homonuclear spin
flops with additional spins) it does not undergo time-evolu
and is only subject toT1 relaxation of the involved nuclei. Th
introduction of at 1 interval, however, still leads to reconv-
sion rotor encoding, such that a symmetric sideband pa

FIG. 3. Variants of the REPT-HMQC experiment. The pulse seque
differ in the placement of the conversion and reconversion pulses (f2 (5f4 6
90°) and f3 (5f1 6 90°) in Fig. 1) with respect to thet 1 period. The
recouplingp-pulse trains (in the gray shaded areas) are omitted for clarity
he pulse phases given in Table 1 are the same for all experiments.
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404 SAALWÄCHTER, GRAF, AND SPIESS
centered around zero frequency, is obtained, the time-do
signal of which follows Eq. [10] without the cosvCS,I t 1 term.
This approach helps in saving considerable experiment
and will be discussed below. It will be referred to ashetero-
nucleardipolar order rotor encoding (HDOR).

The 1H chemical-shift information can also be probed
nserting at 1 dimension at the beginning of the pulse seque
(bottom experiment in Fig. 3). The polarization transfer t
follows as a TEDOR building block consisting of excitati
INEPT transfer, and reconversion. Consequently, rotor en
ing does not occur, and the experiment is suitable for reco
shift correlation spectra only. This two-dimensional TED
experiment (17, 19) gives essentially the same result a
rotor-synchronized REPT-HSQC experiment, but since
emphasis of this work is on spinning sideband analysis,
scheme will not be discussed further. Interestingly, one o
earliest HETCOR experiments based on TEDOR (18) did have
he t 1 dimension placed right before the INEPT transfer,
since the authors could not yet identify the possible uset

FIG. 4. Comparison of three HETCOR spectra of naturally abun
SLG-decoupled CP correlation spectrum (160-ms contact time with a ramp

delay: 1.5 ms). These spectra were obtained with an FSLG decoupling fi
he mean offset and the exact power level for FSLG were optimized o

L-alanine. The REPT-HSQC spectrum shown in (c) was measured at 3
to an experiment time of about 2 h.
1

in

e

e
n
,
d-

ng

a
e
is
e

t,

rotor encoding, was later dismissed as experimentally
convenient (19). The one-dimensional versions (i.e.,t 1 5 0) of
all of the above-mentioned pulse sequences are identica
correspond to the TEDOR experiment. We will hencef
refer to these as REPT-HMQ-filtered experiments, since
terminology gives the best account of the fact that they ca
used to study the buildup and reconversion ofheteronuclea
multiple-quantum modes.

2.2. REPT-HSQC and Comparison of1H–13C Shift
Correlation Methods

Both the REPT-HMQC and REPT-HSQC experiments
suitable for recording high-resolution HETCOR spectra. In
section, we compare a REPT-HSQC correlation spectru
naturally abundantL-tyrosinez HCl (Fig. 4c), obtained at 3
kHz MAS and a recoupling time of 1tR, with HETCOR
spectra of the same sample acquired with two state-of-th
techniques using FSLG homodecoupling during the1H chem-

trosinez HCl, recorded with 128 transients per slice in each case. (a
varying610%); and (b) shows an MAS-J-HMQC spectrum (HMQ excitatio
of 100 kHz, with 192 slices int 1, amounting to total experiment times of about
eultiplets of the CH and CH3 signals in FSLG-decoupled CP MAS spectra
Hz MAS, with a recoupling time of 1tR 5 33.3ms, with 48 slices int 1 amounting
danL-ty
on1H
eld

n thJ-m
0 k
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4051H–13C DIPOLAR CORRELATION UNDER VERY FAST MAS
ical-shift dimension. Figure 4 shows a dipolar-based CP
relation spectrum (a), acquired with a very short contact t
so as to restrict the polarization transfer to single-bond
tances only (5), and an MAS-J-HMQC spectrum (b), whic
uses through-bondJ-couplings during the FSLG-decoup
HMQ excitation and reconversion intervals (6).

Unfortunately, our 700-MHz spectrometer is not capab
performing the fast phase switching necessary for the F
decoupling, so the spectra were acquired on our DSX
spectrometer. This loss of1H chemical shift resolution
especially damaging in the case of REPT, which achieve
resolution solely from high fields and very fast MAS.
spectra were acquired with 128 scans for each slice, in ord
enable a fair comparison of the sensitivity of the diffe
methods. TheS/N ratios can be gauged from the Fou
transforms of the first slices and skyline projections over
full 2D spectra shown on top. On the bottom, the sky
projections along the1H dimensions allow a comparison of t
linewidths in this dimension. In (c), the corresponding pro
tion from a 700-MHz spectrum, as published in (8), is shown
as a dotted line. It serves as an example of the pos
resolution enhancement achievable by increasing theB0 field.

Clearly, the two FSLG-decoupled spectra are much sup
s far as the1H resolution is concerned. The linewidths (f

width at half height) are less than 1 ppm, while in the RE
spectrum the lines are more than 3 ppm wide (and decre
about 2 ppm at 700 MHz). TheS/N of all three full 2D spectra
as inferred from the skyline projections, are comparable. H
ever, the REPT spectrum exhibits a superior initial13C signal
as is apparent from the first slices of the 2D spectra.
advantage is clearly more than compensated for by the sm
linewidths of the FSLG-based methods, which leads to
ultimately similar (CP correlation) or better (MAS-J-HMQC)
S/N for the full 2D spectra. However, for the REPT spectr
he maximum resolution inF 1 could be obtained in only 4
slices, while the CP correlation and the MAS-J-HMQC need
about four times the number of slices to achieve high1H
resolution. Especially in the CP case, we did not succe
measuring a spectrum free of zero-offset artifacts inF 1, which

ade off-resonance irradiation, and thus a larger spectral
n F 1, necessary. REPT spectra can be acquired with
mall spectral widths corresponding to at 1-increment of 1tR

(or even multiples thereof), with on-resonance irradiation
1H and TPPI for sign-sensitive detection inF 1. Another clea
disadvantage of the REPT approach is the broad and com
CH2 lineshape, which suffers from the very strong intragr
1H homonuclear coupling. As a result, the distinct shifts of
two CH2 protons, which are different inL-tyrosinez HCl, can-
not be resolved.

Although the REPT experiment does not have the
resolution, it has several other advantages: (i) The setup
cedure for REPT is simple. Only approximate 90° p
lengths have to be determined on both channels (see
section for details), while FSLG necessitates an optimiza
r-
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procedure for the exact values for the frequency switching
the mean offset. Moreover, much effort was involved in
implementing the FSLG techniques on our spectromete
particular, finding the right way of simultaneously perform
the frequency and phase switch of the FSLG by adjustin
phase presetting time of the pulses so as to remove or r
artifacts took a considerable amount of time. We found tha
FSLG performance sensitively depends on the mean o
with off-resonance irradiation by about 5 kHz being optim
This has also been observed by other groups (6). At higher
fields, the span of1H chemical shifts is large enough such t
this condition cannot be fulfilled ideally for all signals
volved, which may lead to phase errors such as the one
observed for the NH3

1 signal (12.4 ppm) in CP correlatio
spectra with long contact times. (ii) The chemical-shift in
mation inF 1 is obtained directly in the REPT experiment a
can be externally referenced with a simple1H SQ MAS spec-
trum of, e.g., adamantane. A scaling factor characterist
multiple-pulse homodecoupling, and variations of the m
offset due to frequency switching imperfections, are no
concern. For FSLG, the scaling factor is usually found to
close to the theoretical optimum of 1/=3, which was used fo
the axis scaling in Figs. 4a and 4b. However, the mea1H
offset was not reliable and had to be referenced internal
the known chemical shift of the CH signal. (iii) The increa
sensitivity, along with a smaller number of slices inF 1, leads
o shorter experiment times for REPT. Sacrificing resolu
he FSLG methods can be acquired with fewer slices, bu
verall S/N is then worse.
Finally, some remarks need to be made on possibt 1

artifacts in the case of REPT. Even though, to a first app
imation, the time evolution during thet 1 dimension of th
REPT-HMQ and REPT-HSQ correlation techniques can
described by the same formula (assuming spin pairs),
experiments differ in their dependence upon contributions
the 13C CSA and the residual heteronuclear dipolar interac
While—within the spin-pair approximation—the REP
HDOR experiment gives artifact-free sideband spectra, an
2D TEDOR approach ensures the same for1H–13C shift cor-
relation spectra,t 1 evolution under chemical-shift anisotro
and heteronuclear dipolar couplings leads to possible art
in REPT-HMQC and -HSQC spectra, respectively.

Artifacts arising from CSA evolution of the HMQ coheren
were already discussed for the case of REPT-HMQ side
spectra obtained for ammonium formate (Fig. 2) and are d
the incomplete refocusing of the CSA interaction by the ce
p-pulse, if t 1/ 2 Þ 1 tR. Therefore, ift 1 is not incremented i
steps of 2tR, the correction term given by Eq. [12] also le
to weak artifacts in a shift-correlation spectrum.

For the REPT-HSQC experiment, the antiphase magne
tion (and also the in-phase transverse magnetization) is s
to evolution due to residual (unrecoupled) heteronuclear
lar interaction between the spins constituting the antip
coherence duringt :
1
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406 SAALWÄCHTER, GRAF, AND SPIESS
2Î ycosNexcF# 0 1 2Î xŜzsin NexcF# 0O¡
2F~0; t1!2Î zŜz

22Î xŜz@cosNexcF# 0 sin F~0; t1!

2sin NexcF# 0 cosF~0; t1!# 1 . . . [15]

(0; t 1) is given by Eq. [2]. The final time-domain signal c
be obtained from Eqs. [10] and [11] by replacing sinNexcF# 0 for
the above term in square brackets. This correction red
again to sinNexcF# 0 in the case of rotor-synchronized sh
orrelation spectra, sinceF(0; t 1) vanishes fort 1 5 N tR

(which reflects the inhomogeneous nature of the heteronu
dipolar coupling, in the sense of Maricq and Waugh (37)). That
s why the TEDOR correlation and the rotor-synchron
EPT-HSQC give largely identical spectra. The influenc

he correction term on chemical shift resolved spinning s
and spectra (whereDt 1 ! 1 tR) is also weak, as will b

proven in Section 3.

2.3. REPT-HDOR: Spinning Sideband Analysis

Methylmalonic acid, HOOC–CH(CH3)–COOH, was chose
as another useful model compound to study spinning side
patterns in more detail. It is characterized by a favor
relaxation behavior (allowing for recycle delays of 1 s) and
account of its CH acidity, is easily obtained in a parti
deuterated form following essentially the same proce
given in Ref. (7) for ammonium formate. This substance can
used for the study of the influence of remote protons on
spectra of a methyl group, where the closest CH and CO
remote protons can be differentiated from the methyl pro
by their chemical shifts. In the partially deuterated fo
DOOC–CD(CH3)–COOD, the methyl groups are thus fa
isolated, with the next CHproton neighbors being about 4.3

FIG. 5. Processing of thet 1 time-domain signal as obtained from the
artially deuterated methylmalonic acid atnMAS 5 25 kHz, withtrcpl 5 6 tR an

20 points each. A total of 128 transients were added for eacht 1 increment. In
n the text.
3
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away from the methyl carbon. Using1H spectroscopy, th
degree of deuteration was determined to be about 90% D
CD and COOD groups.

Figure 5a shows at 1 time-domain signal of the methyl sign
of partially deuterated methylmalonic acid, recorded with
REPT-HDOR sequence. The REPT-HDOR experiment t
advantage of the fact that longitudinal dipolar order does
undergo time evolution duringt 1. The amplitude modulatio
measured as a function oft 1 is thus solely due to the rot
encoding of the reconversion Hamiltonian, which, as is ap
ent from Eq. [10] withvCS,I 5 0, results insymmetricspinning
sideband patterns. Since these patterns are centered aro
zero offset frequency in the indirect dimension, there is
need for a sign-sensitive detection int 1, which is needed for a
other variants of the REPT technique in order to accoun
isotropic chemical shift contributions of the protons. The
quisition of a cosine dataset int 1 thus reduces the experime
time by a factor of 2. The spectral intensity in the sine da
is zero, thus its presence would only add noise to the
intensity after a two-dimensional Fourier transformation.

Second, as can be inferred from Eq. [10], the signa
periodic with respect to the rotor period, and—apart from
increased probability for the occurrence of spin-diffusion
fects, which are weak at very fast MAS and will be negl
ed—the measured modulation pattern decays as a funct
the T1 relaxation times of the nuclei, which are much lon
than the rotor period. Experimentally (e.g., Fig. 5a), no ap
ciable decay of thet 1 signal could be identified in any of t
presented measurements. This opens up a number o
proaches for the processing of this time-domain signal. S
results of approaches discussed below are presented in F

The Fourier transform of the whole 3.2tR long FID is shown
in slice (i) of Fig. 5b. The applied line broadening (10 kHz)
to be chosen quite large, in order to avoid truncation eff

OR experiment. The FID shown in (a), which is measured for the CH3 signal of
t 1 5 2 ms, consists of 64 points, covering 3.2 rotor periods of encoding
Fourier transforms of the indicated parts of the FID are displayed, as dis
HD
dD

(b),



n b
ks
e
. O
ry

to
th

ea
nc

tra
ns-
ed

n h
th
an
uc
ate
iv)
e

the

sy
f th
ve
co
MQ
ow
flip
ore

th
an

d
t th

the
spin
ich
s

ing
c mat-
i m
r

f the
m ed in
F per-
i re-
d ration
a eters
a is is
t polar
c uick
a e to
t rong
fi

d of
c stan-
t Fig.
5

rotor
trum

short
H

to a
es of
fully

has to
clear
meth-

er
tion

4071H–13C DIPOLAR CORRELATION UNDER VERY FAST MAS
i.e., cutoff sinc wiggles. Narrower sideband linewidths ca
obtained by catenating together integer rotor-period bloc
the FID, which allows for an arbitrarily small artificial lin
narrowing, depending on the number of repetitions chosen
the timescale of the experiment, no correction is necessa
account for signal decay duringt 1.

In principle, it should be sufficient to record just one ro
period of the FID, as can be seen in slice (iii). However,
catenation results in the appearance ofcorrelated noise,i.e.,
random intensity variations of the NMR signal which app
only in the sidebands (up to very high order) of the freque
spectrum, as a consequence of the interplay of the time-
lational symmetry of the artificial “FID” and the Fourier tra
formation. If two rotor periods of experimental data are us

oise also appears athalf rotor period intervals (slice (ii)). Suc
signals cannot be due to any physical effect, and thus
allow an estimation of the contribution of noise to the sideb
intensities. Moreover, noise is seen to be significantly red
by transforming the sum of the three individually caten
consecutive rotor periods of the time-domain signal (slice (
This approach is useful for the suppression of spectrom
drift effects, when the acquisition time of a single slice is ra
long.

2.4. Sensitivity to Experimental Imperfections

It is stated above that the REPT techniques are ea
implement and very robust with respect to the tune-up o
spectrometer; only the approximate 90° pulse lengths ha
be determined on both channels. A closer investigation
cerning the dependence of absolute spectral (REPT-H
filtered) intensities on several experimental parameters sh
that: (i) The sensitivity of the final signal to the effective
angle of thep-pulse trains is very weak. Deviations of m
than 20° from the ideal inversion can be tolerated, with
intensity still at about 80% of the maximum. This broadb
nature is mainly due to the (xy-4) phase cycling (38). (ii) A

ependence of the transferred HMQ intensity on the1H and13C
offsets is not measurable, on account of the fact tha

FIG. 6. Spinning sideband patterns of the CH3 group in partially deuterat
setup conditions and (b) using an effective 150° inversion pulse, 20 and
of 100 Hz.
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majority of thep-pulses in each train is always applied on
channel where only longitudinal terms are involved in the
dynamics. (iii) Variations of the spinning frequency, wh
lead to deviations from the ideal1

2 tR inter-p-pulse spacing, a
large as6200 Hz (at 30 kHz MAS) can still be tolerated. Us
ommercial Bruker equipment, the spinning speed is auto
cally stabilized to610 Hz, such that problems arising fro
otor synchronization should be negligible.

In order to give an instructive proof of the robustness o
ethod, HDOR spinning sideband patterns are compar
ig. 6 for a proper setup and for deliberately mistuned ex

mental conditions. Even though the spectral intensity is
uced by a factor of 2.6, the mechanism of sideband gene
nd its dependence on the mentioned experimental param
re apparently insignificantly influenced. Sideband analys

hus demonstrated to be a feasible way to evaluate di
ouplings even when the experiment is performed in a “q
nd dirty” fashion. The distorted baseline in Fig. 6b is du

he severe rotor missynchronization, which made a st
rst-order phase correction necessary.
In conclusion, the REPT-HDOR technique is the metho

hoice for spinning sideband analysis and allows for a sub
ial decrease in experiment time. The time-domain data in

were obtained in only 3 h (700-MHz spectrometer,13C in
natural abundance). If catenation is to be used, only one
period of signal would need to be obtained, and the spec
could be acquired in 1 h. For less well-suited samples (
recycle delay of 1 s, good signal due to well-isolated C3-
groups), measurement times are mostly less than 12 h.

3. MULTISPIN CONSIDERATIONS

In the last section, spinning sideband patterns due
methyl group were used to illustrate some general featur
patterns generated by the REPT techniques. In order to
understand all of these features, the theoretical treatment
be extended to the multispin case. Historically, heteronu
recoupling methods such as REDOR were established as

ethylmalonic acid, measured withtrcpl 5 10tR at 25 kHz MAS, (a) under prop
kHz offset on the13C and1H channels, respectively, and a rotor missynchroniza
ed m
30
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408 SAALWÄCHTER, GRAF, AND SPIESS
ods for the investigation of well-isolated spin pairs. In the s
state, this is usually achieved by using selectively lab
compounds, with considerable isotopic dilution, whereas in
liquid state, the use ofJ-couplings restricts the interactions
he nearest neighbors.

The emphasis of this work, however, is on1H–13C correla-
tion, where the presence of a tightly coupled proton
network cannot be neglected. The implications are two
Couplings among the protons are strong, and the influen
homonuclear couplings has to be investigated carefully.
results in Section 1 already justified the neglecting of
proton homonuclear coupling at very high spinning spe
which is largely averaged out by MAS (as opposed to
heteronuclear dipolar interaction, which is recoupled). This
also recently been recognized by Frydman and co-wo
(39), who were able to perform SLF experiments on r
crystalline CH systems under moderately fast MAS condit
(vR/2p # 14 kHz) without any further homonuclear dec-
pling (Historically,1H–13C SLF spectra were recorded by m-
itoring the13C evolution under1H homodecoupling using mu-
iple-pulse sequences (31)). Thus, for sufficiently fast MAS
he short-time behavior of the13C evolution is simplified by th
so-achieved homodecoupling, which allows for an analys
the data in terms of heteronuclear couplings only. The very
MAS employed in this publication can even improve on
situation, and at the end of this section results will be
sented, which show that the homonuclear influence rem
weak even for evolution times exceeding a few rotor peri
These results should contribute to a more complete pictu
how the remaining weak homonuclear couplings influence
REPT spectra.

Even more importantly, couplings of the13C atoms to
more than one proton have to be considered. This
special importance for organic substances, where a the
ical understanding of the spectra of the common struc
units, CH, CH2, and CH3, is indispensable. The theoreti
treatment of the couplings of an S-spin to multiple I-sp
for the REDOR experiment is straightforward and has
ready been published (40). In short, since the heteronucle
dipolar coupling Hamiltonians all commute with each oth
[ Ĥ D

SIi , Ĥ D
SIj ] 5 0, the dipolar evolution for individual SIi-

pairs can be evaluatedindependently,and product operato
heory can be used to calculate the signals. In the follow
he analytical calculation of thet 1 time-domain signal fo

the REPT techniques will be described. Homonuclear
plings will be neglected, which is a well-justified appro
mation, as will later be proven theoretically and experim
tally. Since, due to the noncommutativity of homo- a
heteronuclear couplings, [Ĥ D

SIi , Ĥ D
ij ] Þ 0, a first-order ana-

lytical treatment of homonuclear effects is not appropr
Numerical simulations of the time-evolution of the den
matrix will be employed in these cases.
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3.1. Heteronuclear Multispin Systems

The REPT technique, with its property of free I-spin evo
tion during theexcitation period, is particularly easy to d
cribe: without isotopic enrichment, onlyonecoupling partne
tom needs to be considered for each proton, i.e., the trea

s restricted to one S-spin and multiple I-spins. This exp
ental situation is referred to as “proton-detected local fi

41) and is characterized by the much simplified coup
opology experienced by a transverse proton coherence e
ng in the local field of a single13C nucleus. The produ
operator treatment for the excitation period and the IN
transfer reads

2O
i

Î y
~i !O¡

Nexc¥ iF# 0
~i !2ŜzÎ z

~i !

2O
i

~ Î y
~i !cosNexcF# 0

~i ! 2 2Î x
~i !Ŝzsin NexcF# 0

~i !! [16]

O¡

p

2
Ŝy

O¡

p

2
Î y

· · ·2 O
i

2Î z
~i !Ŝxsin NexcF# 0

~i !. [17]

During reconversion, S-spin antiphase magnetization, 2Î z
(i )Ŝx,

volves in the local field of the surrounding protons (S
ituation) and is reconverted to observable S-spin magn
ion upon coupling to thei th I-spin. Couplings to all the oth
-spins add cosine factors to this term, whereas highe
iphase coherences like 4Î z

(i ) Î z
( j )Ŝy (which acquire additiona

sine phases) arenot reconverted to observable magnetizat

2O
i

2Î z
~i !Ŝxsin NexcF# 0

~i !O¡
2Nrec¥ iF# t1

~i !2ŜzÎ z
~i !

O
i

Ŝysin NexcF# 0
~i ! sin NrecF# t1

~i ! P
jÞi

cosNrecF# t1

~ j !

2 2Î z
~i !Ŝxsin . . .1 4Î z

~i !Î z
~ j !Ŝysin . . . [18]

The magnetization corresponding to theŜy operator is store
along z during the final dephasing delay, and the pow

verage of its amplitude forms the time-domain signal of
DOR experiment,

SREPT~t1! 5 O
i

^sin NexcF# 0
~i !sin NrecF# t1

~i ! P
jÞi

cosNrecF# t1

~ j !&.

[19]

f chemical-shift evolution of thei th I-spin is to be included,x-
and y-components of the signal can be written in analog
Eqs. [10] and [11] for each of the I-spins. The CSA correc
for REPT-HMQC (Eq. [12]) can be appended as an additi
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4091H–13C DIPOLAR CORRELATION UNDER VERY FAST MAS
factor, and for the dipolar correction (HSQC), sinNexcF# 0
(i ) has

to be replaced by the bracketed expression in Eq. [15].
Moreover, in the case of HMQ evolution duringt 1, the

HMQ coherence picks up phases due to couplings to addi
I-spins, which are not part of the coherence itself. The co
tion factor is similar to the one given for S-spint 1 evolution
under CSA (Eq. [12]):

P
jÞi

@cosF ~ j !~0; t1/ 2!cosF ~ j !~t1/ 2; t1!

1 sin F ~ j !~0; t1/ 2!sin F ~ j !~t1/ 2; t1!#. [20]

This correction describes the heteronuclear contributio
evolution rotor modulation (ERM) (25). Its effects will be
discussed below. Note that this term is not periodic
respect tot 1-increments of 1tR, such that, in order to preve

rtifacts in rotor-synchronized shift correlation spectra
ig. 4), t 1 has to be incremented in steps of 2tR, which limits

the accessible spectral width.
In the case ofmethylene groups,just one cosine facto

appears in Eq. [19]. For the time-domain signal ofmethy
groups, the equation can be simplified to obtain a more
scriptive form. In essence, methyl groups undergo fast t
site jumps at ambient temperature, possibly with some d
bution of correlation times (42). Therefore, the thre
heteronuclear couplings have an identical dependence o
sition, and the average REDOR phasesF# (i ), i 5 1. . .3, for the
three protons are equal. The average of a symmetric se
rank tensor, such as the spatial part of the dipolar coup
undergoing fast symmetric jumps with three or more posit
around a specified axis is represented by a uniaxial tenso
its symmetry axis along the rotation axis (30). Therefore, th
acquired dipolar phase for a single IS-pair, with S locate
the rotation axis, can be calculated using Eq. [3], but w
modified dipolar coupling constant (43),

D IS
app5 DIS

1
2 ~3 cos2u 2 1!, [21]

whereu is the angle between the IS-internuclear vector an
methyl rotation axis. For S-spins located off the rotation a
the individual F# t

(i ) are still equal, but the averaged dipo
tensor (simply calculated as the average of the three diff
A 2

DIS) will be asymmetric. Consequently, it will explicitly d-
end on the position of the three individual I-sites relativ

he S-spin, yielding a more complicated formula forDIS
app. In

the off-axis case, Eq. [21] is only a good approximation w
r IS @ r II and when the displacements of the S-spin from
rotation axis are small, i.e., in case of very small asymm
parameters.

Introducing a singleF# for the three methyl protons, a
using the trigonometric relation cos2a 5 1 2 sin2a, we obtain
from Eq. [19]
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SREPT
CH3 ~t1! 5 ^3 sinNexcF# 0~sin NrecF# t1 2 sin3NrecF# t1!&

5 3
4 ^sin NexcF# 0 sin NrecF# t1&

1 3
4 ^sin NexcF# 0 sin 3NrecF# t1&, [22]

where for the last line an addition theorem was used. The r
has an interesting implication in that it is the sum of two pa
where the first part is the time-domain signal for a single
pair (with the same apparent coupling constant in the excit
and reconversion periods), and in the second part the app
coupling constant during reconversion isthree timesthe cou
pling constant during excitation. Since powder averages o
type ^sin Na sin Nb& (note the formal equivalence of this te
to a correlation function) approach the value of1

2 for N 3 `
anda 5 b and decay to zero fora Þ b, only the first term in
Eq. [22] contributes in this limit, and the maximum polari
tion transfer for a methyl group is38 5 37.5%.

3.2. Dipolar Couplings from REPT-HDOR and -HSQC
Sideband Patterns

Spectra obtained for partially deuterated methylmalonic
can be used in order to study the applicability of the ab
formulae, i.e., in the approximation of neglecting homonuc
couplings. Figure 7 shows experimental REPT-HDOR s
band patterns for the CH3 (a) and the CD (b) carbons record
with different recoupling times. The latter carbon experien
mainly the rather small heteronuclear couplings from
methyl protons; under the given experimental conditions, w
contributions from residual methyne protons to the side
patterns of this carbon atom are distributed over many side
orders and should thus hardly interfere with the analysis o
lower-order sidebands. Both carbon atoms lie on the m
rotation axis, and Eq. [22] can be expected to hold for
description of the patterns. In all spectra, higher than exp
first-order sidebands, which were observed also in the sp
of ammonium formate (Fig. 2), are again apparent. Howe
using a least-squares fitting procedure based on the Leven
Marquardt algorithm, where the higher than first-order s
band integrals were fitted to theoretical intensities obtaine
Fourier transformation of the calculated time-domain data
[19]), yielded dipolar couplings in good agreement with
crystal structure data (Table 2). The available crystal stru
of methylmalonic acid (X-ray data, (44)) is somewhat deficie
in that the protons are not properly located. For the compa
here, couplings were calculated from an idealized, tetrah
methyl group (based on a neutron structure ofL-alanine (45),
with r CH 5 1.09 Å), with the molecular carbon skeleton fr
the methylmalonic acid structure. This topic is explaine
more detail in Ref. (46).

It was even possible to obtain sideband patterns for the
carbon, from which dipolar couplings were extracted by
that also excluded the intensities of the first-order sideba



ig
uffi
re
f t

ppa
rba
ved
d

with

nd

n of
mmo-
bu-

ained
w rrow
l

410 SAALWÄCHTER, GRAF, AND SPIESS
which completely dominate the spectra. Only at very h
recoupling times was the fifth-order sideband intensity s
ciently high to allow a reasonable fit. Even though the ag
ment with the expected values is good, the performance o
method has certainly reached its limit for this measured a
ent coupling of 1.8 kHz. Homonuclear effects and pertu
tions arising from the incomplete isolation of the four invol
spins are expected to hamper a sideband analysis beyon

FIG. 7. REPT-HDOR sideband patterns, recorded for a sample of pa
for the CH3 carbon, with recoupling times 6, 8, 10, and 12tR, increasing fro
The gray background traces are the best-fit patterns (with the correspond

ith the improved processing method; they are the sums of three individ
ines (cf. Fig. 5b, top), while the other spectra were obtained by direct

TAB
Experimentally Observed and Expected Apparent 1H–13C

in Partially Deuterat

Sidebands

Fits of NMR data

uDIS
appu/2p (kHz)

CH3 6.686 0.11
CD 1.836 0.43

Buildup T2
app (ms)

CH3 0.93 —
CD 0.63 1.33
CO 0.52 0.78

a Based on X-ray data (44), including an idealized model for the methy
b Calculated from the average dipolar tensor of the three proton posi
c Calculated from Eqs. [5] and [21], assumingu 5 109.5°.
d Calculated from Eqs. [5] and [21], assumingu 5 28.4°.
e Two inequivalent positions in the crystal.
h
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point. Moreover, the total measured intensity fortrcpl 5 28 tR

only reached about 20% of the intensity of the spectra
trcpl 5 6 tR, resulting in very long experiment times for aS/N
sufficient for a reliable fit of the relatively weak third- a
higher-order sidebands.

An important aspect yet to be clarified is the observatio
increased first-order sidebands in the measurements for a
nium formate, which were tentatively attributed to contri

lly deuterated methylmalonic acid at 25 kHz MAS and a totalt 1 of 3.2 tR. (a) Data
ottom to top. (b) Data for the CD carbon, withtrcpl 5 6, 8, 18, 24, and 28tR.
results foruDIS

appu indicated). The very thin lines are the experimental spectral obt
l rotor periods oft 1 signal, catenated before Fourier transformation to obtain na
of the complete FIDs.

2
olar Couplings and Bond Lengths for the Methyl Protons
Methylmalonic Acid

From crystal structurea

fr IS (Å) DIS
app/2p (kHz)b r IS (Å)

1.146 0.01c 27.77 1.09
2.226 0.2d 21.97 2.165

— 27.77 1.09
2.47 21.97 2.165
— 21.02/20.96e —
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4111H–13C DIPOLAR CORRELATION UNDER VERY FAST MAS
tions of weak remote heteronuclear couplings. An experim
tal proof of this assumption is presented in Fig. 8. The1H
hemical shift information, which is present in thet 1 dimen-
ion of the REPT-HSQC experiment, can be probedsimulta-
eouslywith the spinning sideband information, if the reso

ion in this dimension is large enough, i.e., for a suffic
umber of acquired slices. The data in Fig. 8 is based on
lices in t 1, with a total acquisition time of about 2 da

Undeuterated methylmalonic acid was used, and the co
tions of the respective carbon atoms with the remote pro
can, on account of the different chemical shifts, be identifie
the first-order sidebands. Consequently, these contribu
add up in the REPT-HDOR sideband patterns, where
chemical shift information int 1 is lost, to give increase
first-order sideband intensities, as can be seen in insets (
(b). There, REPT-HDOR sidebands of the CH3 signal are
compared for the undeuterated and the partially deute
form (on which all other measurements in this section w
performed). The first-order sidebands measured on the
sample are still slightly higher than expected; this fact
straightforwardly be attributed to intermolecular remote c
plings to other methyl groups.

In the CH3 HSQC slice, a weak centerband is appar
which is not present in the CH3 HDOR patterns in the tw
insets. Its appearance must therefore be due to effects o
ring during the actualt 1 evolution of the antiphase coheren
and is indeed explained by the additional dipolar evolu
described by Eq. [15]. The effect is seen to be almost negli

FIG. 8. REPT-HSQ sideband patterns of methylmalonic acid, record
25 kHz MAS andtrcpl 5 6 tR. The regions of the first-order sidebands (g
shaded area) have been expanded. Inset (a) is the REPT-HDOR si
pattern of the CH3 signal, recorded under the same conditions, which ca
compared with the REPT-HDOR pattern of partially deuterated methylma
acid, inset (b).
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even for a directly bound1H–13C pair, on account of th
averaging achieved by the very fast MAS.

3.3. Dipolar Couplings from 1D REPT-HMQ-Filtered
Spectra?

The data obtained from REPT-HMQ-filtered measurem
for the same sample are summarized in Fig. 9. As oppos
REDOR data, the REPT (i.e., TEDOR) buildup data canno
normalized with a reference experiment to yield absolute
ues for the heteronuclear coherence transfer. As expecte
intensity decreases as a function of the recoupling time a
first maximum is reached. This may tentatively be explaine
T2 relaxation during the recoupling periods. In order to-
cumvent this relaxation problem, the TEDOR approach r
on keeping the excitation time constant and recording sp

FIG. 9. REPT-HMQ buildup measurements for partially deuterated m
ylmalonic acid, performed at 30 kHz MAS. (a) Data for all three ca
positions, along with best-fit curves. (b, c) Separately plotted data for th
and CO carbons, respectively. The curves were calculated from the
structure, including only the three protons from the same molecule (solid
or 24 further protons from the 8 next-neighbor CHunits (dashed lines).
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412 SAALWÄCHTER, GRAF, AND SPIESS
with increasing reconversion time (16). The dipolar informa
ion is then extracted by analyzing the oscillatory behavio
he intensities. This procedure becomes cumbersome
ultiple couplings are involved, which usually lead to

washing out” of these important oscillations (47). By discuss
ng REPT-HMQ-filtered spectra, as obtained by synchrono
ncreasing theNexc and Nrec, we do not want to propose
lternative way to determine dipolar coupling constants; ra
e will highlight some of the problems in multispin syste
here a13C–1H system certainly represents the “worst ca
For the methyl carbon, only the point fortrcpl 5 1 tR

coincides with the initial rise of the theoretical curve, Fig.
thus hampering an analysis of the buildup behavior. The
resolution of the data for the CD and CO carbon was, how
good enough for a fit to a master curve based on Eq.
including an exponential damping function with an appa
transverse relaxation time (T2

app). The results are given in Tab
. Such a fit is only possible if the observed maximum re
oincides with the first maximum of the master curve.
ases where relaxation effects are very strong, this cann
xpected, and methods with the option of correcting for
ffects have to be chosen. In the present situation, the fits
easonable results, which are, however, systematically too
s a result of the exponential damping. The fit curve for
ethyl carbon is based on the average coupling constant

he sideband analyses, and onlyT2
app has been determined w

the fit.
Sideband analysis is thus clearly the method of choic

evaluate the dipolar couplings from REPT experiments. N
ertheless, it is most interesting to note that the data in Fi
can be analytically modeled by using Eq. [19], including th
protons of the 8 next-neighbor CH3 units, with dipolar couplin
tensors based on the crystal structure (Figs. 9b/9c). The m
rotation was accounted for in these calculations by avera
the dipolar tensors from the proton triplets. Even though
scaling of they-axis was adjusted to fit the data, both
position of the maxima and the decay of the signal at lo
recoupling times are reproduced in these simulated curves
observed “apparent”T2 is thus mainly due toheteronuclea
couplings to remote protons and can only weakly depen
the “real” T2 values for13C and 1H in this system, which ar
mainly due to homonuclear dipolar dephasing. This notio
supported by theT2

app values in Table 2, which indicate strong
“relaxation” for the carbon atoms which are farther away f
the methyl protons. Clearly, the influence of the remote me
groups increases with an increasing ratio of the remote he
nuclear coupling to the primary intramolecular coupling. Th
findings represent the most encouraging support for the
weak influence of homonuclear couplings on the spectra,
for longer evolution times.

3.4. Effects of Homonuclear1H–1H Couplings

So far, the homonuclear couplings among the protons
neglected in the theoretical treatment, and the successf
f
ce
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scription of most of the spectral features justifies this app
imation. Nevertheless, it cannot be expected that an influ
of homonuclear couplings is completely absent, and in
section results from measurements and simulations wi
presented which give some evidence for weak homonu
effects.

An analytical treatment of a system evolving under a c
bined homo- and heteronuclear dipolar coupling Hamilto
is complex, and instead, numerical density matrix simula
will be used. This approach has the additional advantage
other adverse effects in real experiments, e.g., timing im
fections and finite pulses, can easily be incorporated.

In the first publication of the REPT-HMQC technique (8),
most p-pulses during excitation were applied on the pro
channel, which proved disadvantageous and led to signa
at longer recoupling times. It is advisable to apply RED
p-pulses on the channel, where only longitudinal magne
tion is to be inverted. In order to explore the nature of
signal loss, HMQ buildup curves, measured for the CD ca
of partially deuterated methylmalonic acid, are compared
the two possibilities in Fig. 10a. The experiment with the p
train on the protons (the centralp-pulse is always applied o
the other channel to ensure refocusing of the chemical
interaction) gives roughlyhalf the maximum signal, indicatin
a strong interplay of thep-pulses and the1H homonuclea
coupling. Four-spin simulations (three methyl protons and
CD carbon) proved that the decrease in maximum intens
indeed caused byfinite pulses (open symbols) and not by m
ip-angle deviations. The simulations cannot, however,
ount for the damping of the intensity at longer recoup
imes, which has been shown in the previous section to b
o heteronuclear couplings to numerous remote methyl gr
dotted line). Density matrix simulations with such large n
ers of spins are not feasible, and thus it is was not attem

o model the data with the manyp-pulses on1H.
In Fig. 10b, the influence of finitep-pulses of varyin

length, applied to13C and1H during excitation, is explored. N
difference is discernible when trains withp-pulses of 4- o
8-ms length are applied on the carbon channel, and the s
lations confirm this result (again, experimental first-order s
bands are higher than expected). By comparison, the first-
sidebands suffer an intensity loss upon application of
excitation train to the proton channel, and a further s
deterioration is observed for longer pulses, which is also
produced by the simulations.

Summing up these observations, it is clear that if the ex
iment is conducted in the most sensible way, that is, avo
longp pulse trains on the channel where transverse coher
are involved, no significant effects of homonuclear coupl
are observable in rigid aromatic systems at spinning freq
cies exceeding 20 kHz. One important exception is the2

group, which exhibits the largest1H–1H coupling found in
organic solids. Its value of 23 kHz is of the same orde
magnitude as the spinning frequencies applied for the R
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4131H–13C DIPOLAR CORRELATION UNDER VERY FAST MAS
measurements. Unfortunately, it is not possible to study
effect of this strong homonuclear coupling for longer rec
pling times, since the methylene signal was shown to va
for recoupling times longer than just one rotor period (see
12 below). Patterns obtained fortrcpl 5 1 tR do, however, sho
some characteristic effects.

Spectra for a methylene group, simulated including
homonuclear coupling and calculated from Eq. [19] with
homonuclear couplings (gray background traces), are
played in Fig. 11. As expected, the perturbing heteronu
coupling to the second proton is strong enough to lead
almost complete loss of intensity fortrcpl 5 2 tR, while strong
deviations from the spin-pair case are observed for the R
HMQC and -HSQC patterns attrcpl 5 1 tR. This was prove
experimentally for HMQ patterns of the CH2 group in L-
tyrosine (8). However, the REPT-HDOR pattern does
exhibit a centerband or unexpected even-order sideband
dicating that the observed deviations are solely due to e
occuring duringt 1.

The simulations for REPT-HSQ and -HMQ sideband
terns in Fig. 11 were calculated using the same artificial
broadening (2.5 kHz) as for the HDOR patterns. Therefore
observed larger relative line broadenings (thus lower abs
intensities) are due to homonuclear couplings duringt 1, while
he high centerband intensity for the HSQ spectrum is in
o be attributed to the dipolar correction to the time-evolu
ormula given by Eq. [15] (note that it is reproduced in
nalytical spectrum shown as the background trace).

FIG. 10. Buildup data and spectra from experiments on partially deu
ouplings on the REPT-HMQ intensity buildup for the CH carbon (a), an

in the two diagrams in (a) are plotted on the same vertical scale (with th
diagram is the same theoretical curve as in Fig. 9b. For the sideband p

nd on the proton channel, and the length of the pulses, thus theB1 field s
simulations using the experimental parameters, and for the upper traced-pul
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effect does not occur when the HMQ coherence is monit
during t 1. Thus, a comparison of REPT-HDOR with REP
HMQ sideband patterns gives direct evidence for sideb
generating mechanisms active for an HMQ coherence d

ted methylmalonic acid (vR/2p 5 25 kHz), showing the influence of homonucl
n REPT-HDOR sideband patterns (trcpl 5 6tR) of the methyl signal (b). The poin
ashed horizontal lines atI 5 0.8 for comparison), and the dotted curve in the u
rns in (b), thep-pulse trains during the excitation period were applied on the ca
gth, was varied as indicated. The gray background traces are density
were assumed.

FIG. 11. Sideband patterns from numerical density matrix simulation
a methylene group withr CH 5 1.14 Å (DCH 5 20.4 kHz) and an HCH ang
of 109.5° at 25 kHz MAS, assuming finitep-pulses of 4-ms length. The
recoupling times are as indicated. The gray background traces are an
results based on Eqs. [15] and [19]. All spectra are plotted on the same v
scale.
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414 SAALWÄCHTER, GRAF, AND SPIESS
its t 1 evolution (so-calledevolution rotor modulation, ERM
(25)), to be differentiated from the sideband generation via
explicit time-dependence of the reconversion Hamiltonian
ative to the excitation Hamiltonian (reconversionrotor encod-
ing, RRE), which is equally active for the HMQ coherence
the dipolar-ordered state. In particular, the influence of ho
nuclear couplings to additional protons manifests itself m
strongly in HMQC sideband patterns.

This result therefore again stresses the advantage o
HDOR approach, where the only possible evolution durint 1

is homonuclear spin flip–flops, the influence of which is
parently negligible. The REPT-HDOR experiment is thus
suited to study the effect of RRE in a well-isolated fashio

In summary, homonuclear effects cannot be neglected
p-pulses are applied to the proton channel during excita
and the interplay of proton transverse magnetization, ho
nuclear couplings, and finitep-pulses leads to HMQ signal lo

nd distortions in the spinning sideband patterns. These e
re reminiscent of the results of Goetz and Schaefer (40), who

observed deviations from the ideal REDOR dephasing in2-
groups, where the different chemical shifts of the flou
atoms within these groups, together with the rather st
flourine homonuclear coupling, were identified as the sour
error. In a paper of Gullion and Vega (48), it was shown tha
the presence of an isotropic chemical shift difference lea
dephasing in homonuclear experiments wherep-pulses ar
applied once pertR. In both cases, the isotropic chemical s
difference is identified as a necessary prerequisite fo
observation of distortions due to the homonuclear coup
The effect observed here is new in that not the isotr
chemical shift but rather finite pulses introduce the ho
nuclear effects. Further theoretical work is necessary to ex
the nature of this effect, especially since the effects of fi

FIG. 12. Buildup master curves for CH (solid), CH2 (dashed), and CH3 gr
.e., texc 5 trec (a), and fortexc 5 3 trec (b). The experimentally accessible p
ndicated by asterisks. The squares in (a) are results from density matri
ength.
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pulses on REDOR recoupling have not yet been investiga
detail.

4. SPECTRAL EDITING APPLICATIONS

The analytical treatment in Section 3.1 suggests the in
tigation of the buildup behavior of the spectral intensity of C
CH2, and CH3 groups, as measured in 1D HMQ-filtered sp-
tra, as a method to differentiate between these characte
building blocks. Figure 12a shows results of analytical si
lations for these moieties, assuming CH distances of 1.
and perfectly tetrahedral (sp3-hybridized) carbon atoms. Ev
at spinning speeds of 25 kHz, the rising part of the cu
cannot be probed, as indicated by the asterisks. The meth
curve exhibits the striking feature of rapidly decaying to
tensities close to zero for recoupling times larger than 1tR.
This has already been described in relation to theL-tyrosine
measurements presented in Ref. (8) and is here shown to b
explicable in terms of the simple theory based on heteronu
couplings only.

As is obvious from Eq. [22], the rapid three-site jumps
methyl groups result in three identical dipolar coupling ten
and thus lead to contributions to the HMQ-filtered sig
proportional to3

4 ^sin NexcF# 0 sin NrecF# 0& and 3
4 ^sin NexcF# 0 sin

3NrecF# 0&, where the former term explains the plateau value
he intensity at 37.5%. The latter term suggests that an e
ment conducted withtexc 5 3 trec should also lead to th
observation of a plateau intensity, whereas the methyne
methylene signals should go to nearly zero attrec . 1 tR. This
is shown in Fig. 12b.

These results suggest that only a few 1D experiments,
excitation and reconversion times as discussed, shou
sufficient for the differentiation of the four basic structu

s (dotted lines), calculated using Eqs. [19] and [22], under standard cond
ts for rigid moieties at 25 kHz and reconversion times of 1, 2, 4, 6, andtR are

imulations additionally including homonuclear couplings and finitep-pulses of 4-ms
oup
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4151H–13C DIPOLAR CORRELATION UNDER VERY FAST MAS
units in organic molecules, methyl, methylene, methyne,
quaternary carbons. A test of this spectral editing approach
performed on the amino acidL-isoleucine, which contains a
four kinds of carbon atoms; the results are shown in Fig.

Methylene signals are most easily identified. Upon chan
texc and trec from 1 tR to 2 tR, they vanish completely. Th
transition to the spectra acquired under the asymmetric c
tion should, according to Fig. 12b, lead to the disappearan
the CH signals, which is experimentally observed for 6/2tR.
The—albeit—weak presence of these signals in the 3/tR

spectrum might be due to contributions of remote spins
indicates deviations from the simple theory. As expected
methyl intensities decrease with increasing recoupling tim
the asymmetric spectra, whereas the quaternary carbon
increases. Since the signal of quaternary carbons is
sensitive to local dipolar couplings to remote spins, this ca
be taken as a rule, even though experiments on other sa
indicated the same behavior.

In summary, methyne and methylene signals can unam
ously be identified with these 1D filtered spectra, whe
some uncertainty remains for the quaternary and methy
nals. Nevertheless, the acquisition of a REPT-HDOR side
pattern withtrcpl 5 6 tR at 25 kHz MAS is a possible way
achieve anunambigousassignment. Such a spectrum will yi
he familiar pattern for a methyl group (see Figs. 5 or 8),

spectrum dominated by first-order sidebands for quate
arbons. CH groups in turn show a multitude of spinn
idebands up to 13th order.
Considerable research efforts have been devoted to th

elopment of spectral editing techniques in the solid s
mong the first approaches were separated local field me

FIG. 13. REPT-HMQ-filtered spectra ofL-isoleucine, measured at 25 k
AS, with excitation and reconversion times as indicated. The assignme

he CP-MAS spectrum (bottom trace) are according to (53). The multiple
methylene and methyl lines are due to different crystallographic sites.
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(49), CP-based methods (50–52) using the concepts of pola
zation inversion or depolarization, and, finally, methods
izing 1H–13C J-couplings (53). Only recently, improved pro-
tocols based on the CP methods have been published (54, 55),
which were necessary in order to obtain cleaner spectra a
remove some ambiguity in differentiating quaternary
methyl carbons. Clearly, the approach based onJ-coupling is
the only one which is not critically influenced by molecu
motion. Common to the previous dipolar-based method
pulse sequences that require very careful setup, while
construction of edited spectra involves critical relative wei
ing of intensities of spectra measured under different co
tions. The concepts presented here are, by comparison,
on a very simple pulse sequence, and CH and CH2 groups ca
easily be identified by comparison of four spectra, with s
ambiguity only remaining for methyl and quaternary carb
while a single 2D spectrum (with a minimum of only about
slices int 1) can be used for an unambiguous assignment

CONCLUSIONS

In this paper, we have shown that1H–13C correlation via
REDOR-type recoupling of the heteronuclear dipolar inte
tion at very fast MAS is feasible. In particular, the effects
homonuclear couplings were found to be almost negligibl
the relatively short recoupling timescale of several r
periods.

Several implementations of the REPT technique were
sented, and different variants are suitable for specific app
tions. All of these are applicable to only 10 mg of a powde
sample of moderately sized organic molecules with13C in
natural abundance. It should be emphasized that, even t
for HETCOR applications, highB0 fields are essential to obta
sufficiently well-resolved spectra, the spinning sideband a
cations may just as well be performed in lower magnetic fie
Only very fast MAS (20–30 kHz) is necessary for the supp
sion of perturbing homonuclear couplings.

The REPT-HSQC is the method of choice forhetero-
nuclear 1H–13C shift correlation, i.e., rotor-synchronized 2
spectra. Spinning sidebandscan also be obtained using th
sequence (as shown in Fig. 8), and these consequently c
chemical-shift information. This information is useful o
when contributions of different protons to a spinning sideb
pattern of a specific carbon nucleus are to be separated.
ever, the high resolution int 1 needed for this application, a
thus the large number of slices to be acquired, limits
applicability of this approach.

Spinning sideband patternsare most conveniently me
sured with theREPT-HDOR sequence, as the dipolar co
pling information is obtained within the shortest possible
perimental time. The loss of chemical-shift information int 1

means that the1H nucleus involved in the coupling const
reflected in the pattern has to be known. This compleme
information can be obtained by measuring a shift correla

in
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spectrum separately, if no reasonable assumption is ava
The pattern always reflects the strongest pair coupling in an
system, and the contributions of weak secondary coupling
present only in the first-order sidebands, which can be
cluded from the fit. If no coupling is dominant, the meas
ment of a chemical-shift resolved pattern (using REPT-HS
cannot be circumvented.

Finally, on account of the very fast MAS frequencies use
these experiments, homonuclear1H–1H effects were found t
be virtually absent in most realistic systems (with the
exceptions of methylene groups and when the excit
p-pulse train is applied to the protons). The modulation o
coherence evolving int 1 by homonuclear, and, more imp-
antly, by heternuclear couplings to additional1H spins wa
shown to be absent in REPT-HDOR spinning sideband
terns. Only when the effect ofevolution rotor modulation due
to additional protons is to be investigated does the compa
of HDOR with HMQC sideband patterns allow the quan
ation of these effects. REPT-HSQC patterns are slightly
orted by the dipolart 1 evolution of the spin-pair antipha
oherence itself (Eq. [15]), while the REPT-HMQC suff
omplications due to the timing problem introduced by
entralp-pulse, which leads to small phase errors int 1 and a

slightly reduced overall intensity.
The REPT techniques hold particular promise for dyna

applications, where the reduction of heteronuclear dipolar
plings due to fast motional averaging can be studied
quantitative fashion. The REPT-HDOR experiment can
some way be considered a fully quantitive analogue o
familiar WISE (widelineseparation) technique for the study

obility in polymers (56), without sacrificing its experiment
implicity. A first application of REPT spinning sideba
nalysis to determine a dynamic order parameter in dis

iquid-crystalline phases has already been published (11). Also,
nteresting changes in1H chemical shifts as a result ofp–p
packing effects (57) could be resolved using REPT-HSQ s
correlation spectra.

REPT-HSQC and REPT-HDOR are routinely used in
lab to obtain1H–13C HETCOR spectra and proofs of rigidity
indications of fast dynamics, respectively, where even for m
complex systems like dendrimers, polymers, or supramole
systems, quality spectra are usually obtained within half a
of measuring time with13C in natural abundance and using l
than 15 mg of sample. Generally, compared with the
crystalline solids used in this paper, the1H lines observed i
disordered systems, such as amorphous polymers, are m
heterogeneously broadened, such that the line narrowin
forded by very fast MAS using the simple REPT approac
often sufficient. Also, if the sample in question is partly mo
and thus less strongly coupled, as is the case for, e.g., li
crystalline mesophases, REPT-HSQC spectra will also be
ficiently well-resolved, without recourse to the increased
perimental effort involved in setting up FSLG homodecou
HETCOR experiments.
le.
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Preliminary results were obtained for very weak resi
dipolar couplings in polymer melts, which are a measure o
local order parameter of individual chain segments on
NMR timescale. To date, homonuclear1H double-quantum
buildup data have been used to investigate such effects58).
Applying the new REPT-HDOR approach, initial results in
cate the possibility of obtaining spinning sideband patt
exhibiting enough higher-order sideband intensity to deter
residual heteronuclear dipolar couplings of a CH group on
order of 200 Hz, yielding supplemental information on lo
order. However, little is known about how motions on
NMR timescale, i.e., the intermediate motional regime, a
the mechanism of sideband generation by rotor enco
Investigations along these lines are underway and are exp
to open up the way to obtaining information from syste
naturally abundant in13C, which was up until now only acce-
sible using2H NMR.

EXPERIMENTAL

Instrumentation. The NMR experiments were carried o
on digital Bruker Avance-type instruments, withB0 fields
corresponding to1H resonance frequencies of 300.23 M
(DSX300, 7-T wide-bore magnet), 500.13 MHz (DSX5
11.7-T wide-bore magnet), and 700.13 MHz (DRX700, 16
narrow-bore magnet). Most of the data were measured o
DRX700. The spectra measured on ammonium formate
2) were the only ones measured on the 300-MHz spectrom
and the shift correlation spectra in Fig. 4 were obtained a
MHz. Commercial 2.5-mm MAS double-resonance pro
also manufactured by Bruker, were used, with 90° pulse
2-ms length (corresponding tov1/2p 5 125 kHz) on both
channels and the same field strength for the dipolar decou
In all experiments, TPPM dipolar decoupling (59) was em
ployed, using approximate 160° pulses and a phase-modu
angle of 30°.

Samples. Natural abundance ammonioum formate,L-ty-
rosine, and methylmalonic acid were bought from Aldrich.
hydrochloride ofL-tyrosine rather than the pure amino acid
used because of the more favorableT1 relaxation time of th
former. It was prepared by dissolvingL-tyrosine in dilute HC
and subsequently evaporating the solvent. The procedur
repeated twice. The deuteration procedure for ammonium
mate, which was also used for the partially deuterated m
ylmalonic acid sample, is described in Ref. (7). The degree o
CH/COOH deuteration of methyl malonic acid sample
determined to be about 12% (mol) using1H SQ MAS NMR
spectra.
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An investigation of p–p packing in a columnar hexabenzocoro-
nene by fast magic-angle spinning and double-quantum 1H sol-
id-state NMR spectroscopy, J. Am. Chem. Soc. 121, 6712– 6718
(1999).

8. R. Graf, A. Heuer, and H. W. Spiess, Chain-order effects in polymer
melts probed by 1H double-quantum NMR spectroscopy, Phys.
Rev. Lett. 80, 5738–5741 (1998).

9. A. E. Bennett, C. M. Rienstra, M. Auger, K. V. Lakshmi, and R. G.
Griffin, Heteronuclear decoupling in rotating solids, J. Chem. Phys.
103, 6951–6958 (1995).


	INTRODUCTION
	FIG. 1

	1. THE SPIN-PAIR APPROACH UNDER VERY FAST MAS
	TABLE 1
	FIG. 2

	2. GENERALIZED REPT TECHNIQUES
	FIG. 3
	FIG. 4
	FIG. 5
	FIG. 6

	3. MULTISPIN CONSIDERATIONS
	FIG. 7
	TABLE 2
	FIG. 8
	FIG. 9
	FIG. 10
	FIG. 11
	FIG. 12

	4. SPECTRAL EDITING APPLICATIONS
	FIG. 13

	CONCLUSIONS
	EXPERIMENTAL
	ACKNOWLEDGMENTS
	REFERENCES

