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We review a variety of recently developed 'H-X heteronuclear recoupling techniques, which
rely only on the homonuclear decoupling efficiency of very-fast magic-angle spinning. All these
techniques, which are based on the simple rotational-echo, double-resonance (REDOR)
approach for heteronuclear recoupling, are presented in a common context. Advantages and
possibilities with respect to the complementary application of conventionally X and 'H-
inversely detected variants are discussed in relation to the separability and analysis of multiple
couplings. We present an improved and more sensitive approach to the determination of
'H-X dipolar couplings by spinning-sideband analysis, termed REREDOR, which is applicable
to XH, groups in rigid and mobile systems and bears some similarity to more elaborate
separated local-field methods. The estimation of medium-range 'H-X distances by analyzing
signal intensities in two-dimensional REDOR correlation spectra in a model-free way is also
discussed. More specifically, we demonstrate the possibility of combined distance and angle
determination in H-X—H or X—H-X three-spin systems by asymmetric recoupling schemes and
spinning-sideband analysis. Finally, an 'H-X correlation experiment is introduced which
accomplishes high sensitivity by inverse ('H) detection and is therefore applicable to samples
with >N in natural abundance. © 2002 Elsevier Science (USA)

Key Words: REDOR; fast MAS; rotor encoding; spinning sidebands; Q8MS; rotational
dynamics; distance and angle determination; hydrogen bonds; inverse detection; natural
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1. INTRODUCTION

Heteronuclear correlation techniques, which involve protons and are able to
provide a reasonable chemical-shift resolution, quantitative dipole—dipole couplings,
or both, have been a long-standing challenge in solid-state NMR. Since the advent of
the simple CP-based 2D WISE technique operating at moderate magic-angle
spinning (MAS) frequencies [1, 2], which only provides qualitative information on
'H lineshapes, chemical-shift, and 'H-X dipolar contacts, the recent years have seen
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tremendous advances with respect to the development of more quantitative
approaches.

Using different homonuclear decoupling schemes, the most popular and
commonly used of which seems to be the frequency-switched Lee-Goldburg (FSLG,
[3]) scheme or its even more robust phase-modulated version [4], techniques have
been devised which provide 'H linewidths of less than 0.2 ppm [5] and quantitative
'H-13C distances of up to 2.5 A [6]. Besides the technological progress concerning
the RF capabilities of modern NMR spectrometers, which make such elaborate
pulse sequences feasible, recent advances in MAS probe technology [7, 8] have a
considerable share in opening up the application of conceptually simpler pulse
sequences [9—14]. Probes with spinning frequencies of up to 50 kHz are now available
[7], and experiments relying on the homonuclear decoupling performance of MAS
alone can rival the more quantitative and elaborate approaches in many areas of
application [9, 14-19].

The 'H line-narrowing effect of very-fast MAS is now well understood [20]. In
essence, the complicated response of a tightly coupled 'H spin system can be
described well by a sum of individual pair couplings, if the sample is spun only fast
enough. The ensuing considerable simplification in the analysis of homonuclear 'H
spectra in terms of a spin-pair approach, in particular the analysis of 'H-'H double-
quantum correlation spectra based on simple excitation schemes [10], has already
opened up the way to a multitude of applications concerning structure and dynamics
in supramolecular systems [9, 14-19] and polymers [21,22]. In much the same way,
very-fast MAS simplifies the analysis of heteronuclear correlation spectra.

In recent years, we have presented various 'H-3C (or '"H->N) heteronuclear
correlation techniques [11-13, 23, 24] which are all based on the popular rotational-
echo, double-resonance (REDOR) heteronuclear dipolar recoupling scheme
introduced in the late 80s by Gullion and Schaefer [25]. These techniques differ
only (i) in the nucleus from which the recoupling process is started (either 'H or any
X-nucleus whose polarization is enhanced by CP), (ii) in the detected nucleus (either
conventional X- or inverse 'H-detection), and (iii) in the coherence state probed in
the indirect dimension of the 2D experiment.

In this contribution, we will first review the variety of these techniques on a
common basis and highlight their modes and areas of application. A particular focus
will be the analysis of spinning-sideband patterns, which appear in the indirect
dimension of the experiments. They are generated by the mechanism of rotor
encoding [26,27] and contain very precise information on dipole—dipole couplings.
We will further introduce a new, simpler and more efficient technique for the
observation of such sideband patterns, show how medium-range couplings can be
estimated from an analysis of spectral intensities in 2D shift correlation spectra, and
demonstrate how sideband patterns can even be used to measure distances and
angles in three-spin systems. Finally, we show an 'H-X correlation experiment
whose signal sensitivity is enhanced by an inverse, i.e. 'H, detection scheme to such
an extent that samples naturally abundant in >N can be investigated.

It should be mentioned that, even though being designed for 'H-X spin systems,
the concepts to be detailed in the following can be just as well applied to any
heteronuclear X-Y spin system, with protons serving merely as a source of
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polarization. All these techniques are still awaiting fruitful applications in areas
where the conventional REDOR approach, as used for spin-% systems such as
BC-I’N, reaches its limit of applicability, namely in the case of multiple spins of
either species.

2. THEORETICAL DESCRIPTION

2.1. Dipolar Time Evolution

The treatment of a system of multiple heteronuclear-coupled spins is straightfor-
ward; all couplings commute and can be evaluated independently. Previous studies
[11,12,20] have shown that this holds well for systems containing protons with
strong perturbing homonuclear couplings, provided that the spinning frequency is
sufficiently high [10]. The time-dependent heteronuclear dipole—dipole coupling
under MAS is best described by phase factors, as derived from first-order average
Hamiltonian theory. The general phase acquired under transverse evolution of a spin
i, dipolar-coupled to a spin j, reads

b
(D(U)(ta;tb):/ d'?(cwpt) dt. (1

ta

The time-dependent coupling term, d}g)(th), contains all the information about the
coupling strength and the tensor orientations. (I)(if)(t,,; tp) vanishes for ¢, — t, = Ntg,
which reflects the averaging process of MAS. The phase acquired under a single
rotor period of REDOR recoupling [25], where n-pulses with a separation of %TR
prevent the averaging to zero, is calculated from the integral over half a rotor period:

&)gij) _ 2(1)(111')(t; t+ TR/2)- ©

As a specific example, the phase factor for a simple two-spin system (where no
relative orientations of different dipole—dipole tensors are to be considered) over one
rotor period of REDOR recoupling reads

—Dyg
WR

O, = 2\/5 sin 28 sin(wgt; + 7). 3)

Dys is the heteronuclear dipole—dipole coupling constant, f and y are the Euler
angles defining the orientation of the dipole—dipole vector with respect to the rotor
axis. For the more general case of multiple IS couplings, more complicated
relationships apply. The response of a multi-spin system to the application of various
pulse sequences can now be calculated within the framework of simple product
operator theory [28], where the dipolar phase factors simply replace the product
of time-independent coupling constant and evolution time known from
solution-state NMR. The evolution of a single transverse coherence straightfor-
wardly results in a cosine modulation of the initial coherence and a sine-modulated
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antiphase coherence:
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Analogously, an antiphase coherence may be converted back to a transverse
coherence state in a second evolution interval upon acquisition of a second sine term.
The coupling of an S spin to many 7 spins is evaluated in an equivalent fashion; then,
multi-spin antiphase coherences of the type S‘x/yfz I.”... are the result. A detailed
description of the theory including explicit expressions for the phase factors for the
general multi-spin case can be found in Ref. [12].

2.2. The Second Dimension

An important variable in Egs. (2) and (3) is ¢, which specifies the rotor position at
the beginning of the calculated recoupling interval. Its main effect arises when ¢; is
identified with the time lag between two different recoupling periods flanking the
indirect spectral dimension in the experiments to be discussed below. The shift in the
relative rotor phase between two recoupling periods is the main source of the
versatile spinning sidebands, from which distance and angle information can be
derived. This way of extracting dipolar coupling information from 2D spectra is
particularly valuable in that it represents an alternative and independent way to the
more common analysis of spectral intensities. Both approaches will be demonstrated
below in the context of multiple couplings.

The spinning sidebands are generated by a mere change in the rotor phase
associated with a particular recoupling interval, and the mechanism has been termed
reconversion rotor encoding (RRE) [27]. It is special in that the number of observed
sidebands can be “pumped” to a convenient level by proper choice of the overall
recoupling time (given in multiples of rotor periods, N,y and Ny..). The Ney/Nyee
terminology is derived from homonuclear 'H-'H double-quantum (DQ) spectro-
scopy, where the two recoupling periods are identified with the DQ excitation and
reconversion periods [26, 29].

In fact, REDOR is the heteronuclear equivalent of the homonuclear back-to-back
pulse sequence [30], which is used in most of the cited 'H DQ MAS investigations:
the dipolar phase factor of the latter differs from Eq. (3) only by the usual factor of %
appearing between homo- and heteronuclear dipole—dipole couplings. In comparison
with homonuclear DQ spectroscopy, heteronuclear REDOR-based 2D spectroscopy
is more flexible as far as the choice of the coherence state present in the indirect
dimension is concerned. In Fig. 1, the basic building blocks of such 2D experiments,
as well as their relation to conventional REDOR, are depicted schematically (with
Figs. 1(a) and 1(b) to be discussed in the next section). During the recoupling
periods, antiphase coherences are present, while, depending on the up to four 90°-
pulses with appropriate phases, which can be placed before and directly after the ¢
time interval on either channel, heteronuclear multiple-quantum, antiphase
magnetization, heteronuclear dipolar order, or just longitudinal magnetization can
be selected in .
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FIG. 1. Pulse sequences for heteronuclear correlation spectra based on REDOR. The preparation
periods for the generation of z-magnetization (none for 'H, CP for low-y heteronuclei) and the detection
periods are omitted for clarity.

In our recent publications [11-13,24], heteronuclear single-quantum correlation
(HSQC, which involves antiphase magnetization in ¢, see also Fig.2) and
heteronuclear multiple-quantum correlation (HMQC) were the methods of choice
for shift correlation experiments, while heteronuclear dipolar-order rotor encoding
(HDOR) and rotor-encoding of longitudinal magnetization (RELM) were used for
efficient measurement of the RRE spinning-sideband patterns. The former two
experiments exhibit 'H chemical-shift resolution in #; and are usually conducted in a
rotor-synchronized fashion (A#; = Ntg), so as to avoid the appearance of spinning
sidebands. In contrast, the latter two experiments lack modulations due to chemical
shifts in ¢#;, which speeds up the measurement because a small number of slices
covering a single rotor period in ¢ is sufficient for the generation of the sideband
spectrum [11].
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FIG.2. 2D IS heteronuclear correlation experiments under different recoupling conditions. The
arrows indicate the possible pathways for the transverse components of the coherence states present in the
indirect spectroscopic dimension (#;).

In Figs. 1(c) and 1(d), different variants of the HDOR experiment are shown,
which differ in the pathway followed by transverse contribution of the mixed-spin
coherence during recoupling: in the DIP (dipolar) experiment the transverse
component remains on one channel (SS experiment, or, for inverse detection, I/
experiment), while in the recoupled polarization transfer (REPT) experiment (/S or
SI), two INEPT-type [31] 90°-pulses switch the transverse component of the
antiphase coherence from one channel to the other (Sy /xfz - S, /). Analogously,
as depicted in Fig. 2, the recoupling periods of HSQC experiments can be chosen
such that the transverse component of interest follows an SS (a), I (b), IS (c) or SI
(d) pathway during recoupling. Accordingly, either /-spin (a,c) or S-spin (b,d)
chemical-shift evolution takes place during #;, while the other spin species is detected
during #,, respectively. Consequently, IS chemical-shift correlation spectra are
obtained in all cases, but by choosing the pathway during recoupling, i.e., by
directing the recoupling, multiple-spin geometries can be probed in different ways, as
will be discussed in Section 2.4.
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2.3. A New Experiment

The simplest way to generate the above-mentioned spinning-sideband patterns can
be inferred by comparison of Figs. 1(a) and 1(b). The presentation is simplified; pulse
sequence blocks for the generation of sufficient z-magnetization such as CP, or some
saturation pulses to remove unwanted polarization, have to be appended as
appropriate. Starting with the conventional REDOR pulse sequence (a), the central
n-pulse is skipped and instead, a variable #; delay is inserted. The second ¢; interval
at the end of the pulse sequence and the placement of the central n-pulse of the
two independent recoupling periods (now identified as excitation and
reconversion periods) on the other channel simply serve to refocus S spin
chemical-shift evolution. The time evolution is in this case most conveniently
calculated using the sum of the phases acquired under the action of the whole
sequence {excitation—t;—reconversion—, }:

= (i)

S o <H COS(Nexe®, — DO(0; 1) — Ny e @ + <1><f>(n;2t1))>. (5)

The product represents the coupling of the spin S to more than one 7 spin. In analogy
with our previous work [11, 12], the spinning-sideband patterns generated by this
experiment are always dominated by the strongest couplings, which in the case of
CH, CH,;, and CHj3 groups are the directly bonded protons only. While being not
very informative in the rigid limit, the experiment can straightforwardly be used to
study the dynamic averaging of the intra-moiety couplings by dynamic processes. An
example will be presented in Section 4.1.

As far as its scope for applications is concerned, the experiment is very similar to
the technically more involved traditional separated local-field (SLF) experiments
[32-34] conducted under MAS [35-38]. A much simplified approach for an SLF
experiment under MAS conditions was recently published by Frydman and
coworkers [39], who could show that the complicated homodecoupling schemes
such as MREV-8 can actually be left out in such an experiment, thus leaving the
removal of perturbing homonuclear couplings to moderate MAS (up to 15 kHz)
alone. However, the sideband patterns observed in Frydman’s experiment are
essentially the normal dipolar-modulated sideband patterns commonly observed in
MAS experiments (oc {cos ®(0;¢)>), in which higher-order sidebands vanish once
the coupling constant becomes small (due to dynamics) or the MAS frequency
increases (which is desirable to remove still present perturbing effects of homo-
nuclear couplings).

Our approach lifts this restriction because the sidebands are mainly generated by
the rotor-encoding mechanism inherent to the recoupling process [27], and can be
pumped to arbitrary order by increasing N,,. and N,,. (which are usually equal). This
is shown in Fig. 3(a) for the example of a single IS coupling. Along these lines, we
propose the acronym REREDOR (for rotor-encoded REDOR) for this experiment.
Under conditions of very-fast MAS and/or weak coupling constants, the two
@9 (t,:1,) terms in Eq. (5) (they describe the residual dipolar evolution during the two
t; intervals) become small compared to the terms associated with the recoupling and



REDOR-BASED HETERONUCLEAR DIPOLAR CORRELATION EXPERIMENTS

ﬂ RELM

161

STR H H HDOR
neglect residual 3 i | 0
2 Tr dipolar t, evolution : H H N h h
-200 0 200 -200 0 200
(a) kHz (b) kHz

FIG. 3. Simulated rotor-encoded spinning-sideband patterns of a heteronuclear spin pair generated by
the REREDOR experiment for different recoupling times (a), and decomposition of the sideband patterns
according to Eq. (6) for the case of N,.,; = 2 (b). The middle trace in (b) corresponds to a sideband pattern
generated by HDOR experiments [11], while the upper trace corresponds to a RELM pattern [24]. The
calculations are based on a coupling constant of 23 kHz and wg/2n = 30 kHz.

may safely be neglected. Restricting the argument to a single coupling, simple
algebraic manipulations using addition theorems of trigonometric functions may be
used to rearrange Eq. (5):

§ oc <COS(Nexc(i)0 - Nrec(i)tl)>

oc <Si1’l Nexc(i)(] sin Nrec(i)tl > =+ <COS Nexc(i)() Cos Nrec(i)tl > (6)

At this point, the similarity to our recently published techniques becomes obvious.
The sin—sin term corresponds to the modulation associated with the two-spin terms
in the HSQC, HMQC, and HDOR varieties [12], while the cos—cos term corresponds
to the single-spin modulation detected in the RELM experiment [24]. The former
term leads to a spinning-sideband pattern with odd-order sidebands only, while the
latter term leads to even-order sidebands only. This is depicted in Fig. 3(b).
Naturally, the new experiment is more sensitive because the spectra exhibit more
sidebands than spectra generated by each of the other experiments. In addition, the
pulse sequence has only a minimum of pulses (all the 90° pulses necessary for
coherence selection are missing), which removes timing problems and signal losses
due to other experimental imperfections.

A few analogies should be noted at this point: firstly, the experiment bears
similarity to the first published version of REDOR, which was, in fact, a 2D
technique [40]. In the so-called XDM (for extended dipolar modulation) experiment,
a t;-shift of n-pulses on one of the two channels leads to a similar time-modulation
pattern from which dipolar couplings can be extracted. The experiment has,
however, never received the popularity of the 1D version, and its potential as a
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powerful SLF experiment for the study of reorientational dynamics of 'H-!*C
dipolar tensors has not yet been acknowledged. Secondly, Eq. (5) is structurally
analogous to the formula for the time signal generated by the CSA-filter sequence
published by Hong [41], who exploited the fact that a pulse sequence featuring an
analogous train of REDOR 7-pulses may just as well be used for the recoupling, thus
measuring, of YN CSA tensors.

2.4. Detection Schemes, Directing, and Angular Dependence

As mentioned earlier, the insertion of 90°-pulses before or after the #; period serves
to select a specific coherence state during #. In the following, we will focus on the
selection of a mixed spin state (rather than a single-spin coherence), by which signals
from uncoupled nuclei are no longer detected. As an example, the comparison of
Figs. 1(b) and 1(c) shows how four additional 90°-pulses select heteronuclear dipolar
order in ¢#. The mixed spin state contributes the sin—sin-modulated signal
contribution, as shown above. The intensity of this contribution increases with
increasing recoupling time when ¢; = 0 or Nty. It represents the integral intensity for
a signal detected in the direct dimension, which builds up and levels out at 0.5 [12],
and is analogous to a conventional REDOR curve (the cos—cos contribution
decreases from 1.0 to the same level of 0.5).

We will now consider a simple spin system consisting of abundant / spins and rare
S spins, as for instance represented by a system with 'H and '3C in natural
abundance, under the application of one of the pulse sequences probing a
heteronuclear two-spin state (HDOR, HSQC, HMQC). Note that isotopic labeling
schemes [42] and a specific topology of the spin system can lead to a reversal of the
role of / and S spins. In the various types of heteronuclear correlation experiments,
different pathways of transverse coherences can be chosen. The potential of this
option lies in the fundamental difference of the coupling topologies when one of the
two spin species considered is isotopically dilute (or spatially isolated). The two
possible cases, SLF (separated local field [32]) and PDLF (proton-detected local field
[43]), are illustrated in Fig. 4. In the case of PDLF, transverse I coherences evolve as

1

() O, OIS, () 0 50 & o)
S OIS e s S swe,o

while in the case of SLF a transverse S coherence evolves as

D D T6Y A : s D) . g _
Supy = SypMlicos @ £ 8, 17 sin VT cos @V £ - (8)

Apart from the missing higher-order antiphase coherences in Eq. (8), which
are negligible in most of the relevant cases [12], the structure of the
modulation experienced by evolving 7 spins (Eq. (7)) is much simpler: it consists of
a sum of pair couplings. When [ spins are transverse for the whole course of the
experiment, i.e., an /I experiment is performed (see Fig. 2b), the final signal is a
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FIG. 4. Dipolar coupling configurations in an S/, spin system. The arrows identify the local field
experienced by a transverse S coherence (a) or transverse / coherences (b). The former is the classical
separated local-field (SLF) situation [32], while the latter presents the simplified proton-detected local field
(PDLF) topology [43].

superposition of pair signals:
S e > (sin Newe®} sin N D) ). ©

In the corresponding 2D spectrum, the detected / spins can be resolved from each
other by their chemical shift, while in the indirect dimension, two options are
possible: one can choose to observe the sideband pattern (HDOR), which may be a
sum of two-spin patterns as a result of /-spin couplings to different S spins (at
different sites in the sample, though, as a result of isotopic dilution). If a unique
analysis is not possible, the HSQC experiment can provide the necessary chemical-
shift separation also in the indirect dimension. The necessary spectral resolution will,
however, necessitate a large number of ¢ slices, such that one might also consider the
analysis of intensity build-up in terms of two-spin REDOR curves using a rotor-
synchronized HSQC.

Direct S detection (SS experiment, see Fig.2a), on the other hand, leads to
modified signals of the type

Sgs oC Z <sin Nm(i)g) sin N,ec(i)g) H (cos Nm(i)g) cos N,.ecfi)g))> . (10)
i GEi

The additional cosine terms lead to the known problems in REDOR-based
correlation experiments: they introduce an angular, thus model, dependence into
the experimental data [44,45]. Note that the complete sum signal corresponds to
what is usually detected in a 1D S-detected REDOR experiment. Spectral separation
by individual /-spin contributions can again be achieved using a 2D HSQC variant.
As was shown by Michal and Jelinski [46], approximate distance determination is
then possible in a uniformly labeled '3C—'>N system, despite the presence of the
perturbing cosine terms. This aspect will be explored in more detail in Section 4.2 for
the case of multiple *C~'H couplings.



164 SAALWACHTER AND SCHNELL

Our previous investigations have shown that spinning-sideband analysis in an SS
experiment is also possible when only the dominating couplings are to be determined
[12]. Then, the cosine terms representing weak-coupling perturbations only lead to a
slight increase of the resulting couplings. When the second coupling reaches a similar
magnitude as the primary one, the analysis of the pattern in terms of a single spin-
pair becomes critical. Including the second coupling, however, we have found that
different excitation and reconversion times (N, and N,.., respectively) give rise to
spinning-sideband patterns which are surprisingly sensitive to the angle between the
two involved coupling vectors. This /,S case is a situation in which the large potential
of directed recoupling concept can be appreciated: the individual coupling constants
can be determined precisely by performing an I7 experiment (which might not
necessarily be an inverse-detected experiment, i.e., when the S spin is a proton), while
the SS experiment can be used to determine the angle, using the known coupling
constants as fixed parameters. This will be illustrated in Section 4.3.

We are now left with the discussion of the polarization-transfer schemes (REPT),
examples of which are shown in Figs. 1(d), 2(c) and 2(d). The IS experiment
(Fig. 2(c), with S being identified with '3C in natural abundance) is conceptually
simple because the pulse sequence does not contain a cross polarization, and has
already proven to be useful in a variety of molecular dynamics applications
[16,18,47,48], where the reductions of CH dipolar coupling constants due to fast
anisotropic dynamics were measured quantitatively. Its signal modulation reads

Sig ocC Z <sin Nexc@g)sin N,eccbf? H cos ]\],.ec(i)g)>. (11)
i J#i

This leads to sideband patterns which, in comparison with the SS experiment, are
even less influenced by the remote couplings represented by the cosine terms [11].
Only the first-order sidebands suffer from remote couplings to an appreciable degree,
and can be excluded from the fit. It should be noted that the 1D version of REPT is
also known as TEDOR (transferred-echo, double-resonance) [49]. The main effect of
the cosine terms, once they attain an appreciable magnitude, is a damping of the
spectral intensity at longer recoupling times. This interference effect does not arise in
the SIS experiment due to the additional existence of the cosine terms corresponding
to the excitation period. The REPT experiment allows us to check the consistency of
dipole—dipole couplings determined by one of the other variants. Even though the
REPT approach is not very useful beyond the determination of dominant coupling
constants, the multi-spin interference effect may be used to advantage in spectral
editing applications [11].

The inverse-detected REPT (ST experiment, Fig. 2d) features essentially the same
advantages and shortcomings as the IS experiment. The need for an initial CP step to
transfer the initial magnetization to the X nucleus and the subsequent TEDOR
transfer back to '"H may at a first glance represent a serious disadvantage as
compared to the other three variants. However, it turns out that the S experiment is
the only inverse variant so far which is applicable to samples naturally abundant in
3C or I°N. This will be dealt with in Section 4.4.
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3. EXPERIMENTAL PART

All NMR experiments were carried out on Bruker DSX/DRX spectrometers,
operating at 'H Larmor frequencies of 500 and 700 MHz. Double-resonance MAS
probes supporting rotors of 2.5 mm outer diameter were used, and the samples were
spun at 30 kHz under ambient temperature conditions. Due to friction, this leads to
effective sample temperatures of approx. 50°C. In the dipolar recoupling pulse
sequences, the RF power levels were usually set to 100 kHz on 'H and X channels,
corresponding to 90° pulse lengths of 2.5 ps. For '*C detection, the TPPM 'H
decoupling scheme [50] was applied at an RF field strength of 100 kHz.

Methyl group motions were investigated on Q8MS8 [51], which is distributed by
Bruker as a reference substance for 22Si NMR [52]. Q8MS8 is an octameric siloxane of
double four-ring structure (a cube with Si at the corners and —O- along the edges,
sum formula SigO;) with eight O-Si(CH3); groups attached to the Si corners.

U-3C vr-alanine, U-"*C L-tyrosine and vL-histidine - HCI- HO were purchased
from CIL and Sigma-Aldrich, respectively, and used without further purification.
The tyrosine was converted into its hydrochloride salt by recrystallizing the material
from an HCI solution. The N-H---N angle determination was carried out on
N-butylaminocarbonyl-6-tridecyl-isocytosine (in the “enol” form with a
pyrimidin-4-ol unit, see also Fig. 12),? [53, 54] which is isotopically enriched with
5N at all three nitrogen sites of the central guanidine unit. The material and its
synthesis is described in Ref. [13] except that for the sample investigated here
uniformly N-enriched guanidine was used.

4. RESULTS AND DISCUSSION

We will now experimentally demonstrate some of the principles of rotor encoding
and directed recoupling. Each application highlights a different aspect regarding the
advantages provided by the flexibility of specifically choosing the pathways of the IS
coherences.

4.1. Spinning-Sideband Analysis Using REREDOR

We present here the application of spinning-sideband analysis to the identification
and quantification of a yet unreported motional process in Q8MS8. We focus on the
'"H-13C dipolar couplings within the terminal methyl groups for which REREDOR,
as opposed to REPT-HDOR, gives meaningful sideband patterns already at much
shorter recoupling times.

The 3C resonance of the methyl groups in Q8MS, even though expected to be a
single peak, consists of two resolved lines at 1.9 and 2.3 ppm, indicating a symmetry
break in the cubic molecular structure [55]. The spinning-sideband patterns arising
from the C—H dipolar couplings within the individual methyl groups shown in Fig. 5
are the sum of the contributions from these two signal positions, since no difference
was discernible between the two individual patterns. This implies that the same type

2Kindly provided by S. H. M. Séntjens, M. H. P. van Genderen and R. P. Sijbesma, Technical
University of Eindhoven, NL.
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FIG.5. '3C-'H spinning-sideband patterns as obtained from the REREDOR and REPT-HDOR (top
slice only) experiments, measured on Q8MS8 at 30 kHz MAS and different recoupling times (a). In (b), fits
to the experimental spectra along with the corresponding CH dipolar coupling constants are shown.

of motion is present for all terminal OSi(CHj3);-groups. Figure 5(b) shows the results
from least-squares fitting of the experimental data in Fig. 5(a) to the methyl group
formulae

S o {co8 Wrep®y — BO(0;11) — Neepr®y) + 0D (11320))) (12)
for the REREDOR patterns and
S oc {sin N,Cp;(i)o sin N,cplﬁ)tl cos’ Nrcpg(i)t1> (13)

for the REPT-HDOR pattern. The two recoupling periods were here chosen to have
an equal length of Ny ,tz.

The results nicely demonstrate that consistent results for the CH dipolar coupling
constant can be obtained from the sideband patterns, which exhibit almost arbitrary
sideband orders as generated by increasing the recoupling time. Notably, the
structure of Eq. (13) for the REPT-HDOR pattern at the top of Fig. 5 is responsible
for the appearance of meaningful fifth-order sidebands (indicated by arrows) only at
very long recoupling times, at which the overall signal is already substantially
decreased by apparent T, relaxation under the recoupling pulse sequence.
Analyzable REREDOR patterns are already obtained for the shortest recoupling
time of 8tz shown here. An intuitive reason for this phenomenology might be
provided by the argument that the third power appearing in Eq. (12) leads to a
prefactor of 3 for the dipolar phase factors in the arguments of the trigonometric
function after some rearrangement using addition theorems. In contrast, Eq. (13)



REDOR-BASED HETERONUCLEAR DIPOLAR CORRELATION EXPERIMENTS 167

features the sin—sin-term typical for a single spin pair, which is doubly cos-
modulated by the phase factor associated with the second recoupling period
only. This is due to the polarization transfer character of the pulse sequence,
where the coupling topology gives rise to a PDLF and an SLF situation during
the first and the second recoupling period, respectively. The two scenarios are
depicted in Fig. 4. In REREDOR, the coupling topology is SLF during the whole
sequence, which leads to a constructive action of all three CH dipolar couplings in
the CH;3 group.

Some deviations from the simple single-CH3 theory used for data analysis deserve
discussion. Firstly, the very large, thus unreliable, first-order sidebands in the REPT
pattern are due to secondary couplings involving coherences of distant protons with
the methyl carbon at which the pattern is detected. The pattern is in fact a
heterogeneous superposition of the primary intra-CHj3 pattern and such secondary
contributions, which are restricted to the first-order sidebands at reasonable
recoupling times [11]. This is why long recoupling times need to be employed in
order to generate appreciable fifth-order sideband intensity.

Secondly, deviations between experimental spectra and fits are also apparent for
the REREDOR patterns. The influence of remote couplings on REREDOR patterns
is more subtle than in the case of REPT. Generally, the SLF coupling geometry leads
to the observation of systematic changes in the overall shape of the pattern, causing
the extraction of higher coupling constants than would be expected for isolated
methyl groups. We have shown that such deviations are, however, not large [12]; the
patterns are still dominated by the largest coupling constant. The size of this effect
may be estimated by comparison of the averaged REREDOR result (D¢}/2n =
(2200 + 125) Hz) with the result of the REPT fit (1990 Hz), which is slightly lower.
Notwithstanding the deviations of experiments and fits, stable fitting was possible in
all cases. The notable deviations in the centerband intensities are attributed to either
imperfections in the phase cycle or specific heteronuclear relaxation mechanisms.
Such effects lead to systematic changes in the spectral intensity of the detected 3C
resonance, which are not a function of the rotor encoding during #, and were
recently shown to be present in spectra using a different type of heteronuclear
recoupling sequence [42].

The mere knowledge of the averaged CH dipolar coupling constant in Q8 M8 does
not yet permit any detailed interpretation of the motional process. Assuming a rigid
siloxane cube structure, we hypothesize that the whole OSi(CHj3);-unit performs a
rotation or a three-site jump around the O-Si bond, in analogy with the motion of
the three CH vectors around the Si—C bond in each of the three methyl groups. The
coupling constant in a rigidly rotating CHj-group, D /2n, was previously
determined to be 6.9 kHz [11]. The reduction factor for the second motional
averaging is related to the second Legendre polynomial: |P,(cos o)] = D¢ /DY This
yields an angle o = 110.3 + 1.2° between the O-Si bond and the Si—C bonds (the
second solution, o = 137.7°, calculated assuming a positive P»(cos ), seems unlikely
in view of our hypothesis). The local geometry of O-Si(CH3),—O in linear and cyclic
dimethylsiloxane oligomers is usually close to tetrahedral [56] (¢ ~ 109.5°), so our
result for o supports the hypothesis of a well-defined rotation or a three-site jump of
the OSi(CH3);-units in Q8MS.
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4.2. Analysis of Spectral Intensities Using X-Detected DIP-HSQC

Sideband analysis has just been shown to be the method of choice for precision
measurements of directly bonded H-X distances and the elucidation of dynamics
which average the dominant couplings. Consequently, we now address the question
whether REDOR-based recoupling techniques can also be used to measure
secondary, i.e., medium-range, couplings. As is apparent from Eq. (10), spinning-
sideband patterns, which require recoupling times well in the plateau region of the
corresponding coherence build-up, cannot be expected to allow the determination of
a weak coupling in the presence of a stronger one—the latter will dominate the
cosine terms and contribute largely to the sideband pattern [12]. However, when just
intensity measurements at short recoupling times with small N.. = N, are
performed, the signal,

Sgg oC Z <sin2 Nm(i)g) H (cos2 Nexcé)g))>, (14)

J#i

can be expected to mainly reflect the build-up due to the coupling associated with the
sine terms. The cosine terms will be close to one. The spectral separation of different
S and [/ spins in the direct and indirect dimensions, respectively, of a 2D
heteronuclear correlation spectrum of the SS type (obtainable by the pulse sequence
shown in Fig. 2a) offers a way to assess these intensities experimentally. In particular,
the individual components of the sum correspond to the separation by 'H chemical
shift in the indirect dimension.

In order to the evaluate the feasibility of such an approach, explicit calculations of
the intensity build-up in small 3- and 4-spin systems using Eq. (14) were performed.
We consider a CH-group with two further remote spins (Fig. 6(a)) and a spin system
with distances typical for a quaternary carbon (Figs. 6(b) and 6(c)). We show
calculations spanning the whole range of possible relative orientations in such spin
systems. Our starting configuration is a single CH coupling tensor oriented along z.
When a second proton is added to the CH spin system, the Euler angle f; between
the principal axes of the two heteronuclear dipolar coupling tensors can vary
between 0° and 90°; larger values are redundant due to the symmetry of the tensors.
We show calculations for seven values with an increment of 15°. Two Euler angles,
f, (in-plane rotation around the y-axis) and y, (out-of-plane rotation) are needed to
locate the principal axis of a third heteronuclear coupling tensor. Again, due to the
symmetry of the coupling tensors, the angular range for a coverage of all possible
configurations is limited: 0° < f,<180°, 0° < y,<90°. Our calculations comprise
curves for 14 different pairs of f8,,7, covering two octants of a sphere, which yields a
total of 98 curves when combined with the seven values of 8. The families of curves
corresponding to the 3- and 4-spin systems are shown in dark and light gray,
respectively, in Fig. 6.

At a first glance, the wide range of intensities covered by the multi-spin curves
based on different relative orientations, especially in the regions behind the first
maxima, renders a model-free analysis of the whole curve hopeless. This problem is
general to REDOR, and has been addressed by several authors [44,45]. It was
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FIG. 6. Model calculations of the intensity build-up in 'H-'3C DIP-HSQC experiments. The build-up
curves were calculated using Eq. (10) and are based on the distances indicated in the diagrams on top. The
distance of individual grid points along the x-axis corresponds to an increase in recoupling time of 1tz at
30 kHz MAS. Solid lines correspond to single CH pair couplings, families of dark gray and light gray
curves are for spin systems consisting of the two strongest and all three CH dipolar tensors, respectively,
all calculated for a complete manifold of relative orientations. In (a), the two single-pair curves correspond
to the build-up of isolated C-H1 (directly bonded distance) and the remote CH2. The two- and three-
tensor curves are for C-H2. (b) and (c) show the build-up of intensity associated with C-H1 and C-H2,
respectively, in a coupling topology typical for a quaternary carbon. The arrows in all three diagrams
indicate the scaling of the spin-pair solution down by a factor of two. Dash-dotted lines indicate the long-
term plateau values for systems with one or two couplings (0.5 and 0.25, respectively).

concluded that the prospects for the separability of multiple couplings in REDOR
are not good, and that there is only hope to determine the dominant coupling.
However, the full REDOR signal is represented by the sum of the signals associated
with all 7 spins (index i) in Eq. (14), while the spectral separation of the components
in a 2D spectrum makes it possible to analyze the initial rise for each coupling
individually. This was already experimentally shown by Michal and Jelinski on a
13C/5N system with '*C detection [46]. Even though the authors mentioned that
their data analysis was also based on the spin-pair approach, it is not clear from the
cited communication how these authors dealt with the important issues of (i) the
plateau value which is assumed for the analysis, and (ii) how this value was
experimentally determined.

Figure 6(a) illustrates that the build-up curve for a secondary coupling (C—H2) of
a carbon directly bonded to Hl1 is actually very well described by its corresponding
pair solution, with very weak angular dependence, but with one important
difference: the plateau intensity is a factor of two lower. This is expected, since in
a 3-spin system, the two protons finally share the signal intensity; and the
contribution due to the strong coupling reaches the plateau region already at the
shortest accessible recoupling times. Thus, the build-up of the secondary coupling
should be fitted with a spin-pair solution scaled to a plateau value of %. When the
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perturbing influence of a third proton is included in the calculation, the spin-pair
solution is still seen to be a good approximation for recoupling times up to 100 ps
(1...37; at 30 kHz MAS). Further calculations of the build-up associated with
C-H3 in the same spin system (not shown) indicate that this argument holds
similarly well for the third, even weaker coupling.

Note that the plateau value for the weak-coupling build-up curve is scaled to 1/6
when the carbon in question is a CH, group. More simulations are necessary to
explore the situation for CH; groups, where the three dominant couplings, Dcy /27,
are motionally averaged (three-site jump) to about 6 kHz as opposed to 20 kHz for a
rigid bond. The separation of dominant-to-secondary couplings might not be
sufficient in this case for the application of a scaled-plateau analysis.

Angular dependences are much more serious when a quaternary carbon is
considered (Figs. 6(b) and 6(c)). More protons in its vicinity may be located at
similar distances, which increases the spread of data introduced by the orientational
dependence. The range of recoupling times for which the spin-pair approach
represents an acceptable approximation is seen to be limited to 1 or 274 at 30 kHz
MAS. Note that the spin-pair curve represents an upper limit in all cases (leading to
an underestimation of coupling constants, thus an overestimation of distances).
Scaling the plateau of the fit curve down to lower values is not expected to lead to an
improvement of the fit of the initial rise. We found that a scaling of the plateau is
only feasible when one (or more) coupling constants clearly dominate by about a
factor of 4.

Having established these simple rules of thumb for the analysis of build-up data
from 2D REDOR correlation experiments, we now turn to an experimental test. We
have performed rotor-synchronized 2D 'H-3C DIP-HSQC experiments [12] with
four different recoupling times (1...4tz at 30 kHz MAS) on U-'3C L-tyrosine
hydrochloride. Figure 7 shows a graphical representation of the part of the molecule
and the distances which we attempted to determine. In order to separate individual
'H-3C antiphase coherences associated with a specific *C nucleus, slices along the
indirect '"H dimension were deconvoluted into the different signals. In order to
obtain stable fits, we first determined the line position and the width for each
individual proton using data taken at short recoupling times, at which individual
slices are dominated by the closest proton only. Figures 8(a) and 8(b) shows two
examples. The results of the deconvolution procedure are shown in Table 1.

The spectra become increasingly crowded and overlapped at longer recoupling
times (Fig. 8(c)). However, fixing the chemical shifts and linewidths allowed us to
obtain reliable deconvolutions. It is then straightforward to calculate the fraction of
the intensity of a specific carbon signal associated with the coupling to a specific
proton. In order to determine its intensity on an absolute scale, we are only left with
measuring the absolute intensity of the carbon signal itself, which is in principle
given by its REDOR fraction. Analogously, we used the first slice of the respective
2D spectrum after Fourier transformation over the '3C dimension (which
corresponds to the sum of coupled-'3C intensity) and normalized it to a 1D
reference experiment taken with the same number of scans. We used the same pulse
sequence as for the 2D spectrum (¢, = 0) and just changed the phase cycle so as to
acquire a full echo instead of selecting heteronuclear coherence states.
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FIG.7. Structure of L-tyrosine based on neutron diffraction data [57]. The indicated intra- and
intermolecular distances may be compared with our NMR results (Table 2).

C8, 114 C8, 4 1, C9, 41,

T T T T T T T

20 10 0 20 10 0 20 10 0
ppm ppm ppm

FIG.8. Slices from 2D 'H-'3C DIP-HSQC spectra performed on U-'3C L-tyrosine at 30 kHz MAS,
taken at the indicated carbon positions (see Fig. 7 for the numbering) and recoupling times (N = Nyec).
Dotted lines show the deconvolution into single Lorentzians; the gray background traces are the sums of
the deconvolutions.

The so-obtained intensities are plotted in Fig. 9. Following the above arguments,
the experimental points corresponding to t.. = 1,2, or 3tz were then fitted to
REDOR curves for spin pairs, which are given by single sin®> term in Eq. (14),
without cos® modulation factors (sin®® =} — lcos2® might be a more familiar
representation of a REDOR curve). Note that a “fit” to a REDOR curve is a very

simple procedure: it merely means the adjustment of the x-scaling of a REDOR
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TABLE 1
'"H Chemical Shifts and Linewidths (Full-Width at Half-Maximum) as Determined from Lorentzian
Deconvolution of the Slices of the 2D '"H-'3C DIP-HSQC Spectra Performed on U-!3C L-Tyrosine at
30 kHz MAS (Fig. 8)

CH, CH H8 H5 H6 H7 NH{ OH®© COOH()
Ses (PPm) 1.12/435 413 472 506 660 742 752 988 12.4
FWHM (Hz)  2480/1960 1340 1150 1370 1600 1540 1110 770 620

® C&HI: 1.1 kHz ¥ C9-HB: 2.9 kHz

0.20 4 Cg-HE: 2.5 kHz
2z ® CO-HI: 1.7 kHz
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FIG.9. Analysis of experimental data from 2D 'H-3C DIP-HSQC spectra performed on U-13C L-
tyrosine at 30 kHz MAS. The experimental points correspond to individual antiphase magnetization
intensities associated with the carbons C6, C8, and C9 ((a), (b), and (c), respectively) and the coupled
protons determined by deconvolution. The coupling constants were determined by a fit to spin-pair build-
up (REDOR) curves, the plateaus of which were scaled to 0.25 for (a) and (b), and to 0.5 for (c). Points in
brackets were excluded from the fit.

master curve, which is calculated once and used for all fits by numerical
interpolation. The plateau value for the absolute intensity is scaled according to
our findings from the simulations (0.25 for CH carbons, 0.5 for quaternary ones).

Generally, the observed deviations from the theoretical curves correspond to what
is expected from simulations. In particular, data taken at higher 7., (excluded from
the fit) fall below the fit curves. Considering the magnitude of these deviations, and
the dominance of expected systematic errors in this type of analysis, we refrained
from any closer treatment of the experimental errors. The results are to be
considered as estimations, and it is the purpose of this work to qualitatively
demonstrate the general degree of accuracy of the approach. This can be inferred
from Table 2 in which distances obtained from selected dipolar coupling constants,
as estimated from the experiments, and the distances taken from the neutron
structure [57] are compiled.

As expected, most of the longer distances are overestimated by NMR; only the
distances next to the CH carbons are underestimated. Noting this, it might even be
possible to derive further empirical rules which correct for the largest deviations.
Generally, most of the distances are reproduced within 10% from the neutron
diffraction distances. The approach is thus certainly not feasible for precision
structure determination, but provides valuable insight into the molecular structure
on the lengthscale of medium-range '*C...! H distances.
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TABLE 2
Comparison of Intra- and Intermolecular '*C-'H Distances in L-Tyrosine as Estimated from the NMR
Experiments and as Determined by Neutron Diffraction [57]

NMR Neutron diffraction
Dcu/2n (Hz) rcn (pm) rcu (pm)
C6-H5 4.8 185 214
C6-H9 1.4 278 252
C8-H7 3.8 200 214
C8-Hl1 1.1 302 290
C9-H9 3.4 207 198
C9-H8 29 218 215
C9-H6 2.5 229 215
C9-Hl1 1.7 261 252

4.3. Angle Determination Using Asymmetric Recoupling Schemes

In the last sections, heteronuclear dipolar recoupling approaches were presented
which allow strong primary couplings to be precisely measured (Section 4.1) and
provide an estimate for weaker secondary couplings (Section 4.2). In this way,
internuclear distances on a short-to-medium range are accessible. In the following,
we turn to a class of experiments which sensitively combine information on two
individual distances with the information on the angle between the two internuclear
vectors.

In this context, the concept of directed recoupling plays a central role (see
Section 2.4). For demonstration purposes, consider first a simple methylene group,
CH;. Performing an /I-type recoupling experiment, as depicted in Fig. 2(b), on this
IS three-spin system results in a MAS sideband pattern in which the two IS
couplings are rotor-encoded independent of each other (according to Eq. (9)), and
the resulting pattern is simply a superposition of the IS spin-pair patterns. In
Fig. 10(a), the experimental pattern (obtained on U-'3C L-tyrosine) is shown
together with a pattern calculated for a two-spin system with a CH distance of
115 pm. Practically, the same pattern is observed when the experiment is performed
on a CH group (in U-'*C vL-alanine), which is a “real” two-spin system without
further strong CH couplings that could interfere (see Fig. 10(b)). This demonstrates
that, for two strong CH couplings, full separation can be accomplished and mutual
interference is avoided by applying a directed / — S, i.e., H - C « H, recoupling
scheme. In contrast, when SS-type recoupling, i.e., H « C — H, is applied to a CH,
group by performing the experiment depicted in Fig. 2(a), the sideband pattern
characteristically deviates from the two-spin patterns (see Fig. 10(c)). As has been
discussed for Eq.(8), the additional higher-order sidebands arise from cos-
modulations of the leading two-spin IS term, involving the second 7/-spin. Hence,
these modulations and, consequently, the deviations in the sideband pattern
depend on the relative orientation of the two coupling tensors. For comparison, in
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FIG. 10. MAS sideband patterns observed in the indirect dimension when the recoupling experiments
depicted in Figs. 2(b) and 2(a) are performed on the I,S three-spin system of CH, groups (a, c¢). The
patterns of CH groups (two-spin systems) are shown for comparison (b, d). Recoupling times were
texe = tree = 4 7g at 30 kHz MAS. Calculated patterns are shown as dotted lines (two-spin calculations with
a CH distance of 115 pm) and dashed lines (three-spin calculation with 115 pm CH distances and an angle
of 116°). The dotted circle in (c) highlights the region of the pattern arising from the concerted action of
the two CH couplings, which also introduces the information on the H-C—H angle.

a two-spin CH group, there is no such interference effect. Then, the direction of
recoupling does not matter, and all recoupling schemes (77, IS, ST and SS) yield the
same sideband pattern (see Fig. 10(d) for SS-type recoupling).

The interference of two dipole—dipole couplings should be avoided as far as
internuclear distance measurements for individual pairs of nuclei are concerned. On
the other hand, the sideband pattern shown in Fig. 10(c) contains the information on
the H-C—H angle, such that in general SS-type, i.e., S — I, recoupling schemes could
be used for /-S—/ angle determinations and, conversely, Il-type, i.e., I — S,
recoupling schemes for S—/—S angle determinations. To ensure practical applic-
ability, however, the angular dependence of the pattern needs to be more
pronounced than a creation of a few higher-order sidebands, which could well be
lost in the noise when the signal quality is a bit poorer.

The required increase in angle sensitivity can simply be achieved by applying
asymmetric recoupling schemes in which the recoupling times used for excitation and
reconversion of the dipolar IS correlations or dipolar-ordered states are no longer
equal. For excitation/reconversion times of 2/4tx (at 30 kHz MAS), the resulting
angular sensitivity is illustrated in Fig. 11. The patterns are calculated for a CH,
three-spin system with two identical CH distances of 115 pm and an H-C-H angle
ranging from 90° to 180°. Due to the symmetry properties of the dipolar tensors, the
patterns are sensitive to an angle range covering 90°, before becoming redundant.
For CH; groups, an H-C—H angle of the order of 110° is expected, and the respective
range of angles is expanded in Fig. 11. The obvious differences between the patterns
observed for angle changes of only 2° emphasize the marked sensitivity of the
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FIG. 11. Angular dependence of sideband patterns resulting from asymmetric recoupling schemes.
The patterns are calculated for a CH; spin system with two indentical CH distances of 115 pm. Recoupling
times were f,,, = 2tz and t,.. = 4tz at 30 kHz MAS. In the top right corner, the experimental pattern
(dotted line) of the CH, group in L-tyrosine is compared to the best-fit calculated pattern.

method. Comparing the calculated patterns with the one obtained in an experiment
on the CH, group in L-tyrosine yields an angle of 116°.

It should be mentioned that the method is not suited at all for a precision
investigation of CH, geometry. The similar magnitude of the two CH dipolar
coupling tensors in connection with asymmetric recoupling times leads to a
substantial signal loss (reduction to about 10% as compared to N = Nee).
Furthermore, owing to the very strong 'H-'H homonuclear coupling, finite-pulse
effects and effects due to fast bond librations (leading to slightly asymmetric coupling
tensors) on the patterns are rather large. The above example should thus be taken
with a grain of salt; it mainly served to illustrate the basic principle and the
surprisingly high sensitivity to the angle.

After having demonstrated the potential of directed asymmetric recoupling
schemes, we now turn to an N—H - -- N hydrogen bond, i.e., an S>/ three-spin system,
in which two N—H distances as well as the N-H—N angle is to be determined. The N—
H---N hydrogen bond investigated here is part of an array of four hydrogen bonds
formed by N-butylaminocarbonyl-6-tridecyl-isocytosine. The material adopted the
“enol” form with a pyrimidine-4-ol unit, as shown in Fig. 12. The proton thus forms
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FIG. 12. Hydrogen-bonded structure of N-butylaminocarbonyl-6-tridecyl-isocytosine (in the “enol”
form with a pyrimidin-4-ol unit), which is isotopically enriched with >N on all three nitrogens of the
guanidine unit. The N-H--- N angle determination was carried out on the two central hydrogen bonds
highlighted in the figure. Perturbing interactions hindering the direct determination of the N - - - H coupling
are indicated by arrows.

an N-H--- N hydrogen bond between a urea—nitrogen and a pyrimidine—nitrogen.
In regard of this structure, a shorter and a longer N—H distance can be expected,
corresponding to a (slightly) extended urea—_N—H chemical bond and a pyrimidine-
N---H hydrogen bond, respectively. Due to the difference in the two NH dipolar
coupling constants and the weak 'H homonuclear effects, the loss of spectral
intensity due to asymmetric recoupling and the influence of experimental
imperfections, respectively, are minor. The results to be detailed in the following
can therefore be considered quantitative within the given limits of accuracy.

Since the same proton is involved in both types of bonds, an H — N recoupling
scheme allows the N-H—N angle to be measured, while an N — H recoupling scheme
is the method of choice for determining the N—H distances individually. For the
latter purpose, SS-type recoupling is provided by the DIP-HDOR pulse sequence
depicted in Fig. 2(a), in combination with >N chemical-shift resolution in the direct
spectral dimension. At the resonance frequency of the urea—nitrogen, the
experimental sideband pattern corresponds to an N-H distance of 118 + 3 pm
(shown in Fig. 13(a)). For the pyrimidine—nitrogen, however, an accurate measure-
ment of the N --- H distance is difficult because during recoupling the nitrogen does
not only experience the dipole—dipole coupling of the proton in the hydrogen bond,
but also fwo intramolecular couplings of the neighboring NH and OH protons.
Unfortunately, with respect to the pyrimidine—nitrogen, these two other protons are
within the same distance range as the proton of interest (150...250 pm).
Consequently, the sideband pattern observed at the pyrimidine—nitrogen is not
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FIG. 13. Calculated (solid) and experimental (dotted) sideband patterns for the N-H - - - N moieties in
N-butylaminocarbonyl-6-tridecyl-isocytosine (see Fig. 12): (a) symmetric N — H recoupling (SS-type)
with tere = tree = 87, (b) asymmetric H — N recoupling (/I-type) with ¢, = 3tz and #.. = 61z, (c)
asymmetric H — N recoupling (/I-type) with #,. = 4tz and t,.. = 8tz. The NH distances and N-H-N
angles used for the calculations are given with the patterns. In all cases, the MAS frequency was 30 kHz.

sufficiently dominated by the N---H coupling of interest, but rather contains a
superposition of three couplings. In Fig. 12, the perturbing interactions are indicated
by arrows. In many cases, such problems can be circumvented by using HSQC
experiments, which combine the coupling information of sideband patterns with 'H
chemical-shift resolution in the indirect dimension (as also discussed in Section 4.2).
In our case, however, a HSQC experiment would only allow us to exclude the OH
proton because the other perturbing proton belongs to an N—H - - - N hydrogen bond
as well and has therefore exactly the same chemical shift as the proton of interest.

The same degree of separation is also provided by H — N recoupling schemes (see
Fig. 2(b)), in which the proton in the N-H - -- N hydrogen bond acts as a probe for
heteronuclear dipole—dipole couplings to the nitrogen nuclei in its proximity.
Overall, the so-obtained sideband patterns depend on two N—H distances as well as
the N—H-N angle. The smaller of the two N—H distances is known from the SS-type
HDOR experiment discussed above, such that two unknown parameters remain to
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be derived from the experimental patterns, i.e., the N---H distance and the N-H-N
angle. With respect to potential perturbations, the OH proton is a priori not
involved, such that only one intramolecular interaction with the pyridine—nitrogen
might lead to distortions in the sideband pattern.

In Figs. 13(b) and 13(c), spinning-sideband patterns are shown, which were
recorded, in the indirect dimension of the II-type recoupling sequence depicted in
Fig. 2(b). The 'H chemical-shift resolution in the direct dimension was used to select
the pattern of the proton in the N—H --- N hydrogen bond. Asymmetric recoupling
schemes with excitation/reconversion times of 3/6tz and 4/8tx (in Figs. 13(b) and
13(c), respectively) ensure a pronounced sensitivity on the N-H-N angle as well as
on the N-H distances. For both patterns, best agreement between a three-spin
calculation and the experiments is achieved for distances of (115 + 2) pm for N-H
and (175 + 5) pm for N---H as well as (168 + 5)° for the N-H-N angle. The
patterns depend most strongly on the shortest N—H distance, corresponding to the
strongest N—H coupling, and the value of 115 pm agrees, within the experimental
accuracy, with the value obtained from the SS-type HDOR experiments. The other
N-H distance and the N-H—N angle can be determined independently and without
ambiguity from each of the patterns in Figs. 13(b) and 13(c). The agreement of the
distances and angles determined from the two patterns is remarkable and further
confirms the reliablility of the results; in particular, no perturbing effect of the °’N
nucleus in the neighboring hydrogen bond is noticeable. To give an idea about the
sensitivity of the method, a set of sideband patterns is shown in Fig. 14 for N---H
distances and N-H-N angles within the range of interest. Thus, the geometry of the
N-H---N hydrogen bond can be fully and precisely elucidated by asymmetric
directed HDOR recoupling experiments.

4.4. Natural Abundance “N-'H Shift Correlation Using Inverse 'H-Detected
TEDOR

The low isotopic abundance of N (& 0.37%) and its low magnetogyric ratio
(yn/7n = 10) renders directly detected "N 2D spectroscopy essentially hopeless in
solid-state NMR. A prominent exception was presented by Lesage et al., who
demonstrated the feasibility of CP-based 'H-'>N shift correlation, where very
narrow 'H lines as provided by Lee-Goldburg homodecoupling in the indirect
dimension partially compensate for the low sensitivity of N [58]. Indirect
'H detection, on the other hand, bears a large potential for a substantial gain in
sensitivity [13,59—62]. Following this idea, one of the variants of REDOR-based
correlation experiments presented in this publication is applicable to >N in natural
abundance.

For 'H-detected spectroscopy on systems with X nuclei in low abundance, the
major experimental problem is posed by the large signal contribution of unwanted
'"H magnetization arising from protons without X nuclei in their vicinity. The
removal of such signals is usually left to the phase cycle, which, however, lowers the
dynamic range of the receiver by more than two orders of magnitude. Receiver noise
and remaining contamination of the final signal with spurious 'H signal lead to a
prohibitively large amount of ¢ noise if no further precautions are taken. The most
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FIG. 14. Calculated sideband patterns of asymmetric H — N recoupling (//-type) with ¢,,. = 41z and
tree = 87 observed for N-H --- N three-spin moieties. According to Fig. 13(a), the closer N-H distance is
set to 115 pm. The longer H - - - N distance and the N-H-N angle are varied from 155 to 185 pm and from
90° to 180°, respectively. The patterns shown in bold lines are closest to the experimental one in Fig. 13(c).

preferable way to solve this problem is the destruction of the unwanted proton
signals before detection, thus allowing the use of an increased receiver gain.

In solution-state NMR, unwanted signals are nowadays routinely removed using
pulsed-field gradients (PFGs) [63], and PFG probe equipment is commercially
available. In the solid state, fast MAS techniques are gradually approaching a regime
of dipolar decoupling, where such gradient-based strategies become applicable as
well [64]. Apart from PFGs, however, the familiar presence of strong dipole—dipole
couplings provides another efficient way for the removal of unwanted magnetization
in the solid state. Ishii et al. have just recently presented an approach based on the
application of two long (400 ps) 'H dephasing pulses applied during the z-filter
period of a double-CP '3C-'H correlation experiment. This trick can only be
adopted if a pure magnetization state of the heteronucleus is present at one point
during the pulse sequence. In combination with 'H detection, this criterion can only
be met when two polarization transfer schemes are catenated in terms of an 'H —
X —! H experiment. Note that the 'H-detected II-type recoupling experiment
(Fig. 2(b)) does not suit the purpose because it creates only mixed 'H-X coherence
states.

For our approach to ''N-'H shift correlation in naturally abundant samples, we
propose a combination of a CP-step for initial '"H —!3 N transfer with a subsequent
recoupled "N —'! H transfer. The pulse sequence is shown in Fig. 15. The "N ¢
dimension is inserted directly after the initial CP step, and followed by a z-filter.
During this filter, uncoupled 'H signal is removed by two 'H dephasing pulses (each
of 400 us duration) or, alternatively, by a spoil gradient pulse (of 100 us duration).
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FIG. 15. Pulse sequence for YN-'H correlation with >N in natural abundance. The two long 'H
pulses (dotted boxes) during the first dephasing period are tuned to the rotary resonance recoupling
(RRR) condition (w;y = %wk) [68] and serve to remove unwanted 'H signal contributions which would
otherwise produce #; noise [62]. The phases of all pulses in the preparation period are kept constant during
the course of the 16-step phase cycle of the TEDOR/REPT experiment (taken from Ref. [11] with inverted
channel assignments). The signs of ¢(= =+ y) and the receiver phase are inverted for another 16 steps for
axial peak suppression. The RRR pulse pair may be substituted with spoil gradient pulses (Gz) during
both dephasing periods. The phase cycle can then be reduced to a minimum of four steps (i.e., sign
inversion of the first 90° pulse and ¢) which are required for signal selection/suppression purposes.

The second "N —! H transfer is accomplished by a dipolar recoupling scheme,
whose two recoupling periods are kept together in a TEDOR fashion [49]. Note that
in all previously presented REPT experiments a #; period is inserted between the two
recoupling blocks in order to achieve rotor encoding or allow for a chemical-shift
evolution. For distinction, we restrict the use of the acronym “REPT” to the latter
type of experiments, while “TEDOR” stands for the transfer scheme with the ¢
spectral dimension before the recoupling sequence, in reference to the earliest
publication of this particular concept of polarization transfer by Hing et al. [49].
Figure 16 shows three '"N-'H shift correlation spectra of L-histidine - HCI - H,O
with N in natural abundance, recorded using the pulse sequence depicted in
Fig. 15. The spectral resolution of the 'H lines is provided by fast MAS (at 30 kHz)
alone, while additional continuous-wave RF decoupling is applied during the "N ¢
dimension. A noteworthy feature of the pulse sequences is that no #-noise was
observed. After a total of only 8192 signal accumulations, 2D '"N-'H correlation
spectra can be obtained with a satisfactory signal-to-noise ratio. Thus, the time
requirements for such experiments are on the order of a few hours up to 1 day, which
makes N natural-abundance NMR spectroscopy feasible in the solid state.
Comparing Figs. 16(a) and 16(b), it is apparent that longer TEDOR recoupling
times (> 2tz) are required to ensure an efficient transfer of polarization from "N to
'H in the NHJ group, in which the N-H dipole-dipole couplings are reduced due to
the rotation of the group (in analogy with C—H couplings in rotating methyl groups
as discussed in Section 4.1). For short recoupling times (< 2tg), practically only
signals of the more strongly coupled N-H species are observed, which belong to the
(N-protonated) imidazole ring of the histidine. In this way, the recoupling conditions
chosen for the TEDOR part of the experiment provide a simple means of distinction
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FIG.16. Three inverse-detected '>N-'H correlation spectra of L-histidine - HCI - H,O, recorded using
the pulse sequence depicted in Fig. 15 at 30 kHz MAS. (a) 215 recoupling and (b) 41z on a 700 MHz ('H)
spectrometer, applying PFGs for 'H dephasing. For each 7, experiment, the signal of 16 scans was
accumulated, and a recycle delay of 4 s was used. (c) 4tg recoupling on a 500 MHz spectrometer applying
RRR pulses for 'H dephasing. Here, the signal of 32 scans was accumulated per #; experiment, and a
recycle delay of 2 s was used. All three spectra were acquired with 512 ¢, -slices (A#; = 1), corresponding to
a total experiment time of approx. 9.5 h in each case. The spectra on top and to the right are skyline
projections.

and/or selection of signals with respect to N—-H couplings. Concerning the efficiency
of 'H dephasing and signal suppression, the overall signal quality achievable by 'H
RF pulses or spoil gradients was found to be practically identical. The lower signal to
noise of the spectrum shown in Fig. 16(c) as compared to the spectra in Figs. 16(a)
and 16(b) is mainly due to the differences in the B, field (500 and 700 MHz 'H
frequency, respectively).

5. SUMMARY AND CONCLUSIONS

In this paper, we have put a variety of recently developed REDOR-type
heteronuclear dipolar recoupling techniques into a common context and presented
the concept of directed recoupling as well as the features of asymmetric recoupling
schemes. Using these ideas, we introduce four novel experiments for fast-MAS
applications:

Rotor-encoded REDOR (REREDOR).

Analysis of spectral intensities using X-detected DIP-HSQC.
Asymmetric HDOR recoupling schemes.

Inverse 'H-detected TEDOR correlation spectroscopy.

REREDOR represents the conceptually simplest combination of heteronuclear
dipolar recoupling with the generation of spinning-sideband patterns via rotor
encoding. In this way, heteronuclear dipolar coupling constants can be sensitively
measured for all typical spin geometries, such as XH, XH, or XHj3. Since even weak
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couplings give rise to meaningful sideband patterns, typical molecular units, such as
CH, CH; and CHj;, can readily serve as probes for local molecular dynamics.
Moreover, using the chemical-shift information of the '*C resonances, the
information on the dynamics can be directly assigned to individual sites in the
structure. Due to its applicability to samples naturally abundant in *C, REREDOR
has large potential as a powerful tool for routine solid-state material characterization
and can replace ’H NMR experiments in a variety of applications. Demanding
syntheses of specifically H-labeled materials providing information for only one
particular site are then unnecessary. The site-specific information from REREDOR
spectra is, however, gained at the expense of detailed geometric information inherent
in static H spectra [65].

On the technical side, the insertion of short incremented delays into the REDOR
n-pulse train, corresponding to an indirect #; dimension, represents a minimal
modification of the pulse sequence, which avoids additional experimental imperfec-
tions. The sideband patterns generated by means of #; rotor-encoding allow us to
measure dipole—dipole couplings for a range of different recoupling times, which can
provide a consistency check with respect to the influence of multi-spin effects and
other sources of error. In comparison with the more traditional MAS SLF
experiments, REREDOR poses less experimental challenges, since SLF approaches
require either high spinning frequencies or homodecoupling schemes (including an
additional scaling factor for the heteronuclear coupling) for an efficient suppression
of perturbing homonuclear couplings. In the context of the variety of REDOR-based
techniques, it should be emphasized that REREDOR is the only option for sideband
patterns associated with (mobile) CH, groups with two differently oriented
(averaged) dipolar coupling tensors. In REPT experiments, the CH, coupling
geometry leads to destructive interference and a complete loss of spectral intensity at
rather short recoupling times [11], whereas the SLF character of REREDOR permits
an efficient measurement.

The analysis of spectral intensities observed in X-detected DIP-HSQC experiments
provides a means to estimate medium-range distances of 200-300 pm in H,,C spin-
systems with spectrally resolvable proton sites. In this way, this DIP-HSQC
approach widens the range of accessible distances and brings infermolecular contacts
into the reach of heteronuclear dipolar recoupling experiments. This aspect is of
particular interest for investigations of larger molecules and supramolecular
structures and has already been addressed in terms of the MELODI approach by
Yao et al. [66]. The quality of the medium- to long-range data does certainly not
allow dipole—dipole couplings and, hence, distances to be measured at the same level
of accuracy as is achievable for strong short-range couplings by sideband-pattern
analysis. Nevertheless, such limited data quality is often more than sufficient when
just distance constraints, to be used in further refinement procedures based on
molecular modeling, are needed. Also, when different conformational models of
systems of known connectivity (such as a protein) or a qualitative idea about the
geometry of an intermolecular contact (e.g., a protein—ligand interaction) is to be
tested, the REDOR-based correlation experiment might serve the purpose. On the
plus-side, it features advantages such as experimental simplicity (no elaborate set-up
is needed, 'H chemical shifts are not scaled by a multi-pulse sequence) and a simple
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protocol for data analysis (no complex simulations). Most importantly, all
correlations are present in a spectrum measured with a uniformly labeled sample.
This is in stark contrast to recently developed modern CP-based techniques [6],
which yield very precise medium-range distances (up to 250 pm), but suffer signal
loss when the proton to which the distance is to be established is bound to 1*C.

Note that all the limitations of the X-detected DIP-HSQC approach, which are
posed by the multiple angular dependences, are removed when inverse-detected (/1)
experiments are performed on a system with dilute S spins. The spin system response
will then consist of a sum of pair couplings (as given by Eq. (9) in Section 4.2), and
the analysis based on the spin-pair formula is valid over a much wider range of
recoupling times. The problems to be encountered then are of a different nature: the
reference intensity needed to determine the intensities on an absolute scale will be
dominated by non-bonded 7 spins and is therefore not accessible. Build-up curves
will thus have to be measured until a plateau value for the intensity is reached
(requiring a multitude of 2D spectra), or a sideband experiment with chemical-shift
resolution in the indirect dimension has to be performed. If this very promising
approach is really feasible remains to be investigated.

Returning to short-range internuclear distances, but sticking to multiple-spin
geometries, we have further presented the application of asymmetric recoupling
schemes and the analysis of the so-obtained sideband patterns to determine
internuclear distances and angles in three-spin systems. Interference effects of
multiple couplings are known for REPT approaches and have, for example, been
used to identify the signals of rigid CH, groups in 1D '*C spectra by a selective loss
of signal. On the other hand, this lack of CH; signal encountered in TEDOR and
REPT experiments under certain conditions has stimulated the development of the
REREDOR technique described above, which provides uniform and efficient
recoupling of all CH,, entities. The interference effects can be drastically amplified in
a constructive and, hence, useful manner by applying recoupling periods of different
lengths before and after the ¢, interval. Then, the sideband pattern generated by the
t; rotor-encoding exhibits a pronounced sensitivity on the geometry of the spin
system. In the XH; and X,H cases considered here, the shape of the patterns is
naturally dominated by the strongest X—H coupling, but even in the presence
of a dominating coupling a second weaker coupling as well as the X-H---X (or
H-X---H) angle can be determined to high precision. The concept of directed
recoupling, i.e., the use of II- or SS-type recoupling experiments, allows the
experiment to be straightforwardly adapted to an X-H --- X or H-X- - - H situation.
Moreover, symmetric recoupling schemes can also be applied in this directed fashion
to supplement the three-spin geometry investigations with selective spin-pair
information on X-H or X---H distances. These approaches bear significant
potential for the investigation of hydrogen bonds, as has been demonstrated here for
an N-H---N bond.

Finally, we have presented a pulse sequence employing inverse, i.e., 'H, detection
via double 'H — X —! H polarization transfer. Due to the sensitivity enhancement
associated with 'H detection, natural-abundance 'N-'H correlation spectroscopy
becomes feasible in solid-state NMR. In contrast to the inverse-detection scheme
proposed by Ishii er al. [59,62], which is based on a double CP, our approach
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includes a TEDOR step for the second X —! H transfer. The use of a recoupling
technique not only ensures an efficient polarization transfer for weaker couplings
associated with low-y nuclei under fast MAS conditions, but it also opens up the
possibility to discriminate between X-H correlation signals depending on the
strength of the respective X—H coupling. Moreover, the correlation spectra presented
here can be extended in terms of rotor encoding which then again allows for a precise
determination of couplings by means of spinning-sideband patterns [67].

In view of the multitude of possible applications in chemistry, materials science
and biology, the large potential of '>’N—'H shift correlation combined with precision
distance determination [67] in low or even naturally abundant systems without the
need for dedicated hardware cannot be emphasized enough. Using PFGs for
suppression of unwanted 'H magnetization places an additional demand on the
equipment, but bears potential for the application of the /I experiment in natural
abundance. This experiment features the much more favorable signal composition
from spin pairs, as expected from the PDLF configuration, and a potentially much
higher sensitivity enhancement factor [13] due to the lack of an initial CP. The I
experiment as applied to the determination of N—H hydrogen bonds in >N labeled
systems [19] has already proven its high potential. Further investigations on its
possible extension to samples naturally abundant in >N are under way.
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Sensitivity enhancement Bl inverse detectionis at the present proparation (H-]  TEDOR/RERT experiment (wN->1H ranser) withWwithout rotor-ancoding
time almost universally employed in heteronuclear multidimensional CP  dephasing L ping & ping | Taeprasrg)| [} catmction
NMR experiments for structure determination in solutions. For HEEE i i i e
solids, it was only recently demonstrated that theresolution I i P [l L"] A \}‘3«%‘
enhancement achievable by fast magic-angle spinning (MAS) sy |E'| o 'EHEI{&W‘TW IIIE
suffices to overcome the main limitation for inverse detection in ’ R
the solid state, namely the brodH lines? Substantial gains in G A 5 v

senSI_tl_VIty were reported for a varlety &N and™C sySt?mg' 4. Figure 1. Pulse sequence fotH-detected!®N—1H correlation NMR
Specific pulse sequences and detection schemes providingthigh spectroscopy under fast MAS in the solid state. Solid and open bars represent
resolution allowed for large sensitivity gains also in inverse-detected 90> and 180 pulses, respectively. Alternative ways to suppress sufplus
static?H and>N powder spectr&?® Inverse detection schemes bear magnetization are shown in red (PFGs) and blue (dephasing RF pulses).
particular challenges when low isotope concentrations are to be

observed, because the incomplete removal of a large overhead ofl-€- "H—""N—H) can be selected by a four-step phase cycle and,
uncoupledtH magnetization may lead to severe spectral artifacts. Including a final cleanup of the signal, by an overall phase cycle
In solution-state approaches, pulsed field gradients (PFGs) have®f 16 or 32 steps. While dephasing RF pulses are readily available
emerged as the standard procedure to destroy unwanted cohérence" Standard NMR hardware, PFGs require the installation of
For solids, it was shown that radio frequency (RF) pulses exploiting gradient coils at the bottom and the top of the MAS stator. Finally,

strong dipole-dipole couplings may serve the same purpose without the1®N signal is transfer_red back tel for de’_[ection using a cohe_rgnt
the need for specific spectrometer hardwére. TEDOR-typé&1°recoupling procedure, which allows the quantifica-
In this communication, we present two-dimensiofzl—1H tion of the *N—*H coupling.

correlation NMR experiments wittH inverse detection under fast Two independent spectral dimensions can be inserted into this
MAS conditions on natural-abundand&N systems. PFGs or, CP-TEDOR double-transfer scheme: a dipolar-decoupled {eND)

alternatively, RF pulses ensure suppression of unwategignal, plimensipn 1) between the two transfer bloqks, ant'aimension

and the acquisition of 2D spectra becomes feasible within experi- IN the middle of the TEDOR sequence. While the former generates
ment times of a few hours. It is shown for the first time that 15N chemical-shift information, the latter comprises a modulation
heteronuclealH—15N dipole—dipole couplings, thus bond lengths, of a dipolar-ordered state py the.recoupling. This “rotor-encoding”
can be faithfully extracted in natural abundance using spinning @PProach has been established in other homonticiaad hetero-

sideband patterns generated by a recently developed recouplindwc'ea? corr_elation experiments. The_information on the cogplings
technique® The large significance of high-precision bond length ¢an be retrieved from the'-modulation of the detected signal,
determination in solid-state NMR with respect to the characteriza- Which is converted into a sideband pattern by Fourier transforma-
tion of hydrogen bonds has recently been highligited. our tion. These_patterns se_nsmvely depend on the product of recoupling
15\—1H spectra, information on (i) chemical shifts and (ii) dipele  time and dipolar coupling constaht.

dipole couplings/bond lengths can be accessed either individually _Figure 2a shows #N—'H correlation NMR spectrum af-histi-
or in a combined way using a sptit-approach. dineHCI-H,0O obtained in a 2.5-mm rotor system at 30 kHz MAS.

The approach is based on the combination of two solid-state The sacrifice of signal associated with the use of small rotors, which,
NMR techniques providing incoherent and subsequently coherent When applied in natural abundance, limits the technique to smaller
transfer of polarization betweei andsN (see Figure 1). Initial molecules, is unfortunately unavoidable, since fast MAS is essential
1H polarization is incoherently transferred*l by a conventional o an efficient and quantifiable TEDOR transfeHowever, only
cross-polarization (CP) step. At this point, to prepare for the final 8192 transients of the pulse sequence depicted in Figure 1 were
(inverse) detection of the wedRN signal onH, strong remaining ne_eded to acquire the full 2D spectrum. To optaln a pure chemical-
14 polarization is efficiently removed by either a field gradient shift correlation spectrunt; was incremented in steps of full rotor

pulse (of 100us duration) or by two RF pulses (of 40 dura- periods ¢gr), while rotor-encoding was omitted; (= 0). In this
tion and fulfiling a rotary resonance recoupling conditién), ~Way natural-abundanc&N—*H correlation spectra can be recorded
while the 5N polarization is stored in a longitudinal state. Both within 4—10 h and thus become routinely applicable for solids.

dephasing techniques were found to perform almost identically. ;I’She comparison of inverse-detected CP-TEDOR and the analogous
Aided by this preselection, the desired coherence transfer pathway ' \-detected, regular 2D TEDOR experiment yielded a sensitivity
gair? of about 6-8, as detailed in the Supporting Information.

*To whom correspondence should be addressed. E-mail: kays@makro. In the spectrum shown in Figure 2a, all three expected NH

uni-freiburg.de. : R 1 :
 Max-Planck-Institut fa Polymerforschung. correlation signals are observed.when ¢—1H interactions are
*Institut fior Makromolekulare Chemie, Universit&reiburg. recoupled for a duration of 2 6z in the TEDOR step. For shorter
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Figure 2. () 1®™N—1H correlation spectrum af-histidineHCI-H,O, measured

at 30 kHz MAS in a 16.4 T magnet (700 MHZarmor frequency) using

a recoupling time of 26rg and accumulating the signal of 8192 transients of the pulse sequence depicted in Figure 1 (with RF dephagirg®@n(b)
Same as in (a), but with PFG dephasing and dipolar spinning sideband pattern$ tlieension, obtained by incrementitgandt;’ simultaneously in
steps ofrr andzr/30, respectively. (c) Slices from (b) taken along tfé dimension at the respectivel positions. (d) Pure rotor-encoded sideband patterns

obtained by incrementing only’, while keepingt; = 0 (using RF dephasing).

Calculated patterns are displayed in color above the experimental ones. The

N—H dipole—dipole couplings and NH distances determined from the patterns are given in Table 1.

Table 1. N—H Dipole—Dipole Couplings (Dnn) and Distances (fiun)
Measured from the NMR Sideband Patterns Shown in Figure 2 c,d

this work NMR diffraction
*H signal Dw2 [kHzZl  nyslpm]  r [pm] s [pm]
N (c) 9.4+09 109+ 4
13 ppm €2) 1! 09105 107+o 1055 102.6+04
N (c) 82+09 114+ 4
18ppm6) () ggsros 111+2 1095 107.0+04

aData from previous solid-state NMR and neutron diffraction studies
of L-histidineHCI-H,O are given for comparisoht?

recoupling times €2x4tg) the signal from the rapidly rotating
NHz* group is suppressed due to its weaker couplings. A precise
quantification of the couplings is possible from spinning sideband
patterns, which are introduced into the spectra by incremeftiing

in steps oftr/N simultaneously witht; (split-t; approach). The
integer numbeN determines the separation of the (odd-order only)
sidebands in the spectra according\to = 2vg/N, wherevy is the
MAS frequency; the spectrum shown in Figure 2b was obtained
with N = 30. In the TEDOR step, dipolar recoupling was again
applied for % 6tr. From the resulting sideband patterns (Figure
2¢), N —H couplings can be estimated in the rang®qf/2r >

2 kHz, corresponding to NH distances of up to 180 pm. Since
the signal is distributed over a pattern in the spliéxperiment, it
requires 5 to 10 times more signal accumulations than the pure
chemical-shift correlation experiment.

When the!>N chemical-shift information is not required, the
dimension can be skipped, and a purely rotor-encoded signal is
recorded in theé;' dimension. Figure 2d shows the sideband patterns
observed fod;-NH ande,-NH at ~18 ppm and~13 ppm in the
1H spectrum, respectively. For signal acquisition, 20480 transients
(2.5 times more than for the spectrum in Figure 2a) were used in
total. The N—H distances extracted from these patterns reproduce
well the results from previous investigatioh¥,as can be inferred
from Table 1. Apart from the usual overestimation of distances in
NMR,® a further systematic error is always expected from the
influence of couplings of thé>N to further protons. Nonetheless,
distances can reliably be extracted even when the perturbing
coupling is as strong as30% of the dominant couplingNote
that in a system with multiple protons coupled to a sintid
nucleus, the technique only provides access to the dominant
coupling. Two or more couplings of similar magnitude lead to
destructive interference during recoupling and signal $d3s.

In conclusion, we envision a wide applicability of this and
related-® H inverse detection techniques, which provide dipolar-
coupling and chemical-shift information in systems withl in

natural abundance or in low isotopic concentration. In par-
ticular, the technique is valuable for investigations of MNr+N

and N—H---O hydrogen bonds. With respect to biomolecules, the
gain in15N sensitivity, combined with the information dAN—1H
dipolar couplings, may help to improve NMR experiments for
structure determination of peptide backbones in the solid state.
Further technical development, in particular the optimization of the
IH RF circuit for detection, are expected to enhance the possible
gain in signal sensitivity further and to promote the significance of
1H-detected solid-state NMR experiments.
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1 Experimental Details

Fig. 1 shows the pulse sequences of the 'H and '’N-detected TEDOR
(or REPT) experiments including details on the pulse phases. The
pulse sequences use REDOR (rotational-echo double-resonance) re-
coupling of the heteronuclear dipolar interaction under MAS by
means of 7 pulses spaced by half a rotor period [1]. In TEDOR
(transferred-echo double-resonance), which was published as an ex-
tension to REDOR [2], simultaneous /2 pulses on both channels
were introduced between two REDOR recoupling periods in order
to coherently transfer magnetization from one nucleus to the other.
The experiment is in principle the solid-state analogue of the solution-
state INEPT experiment [3]. The acronym REPT (recoupled polar-
ization transfer), used in our first publication [4], refers to essentially
the same pulse sequence, with the difference that a t; dimension was
introduced between the two central 1/2 pulses, in order to achieve
rotor-encoding and thus obtain sideband patterns, from which dipolar
coupling constants can be extracted. Because the inverse experiment
presented herein can be conducted with (split-t; approach) or without
this rotor-encoding period, we chose to stick to the original acronym
TEDOR. Details on all most relevant theoretical and experimental as-
pects of 'H-13C correlation using TEDOR/REPT pulse sequences un-
der fast (>25 kHz) MAS can be retrieved from our two previous pa-
pers [4, 5].

In Table 1, the phase cycle for the CP-TEDOR and TEDOR 2D
experiments is compiled. The phases ¢;_7 are identical for the two
experiments (Fig. 1a and b) and were published in [5]. For the inverse
experiment, the two channels are simply interchanged, a cross polar-
ization (CP) and a dephasing period are introduced, and one additional
phase ¢g and a two-step supercycle are added to the phase cycle. The
phases for all other pulses are constant and noted in Fig. 1a. (XY-4)

# 2 # P [ A #s
y o ) (XY-4) | (XY-4) . ‘ m ‘
e = il £
(a) . (xp‘ lephasing 15'1‘ | encoding D_H

|
1H 1H d LH

‘ =
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[ C |
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I 5|

H 15N ‘
VAR

(b)

Figure 1: Pulse sequences for inverse (@) and directly detected (b) N-'H
correlation experiments. Solid and open bars represent ©/2 and © RF pulses,
respectively. DD indicates 'H dipolar decoupling. Saturation pulses in (b)
remove artifacts which may potentially arise from initial >N magnetization
leaking through the phase cycle.

phase cycling [6] is applied to subsequent recoupling ® pulses. When
pulsed field gradients (PFGs) are used instead of RF dephasing, the
phase cycle can be shortened by omitting the supercycle.

Magic-angle spinning of 30 kHz was applied in all cases, and
RF fields of 100 kHz were used on both channels (2.5 ps /2 pulses).
The two 400 ps dephasing pulses were applied with a field of 15 kHz
to fulfill the rotary resonance condition for efficient dephasing of sur-
plus proton magnetization [7]. Alternatively, PFGs of approx. 200
and 100 G/cm were applied for a duration of 100ps in the first and sec-
ond dephasing period, respectively. In the YN dimension, 'H dipolar
decoupling is accomplished by the TPPM scheme [8] at an RF field
of 100 kHz. Dipolar decoupling of 'H from 3N is not strictly nec-
essary because the 'H linewidths are dominated by 'H homonuclear
interactions. Initial >N magnetization was created by a ramped CP
[9] of 2 ms length. The matching condition was (0'1\' = 0)'1" — OR, with
the ramp varying from 0.900'1\I to 1.10)'1\', where (0'1'| /21 was about 80
kHz. Further information on spectra processing and data analysis, in
particular on the generation of the sideband patterns in Fig. 2d of the
main text, are given in [5].

2 Sensitivity Gain

To determine the gain in signal-to-noise (S/N) achievable by 'H-
detection, we compare the 'YN-'H CP-TEDOR scheme to a conven-
tional 'H-'>N TEDOR experiment. This comparison is fair in that the
two experiments are equivalent as far as the quantitative and coher-
ent recoupled transfer (TEDOR) part is concerned. The equivalence
can be inferred from Fig. 1. The directly ('’N) detected experiment
mainly differs by the absence of the initial CP, which represents a bot-
tleneck for the efficiency of the inverse experiment and must be well
optimized.

Both experiments were performed on L-histidine (with N in
natural abundance) under identical conditions, which means that the
total number of signal accumulations was identical and fixed to 8192
transients. In the 'H and 15N dimension, 128 and 512 data points
were acquired in steps of rotor periods, corresponding to acquisition
times of 4.2 and 16.8 ms, respectively. Fig. 2 shows the 'H and N
slices (direct detection in red, inverse detection in blue) taken from
the 2D spectra through the €;-NH resonance at 207 ppm/12.8 ppm
(1ON/H). Obviously, the directly detected experiment (TEDOR) did
not afford any signal apparent above the noise. Consequently, from
the S/N ratios a sensitivity gain of at least 6...7 can be derived for
the inverse-detected experiment (CP-TEDOR) on L-histidine. A pair

Table 1: Phase cycle for the CP-TEDOR/REPT pulse sequences. ¢rec denotes
thereceiver phase. ¢ and the second half of ¢rec are not needed for the directly
detected experiment.

do  {y}x16{y}x16

o1 XXYYXXYY XXYYXXYY

d2 YYXXYYyXX

03 YYXXYYXX

b4 XXYYXXYy

os XXYYXXYY XXYYXXYY

b6 YYXXYYXX

¢7 XXYYXXYyy

Orec  {YYRXYYXX}x2
{YYXXYyYyXX} x2
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Figure 2: Sicesfrominverseand directly-detected ' H-1>N experiments, taken
along the N dimension (a) and the 'H dimension (b) at the £,-NH resonance
(207 ppmv12.8 ppm) of L-histidine with >N in natural abundance (‘H dephas-
ing by PFGs). The ! H-detected CP-TEDOR and 'S N-detected TEDOR data is
shown in blue and red color, respectively.

of TEDOR/CP-TEDOR experiments was also conducted on a '>N-
enriched sample of imidazolium methylsufonate, where strong signal
was observed in either case, and the S/N ratio of the CP-TEDOR ex-
periment was found to be superior by a factor of approximately 8.

Our value of 6...8 for the sensitivity gain should be compared
with the values of 1.6 to 3.3 (depending on the site) obtained from an
inverse double-CP scheme applied to naturally abundant '3C in poly-
mers by Tycko and coworkers [7]. Assuming identical probe charac-
teristics for YN and '3C, and neglecting linewidth effects, the applica-
tion of the double-CP experiment to >N could therefore be expected
to lead to a (Yc /yn)?/2-fold sensitivity gain of 6 to 13. This compares
reasonably well with the values obtained here using the CP-TEDOR
experiment. It should be noted that the coherent transfer mechanism
behind the TEDOR scheme is generally less efficient than an adiabatic
CP (in particular when secondary couplings become large), but it pro-
vides quantitative results and allows precise distance determination by
means of the rotor-encoding approach.

3 Experimental Errors

The error limits given in the main text rest upon the accuracy of the
fitting procedure of the sideband patterns. Our fitting routine is based
on numerical Fourier transformation of the analytical result for the
rotor-encoding time-modulation of a heteronuclear spin pair signal
[5], which is implemented into a least-squares fitting routine based on
the Levenberg-Marquardt algorithm [10]. The program provides an
error for each fitted variable (Dnp is the central one), which is derived
from the covariance matrix and depends on the quality of the fit and on
the accuracy of every point in the experimental input spectrum (i.e.,
S/N, which is an input parameter). As the spectra presented in our
Communication are relatively noisy, and further adverse effects are
very weak, the error limits for the derived distances can therefore be
expected to be dominated by noise.

The theoretical treatments of spin dynamics under the directly
detected and the new inverse experiment are identical. This is be-
cause the transverse component of the heteronuclear coherence state
(depicted as the grey arrow in Fig. 1) active during recoupling changes
from one nucleus to the other between the first and the second recou-
pling period. Therefore, all conclusions drawn from previous work for
the case of REPT as applied to 'H-13C systems [5] apply equally well
to the 1>N-H inverse experiment. In summary, the rotor-encoding ap-
proach (in contrast to an intensity-based strategy like normal REDOR)
and the ensuing sideband analysis proved to be extremely robust to-
wards most adverse effects like timing imperfections, flip-angle devia-

tions, CSA, and ' H homonuclear couplings. Effects of larger multiple
heteronuclear couplings from more remote protons to the >N nucleus
of interest may lead to a considerable loss of spectral intensity, but the
accuracy of spinning sideband analysis is still not seriously impeded,
because the coherence-transfer process during recoupling (first one
heteronucleus in the local field of the others and then vice versa dur-
ing the second recoupling period) emphasizes the spin-pair character
of the result.

On the down side, this means that the TEDOR/REPT approach
is not suitable for configurations with multiple similar couplings (e.g.
methylene groups) or when medium- and long-range distances are
to be determined. Methyl groups or —NH;r can, however, be stud-
ied because the multiple heteronuclear coupling tensors are identical
when the moiety undergoes fast uniaxial motions. The strength of
the TEDOR/REPT scheme is clearly the determination of single pri-
mary pair couplings, such as distances in direct chemical or hydrogen
bonds.
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We present investigations concerning the effect of molecular
motions on the experimental timescale upon the recoupling of
anisotropic interactions under magic-angle spinning conditions. An
approach for the efficient simulation of spin dynamics occurring
during complex pulse sequences, based on a linearization of the
general solution of the stochastic Liouville-von Neumann equation,
was developed. Using '*C CSA recoupling of the methyl carbon in
dimethylsulfon as a sample interaction, we observed a character-
istic signal decay under recoupling upon entering the intermedi-
ate motional regime, which can be well described by an apparent
transverse relaxation time, T;Cp ! This quantity does not depend
on the spinning frequency to a first approximation. Specific recou-
pling experiments, namely the measurement of tensor parameters
by spinning sideband analysis, and the determination of rate con-
stants with the CODEX experiment, are discussed with respect to
possibilities and limits of their application in the intermediate mo-
tional regime. Important conclusions are drawn with regards to the
limited applicability of popular recoupling methods like REDOR
to samples exhibiting intermediate mobility. © 2002 Elsevier Science (USA)

Key Words: magic-angle spinning; recoupling; simulations; dy-
namics; REDOR.

1. INTRODUCTION

High-resolution magic-angle spinning (MAS) NMR has
evolved into a uniquely versatile tool for the elucidation of struc-
ture and dynamics in solid materials (/). Particularly, a dramatic
simplification of the spectra can be achieved by very-fast MAS
with spinning frequencies exceeding 15 kHz, whereupon the in-
fluence of most anisotropic interactions among spin-% nuclei
on the spectra, in particular strong dipolar couplings among
protons, can be suppressed to such a degree that the resolu-
tion needed to tackle complex multispin systems is attained. By
means of recoupling, i.e., the application of specifically designed
rotor-synchronized pulse sequences (2), specific anisotropic in-
teractions can be selectively reintroduced, thus providing very
specific information on orientation-dependent phenomena. Re-
coupling methods represent a very powerful and indispensable
part of the modern NMR toolbox (3, 4). Most of the numerous re-

!'To whom correspondence should be addressed.

cent applications are focused on structural issues, with dynamics
being considered a complication to be avoided. If the exchange
process is fast on the experimental timescale, recoupling meth-
ods may straightforwardly be used to extract dynamically av-
eraged tensor parameters, by means of which the geometry of
the process and the associated order (often characterized by a
dynamical order parameter) can be assessed. An instructive ex-
ample may be found in (5). In the other extreme, recoupling ex-
change methods, which are specifically designed to probe slow
motional processes on a ms-s timescale, have been presented.
In this case, recoupling is used to measure tensor parameters
of, e.g., the 13C chemical shift anisotropy (CSA) (6, 7) or Bc-
13C dipolar interactions (8) before and after a long mixing time,
during which the slow motional processes may occur.

Despite the possible complications associated with intermedi-
ate motions, recent applications have also emerged in the field of
polymer dynamics (9, 10), where residual 'H-'H homonuclear
dipolar couplings characterizing the local dynamic order pa-
rameter of polymer chains in entangled melts were measured by
using double-quantum MAS recoupling methods. Importantly,
a polymer melt is characterized by various dynamic processes
occurring on very different timescales spanning the whole range
from fast-limit averaging to slow exchange, with ample contri-
butions also in the intermediate region. An assumption implicit
to the authors’ analysis of the data in terms of scaling laws is
that these timescales are well separated, i.e., that spin correla-
tions are only observed which depend on a dipolar interaction
which is on the one hand averaged in the fast limit by one pro-
cess, but is not yet substantially influenced further by motions
on the experimental timescale or slower. An understanding of
the underlying effects will likely contribute to establish a more
complete picture of the interplay of polymer dynamics and the
new NMR experiments.

There exists ample theoretical and experimental work in sup-
port of the assumption that any motional process on the timescale
of a MAS experiment should lead to an efficient suppression
of the signal of segments with intermediate mobility (//-14).
However, a specific treatment of intermediate motions occurring
during recoupling seems to be missing. This paper is intended as
a first approach to fill this gap. We present results of numerical

1090-7807/02 $35.00
© 2002 Elsevier Science (USA)
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simulations and experimental data on a well-characterized
model system, dimethyl sulfone, in which the two methyl groups
are known to switch their position by a simple Arrhenius-
activated two-site jump process (/5, 16). We restrict our at-
tention to the '*C CSA tensor, as recoupled by a simple train
of rotor-synchronized m-pulses spaced by half a rotor period.
This recoupling scheme, originally introduced by Gullion and
Schaefer for heteronuclear dipolar couplings under the name
REDOR (/7), and later applied to CSA recoupling by Hong
(18) and Schmidt-Rohr (7), represents one of the simplest ap-
proaches to recoupling: the 7 pulses cause a change in the sign of
the spin part of the interaction Hamiltonian acting during every
other half rotor period; this exactly compensates for the change
in the sign of the MAS-modulated space part of the interaction
Hamiltonian. In this way, the averaging of the total Hamiltonian
to zero by MAS is avoided.

It is shown that the recoupling process itself leads to a very
selective loss in signal from regions associated with intermediate
reorientations of the recoupled interaction tensor. This decay is
phenomenologically well described by an apparent transverse
relaxation time 7", which in the special case presented here has
a very simple dependence upon the rate constant of the process.
We will discuss the implications and the possible use of this
phenomenology.

2. THEORETICAL BACKGROUND

CSA recoupling. For a spin exhibiting a CSA, the wg-
dependent interaction frequency is given by

w(t) = Cycos(y + wgrt) + Crcos(2y + 2wpt)
+ Spsin(y 4+ wgt) + S sin(2y + 2wgt), [1]

where the coefficients C;, and S}, depend on the interaction
parameters &, n and on the angles « and g (/9). The complete
set of Euler angles «, B, y relates the orientation of the principal
axes system of the CSA tensor to the rotor-fixed frame. Free evo-
lution of transverse '*C magnetization during an interval (z,; 1)
leads to a phase factor

tp

Bta: 1) = f w(r)dr. 2]

ta

This integral is equal to zero when #, — t, = ntg (norecoupling).
When m-pulses are applied every %‘L’R for a total of % rotor
periods, as done in the experiment in Fig. 1a, a nonvanishing
total phase of

TR/2+t

gé(t) = %2 w(t)dt

t

N( S C
= — (4—1 cos(y + wgt) — 4L sin(y + a)Rt)> [3]
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FIG. 1. Pulse sequences for recoupled echo (a) and reference experiments
(b, ¢), as discussed in the text. The 'q channel pulses (preparation, CP, and
decoupling) are omitted for clarity. The sequence in (d) represents the CODEX
experiment (6). In (a), arrows indicate where incremented #; delays have to
be inserted, such that the pulse sequence corresponds to the two-dimensional
CSA sideband experiment (18), for which a z-filter is additionally implemented
before acquisition.

is acquired. The parameter ¢ is the starting time of the -pulse
train and can be set to # = 0 for a completely rotor-synchronized
experiment. Its significance in rotor-asynchronous pulse se-
quences will be discussed below. The phase ®(0) describes
the recoupling process and would lead to a strong signal decay
(~cos¥ 5 ®(0)) under a train of 7 -pulses. In order to have a mea-
surable effect for the study of intermediate motional effects on
the recoupling, an echo is formed by skipping the central pulse in
such a train, as shown in Fig. 1a. The total signal is calculated as

N _ N
<CXP{ i~ 1(0)}CXP{—13®2(0)}>
cos X3

N N _ N
®;(0) cos > ®5(0) 4 sin — ®(0) sin — CI>2(0)>

2
N _ N
= <cos(5 1(0) — E¢2(0)>> [4]
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The angular brackets denote a powder average. Skipping the
central 7 pulse makes the exponential terms in the first line
complex conjugates of each other, which corresponds to the
echo formation. Assuming that relaxation and other effects
leading to a signal decay can be neglected, the general identity
of the two phase factors identified with the first and the second
half of the recoupled echo (®(0)= ®,(0)) implies that no
effect of recoupling would be expected for the final intensity.
Signal decay due to relaxation and other experimental problems
can be corrected for by comparing this signal to that measured
after a simple Hahn-echo sequence with delays %‘L’R, as shown
in Fig. 1b. If motions in the intermediate regions have a
pronounced effect on the recoupling, this will be evident from a
comparison of the signal intensity in these two experiments. As
will be shown below, finite pulses in particular introduce further
adverse effects which obscure the principal effect on CSA
recoupling. Our primary concern is, however, to investigate
the main effect of intermediate motions on CSA recoupling
independently from other interactions in the spin system.

The principle of recoupling introduced in the preceding dis-
cussion can be applied in different ways. One possibility is
the measurement of the static (or fast-motion limit averaged)
CSA tensor parameters in a 2D experiment, in which the high-
resolution '*C dimension under fast MAS (virtually no spinning
sidebands) is correlated with an indirect dimension in which
the time-modulation described in Eq. [3] can be exploited to
generate a special kind of spinning sideband pattern. When a
t; dimension is inserted into the recoupled echo sequence of
Fig. 1a (18), the signal becomes

N _ N _
SrrE = <cos<3¢1(0) —®0;11) — Eq’z(h) + &(11; 2t1))>-

(5]

The dominant terms in this equation are the %CT),v(t); if MAS is
assumed to totally suppress evolution under the CSA during the
t; evolution periods, the two ®(#,;1,) terms can be neglected.
The dependence upon the tensor parameters é and 7 implicit to
Eq. [5] can either be exploited directly, as done by Hong (/8)
in an application to CSA determination in peptides, or a cosine
Fourier transform can be performed over the time-domain data
after a possible catenation and appropriate damping of signal
covering one or several rotor periods of #; modulation. The side-
band pattern thus obtained is special in that it does not map out
the spectral range of the recoupled anisotropic interaction, but
can be pumped to cover a much wider frequency range. The
underlying mechanism was termed reconversion rotor encod-
ing (subscript RRE) and is simply due to the y-dependence of
the Hamiltonian during the second recoupling period (Eq. [3]).
RRE was first discovered in homonuclear double-quantum ex-
periments (20—-22), where the two separate recoupling periods
are identified with the excitation and reconversion periods for the
double-quantum coherence, hence the name. The RRE mecha-

nism was also exploited in similar heteronuclear experiments, in
which REDOR recoupling under very fast MAS was used to re-
couple and precisely measure '3C—!H dipolar coupling constants
(23, 24). The results reported here for CSA as our model inter-
action can be generalized to all these classes of experiments.
Note that for n =0 (=S; =0) the angular dependence of the
phase given in Eq. [3] is identical to that acquired under BaBa
recoupling (22) of homonuclear dipolar interactions and under
REDOR recoupling (/7) of heteronuclear dipolar interactions.

A second application of CSA recoupling under MAS is the
CODEX (centerband-only detection of exchange) sequence (7)
for the study of slow tensor reorientations. Figure 1d shows the
pulse sequence. The recoupling periods are now separated by a
rotor-synchronized mixing time of up to several seconds length,
during which the magnetization is stored on =z by 7 /2-pulses. If
reorientation occurs during 7y, d, of Eq. [4] is no longer equal
to &1, and consequently a t,,;,-dependent signal decay is mea-
sured, which depends on the rate of the slow process. In order
to obtain results which are corrected for relaxation phenomena,
a trick is employed: the experiment is conducted with a second
z-filter of duration 7; (dephasing delay) which is usually quite
short (one or several tg, just the time needed for the rotor trigger).
Interchanging t,,;, and 7, constitutes a reference experiment of
equal overall experimental time (equal loss due to 7} relaxation),
in which virtually no exchange occurs between the recoupling
periods. By subtracting the intensity which is left after the ex-
change experiment (E,,) from the reference (E ), and dividing
by E,, a normalized exchange intensity £ =1— E,./Ey is
obtained in the limit of long recoupling times, which is only
a function of the number of molecular sites M accessible to
the dynamic process, Eoo = (1 — f;)(M — 1)/ M, where f; is a
possible fraction of immobile segments. It will be a subject of
investigation here if these relations still hold when the rate of the
process enters the intermediate motional regime. The concept of
using a recoupled interaction for the study of slow dynamics is
general in that, using BaBa recoupling of homonuclear dipolar
interactions, it has also been shown to be possible to study the
reorientation of *C—13C bonds (8).

Intermediate motional regime and numerical simulations.
Theoretical approaches to the description of molecular motions
on the experimental timescale of a MAS experiment are numer-
ous and have been published on almost every level of sophis-
tication. First attempts were limited to the description of the
centerband width in MAS spectra. Waugh and co-workers (17)
used an approach based on semiclassical relaxation theory as
well as on an analytical solution of the stochastic Liouville-von
Neumann equation

9 . a
Ep(t) = L(1)p(1), [6]
where

L)=—if@w) -k (71
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is the Liouville superoperator. Relaxation is neglected in these
equations. K is the statistical operator, whose matrix repre-
sentation is the exchange matrix K containing individual rate
constants k; connecting the different sites, and H(t) is the
Hamiltonian superoperator, the time dependence of which is
governed by MAS and by the sequence of RF pulses applied
to the system. All published solutions of Eq. [6] follow one
essential protocol: as a first step, a suitable eigenvalue repre-
sentation of H has to be identified. Equation [6] can be then
transformed into the corresponding interaction frame. One is
left with a system of coupled differential equations, with a time
dependence being determined by the transformed K . However,
a solution can only straightforwardly be obtained when one re-
stricts oneself to the eigenvalues of H(r) in the centerband ap-
proximation (/7). This means that the MAS time dependence of
H (1) is neglected, which clearly limits the applicability of the
approach to k; < wpg/2m.

For a full solution, the appropriate eigenstate representa-
tion is constituted by the so-called Floquet states, which rep-
resent the individual sidebands; unfortunately, a strict treat-
ment requires considering an infinite number of these states.
The corresponding theory has been worked out by Schmidt
and Vega (25). Some simplifications of this approach, in par-
ticular concerning the truncation of the Floquet space to a
manageable size, are due to Luz et al. (26). An even sim-
pler fully analytical approach was published by Frydman and
Frydman (27), who found that the main features of the spec-
tra could be explained by replacing the time dependence
under MAS during one rotor period by only three subse-
quent evolutions with different appropriately calculated single
frequencies.

These analytical approaches are unwieldy when it comes to
calculating the spin evolution under a pulse sequence, as is re-
quired in our case. Even though we anticipate that suitable mod-
els can be derived to tackle the problem analytically, our first
approach reported here is based on a time-ordered numerical
integration of Eq. [6]. Since the matrix dimensions in Liou-
ville space become exceedingly large upon increasing the num-
ber of spins and/or accessible sites of the dynamic process,
this brute-force approach is computationally very demanding.
Considerable time savings can be accomplished again by trans-
forming into an eigenvalue representation and solving only the
exchange part numerically. In such a time-slicing method, the
MAS time dependence is straightforwardly included in the cal-
culation by letting the eigenvalues vary with time (28). The
calculations for our simple model case (CSA tensor reorien-
tation of a single spin) could clearly be most efficiently tack-
led by this approach. However, sacrificing speed for general-
ity, we chose to modify a homewritten spin dynamics code
based on evaluating the finite-step propagator exp{—i H(t)At}
in Hilbert (product) space. This program is in many respects
very similar to the recently published SIMPSON software
(29).

The formal solution of Eq. [6] is given by (30)

1

A1) = exp / dr'La’) § £(0). 8]

0

The matrix representation of the Liouville superoperator is con-
structed as

L= —iHO @ T+i 10 HI) — K® K. [9]

Thus, generalizing the finite-step integration concept to the ex-
change case would in principle require many diagonalizations
of very large Liouville-space matrices. The dimension of the
Hilbert-space density matrix for N spins and M magnetically
inequivalent sites (assuming an equal number of spins per site)
is already 2V+M=1 while dim(L) is even the square of that! We
are aware of only one publication where a calculation of this
kind has been undertaken for the FID of a four-spin system un-
dergoing a three-site jump (a rotating —-NHj3 group) evolving un-
der MAS and heteronuclear cw decoupling (/4). The Liouville
matrix in this case is only of dimension 162 =256, because the
3-site jump can be mimicked by a permutation between the
3 protons (M =1). Also, the authors identified a further block
structure in the Liouvillian to make the problem amenable to
computer simulations. For a fully general program, it is desir-
able to retain all components of the density matrix, not only the
ones corresponding to, say, single-quantum coherence of one
spin, and to be able to include exchange processes connecting
geometrically independent sites.

Fortunately, the high-temperature approximation itself in-
cludes an immediate reduction of the dimensionality of the prob-
lem (30-32). In essence, p, which represents a state vector in
the 22V+M=1)_dimensional Liouville space, can be considered
as an M-component vector in a composite Liouville space of
dimension M x 22V (30). We write

p) = (p1(0), pa(1), ..., Pu(®)) [10]
for the composite density matrix. g; are the density matrices for
each of the sites. Finally, restricting ourselves to cases of inter-
molecular exchange (i.e., no spin permutations), the exchange
matrix K is easily realized to mix only between each of these
sites, and not between individual components of g;. K is thus
just an M-dimensional coefficient matrix, in the same sense as in
the cases in which it mixes between magnetization components
with individual frequencies in the eigenvalue representation of
the problem. Analogously, each site has its own Hamiltonian
H i, such that the quantum-mechanical part of Eq. [6] leads to
mixing only between the components of the associated p;. Ex-
clusion of intramolecular exchange is not a big restriction, since
spin permutations can also be realized by an appropriate num-
ber of replica p;’s with associated H;’s in which the the spin
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operators are permuted. The extra amount of calculation time
scales only linearly with the number of permutations.

While the formal solution of Eq. [6] necessitates a diagonal-
ization of L, the finite-step approach allows us to separate the
quantum-mechanical part from the exchange part, the latter of
which has just been shown to be interpretable classically. Ne-
glecting exchange, each of the components of pis propagated
using the familiar bilinear transformation in Hilbert space,

pi(t + Ar) = exp{i Hi(t) At}pi(t) exp{—i Hi(t) At} [11]
while the exchange step is calculated as
Pt + Ar) = exp{—KAz1}p (1). [12]

These two steps are executed sequentially, and a complete cycle
represents the true evolution for one At¢. Only one diagonal-
ization of the matrix K is needed in the whole calculation. As
an example, the exchange matrix for our model two-site jump

reads
—k k
(3 5)

while p(¢) has only two components representing the coherences
and populations associated with the individual sites.

For best calculation efficiency, a small number [ of propaga-
tor sets (M individual ones) covering one rotor period, usually
| =20-40 depending on the timestep necessary to achieve con-
vergence for the quantum-mechanical part of the evolution, can
be prepared at the start of the calculation for each powder orien-
tation. If the rate constants in K become very high, the timestep
At =1/tg might be too big. In such cases, we still prepare /
MAS propagators separated by //tg, but with a new, shorter
timestep At,,:

[13]

N A 1 2 -1
U;(t) =exp{—iH;(t)At,}; t=0,—, —, ..., .
TR TR TR

[14]

Equations [11] and [12] are then still applied in turns using the
shorter At,,, but with a constant MAS propagator for each se-
quence of At/At,, steps. In this way, a whole pulse sequence
can be calculated without any diagonalizations during the spin
evolution calculation. The calculation time is thus mainly de-
termined by the speed at which matrix multiplications can be
performed. Moreover, if finite RF pulses are to be included, /
additional propagator sets must be prepared for each irradia-
tion pattern at a given time. Our program is so far limited to
S-pulses, which are simple spin space rotations, the propagators
for which are calculated before entering the sequence calculation
anyways.

The separation of the quantum-mechanical and the exchange
part of the time evolution has another very beneficial implica-

tion: when an exchange experiment is to be simulated, where
the magnetization is stored on +z during a comparatively long
mixing time, the exchange process can be simulated by omitting
the quantum-mechanical part of the evolution calculation. This
is strictly correct only when the interaction Hamiltonian com-
mutes with [ . (e.g., no spin diffusion), but this condition should
hold for most of the scenarios of interest. The remaining evolu-
tion due to exchange need moreover not be simulated in small
steps of At,,; rather, the exponential of the exchange matrix,
exp{—KAt,}, can be calculated by just one diagonalization
of KAt,,. The ensuing propagation of pis then performed in
a single step. Slow exchange phenomena over very long times
can thus be simulated with virtually no increase in the overall
calculation time.

3. EXPERIMENTAL

Simulations. The validity of the algorithm presented above
was checked by repeating several simulations detailed in the ref-
erences given in the above theory section. In all cases, our results
matched the ones from the references as close as it was possible
to gauge by visual inspection. The timestep Af was 2 us in all
cases, while using a shorter At,, (down to 0.2 us) was bene-
ficial only for the sideband pattern calculations in Section 4.2,
first part, where the fast-limit case was reached.

Pulse sequences. Pulse sequences as schematically shown
in Fig. 1 were used for all experiments. For simplicity, 'H prepa-
ration and CP pulses as well as decoupling periods were omitted
in the figure. Decoupling was applied during the whole course
of the sequences, with the exception of the CODEX sequence
in Fig. 1d, where it is omitted during t,,;; and 7. T, contains
a rotor trigger, which is timed relative to a trigger at the start
of the pulse sequence, to ensure the same inital rotor phase
at the start of both recoupling periods. For the CSA sideband
spectra, incrementable #; evolution periods were added to the
sequence in Fig. 1a. In addition, a z-filter is appended to ensure
an amplitude-modulated signal in #;, and hence pure absorption-
mode lineshapes in the 2D frequency-domain spectrum.

The phase cycles were the same as those conventionally used
in CP experiments, i.e., eight-step cycles comprising spin tem-
perature inversion of the 'H preparation pulse and CYCLOPS
of the '3C CP pulse for quadrature artifact suppression. Pulse
imperfections in the 7 -pulse trains were reduced by applying xy-
4 phase cycling (33). An additional two-step cycle was added
for sequences with z-filters in order to better suppress trans-
verse signals surviving these. This is particularly important for
DMS, which has a rather long 75 even without decoupling. For
the CODEX experiment, we implemented a new and improved
phase cycle (34), which was developed for this purpose.

While the reference experiment for the recoupled echo
(Fig. 1b) as proposed above is successful in serving as a normal-
ization for intensity loss which is associated with reorientations
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of the nonrecoupled CSA tensor, it does not account for other
adverse effects. Although the xy-4 phase cycling removes most
problems associated with the & pulse trains, imperfections are
still responsible for some signal loss. Moreover, heteronuclear
recoupling effects due to interference of finite pulses with the
decoupling field can be very large (35). In order to avoid such
effects, the decoupling field should be three times higher than
the field associated with the recoupling pulses. This condition
is hard to meet when a further requirement is that recoupling
pulses should be as short as possible in order to obtain results
which can be described by theory using the §-pulse approxima-
tion (in our case 2 us for the 2.5-mm probehead). Therefore, we
used a reference experiment which has virtually the same duty
cycle as the recoupled echo (Fig. 1c), but does not exhibit CSA
recoupling to a first approximation. This is achieved by moving
the m-pulses located in the middle of each Ty in the recoupling
sequence towards the end of the same rotor cycle, thus forming
pairs of -pulses. Using a crystalline substance without interme-
diate motions of '3C (r-alanine), we checked the equality of the
recoupled and the reference echo. Simulations confirmed that,
considering only CSA reorientations, intermediate motional ef-
fects on a single Hahn echo and on the reference echo with many
pulses and g spacings are identical.

Note that in the light of the large effects introduced by the
finite pulses to be reported below, it is a rather complex task
to find a reference pulse sequence which also compensates the
contribution from the interference of intermediate motions and
such higher-order effects. The reference experiment reported
here represents a first, pragmatic approach towards studying
the CSA effect in an isolated fashion. Truly quantitative results
might only be expected from an inclusion of such effects into
the simulations, which is outside the scope of this paper, or from
the use of hardware which allows the application of considerably
higher pulse power levels.

NMR experiments. All experiments were performed on a
Bruker Avance 500 solid-state NMR spectrometer, equipped
with an 11.7-T wide-bore UltraShield™ magnet, and running
at Larmor frequencies of 500.2 and 125.8 MHz for protons and
carbons, respectively. The recoupled echo measurements were
performed using a 2.5-mm MAS probe with typical w; /27 fre-
quencies of 125 kHz for '3C and 'H pulses, and 125 kHz for
TPPM decoupling (36). Decoupling during the 7 pulse trains
was increased to 156 kHz. The sideband and CODEX applica-
tions were measured with a 4-mm MAS WVT probe. Typical
power levels corresponded to 62.5 kHz for pulses and 'H decou-
pling during acquisition, and 83.3 kHz for decoupling during the
pulse trains. In both cases, cross polarization was achieved using
aramp (37) with typically 1024 steps applied to the proton chan-
nel ranging from 80 to 100%. The carbon spin lock was centered
on the sideband match condition w; ¢ =w; g — wg, With w; g
corresponding to the 90% level of the ramp. These power levels
were decreased by about 30% relative to the single-pulse powers
given above.

An important issue is the temperature calibration of MAS
NMR probes. Considerable cooling (Joule-Thomson) and heat-
ing (bearing friction) effects occur particularly at fast spinning
(38, 39). Both bearing and drive pressures, as well as the result-
ing spinning frequency, influence the sample temperature, 7.
Using Sm,Sn, 07 as a chemical-shift thermometer, we fitted 7,
as obtained from the isotropic ''°Sn shift by numerically solving
the Ty — 6 relation given in (40), to the equation

T, = ag+ a1y + arvg + azvrTy, + 041)1% + asvlzaT;, + aGsz.
[15]

The last two terms were not necessary for a good fit in
Refs. (38, 39) (ag was only significant for our 4-mm probe).
Presumably, they are only important when very large tempera-
ture ranges are covered. The effect of drive and bearing pressure
isincluded in vg, where care must be taken to have reproducible
pressures for a given vg. Also, the mode of measuring the tem-
perature, T3, is important. Our probes are equipped with separate
PT100’s measuring the bearing or VT gas temperature before it
reaches the rotor, and when it leaves the stator. These tempera-
tures can be different by more than 10 K! Reproducible results
for equilibration times of approximately 5 minutes after temper-
ature changes of 10 K were obtained by calibrating at the output
and the input of our 2.5- and 4-mm MAS probes, respectively
(our 2.5-mm probe has a separate input for VT air). A different
setup necessitates much longer equilibration times (more than
20 minutes). We do not give the fitting parameters a; here since
they are probe dependent and must be determined for every indi-
vidual probe. Temperature gradients in a full rotor can be severe
in particular for 2.5-mm MAS probes. We measured gradients
of 4-6 K at the high (340 K) and low (250 K) temperatures at
30 kHz MAS. The gradients under the experimental conditions
used in this paper are not bigger than 1.5 K.

Sample. Dimethyl sulfone ((CH3),SO,, DMS) was purcha-
sed from Aldrich and used without further purification. The
chemical-shift parameters for the CH;z-group were taken from
Ref. (15): §/2m = 37.3 ppm, n = 0. The unique principal axis
of this symmetric tensor reorients by § = 108° as a result of a
two-site exchange process, which is more easily visualized as a
180° jump of the molecule around an axis through the S atom,
bisecting the C—S—C angle. The theoretical rate constants were
calculated from the Arrhenius equation

—Eq/RT.
’

ko=4x10"%s7",  E, = 83kJ/mol.

[16]

kth = k()e

The activation parameters were published in (/6). This paper
contains a combination of new measurements and a wealth of
literature data on NMR-determined rate constants for DMS.
To our knowledge, it is the most reliable database for the
Arrhenius fit.
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4. RESULTS AND DISCUSSION

DMS is a convenient model system for studying the interme-
diate motional regime (as seen relative to its '*C tensor width,
8/2m = 4.7 kHz at 125.8 MHz) since its correlation time spans
the whole region from the slow limit at around 0°C (k,;, =
5 Hz) to the fast limit right below its melting point of 108°C
(k:, = 170 kHz). First, we present simulations using the param-
eters for DMS in order to highlight the main effect of inter-
mediate motions on recoupling and then prove our findings ex-
perimentally. Second, we show how this knowledge helps us in
understanding actual applications of recoupling techniques.

It should be again emphasized that the main concern of this
paper is to gain a first understanding of the effect of intermedi-
ate motions on the recoupling of a single interaction. In order

recoupled echo

MAS rate:

4 kKHz

8 kHz

16 kHz

to demonstrate this, we show simulations in which CSA is the
only interaction being taken into account. As will become ap-
parent from the experimental data, adverse effects which are
introduced by experimental imperfections (finite pulses) and
are mediated by other interactions (homo- and heteronuclear
dipolar couplings) contribute to the signal. Consequentially, we
attempted to isolate the CSA effect experimentally by using a
reference experiment.

4.1. The Effect of Recoupling

Simulations. Figure 2 presents results from simulations of
the intensity of a recoupled echo (Fig. 1a) and the reference
echo (Fig. 1b or 1c) for three different spinning speeds. The
intensities are represented as 2D surface plots as a function of

reference echo

FIG. 2. Intensities for the recoupled echo (Fig. 1a) and reference echo (Fig. 1b or 1c) experiments, as obtained from simulations using the methyl 3C CSA
tensor parameters for the two-site jump in DMS, as a function of the correlation rate, k, and the total echo delay, Tecpo-
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the correlation rate k and the echo delay (in ms). Note that the
jump rates cover only the region where k < §. As a general trend,
the intensity is seen to decrease with increasing echo delay and
increasing k, as the intermediate motional regime is entered. As
is also to be expected, the decay of the reference echo is lessened
when spinning at higher frequencies, since at very high vg, the
anisotropic interaction, whose angular fluctuations lead to signal
loss, is simply averaged out.

Most importantly, however, the signal loss of the recoupled
echo is hardly dependent at all on the spinning frequency. Con-
ceptually, this observation is very attractive in that wg should
not appear as a parameter in a theoretical model describing this
decay. An analytical description of the phenomenon is not yet
available, but the simulations show that it is apparently the aver-
age recoupled tensor, as described by Eq. [3], whose fluctuations
govern the decay.

In the following, we will use the ratio of the recoupled to the
reference echo intensities as an experimentally accessible entity,
and analyze its dependence on k more quantitatively. As far as
the ensuing comparison with experimental data is concerned, it
must be remembered that signal loss during NMR experiments
occurs as a result of various factors, such as the interference of
heteronuclear decoupling and motions of the C—H dipolar tensor
(12, 14), or recoupling effects of finite pulses (35). Such effects
are not included in the simulations. Howeyver, if the reference
experiment meets the requirement of being subject to the same
adverse effects, the ratio I,/ I, should reflect only the effects
of intermediate motions on the recoupling. Figure 3 shows the
decay of this ratio for different rates, simulated at 16 kHz MAS.
If a quantitative study along these lines is intended, fast spinning
with wg > § is very important in order to retain as much signal
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FIG. 3. The intensity of the recoupled-echo experiment divided by that
of the reference-echo experiment as a function of the motional rate, k, of the
jump process in DMS, as obtained from simulations for 16 kHz MAS. The
lines correspond to fits to the simulated points using single exponential decay
functions. For the fit of the data at k =1000 Hz only, an offset from the zero
level for 7,p — o0 has been included in the fit.
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FIG. 4. T{C" l, as determined from fits of the simulated data in Fig. 3 to
single exponential functions (M), plotted versus the rate constant of DMS, k.
The dashed line is a linear fit to the first five points in In—In representation, the
thick solid line has a slope of —1. Experimental values (see Fig. 5) are shown
as open circles (O).

as possible for the reference experiment, as the final error mar-
gins sensitively depend on this. The general conclusions to be
drawn from our analysis will thus only be valid for this regime.

The data in Fig. 3 can be well-fit to single exponential func-
tions, the decay time constants of which (7,7 ") decrease with
increasing k. Only when the rate approaches k& §/2mx does
Liepi/ Loy decay to a finite value, and the data no longer fit to
a simple exponential. This is indicative of what happens when
the fast limit, k£ >> 8, is approached. In this case, recoupling will
not be influenced by the motion any more, the echo formation
is well behaved again and follows Eq. [4], with phase factors
depending on the dynamically averaged tensor. Figure 4 depicts
T, vs k in a In—In plot. A straight line represents a very good
representation of the functional dependence. Fitting of the first
five points (k = 1-316s7") yields

In 7, = 0.013 — 0.984 In k. [17]
Thus, the relationship can be approximated well by
" = 1.01/k. [18]

The proportionality factor is close to one by mere chance and
is dependent on 6 and the geometry of the process, as further
simulations indicated.

Experimental confirmation. Recoupled and reference echo
experiments, as explained under Pulse sequences, were per-
formed on DMS at different temperatures and a spinning fre-
quency of 16 kHz. Even though the simulations suggest that the



MAS RECOUPLING METHODS 25

1.0+
. = 293K
o 293K, ref.
08+ * 303K
1+ o 303K, ref.
% + + 328 K, norm.
OC) 0.6
kS +
: b +
£ +
© 0.4+
0.2 4
0.0 — T T T T T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8
Teeno / MS
FIG. 5. Raw data from recoupled (solid symbols) and reference (open

symbols) echo experiments performed on DMS at different temperatures with
wp /2w =16 kHz. The solid lines are fits using a single exponential decay func-
tion. The crosses represent already normalized data, I,.p;/ 1y, for illustration of
the intensity plateau, which is reached upon entering the fast limit. In this limit,
the exponential decay approximation breaks down.

reference echo should decay only very slowly under these con-
ditions, the data in Fig. 5 indicate that this is not the case. In fact,
in particular at lower temperatures, the decay of the reference
echo is only slightly slower than the decay of the recoupled echo.
Adverse effects such as the interference of finite 7 pulses or dy-
namics with the heteronuclear decoupling are therefore large.
Note that a similarly strong decay was observed for the methyl
group of L-alanine, where in the absence of motion the large loss
of spectral intensity with increasing recoupling time was almost
identical for recoupled and reference echo, proving the validity
of the reference experiment.

Reliable results could be extracted from the data by fitting
the individual decays and calculating 7, Tas 1/ (T, hepy—1 _

(Tzref )~!). The data thus calculated are plotted in comparison
with the results from simulations in Fig. 4 (open circles), where
the rate constant, k,,, was determined from the sample temper-
ature by use of Eq. [16]. The agreement of the experiments and
the simulations is good, confirming the effect of intermediate
motions on recoupling as discussed above. Deviations occur in
particular for lower temperatures, where a larger error due to
the small difference of T,”**” and T, must be expected. We
would expect that better results could be obtained from sub-
stances with reorienting quaternary carbon atoms, where the de-
coupling problem is less serious and the referencing procedure
is less critical.

The above analysis is limited to k <§/2m. The crosses in
Fig. 5 show the decay of the recoupled echo at 7 =328 K (cor-
responding to ky, = 2.42 kHz), which is already normalized by
¢*!/T:" . The data confirm the existence of an intensity plateau

when the process becomes fast on the experimental timescale.
For increasingly large k, the recoupled tensor is the fast-limit
averaged tensor, and the motion will not effect the recoupling
process any more. The measurement of tensor parameters over
the whole range from the slow to the fast limit is the subject of
the next section.

4.2. Applications

As we were primarily concerned with illustrating the effect
of the onset of intermediate motions on the recoupling using
computer simulations and idealized experiments, we will now
focus on pulse sequences which are used in practical applica-
tions. These results will be serve as examples for the limits and
possibilities posed by the interplay of recoupling and dynamics
in general. The methods used here were explained in Section 2.

Influence on tensor parameter measurements: CSA sidebands.
A comparison of experimental and simulated recoupled CSA
sideband patterns is shown in Fig. 6. Equation [5] describes the 7,
time domain signal of an incremented recoupled-echo sequence
(Fig. 1a), which has been Fourier-transformed to give the side-
band spectra. Upon passing through the intermediate motional
regime (k & §/2m), a clear transition from spectra dominated by
about 4 sideband orders to spectra dominated by 2 sideband or-
ders can be observed. Notably, spectra different from the limiting
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FIG. 6. Spinning sideband patterns, as obtained by rotor encoding of the
CSA tensor of DMS using the pulse sequence in Fig. 1a. For each spectrum,
2 rotor periods of #; evolution (32 individual spectra) were measured, extended
10 times, and zero-filled to 512 points prior to Gaussian apodization (3 kHz)
and a cosine Fourier transformation. The experiments were performed using a
4-mm MAS system with a spinning frequency of 12 kHz and a constant overall
recoupling time of 8 tg (N =8) at different temperatures. The rate constants,
kqm, were calculated from Eq. [16]. The corresponding patterns on the right hand
side are full computer simulations of the pulse sequence, as described under
Theoretical Background. The integral intensities within each of the columns are
to scale; see the caption of Fig. 7 for details.
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FIG. 7. Anisotropy parameters, 8, as obtained from fitting the sideband spectra in Fig. 6a; and integral intensities of the sideband patterns (b). In (a), the
limiting values for § are denoted by thick dashed lines. In (b), the absolute intensities were determined by comparing the intensity of the first slices (1 = 0) of the
2D spectra with regular cross-polarization spectra. The latter featured a Hahn echo and a final z-filter, the lengths of which were matched to the equivalent delay
times of the CSA recoupling sequence. The data in (b) were supplemented with intensities of individual #; =0 slices at different temperatures. Open circles (O)
are experimental points; solid squares (l) are from computer simulations. Dotted lines are guides to the eye.

cases are only seen in a very narrow interval where k ~ §/2m.
This is also the region where the integral intensity of the spectra
is at a minimum.

Before discussing the intensity issue in more detail, we turn
to a quantitative determination of the tensor parameters. Both
the experimental and the simulated spectra were numerically
fitted to spectra calculated from Eq. [5] using a computer pro-
gram comprising the Levenberg—Marquardt least-squares fitting
algorithm (47) and a numerical calculation of the derivatives
of powder-averaged spectra with respect to the fitting para-
meters. In theory, the CSA tensor of DMS is symmetric (n = 0)
in the static limit, with §/27 =4.7 kHz, and almost perfectly
asymmetric (n=0.996) with §/27 =2.3 kHz in the case of
rapid averaging over the two positions. These limiting cases
are indeed found, as shown in Fig. 7a. Fitting the simulated pat-
terns, the best-fit (lowest x2) always yielded an 7 close to 0 for
k < 5kHz, and n = 1 for larger k, confirming that the patterns
closely resemble the limiting cases over very wide ranges of
rates.

Our experimentally determined § in the static limit is slightly
smaller (4.4 kHz) as compared to the literature value. One pos-
sible complication is the instability of the fit with respect to
the simultaneous fitting of § and 1. While fitting n to simulated
spectraincluding intermediate motions is still possible with good
accuracy, slight experimental errors can hamper the determina-
tion of 1. The asymmetry is not very sensitively encoded in the
sideband patterns, and it is known that the method is generally
not well suited for its determination (/8). However, in a sep-
arate study (42) it was found that § is always accurate within
about 10% even when 1 is not known. The best-fit n to the ex-
perimental patterns varied from 0.3 to about 0.5. Comparing the
experimental and simulated values of § in Fig. 7a, a shift over
approximately a quarter decade in k is apparent. This shift might
be attributed to a temperature calibration problem—1/4 decade

in k corresponds to about 5 K. Even though we took good care to
perform the experiments under the same conditions as the tem-
perature calibration measurements, it cannot be excluded that
variations in drive and bearing pressures, which occur using ro-
tors of different quality and filling, are a part of the problem,
especially at fast MAS (12 kHz).

The shift of experimental vs simulated data in k is also
observed for the integral intensities of the sideband patterns
(Fig. 7b). This plot is only to be interpreted as a general trend,
since the determination of absolute intensities for experiments
conducted at different temperatures is an experimentally chal-
lenging task. Our normalization is to be taken as a very crude
one—the intensity of the first slice of the 2D data was com-
pared with a simple CP sequence followed by a Hahn echo and
a z-filter. Nevertheless, the intensity is found to pass through a
minimum at approximately k &~ §/2m. The much bigger effectis
a general loss of overall signal at high T, as reflected in the error
bars. The main influencing factor is the interference of the dy-
namics of the CH dipolar coupling tensors and the cw decoupling
(12), which leads to serious line broadening (as was observed in
the direct dimension), and consequently to substantial relaxation
under a long pulse sequence. Despite all the complications, the
position of the intensity minimum represents a good estimate of
the rate constant at that temperature.

Influence on rate constant measurements: CODEX. At
around ambient temperature, the jump process in DMS in still
slow enough to be studied with conventional exchange tech-
niques, in which a mixing time is inserted between free evo-
Iution periods. During these evolution periods, the transverse
coherence acquires a phase factor which encodes the CSA ten-
sor orientation (or other interactions subject to change upon ex-
change, such as isotropic shifts or dipolar couplings). In the last
few years, a variety of 1D MAS exchange methods have been
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developed (43—45), the latest of which, CODEX (6), is very
attractive in that it can be applied at very fast MAS (34), be-
cause the essential information is extracted from the centerband
intensity only. This is possible because the CSA tensor infor-
mation is encoded via recoupling, as explained in the theory
section.

Increasingly fast dynamics is expected to interfere with the
principle of measurement in CODEX in different ways. First,
since the mixing time for the reference experiment cannot be
arbitrarily short (at least one or a few rotor periods), it can be
expected that if appreciable exchange occurs during this refer-
ence period, the expected plateau value of the absolute exchange
intensity (E.) decreases. Usually, it depends only on the frac-
tion of immobile segments and the number of sites accessible to
the process; for the two-site exchange process in DMS, a value
of 0.5 is to be expected.

When performing CODEX measurements on DMS, we in-
deed found a decrease of the plateau value. In order to eliminate
the effect of exchange during the finite reference mixing period,
we changed the basic experimental protocol: when dealing with
very fast motions, the mixing times needed to reach the equi-
librium (detailed balance) are short enough for the optical rotor
trigger to be suspended in favor of a perfectly timed mixing pe-
riod (N tg). The minimum t,,;, is then just 1 T (83 us at 12 kHz
MAS). The final dephasing delay for the first experiment is then
chosen at least as long as the longest mixing time, and a series of
constant-time spectra can be performed by gradually increasing
Tix While at the same time decreasing t,;. From this series, the
correlation time as well as the reference intensity for 7, = 0
can easily be determined by exponential fitting. The absolute
value for the intensity plateau is then obtained in the usual way
as E(Tyix — 00)/ E(Tmix = 0).

Results from CODEX experiments at four different temper-
atures are shown in Fig. 8. With the exception of the lowest
temperature, where k was low enough to use the trigger without
a sacrifice in accuracy, the mixing time was incremented in full
rotor periods as described above. In all cases, the rate constants
could reliably be fitted, as can be seen in Table 1, where the ex-
perimentally determined rate constants are compared with the
ones calculated from the temperature dependence (Eq. [16]).
The agreement is very good. However, the plateau values are
still found to be much decreased at higher temperatures. Since
the extrapolation to t7,,;; = 0 was used, finite mixing time effects
can be excluded.

In order to confirm that intermediate motional effects on re-
coupling are responsible for this effect, we performed com-
puter simulations of the full CODEX sequence including the
mixing time. Again, the calculations were performed for a sin-
gle spin exhibiting CSA. The time-saving aspects when deal-
ing with calculations of comparatively long mixing times were
explained in the theory section. Using the correlation rates as
determined from the fits, we obtained the thick grey curves in
Fig. 8. These decay with exactly the right rate constant and
show the characteristic decay of the plateau (see Table 1). Note
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FIG. 8. CODEX absolute exchange intensities, E, measured on DMS at
12-kHz MAS and 107, total recoupling time. Dashed lines represent exponential
fits to the data, which yielded the indicated rate constants (kex, = 1/27.). These
constants served as a basis for full computer simulations of the CODEX exchange
signal, which are shown as thick grey lines. Table 1 gives a comparison of the ex-
perimental rate constants and plateau values with those calculated from the
sample temperature.

that the calculated plateau value for the experiment at 288 K is
slightly bigger than 0.5 because of the finite recoupling time
(Trepr = 10 TR rather than 00), where the signal oscillates slightly
around 0.5.

Most notably, the simulations underestimate the decrease of
E grossly. We must therefore conclude that further effects of
motions, such as their interference with effects involving finite
pulses and cw decoupling, have a considerable influence. This
was somewhat unexpected, since such effects should be the same
for any mixing time. For an interpretation, let us first consider
the intermediate motional effects on the recoupling which were
reproduced in the simulations.

The principle of CODEX depends on a loss of correlation
between the tensor orientations during the first and the second
recoupling period. These are represented by the phase factors
®,(0) and ®,(0) in Eq. [4]. In the slow limit, correlation loss

TABLE 1
Comparison of Calculated and Measured Rate Constants (kex, =
1/21,) and Intensity Plateau Values for DMS, as Determined from
the CODEX Data (Fig. 8)

T/K kon® [Hz ke /Hz Ex(exp)  Eoo (sim)
288 354+43 52.8 £0.50 0.495 0.502
307.5 319+ 34 208 + 22 0.465 0.480
313 564 +57 575 £ 64 0.415 0.451
320 1130 £ 110 909 £ 136 0.241 0.406

Note. The error due to temperature calibration is estimated to be =1 K.
¢ Calculated from Eq. [16].
b Errors margins are based on the fit quality.
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occurs only as a result of jumps during a long mixing time. When
the correlation diminishes additionally due to motions during
the recoupling periods, the residual correlation loss, as mea-
sured by comparing experiments with long and vanishing 7,
no longer corresponds to the full amplitude—and the plateau,
which measures the amplitude of the correlation loss during ;.
only, decreases.

Coming back to the unexpectedly low plateaus in the exper-
iments, we must conclude that the interference effects between
the motion and the decoupling (as mediated by dipolar cou-
plings, not the CSA), contributes to the CODEX signal in a
coherent fashion; i.e., there must be a correlation of the CSA-
mediated relaxation due to motion and similar effects involving
the heteronuclear dipolar coupling tensors. Terao and co-
workers (35) have indeed identified a coherent higher-order re-
coupling effect of heteronuclear dipolar couplings due finite &
pulses applied to a static sample under conditions of cw decou-
pling. Similar effects can be expected to be present in the case
of the REDOR-type recoupling of '*C CSA in CODEX.

In summary, we have shown that even though CODEX is ro-
bust enough to be used to measure fast rate constants in a region
approaching the intermediate motional regime, the plateau in-
tensities become rather ill-defined and should not be used for a
quantitative evaluation. The argument can, however, be turned
around by stating that a decrease of the plateau value at higher
temperatures is indicative of intermediate motions. Such an ob-
servation might serve as a qualitative indication of correlation
time distributions in complex systems.

5. CONCLUSIONS

As far as methodological aspects are concerned, an approach
towards more efficient numerical simulation of the spin evo-
Iution under complicated pulse sequences including molecular
dynamics has been presented. In essence, the calculation of the
normal quantum-mechanical evolution and the exchange can be
separated and carried out sequentially, if only the simulation time
step is sufficiently short. The approach is based on a lineariza-
tion of the Liouville space representation of the problem, which
is possible on account of the high-temperature approximation.
Therefore, the dimensions of the involved matrices can be much
reduced. The cost of the calculation increases only linearly with
the number of different sites accessible to the dynamic process.
An implementation of this approach into existing spin dynamics
codes such as SIMPSON (29) is straightforward.

Using simulations and experiments, it was shown that recou-
pling of a specific interaction (here, the CSA as an example)
leads to signal loss when angular reorientations of the recoupled
interaction enter the intermediate region. This observation is im-
portant for any kind of recoupling in general: in real systems,
where many different interactions (CSA, homo-, and heteronu-
clear dipolar couplings) are present, fast spinning at the magic
angle removes the influence of such motions, while recoupling
selectively reintroduces not only the desired interaction, but also

amplifies the sensitivity of the experiment to angular motions of
the associated tensor.

We found a very simple inverse relationship between the rate
constant of the process and the apparent relaxation time, T,
under the recoupling sequence. The apparent independence of
the recoupling-induced decay on the MAS frequency, as seen
in the simulations, suggests that the correlation loss between
the phases attributed to the average recoupled tensor (®; in
Eq. [4]), which do not depend on wg, is the dominating effect
at least in the slow branch of the intermediate motional regime.
A theoretical analysis of this model picture in terms of classical
relaxation theory is currently underway.

When dealing with applications of recoupling methods on
systems with well-defined intermediate motions, we have shown
that the apparent transverse relaxation effect and its effect on the
integral intensity of the spectra can be used to estimate rate con-
stants, in particular when the intensity minimum, which occurs
when k is approximately equal to the interaction parameter in
Hz, can be identified. We have further shown that the experi-
ment used to calibrate the absolute spectral intensity has to be
chosen carefully and that effects introduced by finite pulses can
be large and must ideally be identical in the recoupled and the
reference experiment. Generally, recoupling pulses should be as
short as possible, and the use of weakly heteronuclear-coupled
quaternary carbon atoms as dynamic probes is more promising
than the methyl case reported here.

The problem of finite pulses is actually much alleviated for
applications in weakly coupled mobile systems, since the MAS
frequency and thus the duty cycle can be decreased correspond-
ingly. Therefore, with regards to the application of 'H double-
quantum recoupling techniques for the determination of weak
residual dipolar coupling constants in mobile systems exhibit-
ing a large number of coexisting timescales such as polymers
(9), the strong dependence of the signal decay on the size of
the fast-limit preaveraged interaction independent of the MAS
frequency shown here represents a first step towards interpret-
ing the full 'H double-quantum build-up and decay in terms of
intermediate timescales of polymer dynamics. Work along these
lines is currently underway in our lab.

Our findings indicate further that popular recoupling meth-
ods such as REDOR, which rely on measuring and fitting ab-
solute intensities as obtained through referencing, most likely
yield erroneous results when the measured interaction tensor
undergoes molecular motions on the timescale of the recou-
pling. For REDOR in particular, recoupling 7 pulses are usu-
ally omitted (!) on the nonobserve channel for the reference ex-
periment. The large discrepancy between effects of motions on
recoupled versus free evolution has convincingly been demon-
strated herein. We have recently presented a way of perform-
ing the REDOR reference intensity measurement, during which
recoupling is still active (24), and which should therefore cor-
rect not only for homonuclear dephasing effects (which was the
subject in that paper), but also for motionally induced signal
decay.
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Although the spectral intensity is much affected over a very
wide range of rate constants under recoupling, the direct mea-
surement of tensor parameters, as achieved by monitoring the
rotor-encoding of the interaction tensor in terms of sideband
pattern analysis, is still possible with very good accuracy. Such
methods are therefore to be preferred over intensity-based ap-
proaches. Unfortunately, only a small part of the large number
of the many powerful recoupling techniques described in the lit-
erature has the desirable amplitude-dependence (as opposed to
phase-dependence) of the average Hamiltonian on the rotor po-
sition. Examples are REDOR, applicable to CSA and heteronu-
clear dipolar recoupling (for sideband-pattern based REDOR
implementations see (23, 24)), and BaBa or DRAMA (46) for
homonuclear dipolar recoupling.

Finally, it was demonstrated that CODEX, a 1D exchange
technique using recoupling, can still be applied for the deter-
mination of rate constants in the vicinity of the intermediate
motional regime. Even though the method is compensated for
most adverse effects under normal conditions, the analysis of
the plateau values of the exchange intensity in terms of motional
sites and immobile segments is not possible any more.
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Abstract

We illustrate the application of high-resolution homonuclear 'H double-quantum magic-angle spinning solid-state
NMR recoupling experiments for an efficient measurement of segmental order parameters for polymers with methyl
groups. A theoretical treatment of the spin dynamics of methyl groups during a corresponding pulse sequence including
experimental imperfections is given. The applicability of the analytical result for the extraction of dipole—dipole coupling
constants from experimental data is illustrated for a model substance. Experiments on entangled polymer melts indicate
that double-quantum spectroscopy on methyl groups is well-suited for the extraction of very weak coupling constants,
which permit the calculation of well-defined order parameters. © 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Homonuclear 'H double-quantum (DQ) NMR
spectroscopy combined with high spectral resolu-
tion as achieved by fast magic-angle spinning
(MAS) was recently shown to be a very powerful
and efficient method for the determination of seg-
mental order parameters in polymers above 7, from
residual dipole—dipole coupling constants [1,2]. The
great advantage of this technique over the more
conventional approaches using solid-echo-type
techniques in static samples [3—5] is that by virtue of

" Fax: +49-761-203-6306.
E-mail address: kays@makro.uni-freiburg.de (K. Saal-
wachter). URL: www.chemie.uni-freiburg.de/makro/kays.

MAS, the multi-spin response of a system of many
proton spins breaks up into a sum of pair couplings
[6]. Individual dipole—dipole coupling constants
associated with different proton pairs can then be
determined separately from a few two-dimensional
experiments. In this way, localized order parameters
associated with specific segment-fixed proton—pro-
ton coupling directions become accessible [2].
Moreover, the high chemical-shift resolution of the
MAS spectra makes the method applicable to
complex multi-component systems, where the dif-
ferent components can be analyzed independently.

Using such methodology, Spiess and coworkers
[2] investigated residual dipolar couplings between
the protons of poly (butadiene) in different polymer
systems such as homopolymer melts, PS-PB elas-
tomers [7], or PS-b-PB di- and triblock copolymers

0009-2614/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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[8]. In their work, the DQ experiments had to be
referenced by the measurement of at least one in-
dividual coupling by an alternative method, be-
cause the similar relative magnitude of the different
couplings within one monomeric unit leads to
strong deviations from the theoretical DQ build-up
behaviour. Referencing was performed with the
rather strong intra-CH, coupling, which could be
extracted from a simple single-pulse MAS sideband
spectrum. This strategy is not applicable any more
in mobile or heterogeneous systems, where regular
MAS sidebands cannot be observed or are strongly
distorted due to susceptibility effects, respectively.
Therefore, in order to fully exploit the potential of
the methodology, a strategy for the extraction of
coupling constants from DQ recoupling experi-
ments alone is needed for general applicability.

In this contribution, we show that methyl
groups represent fairly well-isolated spin systems,
which can serve as powerful local probes of poly-
mer dynamics by permitting the desirable ab initio
determination of order parameters. We present the
theory for DQ excitation in methyl groups using a
MAS recoupling sequence, discuss the influence of
finite-pulse effects and assess the perturbing effect
of couplings to remote protons with the help of
computer simulations. We demonstrate the prin-
ciples of the method by way of experiments on a
model compound and show that very low order
parameters of less than 1% can reliably be deter-
mined in melts of highly mobile poly(dim-
ethylsiloxane) (PDMS) chain without the need of
calibrating the method.

2. Theory

The behavior of methyl groups in '"H double
and triple quantum (TQ) MAS experiments under
static and quasi-static excitation conditions was
described by Roy and Gleason [9] and Spiess and
coworkers [10,11], respectively. However, when
dynamics of the methyl groups leads to a sub-
stantial reduction of the dipole-dipole coupling
constants, recoupling techniques [12] must be used.
Data from DQ MAS recoupling experiments are
usually analyzed in terms of the spin-pair ap-
proximation [13], which is not applicable for the 3-

proton system of a methyl group being charac-
terized by three identical dipole—dipole coupling
tensors as a result of fast three-site jumps.

As TQ as compared to DQ coherences can
generally not be excited with high efficiency, we
focus on the application of DQ MAS recoupling
pulse sequences with pure single-rotor period av-
erage DQ Hamiltonians of the type

_ o
o =2l 5 57 a1
J=1 i<
@D I
= TQ (Dxx + Dyy)v (1)
R

where the double sum runs over the three dipolar-
coupled 'H pairs in the methyl group. T»., are the
familiar irreducible tensor operators [14] associ-
ated with DQ excitation; D; are the equivalent
toggling frame representations of the sum spin

”\ detection

(b)
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Fig. 1. (a) Schematic of a DQ NMR pulse sequence. A z-filter
of length 74 is used to suppress unwanted coherences and to
simplify the DQ selection phase cycle; (b) one cycle of the BaBa
DQ excitation and reconversion pulse sequence used in the
experiments. Below, the modulation functions of the different
toggling frame states of the average Hamiltonian are plotted;
dotted lines correspond to J-pulses, and thick solid lines to
pulses of finite length.
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operators for dipole-dipole coupling. @pq() is a
dipolar phase factor, which may be calculated
from average Hamiltonian theory (see below). The
argument of @pq(¢) indicates the starting time of
the average Hamiltonian evaluation, which ac-
counts for relative changes of the initial rotor
phase during an optional evolution time (wgr#;)
between double-quantum excitation and recon-
version, which must be considered in certain cases
[15] when ¢# is not incremented in full rotor periods
(H? must always be applied for an integer num-
ber of rotor periods, N;tR).

In deriving the time evolution of the methyl
spin system under the first three stages of a typical
two-dimensional DQ experiment (Fig. 1(a)), we
follow the matrix formalism given by Roy and
Gleason [9]. They showed that the essential spin
dynamics of a methyl group in a DQ experiment,
in which only interaction Hamiltonians of rank
zero and two are involved, occurs in the reduced
subspace of the density matrix, p, spanned by the
spin states |ooa), |aff), |fof), |fPa). In this rep-
resentation, the Hamiltonian given by Eq. (1)
reads

- Ppo(t) - A
HtDQ = ‘C?z (Dxx +DW)
(! 411
_ %ol [ 5
T |1 o0 o) @
I 000

Furthermore, the DQ coherence evolves during ¢,
under the influence of the dipole—dipole coupling
Hamiltonian

- ®D(0;¢)) A
g =20 p,
4
20 0 0
e0;r) [0 -1 —L —1
_ 3
e e Y
0 =3 -3 —

Using standard LiouviLLE formalism, the density
matrix after N, rotor periods excitation and evo-
lution during ¢, is calculated as

—itlﬁD

. ZDQ . 7DQ i fD
e NI p(0) - R

4)

ﬁ(exc7tl) =¢

At this point, any terms in the density matrix
which do not correspond to the desired (DQ)
coherence state must be set to zero. This proce-
dure is correct within the given approximation,
since any other coherences would not evolve into
observable magnetization during reconversion,
which follows as an ensuing bilinear transforma-
tion using e "™ as propagator. The final
signal, I (N, ¢) = Tr{p(0) - p(exc,t;,rec)}/Tr
{p(0)*}, represents the amplitude of the signal
detected in the direct '"H dimension of the exper-
iment. For the DQ signal of an isotropic sample,
experimentally selected with the help of a phase
cycle, we obtain

IS (N 1) :§<sin (ﬁNrasDQ(m)
xsin (ﬂNrasDQ(n)) ><cos(3d5(0,t1))>.
(5)

Angular brackets denote the powder average. Both
the mere rotor phase change during ¢ and the
dipolar # evolution lead to the generation of
spinning sidebands, which appear in the indirect
dimension of the experiment, and are one impor-
tant way for the retrieval of Dyy from first prin-
ciples (vide infra), the other being the analysis of
spectral intensity. The two distinct mechanisms for
sideband generation were termed reconversion ro-
tor encoding (RRE) and evolution rotor modulation
(ERM) [10], and are directly associated with the
sin and the cos terms in Eq. (5), respectively.

For completeness, we also give the signals after
filtering rotor-encoded longitudinal magnetization
(LM) [16],

Iing' (Ne, 1) zg < sin’ (?Nr@DQ(O)>

x sin’ (?qujDQ(tl)) > (6)

and after (hypothetically) filtering zero-quantum
(ZQ) coherence,

:% < (1 +2cos (\/gNﬁ)DQ(O)))
X (1 +2cos (ﬁNf@DQ(tl)))>. (7)

Iggs(ertl)
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All three contributions to an unfiltered signal are
normalized so as to add up to 1 for any N, and
t1 = N1Rr.

The treatment so far applies to any double-
quantum recoupling sequence [12], not all of which
exhibit the favorable ¢-dependence of the recon-
version Hamiltonian leading to RRE sidebands. In
the experiments to be reported below, we used the
back-to-back (BaBa) pulse sequence [17,18], de-
picted in Fig. 1(b), for which
¢DQ(tl) = 2¢(l1 s+ TR/2)

_ —Dun

-— 3v/2sin 2@ sin(wrt; + ), (8)
R

where  and y are the Euler angles defining the
orientation of the symmetry axis of the dipole—
dipole coupling tensor (the C; symmetry axis in
case of CH;) with respect to the rotor axis; 7y is
identified with the initial rotor phase.

The effect of finite pulse length can be included
within the framework of average Hamiltonian
theory [19,20]. Fig. 1(b) shows the modulation
functions for the different toggling frame states,
which add up to the average Hamiltonian over one
rotor cycle [21]:

o 1 /. R , N
HtBaBa _ ; <Dxx/ dun (UJRt )f(t )dt
t

TR

+ D,w dpry (wrt')g(¢)d?

t
. 1R
+ Dzz / dHH((J)Rt/)h(l/)dl/) . (9)
t

The dipolar coupling element, dyy(wrt), contains
all information about the dipole-dipole coupling
tensor magnitude (Dyp) and its orientation under
MAS. For a single tensor,

dHH((URt) = C1 COS(V + (,URI) + C2 COS(Z)) + szf),
(10)

where C), have their usual meaning [22]. Solving
Eq. (9) with the J-pulse expressions for the mod-
ulation functions leads to the Hamiltonian given in
Eq. (1) and the associated phase factor given in
Eq. (8). For finite pulses, we introduce y = wr /v
as the duty cycle of the pulse sequence. The inte-
grals are solved piecewise, and after considerable
algebra, we obtain the final result

A = a2 s b =0 p. (1)
where
_ cos((m/2)y)
a(y) = 11—y (12)
_sin(my) — 2y(1 + cos(my))
and
d..(1) = %IRH % sin” (B) cos(2y + 2wr1). (14)

Owing to the symmetry of the toggling-frame
dipolar spin operators, compensation schemes
employing phase cycling of subsequent BaBa pe-
riods [18] do not affect this result. As is apparent,
the finite pulses introduce a pure dipolar compo-
nent into the DQ Hamiltonian. A structurally
analogous result was obtained earlier for the case
of REDOR heteronuclear recoupling [20,23] using
specific phasing schemes for compensation of im-
perfections. The coincidence is not surprising, be-
cause BaBa and REDOR have exactly the same
timings, share the same expression for @pq(¢)
(apart from the familiar factor of %), and are thus
the homo- and heteronuclear realization of one
and the same principle, i.e., recoupling by sign
inversion of the spin Hamiltonian for every other
half rotor period. In both cases, finite-pulse effects
are rather weak when just a spin pair is considered.
Since (Dxx + ﬁyy) and D.. commute in this case, (i)
the D..-term can be neglected (no effect on z-
magnetization or DQ coherences) and (ii) all
higher-order terms in the Magnus expansion van-
ish. This leads to the particularly simple result for
the finite-pulse BaBa signal for an isolated pair:

158 (Ney 1) =( sin(Nea() po(0)
x sin(Nra(tp)@DQ(tl))>. (15)

The main effect of finite pulses therefore mani-
fests itself in the duty cycle-dependent factor a(y),
which reduces the dipole—dipole coupling constant
only very slightly under normal experimental
conditions [20]. To the contrary, [(D. +D,),
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D,,] # 0 when the system contains more than two
spins. The result from a matrix calculation for the
methyl-DQ signal of a BaBa sequence with finite
pulses based on the Hamiltonian in Eq. (11) is
therefore correct only to zeroth order:

8a2 (W) Ppo(0)Poo () . (V3
IggZ(Nr,tl) —< W) ;;;2(92) po() sin <7Nr§20)
051

x sin (?MQ,]) {COS(3¢(0;t|))

Qy€2,1 cos <?Nr90> cos <?Nr9,1)

+ 3b2(l//)ézz(0) 72(1‘1) Sil’l (?N;Qo)
X sin <\£§Nr9ﬂ)

Qub(Y)®..(t) cos <\£§Nr90>

X

+/35in (30(0;1,))

X

X sin <§Nr§2,1) —b()9..(0)Q,

X sin —\/§NIQO cos —\@N,Q,l
2 2
where

0, = \Ja2() B (1) + 302(1)B2(). (17)

For y = 0, Eq. (16) reduces to Eq. (5) as required.

In order to assess the effect of higher-order
terms, Fig. 2 shows results calculated from Egs. (5)
and (16) and full density matrix simulations. In
comparison with the analytical solutions, we ob-
serve changes in the intensity of the simulated
sidebands and slight phase shifts in (a), which
shows that the restriction to the first term in the
Magnus expansion is not appropriate to describe
the finite-pulse effects. The same conclusion can be
drawn from (b), where the build-up of the nor-
malized DQ intensity is compared for different .
Eq. (16) does not account for the slight depression
of the intensity plateau at longer recoupling times.

However, the overall effect of finite pulses is still
weak and does not hamper an extraction of Dyy

(16)

within reasonable accuracy. The approximate
number of sidebands and the global intensity dis-
tribution is not changed considerably. The DQ
build-up can reasonably well be fitted by Eq. (5),
when the long-time signal loss is accounted for by
a weak exponential damping term or slight scaling
of the plateau value. Note again that Eq. (15) for a
spin pair is correct and exactly reproduces results
from simulations of DQ sideband patterns and
intensities for different duty cycles.

3. Experimental
3.1. Samples

The anionically synthesized PDMS samples
were kindly donated by J. Naim and Th. Wagner,
Max-Planck-Institute for Polymer Research,
Mainz, Germany. The model system, an inclusion
compound of PDMS (M, =~ 2600 g/mol) with -
cyclodextrin, was prepared following the proce-
dure published by Harada and coworkers [24] and
was previously investigated by NMR [25]. Details
can be found in this reference.

3.2. NMR experiments

All experiments were carried out on a Bruker
Avance 500 solid-state NMR spectrometer run-
ning at a Larmor frequency of 500.2 MHz for
protons. The measurements of the inclusion com-
pound were performed using a 2.5 mm MAS probe
with a typical w;/2n frequency of 125 kHz (2 ps
90° pulses). A wide-temperature range 4 mm MAS
probe (w;/2n = 83 kHz, 3 us 90° pulses) was used
for the investigation of the melt. 'H DQ spinning
sideband patterns were measured using the com-
pensated BaBa pulse sequence [18], while intensity
build-up experiments were performed using the
uncompensated version with the resonance offset
placed on the CHj signal. The absolute DQ in-
tensity Inq/(Ipg + ILm + Izg) was determined by
comparison with the intensity from a separate
experiment in which the DQ selection phase cycle
was turned off in order to measure the sum of ZQ
and LM. This procedure represents a practicable
correction for (apparent) 7> relaxation effects un-
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Fig. 2. Theoretical: (a) DQ spinning sideband patterns; and (b) intensity build-up, calculated for a mobile (doubly rotating) CH; group
with three equal coupling constants of Dy /21 = 3.9 kHz at 30 kHz MAS using 90° pulses of 0, 1, and 2 ps duration ( = 0,0.133, and
0.267, respectively). The recoupling time in (a) is 0.267 ms (N, = 8); solid traces are based on Eq. (16), dashed spectra were calculated
using a density matrix simulation program. Lines and points in (b) were also obtained from Egs. (5) or (16) and simulations, re-

spectively.

der the pulse sequence, the suitability of which is
justified by the results to be reported below.

3.3. Simulations

Explicit simulations of the pulse sequence in-
cluding many spins and experimental imperfec-
tions were performed by stepwise integration of
the product-basis matrix representation of the
Liouville-von-Neumann equation using a home-
written C++ code running on a standard personal
computer. For the simulation of DQ intensities,
normalization was performed in analogy to the
experimental procedure by explicit calculation of
7ZQ and LM intensities.

4. Results and discussion

We have selected an inclusion compound of
PDMS in y-cyclodextrin(y-CD) [24,26] as a model
system, in which PDMS chains are confined to
narrow channels of about 0.8 nm diameter and
perform a well-defined fast uniaxial motion. This

has recently been proven using a combination of
different NMR methods [25]. The effect of aniso-
tropic dynamics is most generally described by a
local order parameter associated with the polymer
backbone, S;, which is calculated from the residual
(fast-limit averaged) dipolar coupling constant [1]
associated with the methyl group by comparison
with its rigid-limit counterpart:
2DFCS

Sy = .
Dstat

(18)

The factor of 2 arises from the angle of 90° be-
tween the symmetry axis of a rotating CH;3 group
and the average direction of the polymer backbone
[2,25]. S, of PDMS in y-cyclodextrin was found to
be rather high (72%), as a result of the strong
uniaxial confinement.

Fig. 3a shows experimental 'H DQ spinning
sidebands associated with the methyl signal of
PDMS in y-CD, which can easily be distin-
guished from the other signal contributions from
the saccharide rings and the -OH/H,O H-bond
region in the fast-MAS spectrum. As opposed to
the calculated spectra in Fig. 2a, these patterns
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kHz MAS at different recoupling times; (b) fits of the experimental sidebands to Eq. (5), obtained by excluding the inner sidebands.
Results for D,s/2n are indicated, (¢) 6-spin density matrix simulations including finite 2 ps pulses.

exhibit significantly increased first-order side-
bands, which cannot be explained by finite-pulse
effects alone. In fact, in our first publication [25]
we could already show that the consideration of
remote spins, in particular those in the neigh-
boring methyl group attached to the same silicon
atom, can well account for this deviation. Con-
sistent results for D, can be obtained by nu-
merically fitting the patterns in (a) to Eq. (5)
upon exclusion of the inner sidebands. More
accurate results are obtained by explicit simula-
tions shown in (c), where it is obvious that the
remote-spin effect is indeed mainly reflected in
the first-order sidebands. Using Ds/2mn = 3.9
kHz yields the best congruence between all ex-
perimental and simulated spectra. This coupling
is slightly larger than reported in our earlier pa-
per, as a result of finite pulse effects, which were
not included before.

Since the acquisition of a 2D sideband spectrum
takes about one to two hours, it is much more
advantageous to consider the DQ intensity build-
up as a way to retrieve D. A sufficient number of
points can be measured in less than 10 min, where
the measuring time is phase-cycle- and not signal-
limited, leaving ample potential for the investiga-
tion of systems with a very small volume fraction
of polymer. Note that the experimental error is
dominated by signal-proportional artifacts (‘¢-
noise’) induced by imperfections in the phase cycle.
In Fig. 4, we compare the DQ build-up behavior of
PDMS in y-CD with results from an entangled
melt at low temperatures (down to 7, + 70 K). It is
seen that in the inclusion compound, the theoret-
ical maximum intensity of about 33% is actually
exceeded. Moreover, the ‘best fit’ of the initial rise
using Eq. (5) yields a result which is about 25% too
large. This is expected, since the DQ intensity
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contains contributions from coupling to remote
protons.

In [25], it was shown that cross-coupling of the
methyl protons to the saccharide region can be
identified in a 2D DQ shift correlation spectrum.
When such spectra (about 20 min acquisition time
each) are available for each recoupling time, the
intensities can be corrected for this intermolecular
contribution, as shown in the inset for Fig. 4(a).
Now, the plateau is lower, which is again expected
because the separation of intra- and intermolecu-
lar contributions is not possible for the ZQ and
LM intensities used in the normalization. This was
also confirmed by multi-spin simulations. Note
that no additional decrease of the intensity plateau
is observed for longer recoupling times, indicating
a cancellation of a decrease due to finite pulses and
an increase due to intra-chain long-range cou-
plings.

If a well-defined plateau is observed, it can be
accounted for in the fit, yielding a consistent result.
If no proper plateau is observed (as is the case for
an entangled melt) and Eq. (5) is used without a
scaling factor, the result of a fit of the initial rise is
still reasonably accurate. The different values for
D.s give good estimations of the magnitude of
errors to be expected in unknown systems, where

such an in-depth investigation of the experimental
limits is not desirable.

In the case of a melt (Fig. 4(b)), the chain is
confined by entanglements, which must be stable
on a timescale which is longer than the NMR ex-
periment at suitable temperatures [1,2]. At longer
times and higher temperature, the polymer rep-
tates along its contour line and couplings are
averaged further. On the timescale of the disen-
gagement time, 74, the averaging finally becomes
isotropic. This is reflected in the strong T-depen-
dence of the data. In contrast, the data for the
inclusion compound are not a function of tem-
perature between about 300 and 370 K, which we
interpreted as a consequence of fast-limit averag-
ing over the whole conformational space within
the constraint posed by the rigid channel.

Most notably, however, the absolute DQ in-
tensity for the melt comes close to the theoretical
prediction. A plateau is not observable in this case,
since reptation of the chain leads to a complex
relaxation behaviour which is caused by a loss of
correlation between the DQ excitation and recon-
version periods [2]. This effect is fundamentally
different from apparent 7»-like dephasing of the
signal under the pulse sequence, which is com-
pensated for by normalization. The loss of corre-
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lation is surprisingly weak in PDMS under the
given experimental conditions, indicating a good
separation of fast, local segmental fluctuations
(Rouse modes) and reptation.

The long-time intensity decrease can be ac-
counted for by incorporating an empirical expo-
nential relaxation term into Eq. (5). The result for
D,es/2m is 30 Hz, which corresponds to an order
parameter of 0.7% (Dge = 8.9 kHz [11]). Results
for higher temperature cannot satisfactorily be
fitted using a simple exponential relaxation func-
tion, indicating it might potentially be possible to
extract further information on frequency and
amplitude of polymer dynamics on the experi-
mental timescale. Such an approach was recently
published by Callaghan and Samulski [27], who
used a static 'H solid-echo experiment, which is
theoretically easier to describe than an MAS ex-
periment, but not specific as far as chemical se-
lectivity in a multi-component system and a precise
quantification of segmental order parameters is
concerned.

Even though intra- and inter-chain contribu-
tions from remote chains cannot be separated in
the case of a homopolymer melt, the result for
T =219 K can be considered accurate in view of
the relative size of remote spin effects as analyzed
for the case of uniaxially confined PDMS. Not-
withstanding the two orders of magnitude weaker
coupling constant, the presented arguments should
hold equally well for a very mobile melt, where a//
couplings in the system are scaled alike. Moreover,
the resulting possibility to use slow spinning leads
to negligible finite-pulse effects (y» = 0.036). Based
on the build-up data for the confined system (Fig.
4(a)), the error in the final result for S, due to
additional inter- and intra-chain couplings can be
estimated to be 25% at most.

5. Conclusions

We have shown the methyl group in PDMS
represents very well-behaved spin system, which
can be used as a dynamic probe for the extraction
of weak residual dipole-dipole couplings, which
permit the calculation of local chain order pa-
rameters. This was proven by analysis of mea-

surements on PDMS chains confined to narrow
channels of an inclusion compound. The residual
coupling extracted by use of a theoretical formula
based on a single methyl group were shown to be
accurate within 25% and only weakly dependent
on experimental imperfections and the influence of
remote couplings. We have further demonstrated
that it is possible to measure a very weak chain
order parameter in an entangled melt of 0.7%
without calibrating the method. This work repre-
sents the first step towards using the particularly
sensitive homonuclear '"H DQ approach to mea-
sure chain order in samples with very small volume
fraction of polymer, as for instance absorbed to a
surface, without the need for isotopic labeling.

The results for confined PDMS chains show
that the spin systems is very well behaved in a
sense that the characteristic intensity plateau is
actually observable in a system where slower re-
orientational dynamics of the chain (e.g. curvilin-
ear diffusion/reptation) is excluded. This is mainly
due to the good local isolation of the methyl group
in PDMS, in which it is attached to an unproto-
nated silicon nucleus. Isolated methyl groups are
thus shown to represent ideally suited probes for
order phenomena and dynamics in various poly-
mer systems. Recent work in our lab is focused on
the theoretical interpretation of the relaxation in
the plateau region in terms of polymer dynamics
and the application of the technique to PDMS in
other nano-confined composite systems and net-
works. Further, it is of fundamental interest if the
surprisingly high chain order parameters of about
20% found in high-molecular weight PB systems at
T =T, + 50 K [2], which were attributed to local
chain packing, are a general phenomenon and can
also be found in other polymer systems which are
amenable to the ab initio determination of the
order parameter presented herein.
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The signs between the spin operators in Eq. (1), second line, and Eq. (2), first line, were wrong. The
correct double-quantum Hamiltonian reads

_ ®Ppo(t) - .
HtDQ — L() (D — D)
TR i

for both equations.
The right-hand sides of Eqgs. (6) and (7) were interchanged. The correct signal functions read

1 _ -
CH; _ !
I (NG t) = 5 < (1 + 2cos (\/§N,¢DQ(O))) (1 +2cos (\/gN,.d?DQ(tl)))> (6)
for rotor-encoded longitudinal magnetization and
8/ . 3.~ ) 3. -
IZC53 (N, ty) = 5 < sin” (%_NAI)DQ(O)) sin” (%_NADDQU])) > (7)

for zero-quantum coherence.
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