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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 "H-"C dipolar correlation in solids under
very fast MAS, where the heteronuclear dipolar coupling is re-
coupled by means of REDOR a-pulse trains. The method bears
similarities to well-known solution-state NMR techniques, which
form the framework of a heteronuclear multiple-quantum exper-
iment. The so-called recoupled polarization-transfer (REPT) tech-
nique is versatile in that rotor-synchronized ‘H-"C shift correla-
tion spectra can be recorded. In addition, weak heteronuclear
dipolar coupling constants can be extracted by means of spinning
sideband analysis in the indirect dimension of the experiment.
These sidebands are generated by rotor encoding of the reconver-
sion Hamiltonian. We present generalized variants of the initially
described heteronuclear multiple-quantum correlation (HMQC)
experiment, which are better suited for certain applications. Using
these techniques, measurements on model compounds with *C in
natural abundance, as well as simulations, confirm the very weak
effect of "H-"H 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 CH,,
groups is discussed, and **C spectral editing of rigid organic solids
is shown to be practicable with these techniques. © 2001 Academic Press

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

INTRODUCTION
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burg (FSLG) irradiation g, 6, 10 are applied in order to
achieve high resolution in théH dimension. In addition,
dipolar correlation techniques allow for the investigation o
dynamics of complex molecules in condensed phas#s (

Recently, we introduced a novel heteronuclear multiple
quantum (HMQ) MAS experiment (Fig. 1) fdH-"C corre-
lation in dipolar solids §), where high resolution in théH
dimension is achieved by virtue of higdy fields (. /27 =
700.13 MHz) and very fast MAS with spinning frequencies uj
to 35 kHz. The absence of coherent line-narrowing puls
schemes, which are usually associated with a high sensitivity
experimental imperfections, renders the experiment very r
bust. The requirements for the spectrometer setup are minim
only the approximate 90° pulse lengths on both channels ha
to be determined.

Under very fast MAS, all homo- and heteronuclear dipola
couplings are largely averaged out. Even the strong dipols
dipole coupling between protons in organic solids is simplifie
by reduction to two-spin correlation&Z, 13. Our experiment
is based on the selectivecouplingof the heteronuclear dipo-
lar interaction by a REDOR (rotational-echo, double-resc
nance)m-pulse train 1) during the excitation and reconversion
periods of an HMQ experiment, the framework of which
(corresponding to the 90° pulses represented by black bars
Fig. 1) resembles an HMQ correlation (HMQC) experimen
known from solution-state NMR1¢). The isotropicJ-cou-
pling, which is used for the excitation and reconversion of th

. The de\_/elopment of high-re_solu_tion heteronuc_le_ar Correlﬁ'eteronuclear coherences in the solution-state case, does
tion techniques for the determination of connectivities or dl:'ontribute in this solid-state experiment since it is refocuse

polar proximities in solid-state NMR has attracted much rec
attention, on account of an increased interest in solving st
tural problems in the solid state. Apart from a multitude

abundant (thus often isotopically enriched) spins sucft@s

and ®N (1,2, substantial progress has been made tow.
taking advantage oH as the most abundant nucleus in organ
compounds 3-9. In most of these experiments proposed folr

'H-"*C correlation, coherent averaging techniques such
multiple-pulse sequence3)(or frequency-switched Lee—-Gold
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applications to heteronuclear pairs of weakly polarized and |

398

€8he of the aims of this paper is to show experimentally ar

eoretically that very fast MAS helps in breaking up the
htly coupled homonuclear dipolar coupling network amon:
Eiﬁg% protons, such that a treatment of the experiment is app
priate in terms ofheteronuclear couplings onlyyith the in-
a.irlﬂence of the homonuclear couplings merely being restricte
% the residual'H linewidth in the correlation spectra. The
ecoupled heteronuclear dipolar coupling Hamiltonians for a
Adividual pairs commute with each other, and as a resu
concepts known from solution-state NMR, which rely on the
existence of a limited number of well-localized (usualkhy)

couplings, become applicable.
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FIG. 1. Pulse sequence for the two-dimensional REPT-HMQC experiment. The relative phasesmgfulses in the trains are chosen according to the
(xy-4) scheme38) and are kept constant during the experiment. All other phajsesre listed in Table 1. Setting = 0 corresponds to a recoupling time of
2 1. For just one rotor period of recoupling, the firsfpulse of each train and the corresponding delays are also omitted. The initial pulses on the S-spin ch
represent a saturation pulse train applied in order to suppress signals from'i@iti@blarization.

The experiment was termed REPT-HMQC, facoupled respectively. A distinct feature of the REPT-HQMC experi
polarizationtransfer HMQC, in order to account for the faciment discussed here is the appearance of unusual spinn
that initial "H magnetization is used directly for the excitatiorsidebands in the MQ dimension of the experiment, which ce
of the heteronuclear coherence states, which are subsequenglyised to extract quantitativel—"*C dipolar coupling infor
monitored during thd,; dimension of a 2D experiment, andmation. These spinning sidebands appear as a consequenc
then converted td°C magnetization observable in. Apart the explicitt, time dependence of the dipolar Hamiltoniar
from the introduction of thd, evolution time, the pulse se during the reconversion period of a 2D MQ experimen
guence is identical to the previously published TEDOR (tran&3, 24. Characteristically, these spinning sidebands do n
ferred-echo, double-resonance) experimds, (9§, which is map out the anisotropy of the dipolar interaction, but cover
in principle the one-dimensional version of REPT-HMQGrequency range which is dependent on the product of tf
(t; = 0 in Fig. 1) and is useful for the determination oftrength of the dipolar interaction with the excitation ant
heteronuclear dipolar couplings between isolated pairs of spiegonversion times. In homo- and heteronuclear two-spin sy
obtained from monitoring the signal intensity as a function aéms, only odd-order sidebands are expected from theo
independently chosen excitation and reconversion times. Tweahile even-order sidebands and a centerband appear a
dimensional versions of TEDOR have also been presentashsequence of either homo- or heteronuclear couplings
(17-19, but they all differ from the REPT approach in the waydditional spins 5), chemical-shift anisotropy during (7),
the dipolar coupling information is extracted (vide infra). Aror pulse imperfection2@). UsingL-tyrosine, it was showrsj
alternative approach to the coherent polarization transfer wotlcht strong CH dipolar couplings can be measured very acc
be to use a CP step to generate inittél magnetization and to rately by fitting the relative intensities of such sideband:
perform the two-dimensional analogue of a REDOR expenrhich were found to be only weakly perturbed by couplings t
ment @0), where one of the two involved spin species nevedditional spins. The emphasis of this paper is to explore tl
undergoes evolution as transverse coherettde™>C correla use and practical limits of heteronuclear MQ spinning sidebar
tion experiments based on initiafC magnetization exhibit analysis with respect to weaker couplings and multispin sy
entirely different features compared with REPT when multtems.
spin systems are considered. These aspects will be dealt with iThe paper is structured as follows: in the first section, usir
a separate publicatior2(). product operator formalisn27), a brief account of the theo-

In both TEDOR and REDOR, the formalism originally usedetical treatment of the REPT-HMQC experiment is given, an
for the description of these experiments was not particulalBEPT-HMQ spinning sideband measurements on an isolat
suited to address the possible excitation and measuremen€Cbf model system will be presented, which illustrate that ver
the evolution of heteronuclear multispin coherences such as thst MAS successfully removes perturbations from remo
mentioned HMQ modes. This aspect has been recognizgadtons. Then, in Section 2, it will be shown that the REPT
recently in publications of JelinskR(), Hong and Griffin 2), HMQC technique can be improved for specific applications b
and Schmidt-Rohr 22), where *C—*N and *C-H HMQ changing the coherence state present dutingH-""C shift
correlation experiments were performed in order to study dieerrelation spectra obtained with the REPT techniques a
tances, torsion angles, and site mobility in small peptidesompared with other currently used methods, and it is furth
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shown that spinning sideband patterns can be measured in less TABLE 1

time using a specific REPT variant. In Section 3, the theoretical Phase Cycle for the REPT Pulse Sequences
treatment will be extended to multiple couplings of a sing -
to many protons. It is shown that a spinning sideband analysis il STy VY
is feasible even in the multispin case and can be used to d>: iyﬂ%xx
determine relatively weakH—"C coupling constants. Also, the ba KXTYXXYY
remaining weak influence of homonucleat'H couplings on &5 XXYYXYY XXYYXXyy
the spectra is investigated more closely. Finally, in Section 4 e YYXXYyXX

the straightforward application of one-dimensional REPT tech- ér XXYYXyy

brec YYXXYYXX

nigues for spectral editing applications is illustrated.
Note.The phases differ from the ones given in R&), (vhich gave spectra

1. THE SPIN-PAIR APPROACH UNDER which were not completely free of artifacts.
VERY FAST MAS

1.1. Spin-Pair Theory for the REPT-HMQC Experiment ~ Wheret merely describes a dependence on the initial rotc
) o ) o Tphase,th. If only one I-spin is considered, i.e., when the
First, we will give a brief account of the description Ofre|ative orientation of different coupling tensors does not nee

heteronuclear dipolar couplings under MAS conditions, whigy pe specified, only two of the three Euler angles are ¢
forms the basis of the theoretical considerations in this papghportance, and Eq. [3] reduces to

The heteronuclear dipolar coupling of a spihand one S-spin
under MAS is most conveniently treated by using the average B Dis
Hamiltonian covering the evolution during an intervg; (t,), O, =

2.2 sin 28 sin(wgt + 7). [4]

wWR

D V(t,; ty) Sie Ds is the heteronuclear dipolar coupling constant in units ¢

Hislte; 1) = ty, — ta 2025 [l angular frequency, which depends on the internuclear distgnce,

where®“(t,; t,) is the dipolar phase factor, which is calcu _ MohY,
lated as the integral over thea = 0 spherical-tensor element ! 47Trﬁ
in the laboratory-frame representation of the second-order di-
polar coupling,Aj""®: For the following derivation of the, time-domain signal of
the REPT-HMQC experiment (Fig. 1), the calculations in thi
b 1 sectior_1 are Iimited to a single IS sp?n pair._ Product operat
D 0(t,: t,) = J T ALSUB (o t)dt, 2] formah_sr_n @7) is used fpr th(_a calculations, with the phases fo
. \6 the individual pulses given in Table 1.
After an initial 90°x-pulse, the resulting-y magnetization

- o ) evolves under the action of the REDOR-recoupled heter
Az (wgt) is time-dependent by virtue of MAS and dependsclear dipolar coupling:

on the set of Euler angles{, B, v}, which transform the
coupling tensor from its principal-axes system into the rotor

[5]

a

> . Y= ) . Ne®o21,S, . ) . )
frame. Explicit representations are given in the Ilterature_|y —1,c08 N, ®; + 21,5,5in Ny, Do
(28, 29. For REDOR, i.e., when the sign of the dipolar cou-
pling Hamiltonian is inverted by a-pulse for every other half (6]
rotor cycle, the average phase factor for a full rotor cycle (as ) o
indicated by the bar) reads An HMQ coherence is then created by application of a 9C

y-pulse on the S-spins (the remainiﬁgtransverse coherence
does not evolve into detectable S-spin magnetization and

t+7r/ 2 H .

_ therefore omitted):

3y =j AQS‘LAB(th’)dt’ )
t

o 21 &,5in N, D, S 21 &,sin N, P, [7]
- j ALSLE (ot )dt! = 2D (L t + 7/ 2),
t+7r/ 2

This coherence is subject to chemical-shift evolution duting
[3] in both the I- and the S-spin subspaces. However, neglecti
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the influence of S-spin chemical-shift anisotropy for the timRef. 8), from which the dipolar coupling constant can be
being, the S-spin isotropic shift is refocused by theulse in  derived. (iii) Fixingt, = 0 and incrementing,...allows one
the middle oft,, and thus the HMQ coherence picks up I-spitto study the buildup of HMQ intensity (this is just the TEDOR
chemical-shift phase factors according to approach), which represents an alternative way to extract ve
weak dipolar couplings. However, if sufficient experimenta
time is available to record full 2D HETCOR spectra, the HMC
buildup can also be studied with I-spin chemical-shift resolt
tion, in which way the contributions of couplings of different
I-spins to one S-spin can be unraveled.

noa L - wcs,ltliz n L _
21,S8iN Ngy @ g ————— 21, S,SiN Ny @ oCOS wes ty

+21,5,8IN Noy @Sin wes .- [8]

1.2. Experimental Test of the Spin-Pair Approach
Sign-sensitive detection it is implemented by varying the
phase of the third 90° pulseb{ on 1), thus flipping the I-spin
part of the HMQ coherence with either the aog;,t; or the sin
wcst; prefactor to thez-axis. Following the only the cosine
component y-pulse), we obtain

In Ref. 8) it was shown that REPT-HMQ spinning sidebanc
patterns can be analyzed in terms of isolated spin pairs evern
real systems, where the protons form a tightly dipolar-couple
network. In order to experimentally justify this approach mor
fully, ammonium formate was chosen as a model system for
relatively isolated'H-"°C pair, with the added benefit of a

i possible “tuning” of remote proton influences by deuteration ¢

S

y

21,S:8in N, P COS sy t; ——— the NH, groups, which is easily achieved by dissolving the
sample in DO. The preparation and characterization of th
—21,5,:8in Ngy, P COS w1 [0] sample is described in detail in ReT)(

In Fig. 2, spinning sideband spectra of the directly boun
. . . CH-pair in ammonium formate measured for different spinnin
This anpph_ase coherence evolves b"_iCk 'nto_Observable_S'%Pé'auencies and recoupling times using the nondeuterated ¢
ma_lgnet|za_t|on during the reconversion p?”"d’ where it 8feuterated formates are compared. At 10 kHz MAS, a rel
quires a S'.rN’eC(D.“ pha_se factor. The two signal compone_ntﬁvely clean sideband pattern is obtained for the deuterat
for the indirect dimension of an REPT-HMQC spectrum ("ecompound. As is apparent from the corresponding simulatio
w, = 0) are thus §) the baseline distortions can be explained by the influence of t
chemical shift anisotropy, which arises as a consequence of |
Si(ty) = (Sin N @p Sin Npel®, COSwegty),  [10] incomplete refocusing of the CSA during the non-rotor-syr
B B chronizedt, evolution period with ther-pulse in the middle.
S(t1) = (Sin NgyPg sin Nee Dy, Sin wcg)ty), [11] The term describing this perturbation reads

where the possibility of choosing different recoupling times for [cOoSDcss(0; t1/2) cosPess(ty/2; ty)
the excitation and reconversion period,( # N, has been , i
included. Note that, during the recoupling periods, the S-spin + 8inPess(0; 11/2) sinPesg(ta/ 2; )], [12]
chemical-shift anisotropy (CSA) isompletelyrefocused and
thus does not contribute to the signal to a first approximatiowhich can be appended to Egs. [10] and [11] as an additior
Only a weak contribution of CSA to the evolution durihg factor. ®.sg(t; t') is defined in analogy to Eq. [2] as the
remains and will be discussed below. average phase acquired under MAS evolution of a spin exhi
The above equations form the basis of a two-dimensioriithg CSA. Explicit representations ofb.s are given in
experiment, which can be performed in three wa8k (i) Refs. {7, 30. At faster spinning, this contribution becomes
Incrementingt, in steps of full rotor cycles (“rotor-synchro negligible.
nized” experiment) leaves only the modulation of theignal In contrast, the 10-kHz MAS pattern for the protonate
with respect to the isotropic chemical shifts, of the | spins sample has a considerably low&N and broader peaks and
(since®,, is periodic with respect to one rotor period), suckxhibits appreciable even-order sideband and centerband
that a HETCOR spectrum is recorded, in which the intensity ténsity. In pure NHHCO,, the closest remote proton is 2.8 A
the cross peaks is determined by the heteronuclear dipdiamm the proton of interest, which gives a dipolar proton-
coupling and the number of recoupling cyclds,.... After proton interaction more than five times smaller than the C—
Fourier transformation ovey, the sliceS(t; = 0; w,) repre interaction, not even considering the motional averaging due
sents an HMQ-filtered S-spin spectrum (or a TEDOR spe@pid tumbling of the NH ions. Nevertheless, the large num
trum). (ii) Incrementingt,; in smaller steps gives a full HMQ ber of perturbing homonuclear couplings from the numerot
spinning sideband pattern in tlg dimension, as discussed insurrounding ammonium protons, along with an insufficier
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a 10kHz 11, b 30kHz 25 C 30kHz 4 ¢,

2-spin sim.
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FIG. 2. REPT-HMQ sideband spectra of ammonium formate, measured as bought, i.e., fully protonated (lower traces), and deuterated in the an
groups (middle), along with simulated spectra, where the best-fit CH distance and the influence of the chemical shift anisotropy were takentir@piacaoyn
frequencies and recoupling times were 10 kHzzXa), 30 kHz, 27¢ (b), and 30 kHz, 4r (c).

suppression of the homonuclear perturbation by MAS, rendensd with which spinning-sideband spectra can be acquired
the method unsuitable at such “low” spinning frequencies. much shorter times.
The situation changes markedly for a spinning rate of 30
kHz, where the sideband patterns for both compounds are 2. GENERALIZED REPT TECHNIQUES
almost the same, except for some residual even-order sideband
and centerband contributions for the NMHCO,. Upon increas 2.1. Coherence Type Selection during t
ing the recoupling time, patterns with a large number of side- .
bands can be generated, allowing for a more accurate determil—zven though the REPT-HMQC experiment represents

fi f the diool i tant which dominat tHQOSt versatile approach toyvard implementing_the differel
nation ol the dipolar coupling constant which dominates Ways to perform REPT experiments (HETCOR, sideband spe

pattern. This is the major advantage of the REPT meth . . -
compared with related separated local-field (SLF) metho?g’ buildup), it exhibits some drawbacks. Apart from the

(31, 32, where under MAS the sideband patterns observed n?]entloned slight distortions of the spinning sideband patter!

: . ) . ue to incomplete refocusing of the CSA interaction, a furthe
the dipolar frequency dimension cover only a range which

. . & advantage arises from the inclusion of thgulse in the
approximately equal to the coupling constant to be measur@f

) . . ddle of t: its finite length leads to synchronization prob
In particular for very fast MAS, conventional SLF sideban ms, because, fdr, = 0, the pulses with phases, and o

spectra would not exhibit higher than firs'.[—ort.der spinping Sid?éee Fig. 1) should ideally be applied simultaneously on top
bands, thus hampering an exact determination of dipolar CWotor echo. Thus, introducing the-pulse leads to a timing

pling constants. o _ problem with respect to the dimension and hence to phase
At these longer recoupling times ¢ in our case), however, orrors in the spectra and signal loss.
deviations from the ideal behavior are observed in the ﬁrSt'Improvements to the technique are straightforward and ¢
order sidebands, which are higher than expected. This q@frationalized by following the spin dynamics under the puls
straightforwardly be explained in terms of contributions frorgequence more closely. The possible changes in the seque
recoupled intermolecular interactions, and these are Conggolve the timing of the second and third 90° pulse of thi
quently larger for the protonated compound. However, Whe¥epT-HMQC sequencep and s in Fig. 1). The joint effect
the first-order sidebands are excluded from the fit, reliabig this pulse pair, i.e., the polarization transfer as the centr
results can be obtained for both substances. Thus, these expRia of TEDOR and REPT, is a very famous concept i
imental results represent encouraging support for the validigglution-state NMR, where, owing to the use Jtouplings,
of the spin-pair approach. A quantitative treatment of remoteansfer efficiencies of 100% are theoretically possible. It we
spin effects, with the proper distinction of homo- and hetergublished by Morris and Freema3) under the acronym
nuclear influences, will be given in the following sectionsINEPT (insensitivenuclei enhanced bypolarizationtransfer)
Moreover, variants of the REPT-HMQC experiment will beand is one of the most abundant building blocks found i
proposed, with which the centrat-pulse int, can be avoided modern solution-state NMR pulse sequences. The theoreti
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treatment in the preceding section shows that this transfer ¢ prep. | excitation 1 evolution | reconversion { detection
be envisaged to occur via an HMQ coherence, as created b 6 o= = Mot bl ol T
90° y-pulse on the S-spins#¢ 21,S,, Eq. [7]). !
_ An alternative is, however, to _apply an I-spin 9pulse  HMQC 4 21,5,
first. In analogy to Eq. [7], we write s "

. _ 3l . _ 5
21 8,sin Ny Dy ——> —21 8sinN,, Do, [13] |

HSQC ETE

ISIE}

Subsequent application of an S-spin 90° pulse converts t
resulting coherence into S-spin antiphase coherence, 4,

HDOR 248

—21,5,5in No, @, 2—Sy> —21,5sin N, @, [14] #

evolution :

4
|
which evolves back into observable magnetization during tt Hi56 | .

reconversion period, where it acquires a $ip.P,, phase (TEDOR) .

factor. s [ DD 1
In this way, the polarization transfer occurs via a two-spin
dipolar ordered state (Eq. [13]' right-hand side). Moreover,F'G- 3. Variants of the REPT-HMQC experiment. The pulse sequence

: : : : _ er in the placement of the conversion and reconversion putseé<{¢, =
these considerations show that, by manipulation of a two s@g[) and s (=, + 90°) in Fig. 1) with respect to the, period. The

coherence by 90° pulses on either channel, four different typr@§oupIingq-r—puIse trains (in the gray shaded areas) are omitted for clarity, ar
of coherences are accessible in a REPT experiment: two diif pulse phases given in Table 1 are the same for all experiments.
ferent antiphase coherences (Egs. [6] and [14]), the HMQ
coherence, and the mentioned dipolar-ordered state. For the
design of a 2D experiment, the experimentalist is free to chosano need for refocusing any S-spin chemical-shift interactio
which of these coherences are to be probed durjndgn all since its free time evolution (without recoupling) is governe
cases, the reconversion process, in particular the encodingsolely by the I-spin chemical shift. The indirect probing of the
the reconversion Hamiltonian by the time-shifted rotor phasiémne evolution of such an antiphase magnetization has be
@, occurs in the same way, which means that spinnirigtroduced by Bodenhausen and Rub88) for solution-state
sideband patterns are generated, no matter which coherencédis®N spectroscopy and is referred to as heteronudiegle
present during,. This demonstrates that reconversion rotaguantum correlation (HSQC). Aftér, the polarization transfer
encoding is not specifically a multiple-quantum mechanisr@|,S, — —21,S, is performed by applying the I- and S-spin
but rather reflects the rotor encoding of the interaction Har@0° pulses simultaneously. In the approximation of neglectir
iltonian. In a recent paper, we have shown that in a slighttize dipolar evolution of the antiphase coherence (in contrast
modified experiment (involving an initial CP), longitudinalthe HMQ coherence, the antiphase coherence does evo
magnetization (e.g., as created from the cosine term in Eq. [6p)der the unrecoupled IS dipolar coupling durihg, the
can also be rotor-encoded to yield sideband patterns which &inee-domain signal for REPT-HSQC is identical to that of the
dominated by even-order sideban@d)( REPT-HMQC experiment, given by Egs. [10] and [11].
Pulse sequences designed to probe three of the four menthe third pulse sequence in Fig. 3 involves the presence
tioned types of coherences durimgare depicted in Fig. 3. the two-spin dipolar-ordered state (Eq. [13]) during This
They differ only in the placement of ttig period, and all pulse state is also termetbngitudinal dipolar orderand has its
phases are the same as for the REPT-HMQC experiment. Fuenonuclear equivalent in thi,, operator, which, in 4 = 1
experiment on top is the familiar REPT-HMQC (see Fig. 1gystem is also referred to as a spin-alignment sta@. (ts
where the evolution of an HMQ coherence duringhnecessi important property is that (neglecting homonuclear spin flip
tates the application of a refocusimgpulse in the middle of;, flops with additional spins) it does not undergo time-evolutio
the disadvantages of which have already been mentioned. and is only subject t@, relaxation of the involved nuclei. The
If the proton antiphase coherence given in Eq. [6] is the spimtroduction of at, interval, however, still leads to reconver
state present during (second pulse sequence in Fig. 3), thergion rotor encoding, such that a symmetric sideband patte
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FIG. 4. Comparison of three HETCOR spectra of naturally abundatytrosine- HCI, recorded with 128 transients per slice in each case. (a) A
FSLG-decoupled CP correlation spectrum (169eontact time with a ramp o varying +10%); and (b) shows an MA$-HMQC spectrum (HMQ excitation
delay: 1.5 ms). These spectra were obtained with an FSLG decoupling field of 100 kHz, with 192 dlicesriounting to total experiment times of about 7 h.
The mean offset and the exact power level for FSLG were optimized od-theltiplets of the CH and CHisignals in FSLG-decoupled CP MAS spectra of
L-alanine. The REPT-HSQC spectrum shown in (c) was measured at 30 kHz MAS, with a recoupling time f33.3 us, with 48 slices irt; amounting
to an experiment time of about 2 h.

centered around zero frequency, is obtained, the time-domeator encoding, was later dismissed as experimentally le

signal of which follows Eq. [10] without the cascg,t; term. convenient19). The one-dimensional versions (i.e.~= 0) of

This approach helps in saving considerable experiment tirak of the above-mentioned pulse sequences are identical &

and will be discussed below. It will be referred to laetero- correspond to the TEDOR experiment. We will hencefort

nucleardipolar order rotor encoding (HDOR). refer to these as REPT-HMQ-filtered experiments, since th
The 'H chemical-shift information can also be probed byerminology gives the best account of the fact that they can |

inserting at, dimension at the beginning of the pulse sequenemsed to study the buildup and reconversionheteronuclear

(bottom experiment in Fig. 3). The polarization transfer themultiple-quantum modes.

follows as a TEDOR building block consisting of excitation,

_INEPT transfer, and reconversior_L Con_sequ_ently, rotor enc<_>4d_2_ REPT-HSQC and Comparison %f-"C Shift

ing does not occur, and the experiment is suitable for recording- ,relation Methods

shift correlation spectra only. This two-dimensional TEDOR

experiment {7, 19 gives essentially the same result as a Both the REPT-HMQC and REPT-HSQC experiments ar

rotor-synchronized REPT-HSQC experiment, but since tlsaitable for recording high-resolution HETCOR spectra. In thi

emphasis of this work is on spinning sideband analysis, tiEection, we compare a REPT-HSQC correlation spectrum

scheme will not be discussed further. Interestingly, one of timaturally abundant-tyrosine- HCI (Fig. 4c), obtained at 30

earliest HETCOR experiments based on TEDQ@B) ¢lid have kHz MAS and a recoupling time of Xy, with HETCOR

the t, dimension placed right before the INEPT transfer, buspectra of the same sample acquired with two state-of-the-

since the authors could not yet identify the possible usg oftechniques using FSLG homodecoupling during tHechem
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ical-shift dimension. Figure 4 shows a dipolar-based CP cagrocedure for the exact values for the frequency switching ai
relation spectrum (@), acquired with a very short contact timée mean offset. Moreover, much effort was involved in firs
SO as to restrict the polarization transfer to single-bond disaplementing the FSLG techniques on our spectrometer.

tances only %), and an MASJ-HMQC spectrum (b), which particular, finding the right way of simultaneously performing
uses through-bond-couplings during the FSLG-decoupledhe frequency and phase switch of the FSLG by adjusting tl
HMQ excitation and reconversion intervaly).( phase presetting time of the pulses so as to remove or redt

Unfortunately, our 700-MHz spectrometer is not capable aftifacts took a considerable amount of time. We found that tt
performing the fast phase switching necessary for the FSIKSLG performance sensitively depends on the mean offs
decoupling, so the spectra were acquired on our DSX 5@fth off-resonance irradiation by about 5 kHz being optimal
spectrometer. This loss ofH chemical shift resolution is This has also been observed by other grou§)s At higher
especially damaging in the case of REPT, which achieves figlds, the span ofH chemical shifts is large enough such tha
resolution solely from high fields and very fast MAS. Allthis condition cannot be fulfilled ideally for all signals in-
spectra were acquired with 128 scans for each slice, in ordevtalved, which may lead to phase errors such as the ones
enable a fair comparison of the sensitivity of the differemibserved for the NEI signal (12.4 ppm) in CP correlation
methods. TheS/N ratios can be gauged from the Fouriespectra with long contact times. (ii) The chemical-shift infor:
transforms of the first slices and skyline projections over thmeation inF, is obtained directly in the REPT experiment anc
full 2D spectra shown on top. On the bottom, the skylinean be externally referenced with a simplé SQ MAS spee
projections along théH dimensions allow a comparison of thetrum of, e.g., adamantane. A scaling factor characteristic
linewidths in this dimension. In (c), the corresponding projeenultiple-pulse homodecoupling, and variations of the mes
tion from a 700-MHz spectrum, as published 8),(is shown offset due to frequency switching imperfections, are not ¢
as a dotted line. It serves as an example of the possiblencern. For FSLG, the scaling factor is usually found to b
resolution enhancement achievable by increasindthiield. close to the theoretical optimum of\t/3, which was used for

Clearly, the two FSLG-decoupled spectra are much supertbe axis scaling in Figs. 4a and 4b. However, the médn
as far as theéH resolution is concerned. The linewidths (fulloffset was not reliable and had to be referenced internally
width at half height) are less than 1 ppm, while in the REPthe known chemical shift of the CH signal. (iii) The increase
spectrum the lines are more than 3 ppm wide (and decreaseéasitivity, along with a smaller number of sliceskp, leads
about 2 ppm at 700 MHz). Th&/N of all three full 2D spectra, to shorter experiment times for REPT. Sacrificing resolutior
as inferred from the skyline projections, are comparable. Hothte FSLG methods can be acquired with fewer slices, but tl
ever, the REPT spectrum exhibits a superior initi@l signal, overall N is then worse.
as is apparent from the first slices of the 2D spectra. ThisFinally, some remarks need to be made on possible
advantage is clearly more than compensated for by the smadetifacts in the case of REPT. Even though, to a first appro:
linewidths of the FSLG-based methods, which leads to @mation, the time evolution during the dimension of the
ultimately similar (CP correlation) or better (MABHMQC) REPT-HMQ and REPT-HSQ correlation techniques can &
S/N for the full 2D spectra. However, for the REPT spectrundescribed by the same formula (assuming spin pairs), bc
the maximum resolution i-; could be obtained in only 48 experiments differ in their dependence upon contributions fro
slices, while the CP correlation and the MASHMQC need the *C CSA and the residual heteronuclear dipolar interactio
about four times the number of slices to achieve high While—within the spin-pair approximation—the REPT-
resolution. Especially in the CP case, we did not succeedHDOR experiment gives artifact-free sideband spectra, and t
measuring a spectrum free of zero-offset artifacts inwhich 2D TEDOR approach ensures the same ‘fé+"°C shift cor
made off-resonance irradiation, and thus a larger spectral wid#hation spectrat, evolution under chemical-shift anisotropy
in F;, necessary. REPT spectra can be acquired with veagd heteronuclear dipolar couplings leads to possible artifac
small spectral widths corresponding td,ancrement of 17y in REPT-HMQC and -HSQC spectra, respectively.

(or even multiples thereof), with on-resonance irradiation on Artifacts arising from CSA evolution of the HMQ coherence
'H and TPPI for sign-sensitive detectionfn. Another clear were already discussed for the case of REPT-HMQ sideba
disadvantage of the REPT approach is the broad and compégectra obtained for ammonium formate (Fig. 2) and are due
CH, lineshape, which suffers from the very strong intragrouine incomplete refocusing of the CSA interaction by the centr
*H homonuclear coupling. As a result, the distinct shifts of the-pulse, ift,/2 # 1 tz. Therefore, ift, is not incremented in
two CH, protons, which are different intyrosine- HCI, canr  steps of 2rg, the correction term given by Eq. [12] also lead:
not be resolved. to weak artifacts in a shift-correlation spectrum.

Although the REPT experiment does not have the bestFor the REPT-HSQC experiment, the antiphase magnetiz
resolution, it has several other advantages: (i) The setup ption (and also the in-phase transverse magnetization) is subj
cedure for REPT is simple. Only approximate 90° puls® evolution due to residual (unrecoupled) heteronuclear dip
lengths have to be determined on both channels (see nlextinteraction between the spins constituting the antipha
section for details), while FSLG necessitates an optimizatia@oherence duringy,:



406 SAALWACHTER, GRAF, AND SPIESS

a b

3x1 g, cat, FT, 2

(iv)

L
i

(iii)

B 1 g cat, FT
\ i _ﬁ_J_LLJ
04 (i)
2 ycat, FT L_V_J
v

0]

40 80 120 ps 3.2 gy direct FT

BRRERERRSEERS REERSERES RERERERAS RREREERES RaRe
-200 -100 0 100 200 kHz

FIG. 5. Processing of thé, time-domain signal as obtained from the HDOR experiment. The FID shown in (a), which is measured for; thigr@Hof
partially deuterated methylmalonic acidfs = 25 kHz, with ., = 6 7z andAt, = 2 us, consists of 64 points, covering 3.2 rotor periods of encoding wit
20 points each. A total of 128 transients were added for eaicicrement. In (b), Fourier transforms of the indicated parts of the FID are displayed, as discus
in the text.

R ~ L ~ —d(0; t,)21,8, away from the methyl carbon. UsingH spectroscopy, the
—1,e0SNe, @ + 21,S;5in N, Dy degree of deuteration was determined to be about 90% D in't
CD and COOD groups.
—21,5[cosN,, D, sin P(0; t,) Figure 5a shows & time-domain signal of the methyl signal

of partially deuterated methylmalonic acid, recorded with th
REPT-HDOR sequence. The REPT-HDOR experiment tak

o i ) o advantage of the fact that longitudinal dipolar order does n
®(0; 1) is given by Eq. [2]. The final time-domain signal canngergo time evolution during,. The amplitude modulation

be obtained from Egs. [10] and [11] by replacing Big@ofor measured as a function of is thus solely due to the rotor
the above term in square brackets. This correction reducgoging of the reconversion Hamiltonian, which, as is appe
again to sinNgD, in the case of rotor-synchronized shlftent from Eq. [10] withwes, = O, results irsymmetricspinning

correlation spectra, sinc®(0; t;) vanishes fort; = N 7= gigepand patterns. Since these patterns are centered arounc
(which reflects the inhomogeneous nature of the heteronuclegr, ofset frequency in the indirect dimension, there is n

dipolar coupling, in the sense of Maricq and Waug)). That  eeq for a sign-sensitive detectiortinwhich is needed for all
is why the TEDOR correlation and the rotor-synchronizeginer yariants of the REPT technique in order to account f
REPT-HSQC give largely identical spectra. The influence Qfotronic chemical shift contributions of the protons. The ac
the correction term on chemical shift resolved spinning sidgyisition of a cosine dataset ta thus reduces the experiment
band spectra (wherat, < 1 7¢) is also weak, as will be (imq py 4 factor of 2. The spectral intensity in the sine datas
proven in Section 3. is zero, thus its presence would only add noise to the fin
intensity after a two-dimensional Fourier transformation.
Second, as can be inferred from Eq. [10], the signal |
Methylmalonic acid, HOOC—CH(CH-COOH, was chosen periodic with respect to the rotor period, and—apart from ai
as another useful model compound to study spinning sidebandreased probability for the occurrence of spin-diffusion ef
patterns in more detail. It is characterized by a favorabfects, which are weak at very fast MAS and will be neglect
relaxation behavior (allowing for recycle delays of 1 s) and, ced—the measured modulation pattern decays as a function
account of its CH acidity, is easily obtained in a partiallyhe T, relaxation times of the nuclei, which are much longe
deuterated form following essentially the same procedutiean the rotor period. Experimentally (e.g., Fig. 5a), no appr
given in Ref. ) for ammonium formate. This substance can beable decay of the, signal could be identified in any of the
used for the study of the influence of remote protons on tipeesented measurements. This opens up a number of
spectra of a methyl group, where the closest CH and COQitbaches for the processing of this time-domain signal. Sor
remote protons can be differentiated from the methyl protonssults of approaches discussed below are presented in Fig.
by their chemical shifts. In the partially deuterated form, The Fourier transform of the whole 372 long FID is shown
DOOC-CD(CH)-COOD, the methyl groups are thus fairlyin slice (i) of Fig. 5b. The applied line broadening (10 kHz) hat
isolated, with the next Clproton neighbors being about 4.3 Ato be chosen quite large, in order to avoid truncation effect

—8in N, P cos®(0; t)] + . . . [15]

2.3. REPT-HDOR: Spinning Sideband Analysis
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FIG.6. Spinning sideband patterns of the Ggtoup in partially deuterated methylmalonic acid, measured wjih= 10 7 at 25 kHz MAS, (a) under proper
setup conditions and (b) using an effective 150° inversion pulse, 20 and 30 kHz offset '@ ted'H channels, respectively, and a rotor missynchronizatio
of 100 Hz.

i.e., cutoff sinc wiggles. Narrower sideband linewidths can bwajority of the-pulses in each train is always applied on the
obtained by catenating together integer rotor-period blocks diannel where only longitudinal terms are involved in the spi
the FID, which allows for an arbitrarily small artificial line dynamics. (iii) Variations of the spinning frequency, whict
narrowing, depending on the number of repetitions chosen. @ad to deviations from the idegk inter-m-pulse spacing, as
the timescale of the experiment, no correction is necessaryldoge as+200 Hz (at 30 kHz MAS) can still be tolerated. Using
account for signal decay durirtg. commercial Bruker equipment, the spinning speed is autom:
In principle, it should be sufficient to record just one rotoically stabilized to=10 Hz, such that problems arising from
period of the FID, as can be seen in slice (iii). However, th@tor synchronization should be negligible.
catenation results in the appearancecofrelated noisej.e., In order to give an instructive proof of the robustness of th
random intensity variations of the NMR signal which appeanethod, HDOR spinning sideband patterns are compared
only in the sidebands (up to very high order) of the frequendyig. 6 for a proper setup and for deliberately mistuned expe
spectrum, as a consequence of the interplay of the time-traimsental conditions. Even though the spectral intensity is re
lational symmetry of the artificial “FID” and the Fourier trans-duced by a factor of 2.6, the mechanism of sideband generati
formation. If two rotor periods of experimental data are use@nd its dependence on the mentioned experimental parame
noise also appears laalf rotor period intervals (slice (ii)). Such are apparently insignificantly influenced. Sideband analysis
signals cannot be due to any physical effect, and thus thiéms demonstrated to be a feasible way to evaluate dipo
allow an estimation of the contribution of noise to the sidebarmuplings even when the experiment is performed in a “quic
intensities. Moreover, noise is seen to be significantly reducadd dirty” fashion. The distorted baseline in Fig. 6b is due t
by transforming the sum of the three individually catenateitie severe rotor missynchronization, which made a stror
consecutive rotor periods of the time-domain signal (slice (iv)iirst-order phase correction necessary.
This approach is useful for the suppression of spectrometein conclusion, the REPT-HDOR technique is the method
drift effects, when the acquisition time of a single slice is rathehoice for spinning sideband analysis and allows for a subste

long. tial decrease in experiment time. The time-domain data in Fi
5 were obtained in ogl3 h (700-MHz spectrometer:C in
2.4. Sensitivity to Experimental Imperfections natural abundance). If catenation is to be used, only one rof

It is stated above that the REPT techniques are easy'ot‘%)riOd of 5‘9”?' WO_Uld need to be obtaineo_l, and the spectrt
implement and very robust with respect to the tune-up of tﬁémld be acquired in 1 h. For_ less well-suited s_amples (she
spectrometer; only the approximate 90° pulse lengths haver?&yde delay of 1 s, gqod signal due to well-isolated ;CH
be determined on both channels. A closer investigation Cog]r_oups), measurement times are mostly less than 12 h.
cerning the dependence of absolute spectral (REPT-HMQ-
filtered) intensities on several experimental parameters showed 3. MULTISPIN CONSIDERATIONS
that: (i) The sensitivity of the final signal to the effective flip
angle of themr-pulse trains is very weak. Deviations of more In the last section, spinning sideband patterns due to
than 20° from the ideal inversion can be tolerated, with thmethyl group were used to illustrate some general features
intensity still at about 80% of the maximum. This broadbangatterns generated by the REPT techniques. In order to fu
nature is mainly due to thexf-4) phase cycling38). (i) A understand all of these features, the theoretical treatment ha:
dependence of the transferred HMQ intensity on'th@and**C  be extended to the multispin case. Historically, heteronucle
offsets is not measurable, on account of the fact that thecoupling methods such as REDOR were established as me



408 SAALWACHTER, GRAF, AND SPIESS

ods for the investigation of well-isolated spin pairs. In the soli8.1. Heteronuclear Multispin Systems
state, this is usually achieved by using selectively labeled
compounds, with considerable isotopic dilution, whereas in tIﬂ%
liquid state, the use af-couplings restricts the interactions tog

the nearest neighbors. _ N atom needs to be considered for each proton, i.e., the treatm
The emphasis of this work, however, is 4i-"C correla g restricted to one S-spin and multiple I-spins. This exper

tion, where the presence of a tightly coupled proton spifental situation is referred to as “proton-detected local fielc
network cannot be neglected. The implications are twofolggu) and is characterized by the much simplified couplin
Couplings among the protons are strong, and the influencei@hology experienced by a transverse proton coherence evc
homonuclear couplings has to be investigated carefully. Tigy in the local field of a single®*C nucleus. The product
results in Section 1 already justified the neglecting of thsperator treatment for the excitation period and the INEP
proton homonuclear coupling at very high spinning speedsansfer reads

which is largely averaged out by MAS (as opposed to the

heteronuclear dipolar interaction, which is recoupled). This has N N, ® 250

also recently been recognized by Frydman and co-workers —, I§,”

(39), who were able to perform SLF experiments on rigid i
crystalline CH systems under moderately fast MAS conditions _ o T _ 0T ()& o T ()

(we/27 = 14 kHz) without any further homonuclear deeou E (Iyc0SNePo’ = 21,7SSIN NewPo) - [16]
pling (Historically, "H-"*C SLF spectra were recorded by mon

itoring the*C evolution undeftH homodecoupling using mul E 5
tiple-pulse sequencesl)). Thus, for sufficiently fast MAS, 2 o _
the short-time behavior of theC evolution is simplified by the o= 2 2108sin Ne g [17]
so-achieved homodecoupling, which allows for an analysis of ‘

the data in terms of heteronuclear couplings only. The very fast i i . e
MAS employed in this publication can even improve on thi®Uring reconversion, S-spin antiphase magnet'zat'(bfﬂs%
situation, and at the end of this section results will be pr&volves in the local field of the surrounding protons (SLI
sented, which show that the homonuclear influence remaﬁi?:‘at'on) and is reconverted to observable S-spin magneti:

weak even for evolution times exceeding a few rotor period‘%c.)n upon coupling to théth I-spin. Couplings to all the other

These results should contribute to a more complete picturelb%plns add cosine factors to this term, whereas higher

e S thase coherences likel #1 'S, (which acquire additional
how the remaining weak homonuclear couplings influence t o
REPT spectra sine phases) aneot reconverted to observable magnetization

Even more importantly, couplings of thEC atoms to NS B 02T 0
more than one proton have to be considered. This is of =3 2108 sin Ny B i Pa2Sl
special importance for organic substances, where a theoret- - exem o
ical understanding of the spectra of the common structural

The REPT technique, with its property of free I-spin evolu
n during theexcitation period, is particularly easy to de-
cribe: without isotopic enrichment, onbne coupling partner

TN
2y

units, CH, CH, and CH, is indispensable. The theoretical > SsinNg @ sinN @Y [] cosNP{”
treatment of the couplings of an S-spin to multiple I-spins i i#i
for the REDOR experiment is straightforward and has al- —2108sin . ..+ 411 V8gsin . . [18]

ready been publishedlQ). In short, since the heteronuclear

diApSc?IarAcscl_)upIing Hamiltonians all commute with each othefghe magnetization corresponding to goperator is stored
[Ho', Ho'l = 0, the dipolar evolution for individual S 510ng z during the final dephasing delay, and the powde
pairs can be evaluateddependentlyand product operator ayerage of its amplitude forms the time-domain signal of th
theory can be used to calculate the signals. In the followingpoRr experiment,

the analytical calculation of the, time-domain signal for
thg REPT techniques will bg de'scrlbed. Hompnuclear CoU-g (1) = (sin N D Vsin NieD ¥ TT cosN,e ().
plings will be neglected, which is a well-justified approxi- .

mation, as will later be proven theoretically and experimen-

tally. Since, due to the noncommutativity of homo- and [19]
heteronuclear couplingsH", Hg] # 0, a first-order ana  If chemical-shift evolution of théth I-spin is to be included-
lytical treatment of homonuclear effects is not appropriatand y-components of the signal can be written in analogy t
Numerical simulations of the time-evolution of the densit§qgs. [10] and [11] for each of the I-spins. The CSA correctiol
matrix will be employed in these cases. for REPT-HMQC (Eq. [12]) can be appended as an addition

i j#i



'H-C DIPOLAR CORRELATION UNDER VERY FAST MAS 409

factor, and for the dipolar correction (HSQC), $in D¢’ has SEH(t,) = (3 SINNe@o(Sin Nyey, — SiN®N,eDy,))
to be replaced by the bracketed expression in Eq. [15].
Moreover, in the case of HMQ evolution durirtg, the = 3 (sin Ng,@o Sin N, D))
HMQ coherence picks up phases due to couplings to additional - -
I-spins, which are not part of the coherence itself. The correc- + 2 (SiN N @y Sin 3N Dy,), [22]

tion factor is similar to the one given for S-spin evolution

under CSA (Eg. [12]): where for the last line an addition theorem was used. The res

. . has an interesting implication in that it is the sum of two parts
[T [cos®D(0; t,/2)cosd V(t,/2; t,) where the first part is the time-domain signal for a single spi
j#i pair (with the same apparent coupling constant in the excitatit
. - . - i i in the second part the appar
+ i(A- 0 T and reconversion perlpds), and in th |

sin ®7(0; ./ 2)sin @t/ 2; ty)] [20] coupling constant during reconversiontisee timesthe cou-
) ) ) ~ pling constant during excitation. Since powder averages of tl
This correction describes the heteronuclear contribution #ge (sin Na sin Nb) (note the formal equivalence of this term

evolution rotor modulation (ERM)2). Its effects will be 5 5 correlation function) approach the valueldor N — o
discussed below. Note that this term is not periodic Withhqa = p and decay to zero fa # b, only the first term in

respect td,-increments of Irg, such that, in order to preventgq_ [22] contributes in this limit, and the maximum polariza:
artifacts in rotor-synchronized shift correlation spectra (s@n transfer for a methyl group &= 37.5%.

Fig. 4),t, has to be incremented in steps of2 which limits
the accessible spectral width. _ _ 3.2. Dipolar Couplings from REPT-HDOR and -HSQC

In the case ofmethylene grqupsl,ust one cosine factor  gigeband Patterns
appears in Eq. [19]. For the time-domain signal moéthyl
groups, the equation can be simplified to obtain a more de- Spectra obtained for partially deuterated methylmalonic ac
scriptive form. In essence, methyl groups undergo fast thre@&n be used in order to study the applicability of the abov
site jumps at ambient temperature, possibly with some distigrmulae, i.e., in the approximation of neglecting homonucles
bution of correlation times 4Q). Therefore, the three couplings. Figure 7 shows experimental REPT-HDOR sidk
heteronuclear couplings have an identical dependence on pand patterns for the CHa) and the CD (b) carbons recordec
sition, and the average REDOR phade8, i = 1...3, forthe with different recoupling times. The latter carbon experience
three protons are equal. The average of a symmetric secoiwinly the rather small heteronuclear couplings from th
rank tensor, such as the spatial part of the dipolar couplingethyl protons; under the given experimental conditions, we:
undergoing fast symmetric jumps with three or more positiog®ntributions from residual methyne protons to the sidebar
around a specified axis is represented by a uniaxial tensor witerns of this carbon atom are distributed over many sideba
its symmetry axis along the rotation axi30j. Therefore, the orders and should thus hardly interfere with the analysis of tt
acquired dipolar phase for a single 1S-pair, with S located d@wer-order sidebands. Both carbon atoms lie on the meth
the rotation axis, can be calculated using Eq. [3], but withr@tation axis, and Eq. [22] can be expected to hold for th
modified dipolar coupling constardg), description of the patterns. In all spectra, higher than expect
first-order sidebands, which were observed also in the spec
of ammonium formate (Fig. 2), are again apparent. Howeve
using a least-squares fitting procedure based on the Levenbe
Marquardt algorithm, where the higher than first-order side
where# is the angle between the IS-internuclear vector and thband integrals were fitted to theoretical intensities obtained |
methyl rotation axis. For S-spins located off the rotation axi§ourier transformation of the calculated time-domain data (E
the individual @ are still equal, but the averaged dipolaf19]), yielded dipolar couplings in good agreement with th
tensor (simply calculated as the average of the three differemystal structure data (Table 2). The available crystal structu
AZ®) will be asymmetric. Consequently, it will explicitly de of methylmalonic acid (X-ray data44)) is somewhat deficient
pend on the position of the three individual I-sites relative tim that the protons are not properly located. For the comparisi
the S-spin, yielding a more complicated formula ®*. In  here, couplings were calculated from an idealized, tetrahed
the off-axis case, Eq. [21] is only a good approximation whemethyl group (based on a neutron structure-afanine ¢5),
rs > r, and when the displacements of the S-spin from theith r, = 1.09 A), with the molecular carbon skeleton from
rotation axis are small, i.e., in case of very small asymmettlye methylmalonic acid structure. This topic is explained il
parameters. more detail in Ref.46).

Introducing a single® for the three methyl protons, and It was even possible to obtain sideband patterns for the C
using the trigonometric relation c@s= 1 — sin’a, we obtain carbon, from which dipolar couplings were extracted by fit
from Eq. [19] that also excluded the intensities of the first-order sidebanc

D= D;s3 (3 cosb — 1), [21]
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FIG. 7. REPT-HDOR sideband patterns, recorded for a sample of partially deuterated methylmalonic acid at 25 kHz MAS andat ®at:. (a) Data
for the CH; carbon, with recoupling times 6, 8, 10, and 4 increasing from bottom to top. (b) Data for the CD carbon, with = 6, 8, 18, 24, and 28.
The gray background traces are the best-fit patterns (with the corresponding req@if§fandicated). The very thin lines are the experimental spectral obtaine
with the improved processing method; they are the sums of three individual rotor perindsigifal, catenated before Fourier transformation to obtain narro
lines (cf. Fig. 5b, top), while the other spectra were obtained by direct FT of the complete FIDs.

which completely dominate the spectra. Only at very highoint. Moreover, the total measured intensity fQp = 28 7
recoupling times was the fifth-order sideband intensity suffonly reached about 20% of the intensity of the spectra wit
ciently high to allow a reasonable fit. Even though the agreez, = 6 7%, resulting in very long experiment times forSaN
ment with the expected values is good, the performance of thefficient for a reliable fit of the relatively weak third- and
method has certainly reached its limit for this measured appaigher-order sidebands.

ent coupling of 1.8 kHz. Homonuclear effects and perturba- An important aspect yet to be clarified is the observation «
tions arising from the incomplete isolation of the four involveihcreased first-order sidebands in the measurements for amr
spins are expected to hamper a sideband analysis beyond ttiisn formate, which were tentatively attributed to contribu

TABLE 2
Experimentally Observed and Expected Apparent ‘H-"*C Dipolar Couplings and Bond Lengths for the Methyl Protons
in Partially Deuterated Methylmalonic Acid

Fits of NMR data From crystal structire

Sidebands |D{EY27r (kHz) >ris (A) D¥%27 (kHz) rs (A)

CH; 6.68+ 0.11 1.14+ 0.0r° =7.77 1.09

CD 1.83+ 0.43 2.22+ 0.2 —-1.97 2.165

Buildup T3 (ms)

CH, 0.93 — — -7.77 1.09

CD 0.63 1.33 2.47 —-1.97 2.165

CO 0.52 0.78 — —1.02/~0.9¢° —

* Based on X-ray data4#), including an idealized model for the methyl group.
® Calculated from the average dipolar tensor of the three proton positions.

¢ Calculated from Egs. [5] and [21], assumifig= 109.5°.

¢ Calculated from Egs. [5] and [21], assumifig= 28.4°.

¢ Two inequivalent positions in the crystal.
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FIG. 8. REPT-HSQ sideband patterns of methylmalonic acid, recorded at
25 kHz MAS andr,, = 6 7=. The regions of the first-order sidebands (gray
shaded area) have been expanded. Inset (a) is the REPT-HDOR sideband
pattern of the CH signal, recorded under the same conditions, which can be
compared with the REPT-HDOR pattern of partially deuterated methylmalonic
acid, inset (b).

tions of weak remote heteronuclear couplings. An experimen-
tal proof of this assumption is presented in Fig. 8. The
chemical shift information, which is present in thedimen
sion of the REPT-HSQC experiment, can be probedulta-
neouslywith the spinning sideband information, if the resolu-
tion in this dimension is large enough, i.e., for a sufficient
number of acquired slices. The data in Fig. 8 is based on 1024
slices int,, with a total acquisition time of about 2 days.
Undeuterated methylmalonic acid was used, and the correla-
tions of the respective carbon atoms with the remote protons
can, on account of the different chemical shifts, be identified in
the first-order sidebands. Consequently, these contributions
add up in the REPT-HDOR sideband patterns, where the
chemical shift information int, is lost, to give increased
first-order sideband intensities, as can be seen in insets (a) and
(b). There, REPT-HDOR sidebands of the Ckignal are
compared for the undeuterated and the partially deuterated
form (on which all other measurements in this section were
performed). The first-order sidebands measured on the latter
sample are still slightly higher than expected; this fact can
straightforwardly be attributed to intermolecular remote cou-
plings to other methyl groups.

In the CH, HSQC slice, a weak centerband is apparent,
which is not present in the CHHDOR patterns in the two

ring during the actual, evolution of the antiphase coherenc
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even for a directly boundH-*C pair, on account of the
averaging achieved by the very fast MAS.

The data obtained from REPT-HMQ-filtered measuremen
for the same sample are summarized in Fig. 9. As opposed
REDOR data, the REPT (i.e., TEDOR) buildup data cannot t
normalized with a reference experiment to yield absolute va
ues for the heteronuclear coherence transfer. As expected,
intensity decreases as a function of the recoupling time aftel
first maximum is reached. This may tentatively be explained t
T, relaxation during the recoupling periods. In order to cir
cumvent this relaxation problem, the TEDOR approach relie
on keeping the excitation time constant and recording spec

FIG.9. REPT-HMQ buildup measurements for partially deuterated mett
insets. Its appearance must therefore be due to effects Ocdmalonic acid, performed at 30 kHz MAS. (a) Data for all three carbor
gositions, along with best-fit curves. (b, c) Separately plotted data for the C

.. . . . ~and CO carbons, respectively. The curves were calculated from the crys
and is indeed explained by the additional dipolar evolutioficture, including only the three protons from the same molecule (solid line

described by Eqg. [15]. The effect is seen to be almost negligille24 further protons from the 8 next-neighbor Cithits (dashed lines).
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with increasing reconversion timéd&). The dipolar informa- scription of most of the spectral features justifies this appro:
tion is then extracted by analyzing the oscillatory behavior ahation. Nevertheless, it cannot be expected that an influen
the intensities. This procedure becomes cumbersome owfehomonuclear couplings is completely absent, and in th
multiple couplings are involved, which usually lead to &ection results from measurements and simulations will f
“washing out” of these important oscillationd7). By discuss- presented which give some evidence for weak homonucle
ing REPT-HMQ-filtered spectra, as obtained by synchronousdyfects.
increasing theN,,. and N, we do not want to propose an An analytical treatment of a system evolving under a con
alternative way to determine dipolar coupling constants; rathéined homo- and heteronuclear dipolar coupling Hamiltonia
we will highlight some of the problems in multispin systemds complex, and instead, numerical density matrix simulatior
where a*®*C—'H system certainly represents the “worst casewill be used. This approach has the additional advantage tf
For the methyl carbon, only the point far,, = 1 7z other adverse effects in real experiments, e.g., timing impe
coincides with the initial rise of the theoretical curve, Fig. 9dections and finite pulses, can easily be incorporated.
thus hampering an analysis of the buildup behavior. The timeln the first publication of the REPT-HMQC techniqu®),(
resolution of the data for the CD and CO carbon was, howevenpst m-pulses during excitation were applied on the protol
good enough for a fit to a master curve based on Eq. [22hannel, which proved disadvantageous and led to signal Ic
including an exponential damping function with an appareat longer recoupling times. It is advisable to apply REDOF
transverse relaxation tim& ™). The results are given in Tablem-pulses on the channel, where only longitudinal magnetiz
2. Such a fit is only possible if the observed maximum realljon is to be inverted. In order to explore the nature of thi
coincides with the first maximum of the master curve. Faignal loss, HMQ buildup curves, measured for the CD carbc
cases where relaxation effects are very strong, this cannotdfepartially deuterated methylmalonic acid, are compared fc
expected, and methods with the option of correcting for suthe two possibilities in Fig. 10a. The experiment with the puls
effects have to be chosen. In the present situation, the fits génagn on the protons (the centratpulse is always applied on
reasonable results, which are, however, systematically too Iatwe other channel to ensure refocusing of the chemical sh
as a result of the exponential damping. The fit curve for thiteraction) gives roughlpalf the maximum signal, indicating
methyl carbon is based on the average coupling constant franstrong interplay of ther-pulses and théH homonuclear
the sideband analyses, and of§/® has been determined withcoupling. Four-spin simulations (three methyl protons and tt
the fit. CD carbon) proved that the decrease in maximum intensity
Sideband analysis is thus clearly the method of choice ittdeed caused bijnite pulses (open symbols) and not by mere
evaluate the dipolar couplings from REPT experiments. Neflip-angle deviations. The simulations cannot, however, a
ertheless, it is most interesting to note that the data in Fig. ®aunt for the damping of the intensity at longer recouplin
can be analytically modeled by using Eq. [19], including the 24mes, which has been shown in the previous section to be d
protons of the 8 next-neighbor Gldnits, with dipolar coupling to heteronuclear couplings to numerous remote methyl grou
tensors based on the crystal structure (Figs. 9b/9c). The metfddtted line). Density matrix simulations with such large num
rotation was accounted for in these calculations by averagibgrs of spins are not feasible, and thus it is was not attempt
the dipolar tensors from the proton triplets. Even though the model the data with the many-pulses on'H.
scaling of they-axis was adjusted to fit the data, both the In Fig. 10b, the influence of finiter-pulses of varying
position of the maxima and the decay of the signal at longemgth, applied td°C andH during excitation, is explored. No
recoupling times are reproduced in these simulated curves. Tiigerence is discernible when trains with-pulses of 4- or
observed “apparentT, is thus mainly due tdeteronuclear 8-us length are applied on the carbon channel, and the sin
couplings to remote protons and can only weakly depend tations confirm this result (again, experimental first-order side
the “real” T, values for**C and'H in this system, which are bands are higher than expected). By comparison, the first-or
mainly due to homonuclear dipolar dephasing. This notion ssdebands suffer an intensity loss upon application of tt
supported by th&3" values in Table 2, which indicate strongeexcitation train to the proton channel, and a further sligt
“relaxation” for the carbon atoms which are farther away frordeterioration is observed for longer pulses, which is also r
the methyl protons. Clearly, the influence of the remote methgtoduced by the simulations.
groups increases with an increasing ratio of the remote heteroSumming up these observations, it is clear that if the expe
nuclear coupling to the primary intramolecular coupling. Thesment is conducted in the most sensible way, that is, avoidir
findings represent the most encouraging support for the vdoyg = pulse trains on the channel where transverse coheren
weak influence of homonuclear couplings on the spectra, evaa® involved, no significant effects of homonuclear coupling
for longer evolution times. are observable in rigid aromatic systems at spinning freque
cies exceeding 20 kHz. One important exception is the Ct
group, which exhibits the largesH—H coupling found in
So far, the homonuclear couplings among the protons werganic solids. Its value of 23 kHz is of the same order c
neglected in the theoretical treatment, and the successful degnitude as the spinning frequencies applied for the REF

3.4. Effects of HomonucleaH-'H Couplings
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FIG. 10. Buildup data and spectra from experiments on partially deuterated methylmalonieat@a (= 25 kHz), showing the influence of homonuclear
couplings on the REPT-HMQ intensity buildup for the CH carbon (a), and on REPT-HDOR sideband paftgrastts) of the methyl signal (b). The points
in the two diagrams in (a) are plotted on the same vertical scale (with the dashed horizontal lire® & for comparison), and the dotted curve in the uppe
diagram is the same theoretical curve as in Fig. 9b. For the sideband patterns in gpulee trains during the excitation period were applied on the carbc
and on the proton channel, and the length of the pulses, thuB.tlield strength, was varied as indicated. The gray background traces are density me
simulations using the experimental parameters, and for the upper &actses were assumed.

measurements. Unfortunately, it is not possible to study tk&ect does not occur when the HMQ coherence is monitore
effect of this strong homonuclear coupling for longer recowuring t;. Thus, a comparison of REPT-HDOR with REPT-
pling times, since the methylene signal was shown to vanistMQ sideband patterns gives direct evidence for sideban
for recoupling times longer than just one rotor period (see Figenerating mechanisms active for an HMQ coherence duri
12 below). Patterns obtained fag, = 1 7 do, however, show
some characteristic effects.

Spectra for a methylene group, simulated including the
homonuclear coupling and calculated from Eq. [19] without
homonuclear couplings (gray background traces), are dis- REPT-HMQC n 11,
played in Fig. 11. As expected, the perturbing heteronuclear Py |
coupling to the second proton is strong enough to lead to an
almost complete loss of intensity fer, = 2 7z, while strong
deviations from the spin-pair case are observed for the REPT- REPTHSQC i 1.
HMQC and -HSQC patterns af, = 1 7. This was proven k‘] :
experimentally for HMQ patterns of the GHyroup in -
tyrosine 8). However, the REPT-HDOR pattern does not
exhibit a centerband or unexpected even-order sidebands, in-
dicating that the observed deviations are solely due to effects
occuring duringt;.

The simulations for REPT-HSQ and -HMQ sideband pat- 2 %
terns in Fig. 11 were calculated using the same artificial line
broadening (2.5 kHz) as for the HDOR patterns. Therefore, the
observed larger relative line broadenings (thus lower absolute
intensities) are due to homonuclear couplings dutingvhile FIG. 11. Sideband patterns from numerical density matrix simulations fo
the high centerband intensity for the HSQ spectrum is in pdrfhethylene group withe, = 1.14 A Dc, = 20.4 kHz) and an HCH angle

. . . . . of 109.5° at 25 kHz MAS, assuming finite-pulses of 4us length. The
to be attributed to the d|p0|ar correction to the tlme_evo'Utlollgcoupling times are as indicated. The gray background traces are analyti

formula given by Eq. [15] (note that it is reproduced in thessyits based on Egs. [15] and [19]. All spectra are plotted on the same verti
analytical spectrum shown as the background trace). Thisle.

REPT-HDOR 17,

T

T T T T T
-100 0 +100 kHz
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SREPT
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4 6 8
z-exc = Trec [TR] Trec = Texc / 3 [TR]

FIG. 12. Buildup master curves for CH (solid), GKdashed), and Cigroups (dotted lines), calculated using Eqgs. [19] and [22], under standard conditic
I.€., Texe = Trec (@), and forre,. = 3 7 (). The experimentally accessible points for rigid moieties at 25 kHz and reconversion times of 1, 2, 4, Grard 8
indicated by asterisks. The squares in (a) are results from density matrix simulations additionally including homonuclear couplingsapdifegef 4us
length.

its t, evolution (so-calledevolution rotor modulation, ERM pulses on REDOR recoupling have not yet been investigated
(25)), to be differentiated from the sideband generation via thietail.
explicit time-dependence of the reconversion Hamiltonian rel-
ative to the excitation Hamiltoniamgconversiomotor encod-

ing, RRE), which is equally active for the HMQ coherence and

the dipolar-ordered state. In particular, the influence of homo-The analytical treatment in Section 3.1 suggests the inve

nuclealr ‘?0“'_")'3'”% to_dail)ditignal protons manifests itself MOt vion of the buildup behavior of the spectral intensity of CH
strongly in HMQC sideband patterns. CH,, and CH groups, as measured in 1D HMQ-filtered spec

This result therefore again stresses the advantage of fi€ a5 4 method to differentiate between these characteris
HDOR approach, where the only possible evolution duting ,iiging blocks. Figure 12a shows results of analytical sim
is homonuclear spin flip—flops, the influence of which is aRasiong for these moieties, assuming CH distances of 1.14
parently negligible. The REPT-HDOR experiment is thus well 4 perfectly tetrahedrasp®-hybridized) carbon atoms. Even
suited to study the effect of RRE in a well-isolated fashion. 5 spinning speeds of 25 kHz, the rising part of the curve

In summary, homonuclear effects cannot be neglected if tgnnot be probed, as indicated by the asterisks. The methyle
m-pulses are applied to the proton channel during excitatioglyrve exhibits the striking feature of rapidly decaying to in
and the interplay of proton transverse magnetization, homgnsities close to zero for recoupling times larger thar.1
nuclear couplings, and finite-pulses leads to HMQ signal 10SsThjs has already been described in relation to itigrosine
and distortions in the spinning sideband patterns. These effagigasurements presented in R&) énd is here shown to be
are reminiscent of the results of Goetz and Schadf@; Who  explicable in terms of the simple theory based on heteronucle
observed deviations from the ideal REDOR dephasing it Cieouplings only.
groups, where the different chemical shifts of the flourine As is obvious from Eq. [22], the rapid three-site jumps o
atoms within these groups, together with the rather strofgethyl groups result in three identical dipolar coupling tenso
flourine homonuclear coupling, were identified as the source#fd thus lead to contributions to the HMQ-filtered signe
error. In a paper of Gullion and Vegd§), it was shown that proportional to3 (sin NP, Sin N Do) and:(sin NP, sin
the presence of an isotropic chemical shift difference leads3m,..®,), where the former term explains the plateau value fc
dephasing in homonuclear experiments wher@ulses are the intensity at 37.5%. The latter term suggests that an exp
applied once pefr. In both cases, the isotropic chemical shiftment conducted withr,,, = 3 7, should also lead to the
difference is identified as a necessary prerequisite for tbpservation of a plateau intensity, whereas the methyne a
observation of distortions due to the homonuclear couplingiethylene signals should go to nearly zera,at> 1 75. This
The effect observed here is new in that not the isotropis shown in Fig. 12b.
chemical shift but rather finite pulses introduce the homo- These results suggest that only a few 1D experiments, wi
nuclear effects. Further theoretical work is necessary to explaxecitation and reconversion times as discussed, should
the nature of this effect, especially since the effects of finigufficient for the differentiation of the four basic structura

4. SPECTRAL EDITING APPLICATIONS
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25 | mermaenn ML (49), CP-based method&@-52 using the concepts of polar-
O R S ization inversion or depolarization, and, finally, methods uti

lizing *H-"C J-couplings 63). Only recently, improved pro

MJWJLMW tocols based on the CP methods have been publigkd),
w | W which were necessary in order to obtain cleaner spectra anc
remove some ambiguity in differentiating quaternary an

methyl carbons. Clearly, the approach based-@oupling is
o B W | W N the only one which is not critically influenced by moleculal
‘ motion. Common to the previous dipolar-based methods a

pulse sequences that require very careful setup, while t

N m construction of edited spectra involves critical relative weight
‘coon o, ing of intensities of spectra measured under different conc

H_Z'C_3CH2_4CQ 1 4 56 4 56 tions. The concepts presented here are, by comparison, ba
,'QH;CI. \GCH3 m , 3 on a very simple pulse sequence, and CH and @idups can

P MA JL easily be identified by comparison of four spectra, with som

A ot ambiguity only remaining for methyl and quaternary carbon:

" 7200 180 160 140 120 100 80 60 40 20 0 ppm  WhHile @ single 2D spectrum (with a minimum of only about 2(

_ _ _ slices int;) can be used for an unambiguous assignment.
FIG. 13. REPT-HMQ-filtered spectra afisoleucine, measured at 25 kHz

MAS, with excitation and reconversion times as indicated. The assignments in
the CP-MAS spectrum (bottom trace) are according38).(The multiple CONCLUSIONS
methylene and methyl lines are due to different crystallographic sites.
In this paper, we have shown that#—"C correlation via

REDOR-type recoupling of the heteronuclear dipolar interac
units in organic molecules, methyl, methylene, methyne, atidn at very fast MAS is feasible. In particular, the effects o
guaternary carbons. A test of this spectral editing approach wasmonuclear couplings were found to be almost negligible c
performed on the amino acidisoleucine, which contains all the relatively short recoupling timescale of several rotc
four kinds of carbon atoms; the results are shown in Fig. 1eriods.

Methylene signals are most easily identified. Upon changingSeveral implementations of the REPT technique were pr
Texe @Nd 7. from 1 7; to 2 7, they vanish completely. The sented, and different variants are suitable for specific applic
transition to the spectra acquired under the asymmetric contibns. All of these are applicable to only 10 mg of a powdere
tion should, according to Fig. 12b, lead to the disappearancesainple of moderately sized organic molecules wit@ in
the CH signals, which is experimentally observed for 6{2 natural abundance. It should be emphasized that, even thot
The—albeit—weak presence of these signals in the :3/1 for HETCOR applications, higB, fields are essential to obtain
spectrum might be due to contributions of remote spins asdfficiently well-resolved spectra, the spinning sideband app
indicates deviations from the simple theory. As expected, thations may just as well be performed in lower magnetic field
methyl intensities decrease with increasing recoupling times@nly very fast MAS (20—30 kHz) is necessary for the suppre:
the asymmetric spectra, whereas the quaternary carbon sigiah of perturbing homonuclear couplings.
increases. Since the signal of quaternary carbons is mordhe REPT-HSQC is the method of choice fohetero-
sensitive to local dipolar couplings to remote spins, this cannmtclear *H—"*C shift correlation, i.e., rotor-synchronized 2D
be taken as a rule, even though experiments on other samglesctra. Spinning sidebandsan also be obtained using this
indicated the same behavior. sequence (as shown in Fig. 8), and these consequently con

In summary, methyne and methylene signals can unambajpemical-shift information. This information is useful only
ously be identified with these 1D filtered spectra, whereaghen contributions of different protons to a spinning sidebar
some uncertainty remains for the quaternary and methyl sjgattern of a specific carbon nucleus are to be separated. Hc
nals. Nevertheless, the acquisition of a REPT-HDOR sidebaader, the high resolution ity needed for this application, and
pattern withr,,, = 6 7 at 25 kHz MAS is a possible way to thus the large number of slices to be acquired, limits th
achieve amnambigousassignment. Such a spectrum will yieldapplicability of this approach.
the familiar pattern for a methyl group (see Figs. 5 or 8), and Spinning sideband patternsare most conveniently mea-
a spectrum dominated by first-order sidebands for quaternawred with theREPT-HDOR sequence, as the dipolar cou-
carbons. CH groups in turn show a multitude of spinningling information is obtained within the shortest possible ex
sidebands up to 13th order. perimental time. The loss of chemical-shift informationtin

Considerable research efforts have been devoted to the aeans that théH nucleus involved in the coupling constant
velopment of spectral editing techniques in the solid stateflected in the pattern has to be known. This complements
Among the first approaches were separated local field methaaf®rmation can be obtained by measuring a shift correlatic
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spectrum separately, if no reasonable assumption is availablePreliminary results were obtained for very weak residus
The pattern always reflects the strongest pair coupling in a CHipolar couplings in polymer melts, which are a measure of tt
system, and the contributions of weak secondary couplings &eal order parameter of individual chain segments on tt
present only in the first-order sidebands, which can be eXMR timescale. To date, homonucledd double-quantum
cluded from the fit. If no coupling is dominant, the measurdsuildup data have been used to investigate such effégs (
ment of a chemical-shift resolved pattern (using REPT-HSQ®pplying the new REPT-HDOR approach, initial results indi-
cannot be circumvented. cate the possibility of obtaining spinning sideband patterr
Finally, on account of the very fast MAS frequencies used exhibiting enough higher-order sideband intensity to determir
these experiments, homonucleat—'H effects were found to residual heteronuclear dipolar couplings of a CH group on tt
be virtually absent in most realistic systems (with the tworder of 200 Hz, yielding supplemental information on loca
exceptions of methylene groups and when the excitationder. However, little is known about how motions on the
m-pulse train is applied to the protons). The modulation of tHéMR timescale, i.e., the intermediate motional regime, affe
coherence evolving i, by homonuclear, and, more impor the mechanism of sideband generation by rotor encodin
tantly, by heternuclear couplings to additioriéd spins was Investigations along these lines are underway and are expec
shown to be absent in REPT-HDOR spinning sideband p#&b- open up the way to obtaining information from system
terns. Only when the effect @fvolution rotor modulation due naturally abundant in’C, which was up until now only acces
to additional protons is to be investigated does the comparissible using’H NMR.
of HDOR with HMQC sideband patterns allow the quantifi-
cation of these effects. REPT-HSQC patterns are slightly dis- EXPERIMENTAL
torted by the dipolatt; evolution of the spin-pair antiphase

coherence itself (Eq. [15]), while the REPT-HMQC suffers |nstrumentation. The NMR experiments were carried out
complications due to the timing problem introduced by thgn digital Bruker Avance-type instruments, wifB, fields
centralm-pulse, which leads to small phase errord.rand a corresponding to'H resonance frequencies of 300.23 MHz
slightly reduced overall intensity. (DSX300, 7-T wide-bore magnet), 500.13 MHz (DSX500
The REPT techniques hold particular promise for dynamias.7-T wide-bore magnet), and 700.13 MHz (DRX700, 16.4-
applications, where the reduction of heteronuclear dipolar cayarrow-bore magnet). Most of the data were measured on t
plings due to fast motional averaging can be studied inBRX700. The spectra measured on ammonium formate (Fi
quantitative fashion. The REPT-HDOR experiment can ip) were the only ones measured on the 300-MHz spectromet
some way be considered a fully quantitive analogue of thgd the shift correlation spectra in Fig. 4 were obtained at 5
familiar WISE (widelineseparation) technique for the study ofMHz. Commercial 2.5-mm MAS double-resonance probe:
mobility in polymers 66), without sacrificing its experimental also manufactured by Bruker, were used, with 90° pulses
simplicity. A first application of REPT spinning sideband-ys length (corresponding t@./2m = 125 kHz) on both
analysis to determine a dynamic order parameter in discogisannels and the same field strength for the dipolar decouplir
liquid-crystalline phases has already been publisii&fl Also, In all experiments, TPPM dipolar decouplingd was em-

interesting changes ifH chemical shifts as a result ef-m ployed, using approximate 160° pulses and a phase-modulat
packing effects§7) could be resolved using REPT-HSQ shiftangle of 30°.

correlation spectra. Samples. Natural abundance ammonioum formatety-

REPT-H%QCHand REPT-HDOR are routinely used in Oypgine ‘and methylmalonic acid were bought from Aldrich. Th
lab to obtain H—"C HETCOR spectra and proofs of rigidity orp,y qrochioride of -tyrosine rather than the pure amino acid wa

indications of fast dynamics, respectively, where even for Mof&eq pecause of the more favorablerelaxation time of the
complex systems like dendrimers, polymers, or supramolecUlgfer |t was prepared by dissolvingtyrosine in dilute HCI
systems, quality spectra are usually obtained within half a dgy 5 psequently evaporating the solvent. The procedure v
of measuring time with°C in natural abundance and using lesgypeated twice. The deuteration procedure for ammonium fc
than 15 mg of sample. Generally, compared with the rigigate which was also used for the partially deuterated met
crystallme solids used in this paper, the lines observed in ylmalonic acid sample, is described in Ref).(The degree of
disordered systems, such as amorphous polymers, are MogjlycooH deuteration of methyl malonic acid sample wa

heterogeneously broadened, such that the line narrowing gfiermined to be about 12% (mol) usitig SQ MAS NMR
forded by very fast MAS using the simple REPT approach Lﬁ)ectra.

often sufficient. Also, if the sample in question is partly mobile

and thus less strongly coupled, as is the case for, e.g., liquid-
crystalline mesophases, REPT-HSQC spectra will also be suf-
ﬂCIently well-resolved, without recourse to the increased ex_The authors are indebted to Claudiu Filip and Prof. Klaus Schmidt-Rohr f

perimental effort involved in setting up FSLG homodecouplegimuiating discussions and useful hints during the initial stages of this wor
HETCOR experiments. We also thank Steven P. Brown and Susan M. De Paul for insightful commer
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