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We review a variety of recently developed 1H–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 1H-

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
1H–X dipolar couplings by spinning-sideband analysis, termed REREDOR, which is applicable

to XHn groups in rigid and mobile systems and bears some similarity to more elaborate

separated local-field methods. The estimation of medium-range 1H–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 1H–X correlation experiment is introduced which

accomplishes high sensitivity by inverse ð1HÞ detection and is therefore applicable to samples

with 15N in natural abundance. # 2002 Elsevier Science (USA)
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dynamics; distance and angle determination; hydrogen bonds; inverse detection; natural

abundance.
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
1H lineshapes, chemical-shift, and 1H–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 1H linewidths of less than 0:2 ppm [5] and quantitative
1H–13C distances of up to 2:5 (AA [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 1H line-narrowing effect of very-fast MAS is now well understood [20]. In
essence, the complicated response of a tightly coupled 1H 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 1H
spectra in terms of a spin-pair approach, in particular the analysis of 1H–1H 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 1H–13C (or 1H–15N) 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 1H or any
X-nucleus whose polarization is enhanced by CP), (ii) in the detected nucleus (either
conventional X- or inverse 1H-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 1H–X correlation experiment
whose signal sensitivity is enhanced by an inverse, i.e. 1H; detection scheme to such
an extent that samples naturally abundant in 15N can be investigated.

It should be mentioned that, even though being designed for 1H–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-1

2
systems such as

13C–15N; 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

FðijÞðta; tbÞ ¼
Z tb

ta

d ðijÞIS ðoRtÞ dt: ð1Þ

The time-dependent coupling term, d ðijÞIS ðoRtÞ; contains all the information about the
coupling strength and the tensor orientations. FðijÞðta; tbÞ vanishes for tb � ta ¼ NtR;
which reflects the averaging process of MAS. The phase acquired under a single
rotor period of REDOR recoupling [25], where p-pulses with a separation of 1

2
tR

prevent the averaging to zero, is calculated from the integral over half a rotor period:

%FF
ðijÞ
t ¼ 2FðijÞðt; t þ tR=2Þ: ð2Þ

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

%FFt1 ¼
�DIS

oR
2

ffiffiffi
2

p
sin 2b sinðoRt1 þ gÞ: ð3Þ

DIS is the heteronuclear dipole–dipole coupling constant, b and g 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:

#SSx=y �!
F #II z #SSz #SSx=y cosF� #SSy=x

#II z sinF: ð4Þ

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 I spins is evaluated in an equivalent fashion; then,
multi-spin antiphase coherences of the type #SSx=y

#II
ð1Þ
z

#II
ð2Þ
z . . . 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 Eqs. (2) and (3) is t1; which specifies the rotor position at
the beginning of the calculated recoupling interval. Its main effect arises when t1 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, Nexc and Nrec). The Nexc=Nrec

terminology is derived from homonuclear 1H–1H 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 1H DQ MAS investigations:
the dipolar phase factor of the latter differs from Eq. (3) only by the usual factor of 3

2

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 908-
pulses with appropriate phases, which can be placed before and directly after the t1
time interval on either channel, heteronuclear multiple-quantum, antiphase
magnetization, heteronuclear dipolar order, or just longitudinal magnetization can
be selected in t1:



FIG. 1. Pulse sequences for heteronuclear correlation spectra based on REDOR. The preparation

periods for the generation of z-magnetization (none for 1H; CP for low-g heteronuclei) and the detection

periods are omitted for clarity.
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In our recent publications [11–13, 24], heteronuclear single-quantum correlation
(HSQC, which involves antiphase magnetization in t1; 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 1H chemical-shift resolution in t1 and are usually conducted in a
rotor-synchronized fashion ðDt1 ¼ NtRÞ; so as to avoid the appearance of spinning
sidebands. In contrast, the latter two experiments lack modulations due to chemical
shifts in t1; which speeds up the measurement because a small number of slices
covering a single rotor period in t1 is sufficient for the generation of the sideband
spectrum [11].



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 ðt1Þ:
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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, II
experiment), while in the recoupled polarization transfer (REPT) experiment (IS or
SI), two INEPT-type [31] 908-pulses switch the transverse component of the
antiphase coherence from one channel to the other ð #SSy=x

#II z ! #SSz #IIx=yÞ: 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), II (b), IS (c) or SI

(d) pathway during recoupling. Accordingly, either I-spin (a,c) or S-spin (b,d)
chemical-shift evolution takes place during t1; while the other spin species is detected
during t2; 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
p-pulse is skipped and instead, a variable t1 delay is inserted. The second t1 interval
at the end of the pulse sequence and the placement of the central p-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 fexcitation–t1–reconversion–t1g:

S /
Y
i

cosðNexc %FF
ðiÞ
0 � FðiÞð0; t1Þ � Nrec %FF

ðiÞ
t1 þ FðiÞðt1; 2t1ÞÞ

* +
: ð5Þ

The product represents the coupling of the spin S to more than one I 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, CH2; and CH3 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 ð/ hcosFð0; t1ÞiÞ; 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 Nexc and Nrec (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
FðiÞðta; tbÞ terms in Eq. (5) (they describe the residual dipolar evolution during the two
t1 intervals) become small compared to the terms associated with the recoupling and



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 Nrcpl ¼ 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 oR=2p ¼ 30 kHz:
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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):

S /hcosðNexc
%FF0 � Nrec

%FFt1Þi

/hsin Nexc
%FF0 sin Nrec

%FFt1i þ hcos Nexc
%FF0 cos Nrec

%FFt1i: ð6Þ

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 908 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 t1-shift of p-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 1H–13C
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 p-pulses may just as well be used for the recoupling, thus
measuring, of 15N CSA tensors.

2.4. Detection Schemes, Directing, and Angular Dependence

As mentioned earlier, the insertion of 908-pulses before or after the t1 period serves
to select a specific coherence state during t1: 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 908-pulses select heteronuclear dipolar
order in t1: 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 t1 ¼ 0 or NtR: 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 I spins and rare
S spins, as for instance represented by a system with 1H and 13C 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 I 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

X
i

#II
ðiÞ
x=y ������!

P
i
FðiÞ #II

ðiÞ
z
#SSz X

i

#II
ðiÞ
x=y cosFðiÞ �

X
i

#II
ðiÞ
y=x

#SSz sinFðiÞ; ð7Þ

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

#SSx=y ������!

P
i
FðiÞ #II

ðiÞ
z
#SSz

#SSx=yPi cosFðiÞ �
X
i

#SSy=x
#II
ðiÞ
z sinFðiÞPjai cosFðjÞ � � � � : ð8Þ

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 I spins (Eq. (7)) is much simpler: it consists of
a sum of pair couplings. When I spins are transverse for the whole course of the
experiment, i.e., an II experiment is performed (see Fig. 2b), the final signal is a



FIG. 4. Dipolar coupling configurations in an SIn spin system. The arrows identify the local field

experienced by a transverse S coherence (a) or transverse I 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].
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superposition of pair signals:

SII /
X
i

sin Nexc
%FF
ðiÞ
0 sin Nrec

%FF
ðiÞ
t1

D E
: ð9Þ

In the corresponding 2D spectrum, the detected I 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 I-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 t1 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

SSS /
X
i

sin Nexc %FF
ðiÞ
0 sin Nrec %FF

ðiÞ
t1

Y
jai

ðcos Nexc %FF
ðjÞ
0 cos Nrec %FF

ðjÞ
t1 Þ

* +
: ð10Þ

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 I-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 13C–15N 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 13C–1H couplings.
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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 (Nexc and Nrec; respectively) give rise to
spinning-sideband patterns which are surprisingly sensitive to the angle between the
two involved coupling vectors. This I2S 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 II 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 13C 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

SIS /
X
i

sin Nexc
%FF
ðiÞ
0 sin Nrec

%FF
ðiÞ
t1

Y
jai

cos Nrec
%FF
ðjÞ
t1

* +
: ð11Þ

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 SS 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 (SI 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 1H may at a first glance represent a serious disadvantage as
compared to the other three variants. However, it turns out that the SI experiment is
the only inverse variant so far which is applicable to samples naturally abundant in
13C or 15N: 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 1H 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. 508C: In the dipolar recoupling pulse
sequences, the RF power levels were usually set to 100 kHz on 1H and X channels,
corresponding to 908 pulse lengths of 2:5 ms: For 13C detection, the TPPM 1H
decoupling scheme [50] was applied at an RF field strength of 100 kHz:

Methyl group motions were investigated on Q8M8 [51], which is distributed by
Bruker as a reference substance for 29Si NMR [52]. Q8M8 is an octameric siloxane of
double four-ring structure (a cube with Si at the corners and –O– along the edges,
sum formula Si8O12) with eight O–SiðCH3Þ3 groups attached to the Si corners.

U–13C l-alanine, U–13C l-tyrosine and l-histidine �HCl �H2O 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 HCl 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),2 [53, 54] which is isotopically enriched with
15N 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 15N-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 Q8M8. We focus on the
1H–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 13C resonance of the methyl groups in Q8M8, 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. S .oontjens, M. H. P. van Genderen and R. P. Sijbesma, Technical
University of Eindhoven, NL.



FIG. 5. 13C–1H spinning-sideband patterns as obtained from the REREDOR and REPT-HDOR (top

slice only) experiments, measured on Q8M8 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.
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of motion is present for all terminal OSiðCH3Þ3-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 / hcos3ðNrcpl
%FF
ðiÞ
0 � FðiÞð0; t1Þ � Nrcpl

%FF
ðiÞ
t1 þ FðiÞðt1; 2t1ÞÞi ð12Þ

for the REREDOR patterns and

S / hsin Nrcpl %FF0 sin Nrcpl %FFt1 cos2 Nrcpl %FFt1i ð13Þ

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

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 T2 relaxation under the recoupling pulse sequence.
Analyzable REREDOR patterns are already obtained for the shortest recoupling
time of 8tR 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)
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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 CH3 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-CH3 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 ðDavg

CH=2p ¼
ð2200� 125Þ HzÞ with the result of the REPT fit ð1990 HzÞ; 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 13C
resonance, which are not a function of the rotor encoding during t1; 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 Q8M8 does
not yet permit any detailed interpretation of the motional process. Assuming a rigid
siloxane cube structure, we hypothesize that the whole OSiðCH3Þ3-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 CH3-group, DMe

CH=2p; was previously
determined to be 6:9 kHz [11]. The reduction factor for the second motional
averaging is related to the second Legendre polynomial: jP2ðcos aÞj ¼ Davg

CH=D
Me
CH: This

yields an angle a ¼ 110:3� 1:28 between the O–Si bond and the Si–C bonds (the
second solution, a ¼ 137:78; calculated assuming a positive P2ðcos aÞ; seems unlikely
in view of our hypothesis). The local geometry of O–SiðCH3Þ2–O in linear and cyclic
dimethylsiloxane oligomers is usually close to tetrahedral [56] ða� 109:58Þ; so our
result for a supports the hypothesis of a well-defined rotation or a three-site jump of
the OSiðCH3Þ3-units in Q8M8.
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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 Nexc ¼ Nrec are
performed, the signal,

SSS /
X
i

sin2 Nexc
%FF
ðiÞ
0

Y
jai

ðcos2 Nexc
%FF
ðjÞ
0 Þ

* +
; ð14Þ

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 I 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 1H 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 b1 between
the principal axes of the two heteronuclear dipolar coupling tensors can vary
between 08 and 908; larger values are redundant due to the symmetry of the tensors.
We show calculations for seven values with an increment of 158: Two Euler angles,
b2 (in-plane rotation around the y-axis) and g2 (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: 08� b2o1808; 08� g2o908: Our calculations comprise
curves for 14 different pairs of b2; g2 covering two octants of a sphere, which yields a
total of 98 curves when combined with the seven values of b1: 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



FIG. 6. Model calculations of the intensity build-up in 1H–13C 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 1tR 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).
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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 I 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=15N system with 13C 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 H1 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 1

4
: 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 ms
ð1 . . . 3tR 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 CH2 group. More simulations are necessary to
explore the situation for CH3 groups, where the three dominant couplings, DCH=2p;
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 2tR 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 1H–13C DIP-HSQC experiments [12] with
four different recoupling times (1 . . . 4tR at 30 kHz MAS) on U–13C 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
1H–13C antiphase coherences associated with a specific 13C nucleus, slices along the
indirect 1H 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 13C dimension (which
corresponds to the sum of coupled-13C 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 ðt1 ¼ 0Þ and just changed the phase cycle so as to
acquire a full echo instead of selecting heteronuclear coherence states.



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).

FIG. 8. Slices from 2D 1H–13C DIP-HSQC spectra performed on U–13C l-tyrosine at 30 kHz MAS,

taken at the indicated carbon positions (see Fig. 7 for the numbering) and recoupling times ðNexc ¼ NrecÞ:
Dotted lines show the deconvolution into single Lorentzians; the gray background traces are the sums of

the deconvolutions.
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The so-obtained intensities are plotted in Fig. 9. Following the above arguments,
the experimental points corresponding to texc ¼ 1; 2; or 3tR were then fitted to
REDOR curves for spin pairs, which are given by single sin2 term in Eq. (14),
without cos2 modulation factors ðsin2 F ¼ 1

2
� 1

2
cos 2F 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



TABLE 1
1H Chemical Shifts and Linewidths (Full-Width at Half-Maximum) as Determined from Lorentzian

Deconvolution of the Slices of the 2D 1H–13C DIP-HSQC Spectra Performed on U–13C l-Tyrosine at

30 kHz MAS (Fig. 8)

CH2 CH H8 H5 H6 H7 NHþ3 OH(9) COOH(1)

dcs (ppm) 1.12/4.35 4.13 4.72 5.06 6.60 7.42 7.52 9.88 12.4

FWHM (Hz) 2480/1960 1340 1150 1370 1600 1540 1110 770 620

FIG. 9. Analysis of experimental data from 2D 1H–13C 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.
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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 texc (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 13C . . .1 H distances.



TABLE 2

Comparison of Intra- and Intermolecular 13C–1H Distances in l-Tyrosine as Estimated from the NMR

Experiments and as Determined by Neutron Diffraction [57]

NMR Neutron diffraction

DCH=2p (Hz) rCH (pm) rCH (pm)

C6–H5 4.8 185 214

C6–H9 1.4 278 252

C8–H7 3.8 200 214

C8–H1 1.1 302 290

C9–H9 3.4 207 198

C9–H8 2.9 218 215

C9–H6 2.5 229 215

C9–H1 1.7 261 252

REDOR-BASED HETERONUCLEAR DIPOLAR CORRELATION EXPERIMENTS 173
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,
CH2: Performing an II-type recoupling experiment, as depicted in Fig. 2(b), on this
I2S 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–13C 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–13C l-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 I ! S; i.e., H! C H; recoupling
scheme. In contrast, when SS-type recoupling, i.e., H C! H; is applied to a CH2

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 I-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



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 I2S three-spin system of CH2 groups (a, c). The

patterns of CH groups (two-spin systems) are shown for comparison (b, d). Recoupling times were

texc ¼ trec ¼ 4 tR 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 1168). 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.
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a two-spin CH group, there is no such interference effect. Then, the direction of
recoupling does not matter, and all recoupling schemes (II, IS, SI 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 I–S–I angle determinations and, conversely, II-type, i.e., I ! S;
recoupling schemes for S–I–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=4tR (at 30 kHz MAS), the resulting
angular sensitivity is illustrated in Fig. 11. The patterns are calculated for a CH2

three-spin system with two identical CH distances of 115 pm and an H–C–H angle
ranging from 908 to 1808: Due to the symmetry properties of the dipolar tensors, the
patterns are sensitive to an angle range covering 908; before becoming redundant.
For CH2 groups, an H–C–H angle of the order of 1108 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 28 emphasize the marked sensitivity of the



FIG. 11. Angular dependence of sideband patterns resulting from asymmetric recoupling schemes.

The patterns are calculated for a CH2 spin system with two indentical CH distances of 115 pm: Recoupling

times were texc ¼ 2tR and trec ¼ 4tR at 30 kHz MAS. In the top right corner, the experimental pattern

(dotted line) of the CH2 group in l-tyrosine is compared to the best-fit calculated pattern.
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method. Comparing the calculated patterns with the one obtained in an experiment
on the CH2 group in l-tyrosine yields an angle of 1168:

It should be mentioned that the method is not suited at all for a precision
investigation of CH2 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 Nexc ¼ Nrec).
Furthermore, owing to the very strong 1H–1H 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 S2I 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



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 15N 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.
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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 1H 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 15N 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 two 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 ð150 . . . 250 pmÞ:
Consequently, the sideband pattern observed at the pyrimidine–nitrogen is not



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 texc ¼ trec ¼ 8tR; (b) asymmetric H! N recoupling (II-type) with texc ¼ 3tR and trec ¼ 6tR; (c)

asymmetric H! N recoupling (II-type) with texc ¼ 4tR and trec ¼ 8tR: 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:
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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 1H
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 1H 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=6tR and 4=8tR (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 ð115� 2Þ pm for N–H
and ð175� 5Þ pm for N � � �H as well as ð168� 5Þ8 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 15N
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 15N–1H Shift Correlation Using Inverse 1H-Detected
TEDOR

The low isotopic abundance of 15N ð� 0:37%Þ and its low magnetogyric ratio
ðgN=gH � 10Þ renders directly detected 15N 2D spectroscopy essentially hopeless in
solid-state NMR. A prominent exception was presented by Lesage et al., who
demonstrated the feasibility of CP-based 1H–15N shift correlation, where very
narrow 1H lines as provided by Lee–Goldburg homodecoupling in the indirect
dimension partially compensate for the low sensitivity of 15N [58]. Indirect
1H 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 15N in natural
abundance.

For 1H-detected spectroscopy on systems with X nuclei in low abundance, the
major experimental problem is posed by the large signal contribution of unwanted
1H 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 1H signal lead to a
prohibitively large amount of t1 noise if no further precautions are taken. The most



FIG. 14. Calculated sideband patterns of asymmetric H! N recoupling (II-type) with texc ¼ 4tR and

trec ¼ 8tR 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

908 to 1808; respectively. The patterns shown in bold lines are closest to the experimental one in Fig. 13(c).
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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 ð400 msÞ 1H dephasing pulses applied during the z-filter
period of a double-CP 13C–1H 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 1H detection, this criterion can only
be met when two polarization transfer schemes are catenated in terms of an 1H!
X!1 H experiment. Note that the 1H-detected II-type recoupling experiment
(Fig. 2(b)) does not suit the purpose because it creates only mixed 1H–X coherence
states.

For our approach to 15N–1H shift correlation in naturally abundant samples, we
propose a combination of a CP-step for initial 1H!15 N transfer with a subsequent
recoupled 15N!1 H transfer. The pulse sequence is shown in Fig. 15. The 15N t1
dimension is inserted directly after the initial CP step, and followed by a z-filter.
During this filter, uncoupled 1H signal is removed by two 1H dephasing pulses (each
of 400 ms duration) or, alternatively, by a spoil gradient pulse (of 100 ms duration).



FIG. 15. Pulse sequence for 15N–1H correlation with 15N in natural abundance. The two long 1H

pulses (dotted boxes) during the first dephasing period are tuned to the rotary resonance recoupling

(RRR) condition ðo1;H ¼ 1
2
oRÞ [68] and serve to remove unwanted 1H signal contributions which would

otherwise produce t1 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 fð¼ �yÞ 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 ðGZ Þ during

both dephasing periods. The phase cycle can then be reduced to a minimum of four steps (i.e., sign

inversion of the first 908 pulse and f) which are required for signal selection/suppression purposes.
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The second 15N!1 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 t1 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 t1
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 15N–1H shift correlation spectra of l-histidine �HCl �H2O
with 15N in natural abundance, recorded using the pulse sequence depicted in
Fig. 15. The spectral resolution of the 1H lines is provided by fast MAS (at 30 kHz)
alone, while additional continuous-wave RF decoupling is applied during the 15N t1
dimension. A noteworthy feature of the pulse sequences is that no t1-noise was
observed. After a total of only 8192 signal accumulations, 2D 15N–1H 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 15N natural-abundance NMR spectroscopy feasible in the solid state.

Comparing Figs. 16(a) and 16(b), it is apparent that longer TEDOR recoupling
times ð> 2tRÞ are required to ensure an efficient transfer of polarization from 15N to
1H in the NHþ3 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 ð� 2tRÞ; 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



FIG. 16. Three inverse-detected 15N–1H correlation spectra of l-histidine �HCl �H2O; recorded using

the pulse sequence depicted in Fig. 15 at 30 kHz MAS. (a) 2tR recoupling and (b) 4tR on a 700 MHz ð1HÞ
spectrometer, applying PFGs for 1H dephasing. For each t1 experiment, the signal of 16 scans was

accumulated, and a recycle delay of 4 s was used. (c) 4tR recoupling on a 500 MHz spectrometer applying

RRR pulses for 1H dephasing. Here, the signal of 32 scans was accumulated per t1 experiment, and a

recycle delay of 2 s was used. All three spectra were acquired with 512 t1-slices ðDt1 ¼ tRÞ; 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.
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and/or selection of signals with respect to N–H couplings. Concerning the efficiency
of 1H dephasing and signal suppression, the overall signal quality achievable by 1H
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 B0 field (500 and 700 MHz 1H
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 1H-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, XH2 or XH3: Since even weak
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couplings give rise to meaningful sideband patterns, typical molecular units, such as
CH, CH2 and CH3; can readily serve as probes for local molecular dynamics.
Moreover, using the chemical-shift information of the 13C 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 13C; REREDOR
has large potential as a powerful tool for routine solid-state material characterization
and can replace 2H NMR experiments in a variety of applications. Demanding
syntheses of specifically 2H-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 2H spectra [65].

On the technical side, the insertion of short incremented delays into the REDOR
p-pulse train, corresponding to an indirect t1 dimension, represents a minimal
modification of the pulse sequence, which avoids additional experimental imperfec-
tions. The sideband patterns generated by means of t1 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) CH2 groups with two differently oriented
(averaged) dipolar coupling tensors. In REPT experiments, the CH2 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 HnC spin-
systems with spectrally resolvable proton sites. In this way, this DIP-HSQC
approach widens the range of accessible distances and brings intermolecular 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, 1H 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 13C:

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 (II)
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 I 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 CH2 groups in 1D 13C spectra by a selective loss
of signal. On the other hand, this lack of CH2 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 CHn 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 t1 interval. Then, the sideband pattern generated by the
t1 rotor-encoding exhibits a pronounced sensitivity on the geometry of the spin
system. In the XH2 and X2H 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., 1H; detection
via double 1H! X!1 H polarization transfer. Due to the sensitivity enhancement
associated with 1H detection, natural-abundance 15N–1H correlation spectroscopy
becomes feasible in solid-state NMR. In contrast to the inverse-detection scheme
proposed by Ishii et al. [59, 62], which is based on a double CP, our approach
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includes a TEDOR step for the second X!1 H transfer. The use of a recoupling
technique not only ensures an efficient polarization transfer for weaker couplings
associated with low-g 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 15N–1H 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 1H magnetization places an additional demand on the
equipment, but bears potential for the application of the II 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 II

experiment as applied to the determination of N–H hydrogen bonds in 15N labeled
systems [19] has already proven its high potential. Further investigations on its
possible extension to samples naturally abundant in 15N are under way.
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Sensitivity enhancement by1H inverse detection1 is at the present
time almost universally employed in heteronuclear multidimensional
NMR experiments for structure determination in solutions. For
solids, it was only recently demonstrated that the1H resolution
enhancement achievable by fast magic-angle spinning (MAS)
suffices to overcome the main limitation for inverse detection in
the solid state, namely the broad1H lines.2 Substantial gains in
sensitivity were reported for a variety of15N and13C systems.2-4

Specific pulse sequences and detection schemes providing high1H
resolution allowed for large sensitivity gains also in inverse-detected
static2H and15N powder spectra.5,6 Inverse detection schemes bear
particular challenges when low isotope concentrations are to be
observed, because the incomplete removal of a large overhead of
uncoupled1H magnetization may lead to severe spectral artifacts.
In solution-state approaches, pulsed field gradients (PFGs) have
emerged as the standard procedure to destroy unwanted coherences.7

For solids, it was shown that radio frequency (RF) pulses exploiting
strong dipole-dipole couplings may serve the same purpose without
the need for specific spectrometer hardware.4

In this communication, we present two-dimensional15N-1H
correlation NMR experiments with1H inverse detection under fast
MAS conditions on natural-abundance15N systems. PFGs or,
alternatively, RF pulses ensure suppression of unwanted1H signal,
and the acquisition of 2D spectra becomes feasible within experi-
ment times of a few hours. It is shown for the first time that
heteronuclear1H-15N dipole-dipole couplings, thus bond lengths,
can be faithfully extracted in natural abundance using spinning
sideband patterns generated by a recently developed recoupling
technique.8 The large significance of high-precision bond length
determination in solid-state NMR with respect to the characteriza-
tion of hydrogen bonds has recently been highlighted.9 In our
15N-1H spectra, information on (i) chemical shifts and (ii) dipole-
dipole couplings/bond lengths can be accessed either individually
or in a combined way using a split-t1 approach.

The approach is based on the combination of two solid-state
NMR techniques providing incoherent and subsequently coherent
transfer of polarization between1H and15N (see Figure 1). Initial
1H polarization is incoherently transferred to15N by a conventional
cross-polarization (CP) step. At this point, to prepare for the final
(inverse) detection of the weak15N signal on1H, strong remaining
1H polarization is efficiently removed by either a field gradient
pulse (of 100µs duration) or by two RF pulses (of 400µs dura-
tion and fulfilling a rotary resonance recoupling condition),4

while the 15N polarization is stored in a longitudinal state. Both
dephasing techniques were found to perform almost identically.
Aided by this preselection, the desired coherence transfer pathway

(i.e., 1Hf15Nf1H) can be selected by a four-step phase cycle and,
including a final cleanup of the signal, by an overall phase cycle
of 16 or 32 steps. While dephasing RF pulses are readily available
on standard NMR hardware, PFGs require the installation of
gradient coils at the bottom and the top of the MAS stator. Finally,
the15N signal is transferred back to1H for detection using a coherent
TEDOR-type8,10 recoupling procedure, which allows the quantifica-
tion of the15N-1H coupling.

Two independent spectral dimensions can be inserted into this
CP-TEDOR double-transfer scheme: a dipolar-decoupled (DD)15N
dimension (t1) between the two transfer blocks, and at1′ dimension
in the middle of the TEDOR sequence. While the former generates
15N chemical-shift information, the latter comprises a modulation
of a dipolar-ordered state by the recoupling. This “rotor-encoding”
approach has been established in other homonuclear,11 and hetero-
nuclear8 correlation experiments. The information on the couplings
can be retrieved from thet1′-modulation of the detected signal,
which is converted into a sideband pattern by Fourier transforma-
tion. These patterns sensitively depend on the product of recoupling
time and dipolar coupling constant.8

Figure 2a shows a15N-1H correlation NMR spectrum ofL-histi-
dine‚HCl‚H2O obtained in a 2.5-mm rotor system at 30 kHz MAS.
The sacrifice of signal associated with the use of small rotors, which,
when applied in natural abundance, limits the technique to smaller
molecules, is unfortunately unavoidable, since fast MAS is essential
for an efficient and quantifiable TEDOR transfer.8 However, only
8192 transients of the pulse sequence depicted in Figure 1 were
needed to acquire the full 2D spectrum. To obtain a pure chemical-
shift correlation spectrum,t1 was incremented in steps of full rotor
periods (τR), while rotor-encoding was omitted (t1′ ) 0). In this
way, natural-abundance15N-1H correlation spectra can be recorded
within 4-10 h and thus become routinely applicable for solids.
The comparison of inverse-detected CP-TEDOR and the analogous
15N-detected, regular 2D TEDOR experiment yielded a sensitivity
gain2 of about 6-8, as detailed in the Supporting Information.

In the spectrum shown in Figure 2a, all three expected NH
correlation signals are observed when the15N-1H interactions are
recoupled for a duration of 2× 6τR in the TEDOR step. For shorter
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Figure 1. Pulse sequence for1H-detected15N-1H correlation NMR
spectroscopy under fast MAS in the solid state. Solid and open bars represent
90° and 180° pulses, respectively. Alternative ways to suppress surplus1H
magnetization are shown in red (PFGs) and blue (dephasing RF pulses).
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recoupling times (<2×4τR) the signal from the rapidly rotating
NH3

+ 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 incrementingt1′
in steps ofτR/N simultaneously witht1 (split-t1 approach). The
integer numberN determines the separation of the (odd-order only)
sidebands in the spectra according to∆ν ) 2νR/N, whereνR 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 2×6τR. From the resulting sideband patterns (Figure
2c), 15N-1H couplings can be estimated in the range ofDNH/2π >
2 kHz, corresponding to N-H distances of up to 180 pm. Since
the signal is distributed over a pattern in the split-t1 experiment, it
requires 5 to 10 times more signal accumulations than the pure
chemical-shift correlation experiment.

When the15N chemical-shift information is not required, thet1
dimension can be skipped, and a purely rotor-encoded signal is
recorded in thet1′ dimension. Figure 2d shows the sideband patterns
observed forδ1-NH andε2-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 investigations,9,12 as can be inferred
from Table 1. Apart from the usual overestimation of distances in
NMR,9 a further systematic error is always expected from the
influence of couplings of the15N to further protons. Nonetheless,
distances can reliably be extracted even when the perturbing
coupling is as strong as∼30% of the dominant coupling.8 Note
that in a system with multiple protons coupled to a single15N
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 loss.8,13

In conclusion, we envision a wide applicability of this and
related4,6 1H inverse detection techniques, which provide dipolar-
coupling and chemical-shift information in systems with15N in

natural abundance or in low isotopic concentration. In par-
ticular, the technique is valuable for investigations of N-H‚‚‚N
and N-H‚‚‚O hydrogen bonds. With respect to biomolecules, the
gain in15N sensitivity, combined with the information on15N-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
1H 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.

Acknowledgment. We thank Manfred Hehn (Mainz) for
installing the gradient coils in a commercial 2.5-mm MAS probe-
head, and Professors Spiess (Mainz) and Finkelmann (Freiburg)
for general support. Financial aid by the DFG (SFB 428, Freiburg),
the BMBF (BMBF No. 03N 6500, Mainz), and the Fonds der
Chemischen Industrie is acknowledged.

Supporting Information Available: Further experimental details,
data on the sensitivity gain, and discussion of the error limits (PDF).
This material is available free of charge via the Internet at http://
pubs.acs.org.

References

(1) (a) Müller, L. J. Am. Chem. Soc. 1979, 101, 4481-4484. (b) G. Boden-
hausen, G.; Ruben, D. J.Chem. Phys. Lett.1980, 69, 185-189. (c) Bax,
A.; Griffey, R. R.; Hawkins, B. L.J. Magn. Reson.1983, 55, 301-315.

(2) (a) Ishii, Y.; Tycko, R.J. Magn. Reson.2000, 142, 199-204. (b) Schnell,
I.; Langer, B.; So¨ntjens, S. H. M.; van Genderen, M. H. P.; Sijbesma, R.
P.; Spiess, H. W.J. Magn. Reson.2001, 150, 57-70.

(3) Goward, G. R.; Schnell, I.; Brown, S. P.; Spiess, H. W.; Kim, H.-D.;
Ishida, H.Magn. Reson. Chem.2001, 39, S5-S17.

(4) Ishii, Y.; Yesinowski, J. P.; Tycko, R.J. Am. Chem. Soc.2001, 123, 2921-
2922.

(5) Schmidt-Rohr, K.; Saalwa¨chter, K.; Liu, S.-F.; Hong, M. J. Am. Chem.
Soc.2001, 123, 7168-7169.

(6) Hong, M.; Yamaguchi, S.J. Magn. Reson.2001, 150, 43-48.
(7) Sattler, M.; Schleucher, J.; Griesinger, C.Prog. NMR Spectrosc.1999,

34, 93-158.
(8) Saalwa¨chter, K.; Graf, R.; Spiess, H. W.J. Magn. Reson.2001, 148, 398-

418.
(9) Zhao, X.; Sudmeier, J. L.; Bachovchin, W. W.; Levitt, M. H.J. Am. Chem.

Soc.2001, 123, 11097-11098.
(10) (a) Morris, G. A.; Freeman, R.J. Am. Chem. Soc.1979, 101, 760-761.

(b) Hing, A. W.; Vega, S.; Schaefer, J.J. Magn. Reson.1992, 96, 205-
209.

(11) (a) Graf, R.; Demco, D. E.; Gottwald, J.; Hafner, S.; Spiess, H. W.J.
Chem. Phys.1996, 106, 885-895. (b) Brown, S. P.; Schnell, I.; Brand, J.
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Figure 2. (a) 15N-1H correlation spectrum ofL-histidine‚HCl‚H2O, measured at 30 kHz MAS in a 16.4 T magnet (700 MHz1H Larmor frequency) using
a recoupling time of 2×6τR and accumulating the signal of 8192 transients of the pulse sequence depicted in Figure 1 (with RF dephasing andt1′ ) 0). (b)
Same as in (a), but with PFG dephasing and dipolar spinning sideband patterns in the15N dimension, obtained by incrementingt1 andt1′ simultaneously in
steps ofτR andτR/30, respectively. (c) Slices from (b) taken along the15N dimension at the respective1H positions. (d) Pure rotor-encoded sideband patterns
obtained by incrementing onlyt1′, while keepingt1 ) 0 (using RF dephasing). Calculated patterns are displayed in color above the experimental ones. The
N-H dipole-dipole couplings and N-H distances determined from the patterns are given in Table 1.

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

this work NMR diffraction

1H signal DNH/2π [kHz] rNH [pm] rNH [pm] rNH [pm]

∼13 ppm (ε2)
(c) 9.4( 0.9 109( 4 105( 5 102.6( 0.4(d) 9.9( 0.5 107( 2

∼18 ppm (δ1)
(c) 8.2( 0.9 114( 4 109( 5 107.0( 0.4(d) 8.85( 0.5 111( 2

a Data from previous solid-state NMR and neutron diffraction studies
of L-histidine‚HCl‚H2O are given for comparison.9,12
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1 Experimental Details

Fig. 1 shows the pulse sequences of the 1H and 15N-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 π 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 π=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 t1 dimension was
introduced between the two central π=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-t1 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 1H-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 φ1�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 φ0 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)
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Figure 1: Pulse sequences for inverse (a) and directly detected (b) 15N-1H
correlation experiments. Solid and open bars represent π=2 and π RF pulses,
respectively. DD indicates 1H dipolar decoupling. Saturation pulses in (b)
remove artifacts which may potentially arise from initial 15N magnetization
leaking through the phase cycle.

phase cycling [6] is applied to subsequent recoupling π 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 µs π=2 pulses).
The two 400 µs 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 100µs in the first and sec-
ond dephasing period, respectively. In the 15N dimension, 1H dipolar
decoupling is accomplished by the TPPM scheme [8] at an RF field
of 100 kHz. Dipolar decoupling of 1H from 15N is not strictly nec-
essary because the 1H linewidths are dominated by 1H homonuclear
interactions. Initial 15N magnetization was created by a ramped CP
[9] of 2 ms length. The matching condition was ωN

1 = ωH
1 �ωR, with

the ramp varying from 0:9ωN
1 to 1:1ωN

1 , where ωH
1 =2π 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 1H-
detection, we compare the 15N-1H CP-TEDOR scheme to a conven-
tional 1H-15N 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 (15N) 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 15N in
natural abundance) under identical conditions, which means that the
total number of signal accumulations was identical and fixed to 8192
transients. In the 1H 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 1H and 15N
slices (direct detection in red, inverse detection in blue) taken from
the 2D spectra through the ε2-NH resonance at 207 ppm/12.8 ppm
(15N/1H). 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. φrec denotes
the receiver phase. φ0 and the second half of φrec are not needed for the directly
detected experiment.

φ0 fyg�16 fȳg�16
φ1 x x̄ y ȳ x̄ x ȳ y x̄ x ȳ y x x̄ y ȳ
φ2 y ȳ x̄ x ȳ y x x̄
φ3 y y x̄ x̄ ȳ ȳ x x
φ4 x̄ x̄ ȳ ȳ x x y y
φ5 x x y y x̄ x̄ ȳ ȳ x̄ x̄ ȳ ȳ x x y y
φ6 y ȳ x̄ x ȳ y x x̄
φ7 x̄ x ȳ y x x̄ y ȳ
φrec fy y x̄ x̄ ȳ ȳ x xg�2

fȳ ȳ x x y y x̄ x̄g�2

1
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Figure 2: Slices from inverse and directly-detected 1H-15N experiments, taken
along the 15N dimension (a) and the 1H dimension (b) at the ε2-NH resonance
(207 ppm/12.8 ppm) of L-histidine with 15N in natural abundance (1H dephas-
ing by PFGs). The 1H-detected CP-TEDOR and 15N-detected TEDOR data is
shown in blue and red color, respectively.

of TEDOR/CP-TEDOR experiments was also conducted on a 15N-
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 13C in poly-
mers by Tycko and coworkers [7]. Assuming identical probe charac-
teristics for 15N and 13C, and neglecting linewidth effects, the applica-
tion of the double-CP experiment to 15N could therefore be expected
to lead to a (γC=γN)

3=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 (DNH 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 1H-13C systems [5] apply equally well
to the 15N-1H 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 1H homonuclear couplings. Effects of larger multiple
heteronuclear couplings from more remote protons to the 15N 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+3 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 13C 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 rcpl

2 . 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. C© 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 (1). 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- 1

2 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-
1 To whom correspondence should be addressed.
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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 13C–
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 1H–1H 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 (11–14).
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
C© 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 (15, 16). We restrict our at-
tention to the 13C CSA tensor, as recoupled by a simple train
of rotor-synchronized π -pulses spaced by half a rotor period.
This recoupling scheme, originally introduced by Gullion and
Schaefer for heteronuclear dipolar couplings under the name
REDOR (17), and later applied to CSA recoupling by Hong
(18) and Schmidt-Rohr (7), represents one of the simplest ap-
proaches to recoupling: the π 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 T rcpl

2 , 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 ωR-
dependent interaction frequency is given by

ω(t) = C1 cos(γ + ωRt) + C2 cos(2γ + 2ωRt)

+ S1 sin(γ + ωRt) + S2 sin(2γ + 2ωRt), [1]

where the coefficients C1,2 and S1,2 depend on the interaction
parameters δ, η and on the angles α and β (19). The complete
set of Euler angles α, β, γ relates the orientation of the principal
axes system of the CSA tensor to the rotor-fixed frame. Free evo-
lution of transverse 13C magnetization during an interval (ta ; tb)
leads to a phase factor


(ta ; tb) =
tb∫

ta

ω(t) dt. [2]

This integral is equal to zero when tb − ta = nτR (no recoupling).
When π -pulses are applied every 1

2τR for a total of N
2 rotor

periods, as done in the experiment in Fig. 1a, a nonvanishing
total phase of

N

2

̄(t) = N

2
2

τR/2+t∫
t

ω(t) dt
= N

2

(
4

S1

ωR
cos(γ + ωRt) − 4

C1

ωR
sin(γ + ωRt)

)
[3]
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FIG. 1. Pulse sequences for recoupled echo (a) and reference experiments
(b, c), as discussed in the text. The 1H 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 t1 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 t is the starting time of the π -pulse
train and can be set to t = 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 N

2 
̄(0)) under a train of π -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

S =
〈
exp

{
i

N

2

̄1(0)

}
exp

{
−i

N

2

̄2(0)

}〉

=
〈
cos

N

2

̄1(0) cos

N

2

̄2(0) + sin

N

2

̄1(0) sin

N

2

̄2(0)

〉

=
〈
cos

(
N

2

̄1(0) − N

2

̄2(0)

)〉
. [4]
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The angular brackets denote a powder average. Skipping the
central π 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 (
̄1(0) = 
̄2(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 N

2 τR , 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 13C 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
t1 dimension is inserted into the recoupled echo sequence of
Fig. 1a (18), the signal becomes

SRRE =
〈
cos

(
N

2

̄1(0) − 
(0; t1) − N

2

̄2(t1) + 
(t1; 2t1)

)〉
.

[5]

The dominant terms in this equation are the N
2 
̄i (t); if MAS is

assumed to totally suppress evolution under the CSA during the
t1 evolution periods, the two 
(ta ; tb) terms can be neglected.
The dependence upon the tensor parameters δ and η implicit to
Eq. [5] can either be exploited directly, as done by Hong (18)
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 t1 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 γ -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-
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nism was also exploited in similar heteronuclear experiments, in
which REDOR recoupling under very fast MAS was used to re-
couple and precisely measure 13C–1H 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 η = 0 (⇒S1 = 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 (17) 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 π/2-pulses. If
reorientation occurs during τmix, 
̄2 of Eq. [4] is no longer equal
to 
̄1, and consequently a τmix-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 τd (dephasing delay) which is usually quite
short (one or several τR , just the time needed for the rotor trigger).
Interchanging τmix and τd constitutes a reference experiment of
equal overall experimental time (equal loss due to T1 relaxation),
in which virtually no exchange occurs between the recoupling
periods. By subtracting the intensity which is left after the ex-
change experiment (Eex) from the reference (Eref), and dividing
by Eref, a normalized exchange intensity E = 1 − Eex/Eref 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, E∞ = (1 − fi )(M − 1)/M , where fi 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 13C–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 (11)
used an approach based on semiclassical relaxation theory as
well as on an analytical solution of the stochastic Liouville–von
Neumann equation

∂

∂t
ρ̂(t) = ˆ̂L(t)ρ̂(t), [6]

where
ˆ̂L(t) = −i ˆ̂H (t) − ˆ̂K [7]
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is the Liouville superoperator. Relaxation is neglected in these
equations. ˆ̂K is the statistical operator, whose matrix repre-
sentation is the exchange matrix K containing individual rate
constants ki connecting the different sites, and ˆ̂H (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 ˆ̂H 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 ˆ̂K . However,
a solution can only straightforwardly be obtained when one re-
stricts oneself to the eigenvalues of ˆ̂H (t) in the centerband ap-
proximation (11). This means that the MAS time dependence of
ˆ̂H (t) is neglected, which clearly limits the applicability of the

approach to ki < ωR/2π .
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 Ĥ (t)�t}
in Hilbert (product) space. This program is in many respects

very similar to the recently published SIMPSON software
(29).
ND FISCHBACH

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

ρ̂(t) = exp




t∫
0

dt ′ ˆ̂L(t ′)


ρ̂(0). [8]

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

ˆ̂L(t) = −iH(t) ⊗ 1I + i1I ⊗ H(t) − 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 2N+M−1, while dim( ˆ̂L) 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 –NH3 group) evolving un-
der MAS and heteronuclear cw decoupling (14). 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, ρ̂, which represents a state vector in
the 22(N+M−1)-dimensional Liouville space, can be considered
as an M-component vector in a composite Liouville space of
dimension M × 22N (30). We write

ρ̂(t) = (ρ̂1(t), ρ̂2(t), . . . , ρ̂M (t)) [10]

for the composite density matrix. ρ̂i 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 ρ̂i . 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
Ĥ i , such that the quantum-mechanical part of Eq. [6] leads to
mixing only between the components of the associated ρ̂i . Ex-
clusion of intramolecular exchange is not a big restriction, since

spin permutations can also be realized by an appropriate num-
ber of replica ρ̂i ’s with associated Ĥ i ’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 ˆ̂L , 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 ρ̂ is propagated
using the familiar bilinear transformation in Hilbert space,

ρ̂i (t + �t) = exp{i Ĥ i (t)�t}ρ̂i (t) exp{−i Ĥ i (t)�t}, [11]

while the exchange step is calculated as

ρ̂ (t + �t) = exp{−K�t}ρ̂ (t). [12]

These two steps are executed sequentially, and a complete cycle
represents the true evolution for one �t . 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 k

k −k

)
, [13]

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

For best calculation efficiency, a small number l of propaga-
tor sets (M individual ones) covering one rotor period, usually
l = 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
�t = l/τR might be too big. In such cases, we still prepare l
MAS propagators separated by l/τR , but with a new, shorter
timestep �tex:

Û i (t) = exp{−i Ĥ i (t)�tex}; t = 0,
1

τR
,

2

τR
, . . . ,

l − 1

τR
. [14]

Equations [11] and [12] are then still applied in turns using the
shorter �tex, but with a constant MAS propagator for each se-
quence of �t/�tex 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, l
additional propagator sets must be prepared for each irradia-
tion pattern at a given time. Our program is so far limited to
δ-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-
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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 Î z (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 �tex; rather, the exponential of the exchange matrix,
exp{−K�tmix}, can be calculated by just one diagonalization
of K�tmix. The ensuing propagation of ρ̂ is 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 �t was 2 µs in all
cases, while using a shorter �tex (down to 0.2 µs) 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, 1H 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 τmix and τd . τmix 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 t1 evolution periods were added to the
sequence in Fig. 1a. In addition, a z-filter is appended to ensure
an amplitude-modulated signal in t1, 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 1H preparation pulse and CYCLOPS
of the 13C CP pulse for quadrature artifact suppression. Pulse
imperfections in the π -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 T2 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 π 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 δ-pulse approxima-
tion (in our case 2 µs 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 π -pulses located in the middle of each τR in the recoupling
sequence towards the end of the same rotor cycle, thus forming
pairs of π -pulses. Using a crystalline substance without interme-
diate motions of 13C (L-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 τR 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 UltraShieldTM 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 ω1/2π fre-
quencies of 125 kHz for 13C and 1H pulses, and 125 kHz for
TPPM decoupling (36). Decoupling during the π 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 1H decou-
pling during acquisition, and 83.3 kHz for decoupling during the
pulse trains. In both cases, cross polarization was achieved using
a ramp (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 ω1,C = ω1,H − ωR , with ω1,H

corresponding to the 90% level of the ramp. These power levels

were decreased by about 30% relative to the single-pulse powers
given above.
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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, Ts .
Using Sm2Sn2O7 as a chemical-shift thermometer, we fitted Ts ,
as obtained from the isotropic 119Sn shift by numerically solving
the Ts − δ relation given in (40), to the equation

Ts = a0 + a1Tb + a2νR + a3νR Tb + a4ν
2
R + a5ν

2
R Tb + a6T 2

b .

[15]

The last two terms were not necessary for a good fit in
Refs. (38, 39) (a6 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
is included in νR , where care must be taken to have reproducible
pressures for a given νR . Also, the mode of measuring the tem-
perature, Tb, 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 ai 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)2SO2, DMS) was purcha-
sed from Aldrich and used without further purification. The
chemical-shift parameters for the CH3-group were taken from
Ref. (15): δ/2π = 37.3 ppm, η ≈ 0. The unique principal axis
of this symmetric tensor reorients by β = 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

kth = k0e−Ea/RT ; k0 = 4 × 1016 s−1, Ea = 83 kJ/mol.

[16]

The activation parameters were published in (16). This paper
contains a combination of new measurements and a wealth of
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 13C tensor width,
δ/2π = 4.7 kHz at 125.8 MHz) since its correlation time spans
the whole region from the slow limit at around 0◦C (kth =
5 Hz) to the fast limit right below its melting point of 108◦C
(kth = 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 the intensity of a recoupled echo (Fig. 1a) and the reference

paper is to gain a first understanding of the effect of intermedi-
ate motions on the recoupling of a single interaction. In order

echo (Fig. 1b or 1c) for three different spinning speeds. The
intensities are represented as 2D surface plots as a function of
FIG. 2. Intensities for the recoupled echo (Fig. 1a) and reference echo (Fig. 1
tensor parameters for the two-site jump in DMS, as a function of the correlation ra
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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
b or 1c) experiments, as obtained from simulations using the methyl 13C CSA
te, k, and the total echo delay, τecho.



24 SAALWÄCHTER A

the correlation rate k and the echo delay (in ms). Note that the
jump rates cover only the region where k ≤ δ. 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 νR , 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 ωR 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. However, if the reference
experiment meets the requirement of being subject to the same
adverse effects, the ratio Ircpl/Iref 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 ωR � δ 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 τrcpl → ∞ has been included in the fit.
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FIG. 4. T rcpl
2 , as determined from fits of the simulated data in Fig. 3 to

single exponential functions (�), plotted versus the rate constant of DMS, k.
The dashed line is a linear fit to the first five points in ln–ln representation, the
thick solid line has a slope of −1. Experimental values (see Fig. 5) are shown
as open circles (�).

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 (T rcpl

2 ) decrease with
increasing k. Only when the rate approaches k ≈ δ/2π does
Ircpl/Iref 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 � δ, 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 rcpl

2 vs k in a ln–ln plot. A straight line represents a very good
representation of the functional dependence. Fitting of the first
five points (k = 1–316 s−1) yields

ln T rcpl
2 = 0.013 − 0.984 ln k. [17]

Thus, the relationship can be approximated well by

T rcpl
2 = 1.01/k. [18]

The proportionality factor is close to one by mere chance and
is dependent on δ 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
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FIG. 5. Raw data from recoupled (solid symbols) and reference (open
symbols) echo experiments performed on DMS at different temperatures with
ωR/2π = 16 kHz. The solid lines are fits using a single exponential decay func-
tion. The crosses represent already normalized data, Ircpl/Iref, 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 π 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 T rcpl

2 as 1/((T rcpl,exp
2 )−1 −

(T ref
2 )−1). The data thus calculated are plotted in comparison

with the results from simulations in Fig. 4 (open circles), where
the rate constant, kth, 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 rcpl,exp

2 and T ref
2 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 ≤ δ/2π . The crosses in
Fig. 5 show the decay of the recoupled echo at T = 328 K (cor-

responding to kth = 2.42 kHz), which is already normalized by
e+t/T ref

2 . The data confirm the existence of an intensity plateau
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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 t1
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 ≈ δ/2π ), 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 t1 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 τR (N = 8) at different temperatures. The rate constants,
kth, 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, δ, as obtained from fitting the sideband spectra in Fig. 6a; and integral intensities of the sideband patterns (b). In (a), the
limiting values for δ are denoted by thick dashed lines. In (b), the absolute intensities were determined by comparing the intensity of the first slices (t1 = 0) of the
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times of the CSA recoupling sequence. The data in (b) were supplemented with
are experimental points; solid squares (�) are from computer simulations. Dotte

cases are only seen in a very narrow interval where k ≈ δ/2π .
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 (41) 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 (η = 0)
in the static limit, with δ/2π = 4.7 kHz, and almost perfectly
asymmetric (η = 0.996) with δ/2π = 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 χ2) always yielded an η close to 0 for
k < 5 kHz, and η ≈ 1 for larger k, confirming that the patterns
closely resemble the limiting cases over very wide ranges of
rates.

Our experimentally determined δ 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 δ and η. While fitting η to simulated
spectra including intermediate motions is still possible with good
accuracy, slight experimental errors can hamper the determina-
tion of η. 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 (18). However, in a sep-
arate study (42) it was found that δ is always accurate within
about 10% even when η is not known. The best-fit η to the ex-
perimental patterns varied from 0.3 to about 0.5. Comparing the

experimental and simulated values of δ 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
o and a final z-filter, the lengths of which were matched to the equivalent delay
ntensities of individual t1 = 0 slices at different temperatures. Open circles (�)
lines are guides to the eye.

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 ≈ δ/2π . The much bigger effect is
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-
lution 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 (NτR). The minimum τmix is then just 1 τR (83 µs 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
τmix while at the same time decreasing τd . From this series, the
correlation time as well as the reference intensity for τmix = 0
can easily be determined by exponential fitting. The absolute
value for the intensity plateau is then obtained in the usual way
as E(τmix → ∞)/E(τmix = 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 τmix = 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 10τR total recoupling time. Dashed lines represent exponential
fits to the data, which yielded the indicated rate constants (kexp = 1/2τc). 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
(τrcpl = 10 τR rather than ∞), 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

̄1(0) and 
̄2(0) in Eq. [4]. In the slow limit, correlation loss

TABLE 1
Comparison of Calculated and Measured Rate Constants (kexp =

1/2τc) and Intensity Plateau Values for DMS, as Determined from
the CODEX Data (Fig. 8)

T /K kth
a/Hz kexp

b/Hz E∞ (exp.) E∞ (sim.)

288 35.4 ± 4.3 52.8 ± 0.50 0.495 0.502
307.5 319 ± 34 298 ± 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.
a 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 τmix,
no longer corresponds to the full amplitude—and the plateau,
which measures the amplitude of the correlation loss during τmix

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 π

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 13C 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-
lution 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
ND FISCHBACH

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 rcpl

2 ,
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 (
̄i in
Eq. [4]), which do not depend on ωR , 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 1H 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 1H 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 π 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.

ACKNOWLEDGMENTS

This work has benefited much from discussions with a large number of col-
leagues. In particular, we thank K. Schmidt-Rohr, M. Hong, and H. W. Spiess. We
acknowledge also C. Schmidt and H. Finkelmann for providing a very productive
working environment, S. P. Brown for carefully proofreading the manuscript,
and the Deutsche Forschungsgemeinschaft, SFB 428, as well as the Fonds der
Chemischen Industrie for financial support.

REFERENCES

1. S. P. Brown and H. W. Spiess, Advanced solid-state NMR methods for the
elucidation of structure and dynamics of molecular, macromolecular, and
supramolecular systems, Chem. Rev. 101, 4125–4155 (2001).

2. M. Carravetta, M. Edén, X. Zhao, A. Brinkmann, and M. H. Levitt, Sym-
metry principles for the design of radiofrequency pulse sequences in the
nuclear magnetic resonance of rotating solids, Chem. Phys. Lett. 321, 205–
215 (2000).

3. A. E. Bennett, R. G. Griffin, and S. Vega, Recoupling of homo- and het-
eronuclear dipolar interactions in rotating solids, in “NMR Basic Principles
and Progress” (P. Diehl, E. Fluck, H. Günter, R. Kosfeld, and J. Seelig, Eds.),
Vol. 33, pp. 1–77, Springer-Verlag, Berlin (1994).

4. S. Dusold and A. Sebald, Dipolar recoupling under magic-angle spinning
conditions, Annu. Rep. NMR Spectr. 41, 185–262 (2000).
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Abstract

We illustrate the application of high-resolution homonuclear 1H 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 1H 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 Tg 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

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 thisway, 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
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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-CH2 coupling, which could be
extracted from a simple single-pulseMAS 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 1H 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

�HHDQ
t ¼

�UUDQðtÞ
sR

X3
j¼1

X
i<j

ðT̂T ðijÞ
22 þ T̂T ðijÞ

2�2Þ

¼
�UUDQðtÞ

sR
ðD̂Dxx þ D̂DyyÞ; ð1Þ

where the double sum runs over the three dipolar-
coupled 1H pairs in the methyl group. T̂T2�2 are the
familiar irreducible tensor operators [14] associ-
ated with DQ excitation; D̂Dii are the equivalent
toggling frame representations of the sum spin

Fig. 1. (a) Schematic of a DQ NMR pulse sequence. A z-filter

of length sd 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 d-pulses, and thick solid lines to

pulses of finite length.
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operators for dipole–dipole coupling. �UUDQðtÞ is a
dipolar phase factor, which may be calculated
from average Hamiltonian theory (see below). The
argument of �UUDQðtÞ 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 (xRt1)
between double-quantum excitation and recon-
version, which must be considered in certain cases
[15] when t1 is not incremented in full rotor periods
(HDQ

t must always be applied for an integer num-
ber of rotor periods, NrsR).

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, q̂q, spanned by the
spin states jaaai, jabbi, jbabi, jbbai. In this rep-
resentation, the Hamiltonian given by Eq. (1)
reads

�HHDQ
t ¼

�UUDQðtÞ
sR

ðD̂Dxx þ D̂DyyÞ

¼
�UUDQðtÞ

sR

0 1
2

1
2

1
2

1
2

0 0 0
1
2

0 0 0
1
2

0 0 0

0
BB@

1
CCA; ð2Þ

Furthermore, the DQ coherence evolves during t1
under the influence of the dipole–dipole coupling
Hamiltonian

ĤHD
t1 ¼

Uð0; t1Þ
t1

D̂Dzz

¼ Uð0; t1Þ
t1

3
2

0 0 0
0 � 1

2
� 1

2
� 1

2

0 � 1
2

� 1
2

� 1
2

0 � 1
2

� 1
2

� 1
2

0
BB@

1
CCA: ð3Þ

Using standard LIOUVILLE formalism, the density
matrix after Nr rotor periods excitation and evo-
lution during t1 is calculated as

q̂qðexc; t1Þ ¼ e
�it1ĤHD

t1 e�iNrsR �HHDQ
0 	 q̂qð0Þ 	 eiNrsR �HHDQ

0 e
it1ĤHD

t1 :

ð4Þ

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

�iNrsR �HHDQ
t1 as propagator. The final

signal, ICH3ðNr; t1Þ ¼ Trfq̂qð0Þ 	 q̂qðexc; t1; recÞg=Tr
fq̂qð0Þ2g, represents the amplitude of the signal
detected in the direct 1H dimension of the exper-
iment. For the DQ signal of an isotropic sample,
experimentally selected with the help of a phase
cycle, we obtain

ICH3

DQ ðNr;t1Þ¼
2

3
sin

ffiffiffi
3

p
Nr

�UUDQð0Þ
	 
D

sin
ffiffiffi
3

p
Nr

�UUDQðt1Þ
	 


cosð3Uð0;t1ÞÞ
E
:

ð5Þ

Angular brackets denote the powder average. Both
the mere rotor phase change during t1 and the
dipolar t1 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 DHH 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],

ICH3

LM ðNr; t1Þ ¼
8

9
sin2

ffiffiffi
3

p

2
Nr

�UUDQð0Þ
 !*

 sin2

ffiffiffi
3

p

2
Nr

�UUDQðt1Þ
 !+

ð6Þ

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

ICH3

ZQ ðNr; t1Þ ¼
1

9
1
	D

þ 2 cos
ffiffiffi
3

p
Nr

�UUDQð0Þ
	 



 1
	

þ 2 cos
ffiffiffi
3

p
Nr

�UUDQðt1Þ
	 

E

: ð7Þ
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All three contributions to an unfiltered signal are
normalized so as to add up to 1 for any Nr and
t1 ¼ NsR.

The treatment so far applies to any double-
quantum recoupling sequence [12], not all of which
exhibit the favorable t1-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

�UUDQðt1Þ ¼ 2Uðt1; t1 þ sR=2Þ

¼ �DHH

xR

3
ffiffiffi
2

p
sin 2b sinðxRt1 þ cÞ; ð8Þ

where b and c are the Euler angles defining the
orientation of the symmetry axis of the dipole–
dipole coupling tensor (the C3 symmetry axis in
case of CH3) with respect to the rotor axis; c 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]:

�HHBaBa
t ¼ 1

sR
D̂Dxx

Z tþsR

t
dHHðxRt0Þf ðt0Þdt0

�

þ D̂Dyy

Z tþsR

t
dHH ðxRt0Þgðt0Þdt0

þ D̂Dzz

Z tþsR

t
dHHðxRt0Þhðt0Þdt0

�
: ð9Þ

The dipolar coupling element, dHHðxRtÞ, contains
all information about the dipole-dipole coupling
tensor magnitude ðDHHÞ and its orientation under
MAS. For a single tensor,

dHHðxRtÞ ¼ C1 cosðc þ xRtÞ þ C2 cosð2c þ 2xRtÞ;
ð10Þ

where C1;2 have their usual meaning [22]. Solving
Eq. (9) with the d-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 w ¼ xR=x1

as the duty cycle of the pulse sequence. The inte-
grals are solved piecewise, and after considerable
algebra, we obtain the final result

�HHBaBa
t ¼ aðwÞ �HHDQ

t þ bðwÞ
�UUzzðtÞ
sR

D̂Dzz; ð11Þ

where

aðwÞ ¼ cosððp=2ÞwÞ
1� w2

; ð12Þ

bðwÞ ¼ sinðpwÞ � 2w 1þ cosðpwÞð Þ
ð4w2 � 1Þ

ð13Þ

and

�UUzzðtÞ ¼
DHH

xR

3

2
sin2 ðbÞ cosð2c þ 2xRtÞ: ð14Þ

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 �UUDQðtÞ
(apart from the familiar factor of 3

2
), 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 ðD̂Dxx þ D̂DyyÞ and D̂Dzz commute in this case, (i)
the D̂Dzz-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:

IpairDQ ðNr; t1Þ ¼ sinðNraðwÞ�UUDQð0ÞÞ
D
 sinðNraðwÞ�UUDQðt1ÞÞ

E
: ð15Þ

The main effect of finite pulses therefore mani-
fests itself in the duty cycle-dependent factor aðwÞ,
which reduces the dipole–dipole coupling constant
only very slightly under normal experimental
conditions [20]. To the contrary, ½ðD̂Dxx þ D̂DyyÞ;
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D̂Dzz� 6¼ 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:

ICH3

BaBaðNr; t1Þ¼
8a2ðwÞ�UUDQð0Þ�UUDQðt1Þ

3X2
0X

2
t1

sin

ffiffiffi
3

p

2
NrX0

 !*

sin

ffiffiffi
3

p

2
NrXt1

 !
cos 3Uð0; t1Þð Þ

(

 X0Xt1 cos

ffiffiffi
3

p

2
NrX0

 !
cos

ffiffiffi
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2
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 !"
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 !
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ð16Þ

where

Xt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2ðwÞ�UU2

DQðtÞ þ 3b2ðwÞ�UU2
zzðtÞ

q
: ð17Þ

For w ¼ 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 Eqs. (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 w.
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 DHH

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 (Mn � 2600 g/mol) with c-
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 mmMAS probe
with a typical x1=2p frequency of 125 kHz (2 ls
90� pulses). A wide-temperature range 4 mm MAS
probe (x1=2p ¼ 83 kHz, 3 ls 90� pulses) was used
for the investigation of the melt. 1H 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 CH3 signal. The absolute DQ in-
tensity IDQ=ðIDQ þ ILM þ IZQÞ 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) T2 relaxation effects un-
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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
ZQ and LM intensities.

4. Results and discussion

We have selected an inclusion compound of
PDMS in c-cyclodextrin(c-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, Sb, 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:

Sb ¼
2Dres

Dstat

: ð18Þ

The factor of 2 arises from the angle of 90� be-
tween the symmetry axis of a rotating CH3 group
and the average direction of the polymer backbone
[2,25]. Sb of PDMS in c-cyclodextrin was found to
be rather high (72%), as a result of the strong
uniaxial confinement.

Fig. 3a shows experimental 1H DQ spinning
sidebands associated with the methyl signal of
PDMS in c-CD, which can easily be distin-
guished from the other signal contributions from
the saccharide rings and the -OH/H2O H-bond
region in the fast-MAS spectrum. As opposed to
the calculated spectra in Fig. 2a, these patterns

Fig. 2. Theoretical: (a) DQ spinning sideband patterns; and (b) intensity build-up, calculated for a mobile (doubly rotating) CH3 group

with three equal coupling constants of DHH=2p ¼ 3:9 kHz at 30 kHz MAS using 90� pulses of 0, 1, and 2 ls duration (w ¼ 0; 0:133, and
0.267, respectively). The recoupling time in (a) is 0.267 ms ðNr ¼ 8Þ; 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 Eqs. (5) or (16) and simulations, re-

spectively.
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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 Dres 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 Dres=2p ¼ 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 Dres. 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 (‘t1-
noise’) induced by imperfections in the phase cycle.
In Fig. 4, we compare the DQ build-up behavior of
PDMS in c-CD with results from an entangled
melt at low temperatures (down to Tg þ 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

Fig. 3. (a) Experimental DQ spinning sideband patterns, measured on an inclusion compound of PDMS in c-cyclodextrin [25] at 30

kHz MAS at different recoupling times; (b) fits of the experimental sidebands to Eq. (5), obtained by excluding the inner sidebands.

Results for Dres=2p are indicated, (c) 6-spin density matrix simulations including finite 2 ls pulses.
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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
Dres 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, sd, 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 T2-like dephasing of the
signal under the pulse sequence, which is com-
pensated for by normalization. The loss of corre-

(a) (b)

Fig. 4. (a) Experimental DQ intensity build-up of the PDMS inclusion compound at 30 kHz MAS, referenced by separately measured

ZQ+LM intensities (squares), and corrected for the intermolecular DQ contribution (circles) by deconvolution of a signal slice along

the DQ dimension at the CH3 position in 2D DQ correlation spectra [25]. A sample deconvolution is shown in the inset; (b) exper-

imental DQ intensity build-up of a PDMS melt sample ðMn � 76000 g/mol, Mw=Mn ¼ 1:06Þ at 2 kHz MAS at various temperatures.

The fit to the lowest temperature date is based Eq. (5) with DHH=2p ¼ 30 Hz including an additional exponential damping term (s ¼ 30

ms).
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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
Dres=2p is 30 Hz, which corresponds to an order
parameter of 0.7% ðDstat ¼ 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 1H 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 ¼ 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 all
couplings in the system are scaled alike. Moreover,
the resulting possibility to use slow spinning leads
to negligible finite-pulse effects ðw ¼ 0:036Þ. Based
on the build-up data for the confined system (Fig.
4(a)), the error in the final result for Sb 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 1H 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 ¼ Tg þ 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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Erratum
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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

�HHDQ
t ¼

�UUDQðtÞ
sR

ðD̂Dxx � D̂DyyÞ

for both equations.

The right-hand sides of Eqs. (6) and (7) were interchanged. The correct signal functions read
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for rotor-encoded longitudinal magnetization and
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for zero-quantum coherence.
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Introduction
Inclusion complexes of different polymers with low-
molecular-weight organic compounds, such as urea, per-
hydrotriphenylene, or cyclodextrin, represent an interest-
ing class of materials in which the individual polymer
chains exhibit a perfect, crystal-induced unidirectional
ordering. This can be used to advantage in the preparation
of, e.g., novel chain-extended crystal morphologies by
coalescence of the chains upon dissolution of the host.[1]

Another interesting aspect is the possibility to study local
dynamics of the isolated polymer chain without the com-
plications arising from cooperative motions,[1, 2] which
would usually dominate the relaxation properties of the
chains in bulk.[3] As the picture of the dynamic behavior
of polymers in inclusion compounds has not been clari-
fied yet satisfactorily,[2, 4, 5] and NMR investigations of
guest dynamics in inclusion compounds are generally
rare,[2, 4–7] we present the first quantitative solid-state
NMR investigations of local segmental fluctuations and
order in such a system. Our methods of choice are novel
multiple-quantum magic-angle spinning (MAS) techni-
ques,[8, 9] which do not require isotopic labeling, and are

well-suited to study local polymer dynamics very selec-
tively.[10, 11]

The propensity of an organic compound to include an
extended polymer chain rests on its ability to form stable
crystalline modifications of channel-like cavities with the
right size and polarity. Cyclodextrins (CD) meet this
requirement; the individual molecules have an apolar
cavity, and are capable of forming stabilizing intermole-
cular hydrogen bonds. Inclusion compounds of CD with
low-molecular-weight compounds are known to exist in
three different structural varieties: herringbone cage-,
brick cage-, and channel-type structures.[12] The channel-
type structure is, of course, realized in inclusion com-
pounds with polymers. c-CD (n = 8 in Scheme 1 in Fig-
ure 1a) readily forms inclusion compounds with a variety
of polymers,[2, 4, 13–16] of which we focus on the inclusion
compound with poly(dimethylsiloxane) (PDMS).[15, 16]

Since in well-resolved MAS spectra, the separation of
signals from the host and the polymer is straightforward,
it is possible to measure residual homonuclear (1H–1H)
and heteronuclear (1H–13C) dipolar couplings associated
with the polymer. We concentrate on the influence of

Communication: The dynamics of poly(dimethylsilox-
ane) in its inclusion compound with c-cyclodextrin are
elucidated using modern fast-MAS solid-state NMR tech-
niques. Measurements of methyl 1H–1H and 1H–13C dipo-
lar coupling constants indicate that the polymer undergoes
a uniform motion, rendering all methyl groups equivalent.
The dynamics of the Si1C bond is characterized by either
a dynamic order parameter of S = 0.72, or, assuming a sta-
bly rotating helical structure, an inclination angle of 738
relative to the rotation axis.
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segmental motions on the averaging of couplings within
the individual methyl groups of PDMS. Methyl groups
are well suited local dynamic probes on account of the
possibility of approximating the description of experi-
mental data from experiments performed under MAS in
terms of the dominating intra-methyl interactions only.[17]

On account of the fast three-site jump motion of methyl
protons,[18] the 1H–1H and 1H–13C dipolar coupling tensors
are preaveraged and symmetric with respect to the sym-
metry axis of the jump process, which coincides with the
Si1C bond vector. The results reported in the following
thus describe the motion of the Si1C bond.

Experimental Part
Sample Preparation

The anionically synthesized PDMS sample was kindly
donated by J. Naim and Th. Wagner, Max-Planck-Institute
for Polymer Research, Mainz, Germany. The molecular
weight as determined by means of GPC was M

—
n = 2640 g/

mol (about 35 siloxane units) with a polydispersity index of
1.36. The inclusion compound was prepared following the
procedure published by Harada and coworkers.[16] 1H NMR
analysis of the precipitated and washed product indicated a
significant contamination with surface-absorbed, likely cyc-
lic PDMS. The major part of the impurity could be removed
by washing in cyclohexane. As a result of this treatment, a
small amount of cyclohexane became included into the CD
(vide infra).

NMR Experiments and Data Analysis

All experiments were carried out on a Bruker Avance 500
solid-state NMR spectrometer running at Larmor frequencies
of 500.2 MHz and 125.8 MHz for protons and carbons,
respectively. The measurements were performed using a
2.5 mm MAS probe with typical x1=2p frequencies of 125
kHz for 13C and 1H pulses, and 125 kHz for TPPM (two-
pulse phase modulation) decoupling.[19] The heteronuclear
recoupling sequence used to probe 1H–13C dipolar couplings
was REPT-HDOR;[9] 1H double-quantum experiments were
performed using the compensated BaBa pulse sequence.[8]

The two quantitative NMR techniques used in this paper
are heteronuclear and homonuclear recoupling techniques
operating at high MAS frequencies. They are based on essen-
tially the same principles, and can both be used to extract
residual (motionally averaged) dipolar coupling constants
(Dres) that characterize the extent of local order of a polymer
chain as a result of anisotropic dynamics.[10, 11, 20] The order
can be described in terms of a dynamic order parameter

S ¼ Dres=Dstat ¼
1
2

3 cos2 hðtÞ ÿ 1ð Þ ð1Þ

which depends on the time-averaged instantaneous azimuthal
angle hðtÞ and is calculated by comparison with the coupling
constant in the static limit (Dstat). By virtue of MAS, the
multi-spin coupling topology of a system of many dipolar-
coupled proton spins breaks up into a sum of pair cou-

plings,[17] which allows the determination of localized indivi-
dual order parameters associated with specific pair coupling
vectors.[10] However, the methyl groups of PDMS cannot be
analyzed in terms of the common spin-pair approximation.[21]

The theoretical description of the behavior of a methyl group
in the 13C-detected heteronuclear experiment (REPT-HDOR)
can be found in the literature.[9] An analogous treatment for
the homonuclear DQ experiment, BaBa,[8] is still missing.
Double-quantum excitation in methyl groups was investi-
gated previously for different pulse sequences,[22, 23] but not
for BaBa used here. The derivation of the theoretical formula
for BaBa is the subject of a separate publication.[24] The
result is:

ICH3
BaBaðNr; t1Þ ¼

2
3

D
sin 2

ffiffiffi
3
p

Nr U
HHð0; sR=2Þ

� �
6sin 2

ffiffiffi
3
p

Nr U
HHðt1; t1 þ sR=2Þ

� �
6cos

�
3UHHð0; t1Þ

�E
ð2Þ

Angular brackets denote the powder average. Nr is the
excitation time in multiples of the rotor period, sR, and is a
parameter under the experimentalist's control. UHHðta; tbÞ are
phase factors associated with the excitation and reconversion
periods of the DQ coherence, which depend on the dipolar
tensor orientation and are proportional to the coupling con-
stant between individual protons over the spinning frequency
(DHH=xR). The indirect time domain variable, t1, is relevant
only for 2D DQ correlation or sideband spectra.

Both the hetero- and homonuclear experiments can be ana-
lyzed in the same way: given a proper spectral separation of
the signals associated with individual functional groups, the
associated dipolar coupling constants can be extracted either
by fitting the intensity build-up behavior (varying Nr) or by
analyzing the sideband pattern in a full 2D spectrum for
fixed Nr.[9] A special case of the latter is the homonuclear 2D
SQ/DQ shift correlation spectrum used below to probe
approximate spatial proximities between spectrally resolved
protons[22] in which case the t1-increment equals 1 sR, and no
sidebands are observed.

Results and Discussion

Characterization of the Inclusion Compound
13C CP MAS spectroscopy represents a convenient
method with which to prove the formation of the actual
inclusion compound.[15, 16] As demonstrated in Figure 1, c-
CD adopts an asymmetric, non-circular ring conformation
in the crystalline state, resulting in multiple 13C signals.
In the channel structure, the CD ring is more symmetric,
and as a consequence, the signals corresponding to like
carbon atoms in different glucopyranosyl rings have
much closer chemical shifts.

A simple 1H spectrum provides preliminary insight into
the dynamic states of host and guest in the inclusion com-



288 K. Saalwächter

pound (Figure 2a, bottom slice). Even at 30 kHz MAS
and a 1H larmor frequency of 500 MHz, the resonances of
the individual protons in the glucopyranose rings are not
resolved and form a broad resonance extending from 1 to
8 ppm. This line broadening indicates an essentially rigid
1H dipolar coupling environment for these signals. In con-
trast, signals from the OH/H2O hydrogen bonding region
and the guest molecules are much sharper as a result of
dynamics faster than hundreds of kHz, by which 1H dipo-
lar couplings are partly averaged.

This reasoning is confirmed by comparison of 1D dou-
ble-quantum filtered experiments with increasing recou-
pling times (Figure 2a, upper slices). The spectral intensi-
ties in such spectra are solely derived from nuclei which
have a dipolar-coupled partner. The shorter the recou-
pling time needed to see a signal, the stronger is the cou-
pling of the corresponding nucleus. The spectrum taken
with the shortest possible recoupling time of 1 rotor per-
iod is dominated by the signal from the CD host matrix.
Signals of such strongly coupled protons are subject to an
ensuing decay at longer recoupling times due to the per-
turbing influence of further protons and the excitation of
higher spin modes.[21] This is what is observed upon going
to a recoupling time of 4sR, where signals from the OH/
H2O and guest protons become the main contributors.
The persistence of these signals at 8sR supports the
assumption of a much weaker coupling. In all spectra, the

cyclohexane (ch) impurity can easily be identified. Since
its signal intensity follows the trend of the PDMS signal,
it also seems to be included in the CD. However, the pre-
sence of this impurity is not expected to have a negative
effect on any of the investigations and conclusions to be
drawn in this paper.

Although being composed of signals from pairwise
coupled protons, the 1D DQ-filtered spectra do not con-
tain any information on the chemical identity of the cou-
pling partner of the proton corresponding to the observed
signal. Possible coupling partners are protons of the same
kind (auto peaks from, e.g., intra-CH2 or intra-CH3), or
protons in adjacent functional groups (cross peaks). A 2D
SQ/DQ correlation spectrum serves to identify the nature
of the dipolar coupled pair, since the coupling partner of
the directly detected spin can be identified in the indirect
dimension, where the chemical shift is the sum of the
shifts of the two involved protons. Auto peaks are located
on the DQ diagonal, which has a slope of 2
(xDQ;auto = 2xSQ). Figure 2b exhibits such auto peaks for
the CD, ch, and PDMS-CH3 resonances, respectively.
More interesting, however, are the intense and well
resolved cross peaks between CD and PDMS (the cross
peak detected at the CD signal position is much weaker
as a result of dephasing due to strong intra-CD cou-
plings). The dipolar coupling constant between the guest
and the host must therefore be on the order of or exceed a
few hundred Hz, proving that whatever fast motion the
polymer chain performs, it must be a local one. Chain
motion along the tube on a timescale of 100 ls (the
approximate timescale of the experiment) or faster per
translation on the lengthscale of one CD unit (about 7 �),
corresponding to an estimated diffusion constant of
5610ÿ15 m2/s, can be excluded.

Figure 1. 13C CP MAS spectra of (a) pure c-CD (Scheme 1)
and (b) the PDMS/c-CD inclusion compound (Scheme 2). MAS
frequency and CP contact time were 15 kHz and 2 ms, respec-
tively.

Figure 2. 1H MAS spectra of the PDMS/c-CD inclusion com-
pound (xR=2p = 30 kHz). In (a), a regular one-pulse spectrum is
compared with a series of double-quantum filtered spectra with
increasing recoupling time. The 2D DQ correlation spectrum
corresponding to the top slice is shown in (b). The gray bar iden-
tifies the cross peaks corresponding to the guest-host dipolar
proximity; “ch” identifies the signal from the cyclohexane
impurity.
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Dynamics of the Included PDMS Chain

Having identified the dynamic states of the different
molecular species in the inclusion compound qualita-
tively, we now turn to a quantitative analysis of the
PDMS chain dynamics. We restrict our attention to char-
acterizing the degree of anisotropy exhibited by the
methyl groups moving together with the chain at about
408C (slight heating due to rotor friction). This motion is
in the fast motion limit with respect to the magnitude of
the rigid-limit dipolar coupling constants, which is con-
firmed by the fact that the experimental results described
in the following are not a function of temperature, as is
apparent from the data in Figure 4a. The knowledge of
the dipolar coupling constant, averaged over the motional
process, allows us to compare the result with a plausible
motional model.

When dipolar coupling constants involving protons are
to be determined, particular care has to be devoted to the
consideration of remote couplings in the abundant proton
spin bath. These remote couplings typically increase the
experimental result relative to the ideal one, which would
be measurable only in isolated moieties. The methods
used here are known to be only weakly influenced by
such effects,[9, 21, 25] mainly due to the effect of fast
MAS.[17] Since the homo- and heteronuclear dipolar cou-
pling tensors within a single methyl group have the same
orientational dependence as a result of the fast rotation of
methyl groups, the determination of the associated cou-
pling constants yields the same type of information, and a
comparison of the results serves as a consistency check.
A second check is provided by the option of extracting
the coupling constants in two different ways for each of
the methods: build-up and sideband patterns are sensitive
to remote couplings in different ways.

Figure 3 shows the results of intensity build-up and
sideband analyses for the heteronuclear intra-CH3 cou-
pling. Data generated by the theoretical formula[9] are
seen to fit the experimental data satisfactorily. A known
influence of secondary couplings on REPT-HDOR pat-
terns are the slightly increased first-order sidebands in the
experimental spectra, which are apparent in Figure 3a.[9]

By exclusion of the first-order sidebands from the fit, an
accurate result can nevertheless be obtained. The influ-
ence of remote couplings on the intensity build-up is less
straightforward. The fact that the characteristic oscilla-
tions of the signal at longer recoupling times can be
observed is a very strong indication that not only are the
secondary couplings weak, but moreover that the data can
be described by a single dipolar coupling constant. Con-
sidering that an extended polymer chain most likely
forms a helix, it is not self-evident a priori that there is
only one type of methyl group with one well-defined
inclination angle a between the Si1C bond and the heli-
cal axis. A mixture of different local conformations with
different angles a would lead to different observable cou-
pling constants. This scenario would lead to a smearing
of the oscillations, which is not observed. Furthermore,
the chemical shift of the CH3 group of PDMS (2 ppm) is
very close to the corresponding shift in bulk crystalline
PDMS (3 ppm), which can be taken as an indication for a
regular, helical structure.[26]

In conclusion, PDMS seems to exist in a highly sym-
metric conformation with all methyl groups experiencing
the same local environment and the same kind of motion.
Of course, it is also possible that all methyl groups
behave the same as a result of fast conformational fluc-
tuations. We will analyze the data in terms of both mod-
els.

Before turning to a quantitative analysis, we shall also
consider the measurement of the homonuclear coupling
constants among the protons of the methyl groups, which,
as explained above, are influenced by the motional pro-
cess in the same way as the heteronuclear couplings. Fig-
ure 4 shows experimental homonuclear DQ sideband
spectra along with numerical results. The homonuclear
1H data is much more susceptible to the influence of
remote couplings.[21, 23, 25] Therefore, a simple fit using
Equation (2) does not give a unique result. By compari-
son of various numerical 6-spin simulations including
couplings to the remote methyl protons within the same
monomeric unit, it was possible to extract an estimated
coupling constant of 3.6 kHz. It should be emphasized
that this coupling constant is still more likely to be over-
estimated than the 1H–13C data as a result of further cou-
plings to remote protons. We note, however, that the
number and approximate intensity distribution of the
outer sidebands is already reproduced in the result calcu-
lated from Equation (2), as can be seen in Figure 4b. The
effect of remote protons again seems to be predominant

Figure 3. Quantitative determination of the 1H–13C dipolar
coupling constant for the methyl groups of the PDMS chain in
the inclusion compound using the REPT-HDOR experiment at
30 kHz MAS. (a): Spinning sideband pattern (sr = 24 sR), and
(b): 1D intensity build-up as a function of the recoupling time.
The dashed lines represent fits to the experimental data using
the theoretical formula from the literature[9] with DCH=2p = 2.65
and 2.13 kHz for (a) and (b), respectively, from which the angle
a can be derived (see text). In (b), an empirical exponential
damping function with a decay constant of 0.48 ms was included
in the fit.
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in the first-order sidebands, in analogy to the heteronuc-
lear experiment.

The experimental data can be analyzed in the following
way: assuming a well-defined and uniform rotation of a
helix, the angle a is related to the experimental dipolar
coupling constant by way of the second Legendre poly-
nomial, in equivalence to Equation (1):

P2ðcos aÞ ¼ Dres=Dstat ¼
1
2
ð3 cos 2aÿ 1Þ ð3Þ

Since the sign of DHH cannot be determined with our
methods, two solutions for a are possible. Values for a

smaller than the magic angle (54.78) are, however, unli-
kely from steric considerations, so we will report only the
larger value. If an assumption on the average chain struc-
ture exists, and the experimental value of Dexp differs
from the one predicted by the above relationship, fast
conformational fluctuations instead of a rotation may be
assumed to reduce the coupling. One can then redefine
the order parameter in Equation (1):

Sb ¼
Dexp

Dstat

1
P2ðcos �aaÞ ð4Þ

Sb now describes the chain order in terms of the projec-
tion of the internuclear coupling vector onto the local
polymer backbone direction.[10, 11] For our analysis, we
assume �aa = 908, which represents a likely average orien-
tation of the Si1C bond in view of the fact that the vector
between two oxygen atoms in the SiO2(CH3)2 tetrahedron
should be on average parallel to the chain axis.

Using DCH;stat=2p = 6.9 kHz[9] and DHH;stat=2p =
8.9 kHz[31] as the rigid-limit values for methyl groups
(which are rotating themselves), the average Dexp=Dstat

over all three measurements is calculated to be
0.36 l 0.05. The order parameter Sb is thus 0.72 l 0.1.
Alternatively, assuming that the chain is in a stable heli-
cal conformation and performs a well-defined rotation,
we obtain a = 73 l 38. The error margins are based on the
deviations of the three different experiments and thus
represent the systematic error introduced by the different
effects of remote couplings on the various experiments.
The influence of centrifugal forces in fast-MAS rotors on
these results is still an open question; we assume that
such effects are weak. Scheme 2 in Figure 1b shows a
sketch of our model of PDMS chain motion in the inclu-
sion compound.

We note that local angular conformational excursions
of the chain with amplitudes large enough to explain the
observed reduction of the dipolar coupling seem rather
unlikely considering the small diameter of the cavity in c-
CD (about 8 �). Additional measurements (not shown)
on an inclusion compound with a PDMS of M

—
n = 1000 g/

mol (about 13 siloxane units) yielded equivalent results,
indicating a negligible influence of finite-chain effects.
Further investigations on inclusion compounds of PDMS
chains within smaller cavities of b-CD are underway to
prove this assumption. Results from neutron scattering
experiments indicate that the helices formed by PDMS
are surprisingly stable even in the melt.[28] Therefore, we
favor the model of a rotating helix and believe that our
result is significant in that it may provide valuable infor-
mation about the helix structure, which is still a matter of
debate even in crystalline PDMS.[29] The possible analogy
is corroborated by the narrow PDMS signal and its che-
mical shift, as mentioned above.

Conclusions
Our results prove that PDMS chains in c-CD most likely
perform rotational motions about the polymer backbone
or segmental fluctuations in the MHz regime. All methyl
groups exist in the same motional state, which is charac-
terized by a tilt angle of about 738 between the Si1C
bond and the rotation axis or, more generally, by a
dynamic order parameter of Sb = 0.72. The presented
NMR data alone does not allow a definite validation of
the rotational model; the real situation may also be a
combination of rotation and bond librations. The situation
is reminiscent of inclusion compounds of alkanes in var-
ious host matrices[7] or discotic liquid crystals,[30] where
the all-trans chains or mesogens, respectively, feature
similarly well-defined rotational motions. It was further
possible to identify weak through-space dipolar contacts
between the rotating PDMS chain and the rigid host.
Therefore, chain motion along the channels with a diffu-

Figure 4. Quantitative determination of the 1H–1H dipolar cou-
pling constant for the methyl groups of the PDMS chains in the
inclusion compound using spinning sidebands as measured
using the BaBa pulse sequence at 30 kHz MAS and a recoupling
time of 8 sR. In (a), experimental spectra are shown for two dif-
ferent temperatures, which are corrected for the frictional heat-
ing in fast-MAS probes;[31] (b) shows the analytical result calcu-
lated from Equation (2) (bottom trace) and a result of a numeri-
cal simulation considering the complete 6-proton system of a
single PDMS monomer unit (top trace), both calculated using an
intra-CH3 dipolar coupling constant of 3.55 kHz.
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sion constant much larger than 5610ÿ15 m2/s can be
excluded.

This work represents the first stept towards using the
particularly sensitive homonuclear 1H DQ approach to
measure chain order also in PDMS melts or samples with
very small volume fraction of polymer, as for instance
absorbed to a surface, without the need for isotopic label-
ing. First results for a PDMS melt indicate that even
though the order parameter in an entangled melt is almost
two orders of magnitude smaller than in inclusion com-
pounds, the system is still well behaved in that the order
parameter can be estimated to a good approximation by
analysis of spinning sideband patters or DQ intensity
build-up (not shown here) within the single-methyl group
approximation, Equation (2).[24] This is an important
advantage because in earlier work on order and dynamics
in mobile polymers,[10, 11, 20] the DQ experiments had to be
referenced by the measurement of at least one individual
coupling using an alternative method, which is not possi-
ble in highly mobile PDMS systems.
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Molecular interactions and dynamics in thin silica surface layers
by proton solid-state NMR spectroscopy∗
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We present results from proton double-quantum magic-angle spinning NMR spectroscopy in sup-
port of tight molecular contacts of the modifier bis(triethoxysilylpropyl) tetrasulfane with the surface
of precipitated, amorphous silica. While chemical bonding cannot be proven directly, its presence is
indicated by through-space dipolar contacts between surface-OH groups and all aliphatic protons of
the modifier, as well as strongly anisotropic motions of the surface-bound molecules. Silica-modifier
contacts are further only found when the samples were heated during preparation. Only small
amounts of ethanol were seen to leave the silica surface upon modification. A good part of the
ethanol set free upon condensation becomes bound to the silica surface, which is supported by the
presence of tight contacts in silica treated with pure ethanol. The anisotropy of molecular motions
of the surface-bound molecules is characterized by the estimation of proton dipole-dipole coupling
constants from double-quantum sideband patterns and build-up curves. Self-condensed samples
of the modifier exhibit either very different dynamic properties or show no indication of contacts
between hydroxyl and aliphatic protons.

Keywords: silanization, silica gel, bis(triethoxysilylpropyl) tetrasulfane, double-quantum spectroscopy,
magic-angle spinning, recoupling, molecular motion,

I. INTRODUCTION

Wherever surfaces are exposed to external media, the
ever growing demands for improved properties necessi-
tates their modification with organic or inorganic mate-
rials. For instance, modification of polymer surfaces is
paramount to the design of biocompatible devices such
as artificial arteries or cardiac valves, or for the design
of materials with optimized scratch-resistant or low sur-
face energy surfaces [1]. Silanization of glass and silica
surfaces ranges among the most common approaches to
surface modification. E.g., in order to improve mechan-
ical properties of polymers, silanized fillers such as glass
fibres or inorganic particles are used to ensure good ma-
trix/filler adhesion [2].

A particular example related to the present study is the
modification of silica with silane coupling agents using
the condensation reaction of alcohol or halogen functions
with the silanol groups of the silica surface [3–5]. Fo-
cussing on the particular case of bis(triethoxysilylpropyl)
tetrasulfane (TESPT) as one of the most commonly used
modifiers in rubber applications [6], we show how modern
solid-state NMR methods can be used to gain rich insight
into the surface modification process. The presented ap-
proach should be useful for many other investigations
focussing on the as yet not fully understood processes
involved in silanization.

TESPT is the most commonly used organosilane, and
is the key to the use of silica for tire tread compounds.

∗revised version, submitted to Chem. Mater.
†Electronic address: kays@makro.uni-freiburg.de; URL: www.

chemie.uni-freiburg.de/makro/kays

Modified silica compounds exhibit improved high and
low temperature dynamic hysteresis properties as com-
pared to compounds with carbon black. These are key
properties for improved tire performance with respect to
lower rolling resistance and better wet skid resistance [6].
The coupling between silica and rubber is believed to
be achieved by the substitution of the ethoxy groups of
TESPT with the silanol groups of silica, and between the
tetrasulfane group and the rubber during vulcanization
with sulfur.

Model studies of the silica-TESPT reaction based on
29Si and 13C chemical shifts measured by rather time-
consuming cross-polarization (CP) MAS NMR spec-
troscopy have provided indirect evidence that a chemical
reaction is likely to occur [7], though many details are still
unclear. While the proof of silica-modifier bonding by 2D
homo- or heteronuclear NMR spectroscopy involving J-
couplings among 29Si and 13C or 1H would be the most
straightforward approach, it is a notoriously difficult task
due to weak signal of 29Si at the surface [8]. Further, as
the modifier in question is a silicon-based material which
might also undergo self-condensation reactions, ambigu-
ities must be expected. We here present a robust and
time-efficient alternative approach providing additional,
also indirect evidence of tight surface contacts using 1H
solid-state NMR spectroscopy.

Exhaustive studies of the surface of sol-gel and fumed
silica by different high-resolution 29Si, 13C, and 1H meth-
ods are due to Maciel and coworkers [3, 4, 9–11]. Chem-
ical bonding of chloro- and ethoxysilanes to silica sur-
faces was inferred from 29Si chemical shifts, and differ-
ent species of surface water and silanol groups on the
untreated silica surface could be identified, assigned and
characterized with respect to their thermal behavior, spa-
tial distribution, and molecular motion.

kays
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Recently, 1H methods employing very fast magic-angle
spinning (MAS) became recognized as very robust and
efficient tools for the high-resolution characterization of
surfaces and interfaces [12–16]. Here, multiple-quantum,
and, more specifically, double-quantum (DQ) techniques
are particularly suited for the determination of inter-
molecular contacts via dipole-dipole couplings [17, 18],
and have successfully been applied to surface and thin-
film samples [12, 13, 15, 16, 19, 20].

In this work, we demonstrate for the first time the
use of 1H DQ MAS methods for the investigation of the
extent of formation of tight molecular contacts between
silica and organosilane modifiers as well as for a site-
resolved characterization of the molecular dynamics in a
surface layer. We have employed the robust and easy to
set-up back-to-back (BaBa) pulse sequence [21, 22]. The
experiment works well at very fast MAS, but it does not
feature the fine intensity build-up time resolution needed
for the determination of dipolar couplings, as provided by
more advanced experiments such as the C-type sequences
[23]. This is, however, compensated by the possibility to
perform a spinning sideband analysis in the indirect di-
mension of two-dimensional DQ correlation spectra [24–
26].

Subjects of our investigations are the precipi-
tated, amorphous silica Ultrasil VN3 and the modifier
bis(triethoxysilylpropyl) tetrasulfane (TESPT) as well as
pure ethanol. The latter is set free upon condensation of
TESPT with the surface or itself. We demonstrate the
feasibility of the 1H DQ MAS approach for the establish-
ment of information on surface bonding, and a qualita-
tive understanding of the dynamics of the surface-bound
species. Our findings are compared with results obtained
from acid- and base-catalyzed self-condensation prod-
ucts of TESPT. The molecular mobility of the surface-
attached molecules is characterized by estimation of the
dynamically averaged dipole-dipole coupling constants.

II. EXPERIMENTAL

A. NMR spectroscopy

The 1H solution-state NMR spectrum in Fig. 1 was
recorded on a Bruker ARX 300 using CDCl3 as solvent.
1H solid-state NMR experiments were performed on a
Bruker Avance 500 solid-state NMR spectrometer oper-
ating at a Larmor frequency of 500.2 MHz. All experi-
ments were conducted under magic-angle spinning condi-
tions using a 2.5 mm MAS probe at a spinning frequency
of 30 kHz with 90◦ pulses of 2 µs length, corresponding to
a B1 nutation frequency of 125 kHz. The chemical shift
was externally referenced to the 1H resonance of solid
adamantane at 1.63 ppm. The recycle delays for most
of the displayed spectra were 500 ms. The T1 relaxation
times of the different components averaged to around a
second, and integrations were performed on completely
relaxed spectra with a waiting time of 10 s between scans,

showing that the relative peak intensities were not sub-
stantially different. DQ experiments in this work were
conducted using the back-to-back (BaBa) pulse sequence
[21], where the compensated version [22] was used for ex-
periments with excitation times equal to an integer mul-
tiple of 4 rotor cycles (n×133 µs).

1H double-quantum (DQ) spectroscopy involves the
excitation of coherences which comprise two coupled pro-
tons by applying a specific, so-called recoupling pulse se-
quence for a certain excitation time (τexc), thereby pro-
viding a means to estimate the coupling constant between
two spins in a site-resolved fashion. DQ coherences are
in principle not observable; therefore, their detection is
achieved in an indirect manner by filtering (using a 4-step
phase cycle) and then reconverting them to observable
magnetization using the same pulse sequence [27]. Note
that, by nature of the experiment, multiple-quantum co-
herences comprising higher even numbers of spins are also
excited, but contribute only at longer recoupling times
and to a much lesser extent, and are therefore negligible.

Dipolar coupling constants depend on the distance be-
tween the spins (DHH ∼ 1/r3) and on the extent of
molecular motion. The mere observation of a dipolar con-
tact between two spins proves their spatial proximity on
the order of 2–5 Å in the experiments performed herein.
Moreover, fast anisotropic molecular motion as a result
of conformational fluctuations, which are expected for
surface-immobilized molecules, reduce the strong dipolar
coupling between two protons attached to the same car-
bon in a systematic way. E.g., for the common case of
fast uniaxial rotation, with the internuclear vector being
inclined by θ with respect to the rotation axis, a reduction
of the coupling by a factor of P2(cos θ) = 1

2
(3 cos2 θ−1) is

observed. Therefore, the knowledge of intra-CH2 dipolar
coupling constants allows us to draw conclusions on the
motional process and its amplitude.

Coupling constants can be estimated by monitoring the
intensity of DQ-filtered (DQF) spectra as a function of
the incremented excitation and reconversion time. DQF
spectra shown in this paper are always obtained by sum-
mation of 32 transients, as are the one-pulse NMR spec-
tra. The comparison of DQF spectra with one-pulse spec-
tra allows us to roughly estimate the amount of dipolar-
coupled, i.e., immobilized molecules at the surface. In
the absence of relaxation and signal loss due to exper-
imental imperfections, a theoretical maximum of about
50% of the spectral intensity of a powdered sample can
be filtered through DQ coherences, while in a typical,
rigid organic solid under realistic conditions, 20–30% is
possible when τexcDHH/2π ≈ 0.7 [21]. This efficiency
is realized for some of the investigated samples, such as
water and ethanol bound to silica as well as two of the
self-condensed TESPT samples. This number represents
an upper estimate, with which our data shall be com-
pared. We will further use DQ build-up curves, i.e., the
integrated DQF intensities of specific peaks in the spec-
tra, normalized with respect to the intensity after a 90◦
pulse, for a qualitative comparison of the dipolar cou-



3

plings associated with different CH2 groups of surface-
bound molecules and an estimation of a distribution of
couplings.

It is further possible to introduce an indirect spectro-
scopic dimension between DQ excitation and reconver-
sion. The resulting DQ correlation spectrum provides
a means to identify coupling partners by their double-
quantum shift, which is just the sum of the chemi-
cal shifts of the two involved nuclei. This approach is
the solid-state analogue of the INADEQUATE method
known from solution-state NMR [27]. Further, for cer-
tain DQ pulse sequences, characteristic spinning side-
band patterns appear in the DQ dimension when magic-
angle spinning is employed and the indirect time domain
is incremented in steps smaller than a single rotor period
[24–26]. These sideband patterns are a sensitive func-
tion of the internuclear coupling constant, and provide
an alternative way to extract quantitative information.

B. Materials and preparations

Subject of the investigations is the precipitated, amor-
phous silica Ultrasil VN3 manufactured by Degussa.
VN3 has a specific BET surface area of 175 m2/g, con-
tains about 5.5% w/w water, and is slightly acidic (pH
= 6.2). Prior to use, VN3 was kept at 105◦ in mem-
brane vacuum (≈ 20 mbar) for 24 hours in all cases so
as to obtain a controlled, low amount of surface water.
TESPT (trade name Si69) was purchased from Degussa
and used without further purification. NMR spectra of
TESPT and VN3 along with chemical structures and sig-
nal assignments are shown in Fig. 1.

The comparison of 1H spectra of the as-received and
heated VN3 (Fig. 1b) unveils the typical dehydration
pattern of silica surfaces and permits an estimate of the
amount of residual surface water: the H2O resonance,
initially located at 4 ppm due to rapid exchange between
the free (4.8 ppm) and the H-bonded (3.5 ppm) state [11],
decreases in intensity upon heating in vacuo and shifts to
3.5 ppm, indicating the sole presence of a monolayer of
H-bonded species. From the signal integrals, the amount
of protons associated with surface water is seen to be
comparable to the amount of silica-OH protons.

As can further be seen by comparison of the one-pulse
spectrum of heated VN3 with the corresponding DQF
spectrum, all resonances except the small and very sharp
ones are associated with dipolar-coupled protons. Sharp
signals of isolated protons at around 1 ppm have been
assigned by Liu and Maciel [11], while the weak signal
at 0 ppm may well be a mobile impurity. DQ excitation
proceeds somewhat slower for the protons associated with
H2O at 3.5 ppm, indicating a higher degree of molecular
motion, as was already discussed by Maciel [10]. In all,
about 20% of all signal could be converted into DQ, which
shows that the majority of all -OH and H2O species are
dipolar coupled, and are thus part of a solid-like surface
layer.
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4 2 0 p p m

2 [ - S - S      - C H 2 - C H 2 - C H 2 - S i
[ O C H 2              - C H 3 ] 3

H - b o n d e d
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h e a t e d
a s - r e c e i v e d

Figure 1: (a) 1H solution-state NMR spectrum of TESPT
and signal assignments. (b)1H MAS solid-state one-pulse and
DQF NMR spectra of as-received and heated silica VN3 along
with assignments according to [10, 11].

Surface modification was performed by mixing with
30% w/w TESPT or ethanol, heating and vigorous stir-
ring for 24 hours, and subsequent drying i.vac. The
weight loss upon modification with TESPT was found
to be 4% (corresponding to a loss of only about 8% of
the EtO-units) when the sample was prepared at 105◦C,
while in the case of pure ethanol, about 93% was re-
moved again, leaving 7% EtO-units at the surface. The
weight loss upon modification with TESPT is in very
good agreement with the loss of EtO as estimated from
relative integrals in the respective 1H NMR spectrum (see
Table I and Fig. 3). Note that, as opposed to the semi-
quantitative nature of integrals in 29Si or 13C CP MAS
spectra, 1H signals comprise all species in the material,
even the most mobile ones.

The VN3 samples are compared with self-condensation
products of TESPT obtained for reaction times of about
24 hours using 30% w/w acid, water, or base, covering
a wide range of pH values. The preparation conditions
and properties of selected samples are compiled in Table
I. All samples were quickly transferred into 2.5 mm MAS
rotors and measured immediately. The polyimide caps
of these rotors turned out not to be completely airtight,
such that re-uptake of water in the course of several days
in the VN3-samples could be observed by an additional
broad signal at 3.8 ppm. In this work, we report only
measurements from samples lacking this peak.
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Table I: Samples investigated in this study.

preparation appearance degree of condensationa

VN3 dried i.vac. at 105◦C white powder —
VN3-TESPT1 heated for 24 h at 105◦C white powder 8%
VN3-TESPT2 heated for 24 h at 165◦C white powder 7%
VN3-EtOH heated for 24 h at 105◦C white powder —
TESPT-c1 condensation with 10% HCOOH/H2O glassy solid (Tg ≈ 45◦C)b ∼75%
TESPT-c2 condensation with 90% HCOOH/H2O glassy solid (Tg ≈ 30◦C)b ∼60%
TESPT-c3 condensation with 99% HCOOH brittle gel 45%
TESPT-c4 condensation with 25% NH3 in H2O brittle gel 33%

aGiven in terms of the loss of EtO- as estimated by integration of
the EtO-resonances in the 1H NMR spectra of Fig. 3.
bVery broad transition (±20◦C), determined by DSC.

III. RESULTS AND DISCUSSION

A. 1H 2D DQ MAS correlation spectra

An immediate proof of a tight contact of a surface-
bound molecule with the surface is the identification of
dipolar couplings between spins located in the molecule
and spins associated with the surface. The DQ corre-
lation spectrum shown in Fig. 2a serves this purpose.
Apart from numerous correlations among the individual
protons of TESPT (see Fig. 1a for an assignment), we
can clearly identify contacts between these protons and
the silica-OH signals centered around 5.5 ppm.

The observation of the cross-signals located below the
aliphatic signals is somewhat challenged by the signal-
proportional “t1-noise” resulting from the strong over-
head of alkyl groups, in particular when such moieties
are partially mobile. This phenomenon is well-known to
result from imperfect cancellation of these contributions
by the phase cycle, and does not challenge the assign-
ment via the cross-signals in the upper left of the spec-
trum [28]. The projection shown at the top is composed
of all DQ coherences with a DQ shift between 6 and 7.5
ppm, and therefore particularly shows the summed cross
signals between the silica around 5.5 ppm plus the three
TESPT resonances located between 0.5 and 2 ppm.

The information thus obtained is, unfortunately, not
unique enough to state that the modifier is chemically
bound to the surface. In particular, it is not clear whether
the observed type of contact is indeed responsible for the
reinforcement effect observed in rubber filled with mod-
ified silica, where the sulfur atoms of TESPT undergo
a vulcanization reaction with C=C double bonds of the
rubber. First, the TESPT could just be adsorbed to the
surface (resulting in rather labile bonding), and second,
TESPT could also undergo self-condensation reactions,
where the observed [Si]-OH groups involved in contacts
could be associated with the silicon in the TESPT [7].
In the following, we discuss these issues, supplement the
arguments with measurements on different, suitably pre-
pared reference samples, and characterize the dynamic
state of the surface-bound species.

Most importantly, no appreciable DQ signal was ob-
served for samples where either TESPT or EtOH were
just mixed with VN3 without heating. This means that
in such samples, TESPT is isotropically mobile and that
surface adsorption effects are weak and easily overcome
by thermally activated motion. It would be quite un-
likely that adsorption could be enhanced by heat treat-
ment. Rather, heating leads to the formation of ei-
ther TESPT-TESPT or silica-TESPT bonds, resulting in
species which perform only constrained motion and thus
exhibit residual dipolar couplings. A strong argument in
favor of a thermally activated chemical reaction with the
silica surface-OH is that the inhomogeneous shift disper-
sions of [Si]-OH in contact with either TESPT or ethanol
observed in the two 2D spectra in Fig. 2a or b, respec-
tively, is very similar, with a maximum around 5.5 ppm
(the apparent differences are mainly due to different con-
tour levels). [Si]-OH associated with self-condensation
products of TESPT would probably not exhibit this same
type of shift dispersion.

However, we are left with the observation that the ap-
parent degree of condensation in VN3-TESPT is rather
low. We believe that the actual degree of condensation is
substantially bigger than the value given in Table I, since
EtOH set free upon condensation is apparently able to
form chemical bonds with the silica itself. This is what is
corroborated by the spectrum in Fig. 2b, where dipolar
contacts are apparent between EtO-resonances and the
silica-OH in a VN3 which was simply heat-treated with
EtOH instead of TESPT. Modification with ethoxysi-
lanes [4] was previously observed to lead to the appear-
ance of surface-bound ethanol. It was even argued that
quantitative retainment should indicate a direct reaction
of the ethoxysilane with Si–O–Si bonds (instead of Si–
OH) in dehydrated silica [5].

An observation worth a comment is that there are ap-
parently two species of Et-O-silica which differ in the
dynamically averaged conformations of the O–CH2 and
CH2–CH3 bonds or their local packing environment, as
indicated by two distinct methyl shifts. These species are
further different in that one couples to silica-OH around
5.5 ppm (as observed in VN3-TESPT), and the other
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Figure 2: 1H 2D DQ MAS correlation spectra (τexc = 133 µs)
of the surface-modified VN3: (a) VN3-TESPT1 and (b) VN3-
EtOH. The grey shaded areas indicate the regions over which
the sum projections were taken, and horizontal bars identify
dipolar contacts between the surface-attached molecules and
the OH protons associated with the silica surface.

couples to silica-OH aroung 6.5 ppm. Further investiga-
tions of this phenomenon are beyond the scope of this pa-
per, but we would like to emphasize that this effect might
open up the way to a deeper understanding of structure
and dynamics associated with the broad shift distribution
of hydrogen-bonded surface-OH. From the data discussed
in this paper, in particular from the data describing the
dynamic state of the surface-bound molecules (vide in-
fra), we are not able to draw any further conclusions, as
both species exhibit similar responses within the error
limit of our methods.

B. 1H one-pulse and DQ-filtered spectra

In order to address the possibility of self-condensation
of TESPT, where Si-OH generated by this process could
mimic the observations discussed so far, we prepared four
TESPT samples which were self-condensed under differ-
ent conditions (see Table I). Under neutral or acidic con-
ditions and presence of sufficient amounts of water, glassy
and amorphous solids were obtained (TESPT-c1/2). Ap-
proximate glass transition temperatures were determined
by differential scanning calorimetry (DSC), and are listed
in Table I. The pronounced loss of EtO-units indicates
high cross-link densities, whereby the glass transition
temperature of the resulting polymer network is appar-
ently shifted to above room temperature. Reactions us-
ing almost pure formic acid (containing only traces of
water), as well as strongly basic conditions, lead to a
weak condensation, and the products are elastic but brit-
tle gels, with correspondingly low cross-link densities and
a lower glass transition range.

Spectra of these compounds, along with correspond-
ing spectra of VN3-TESPT1/2 and VN3-EtOH, are dis-
played in Fig. 3. Signals of TESPT bound to VN3
exhibit a good spectral resolution, indicating substan-
tial fast-limit averaging of dipolar couplings by molecu-
lar motion. A maximum of about 5% of all signal can be
converted into DQ coherences after τexc as short as 133
µs, as is shown by the DQF spectra on the right. This
should be compared to the 20-30% conversion possible
in rigid solids. Therefore, at least 20% of the TESPT
undergoes anisotropic motions and can be assumed to
be bound. The mere presence of these solid-like seg-
ments is in stark contrast to spectra of TESPT just being
mixed with VN3, where the resolution is even better, but
motions are completely liquid-like and no DQ intensity
is observable. Preparation of modified VN3 samples at
165◦C (VN3-TESPT2) leads to slight increase of the DQ
intensity, and to some changes in the signal from the
silica-OH region around 5 ppm, indicating an increase in
surface binding or condensation, and a higher degree of
dehydration, respectively.

In the next section, we will refine our estimate of the
20% bound TESPT and show that probably the whole
TESPT fraction is composed of molecular segments ex-
hibiting a wide range of motional anisotropy from the
rather tightly bound to the liquid-like state.

The spectrum of VN3-EtOH appears less well resolved.
This is, however, not due to a stronger surface binding
and stronger dipolar couplings (vide infra). First, the
broad signals from the silica are much stronger, as the
EtO-content is rather small. Second, as shown in the
preceding section, the shift dispersion is heterogeneous
and probably due to packing effects at the surface. Note
that the DQF spectra of VN3-TESPT1/2 also exhibit
broader signals as compared to the one-pulse spectra,
indicating the presence of similar packing effects. From
the 20% conversion of EtO-signals into DQ coherences
after 133 µs, we see that most of the ethanol left in this



6

1 0 8 6 4 2 0 p p m 1 0 8 6 4 2 0 p p m

( a ) ( b )

V N 3 - T E S P T 1

V N 3 - T E S P T 2

V N 3 - E t O H

1 3 3  m s  D Q F ,  ´ 2 0

1 3 3  m s  D Q F ,  ´ 2 0

T E S P T - c 1

1 3 3  m s  D Q F ,  ´ 5

3 3  m s  D Q F ,  ´ 5

3 3  m s  D Q F ,  ´ 5
T E S P T - c 2

2 6 7  m s  D Q F ,  ´ 2 0

2 6 7  m s  D Q F ,  ´ 2 0

T E S P T - c 3

T E S P T - c 4

5 . 5

5 . 6

~ 1 . 5

~ 2 . 5

3 . 3

4 . 0

Figure 3: 1H MAS spectra of the compounds listed in Table
I. Spectra in column (a) are one-pulse spectra, while spec-
tra in column (b) are double-quantum filtered spectra, taken
with the same number of scans as the one-pulse spectra. DQ
excitation times and scaling factors are indicated beneath the
DQF spectra. Dotted lines show 10-fold amplifications of the
spectral region above 4 ppm, and the numbers in (a) indi-
cate the average number of EtO-units per TESPT moiety as
estimated from the peak integrals.

sample is strongly bound.
Turning to the self-condensed samples TESPT-c1–4,

we immediately see that the two samples with high de-
gree of condensation exhibit the spectral features of rigid
solids. All peaks are 1–2 ppm broad, and the DQF in-
tensity reaches its maximum of about 25% of the initial
intensity already at the shortest possible DQ excitation
time of 33 µs (1 rotor period). Except for the CH3 group,
which exhibits fast motion around the C3 axis even in
crystalline solids and an improved resolution, all other
moieties are presumably almost rigid on the experimen-
tal timescale (which is expected at temperatures in the
vicinity of the glass transition). These samples do ex-
hibit a featureless shoulder in the OH region around 6
ppm. We do not, however, believe that such a signal
can be made responsible for the pronounced cross signals
in the VN3-TESPT samples. On the one hand, 2D DQ

correlation spectra of these compounds (not shown) are
basically featureless blobs with not much similarity to
the spectrum in Fig. 2a, and on the other hand, a much
higher fraction of solid-like self-condensed TESPT would
have to be present in the VN3 samples in order to yield
enough signal in the OH region. As is seen in the one-
pulse spectra of VN3-TESPT, no appreciable amount of
glassy TESPT is present in this sample.

The two samples with lower degrees of condensation
feature spectra which are very similar to the signal from
TESPT on VN3. The DQF intensity reaches a similar
magnitude, but after considerably longer τexc beyond 267
µs. DQF intensities are still appreciable at much longer
times, indicating a wide distribution of rather small cou-
pling constants (vide infra). Such a behavior is very typ-
ical for polymeric networks with a large distribution of
network chain lengths or a large degree of heterogene-
ity [29]. Importantly, neither in the one-pulse nor in the
DQF spectra do we observe any appreciable signal in the
OH region. Therefore, even though the dynamic state of
TESPT in these two samples is similar to the case when
TESPT is bound to silica, the surface contacts observed
in the preceding section are with good confidence not due
to potential [Si]-OH in weakly self-condensed TESPT.
Ultimately, the above arguments rely, of course, on the
(realistic) asssumption that self-condensation of TESPT
close to a silica surface does not yield a much higher
amount of hydroxy groups than in free solution.

C. Molecular dynamics from 1H DQ sideband
spectra and build-up

As shown above, almost all EtO-units in VN3-EtOH
are involved in strongly anisotropic motion. We have
therefore attempted to obtain a more detailed picture of
the dynamics from the measurement of the dipolar cou-
pling constants within this moiety. We compare these re-
sults with measurements on VN3-TESPT and draw some
conclusions on the dynamics of this more complicated,
heterogeneous system. We focus our attention to intra-
CH2 couplings, as this group features a strongly cou-
pled proton spin pair with a static coupling of about 21
kHz [30], while secondary couplings to other protons in
the molecule are at least 4 times smaller. The following
considerations will highlight the potential as well as the
limitations of DQ sideband and build-up analysis when
applied to complicated, distributed systems.

In Fig. 4a, sideband patterns for the OCH2 group
in VN3-EtOH obtained for two different τexc are com-
pared with best-fit calculations described below. The
patterns are not compatible with patterns generated by
single, well-defined coupling constants. In particular, the
first-order sidebands appear much too high. From slices
through the OCH2 peak region of the corresponding 2D
spectra (analogous to the top slice of Fig 2b), it can be in-
ferred that about 10% of the sideband intensity is due to
the underlying broad signal associated with bound water.
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Figure 4: 1H DQ MAS sideband spectra of (a) VN3-EtOH
(OCH2 signal) and (b) VN3-TESPT1, using the excitation
times shown above the spectra. The dashed lines in (a)
indicate the contribution from the underlying water signal,
and the dotted lines correspond to best-fit simulations. The
267 µs-pattern could be fitted using the assumption of an in-
ternally rotating Si–OEt group and different distributions of
a scaling factor (see inset), which parametrizes the mobility
of the Si–O bond (see also Fig. 5).

Previous work has further shown that in certain cases, in-
creased first-order sidebands can be due to couplings to
remote spins [31]. Since such effects were never observed
to exceed a 30% increase over the outer sidebands (which
are only apparent at longer τexc), we conclude that the
observation can only be explained in terms of a distribu-
tion of differently coupled species.

Distribution effects on BaBa sideband patterns have
been investigated in a very recent publication [32]. In this
work, deviations of such patterns from ideal ones were ex-
plained in terms of distributions of pair couplings. As we
are dealing with –CH2–CH3 groups, which, in addition,
exhibit couplings to surface-OH groups (see Fig. 2b),
we have resorted to spin dynamics simulations of a likely
scenario of surface-bound ethanol. The simulations were
performed with a home-written spin dynamics code based
on a stepwise integration of the Liouville-von-Neumann
equation, with the density matrix represented in terms
of product space operator matrices. The program is in
many respects similar to the publicly available SIMP-
SON program [33], and has been tested and applied in
a number of previous publications. The simulation takes
account of experimental limitations such as timings and
finite pulses, which were earlier shown to have only minor
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Figure 5: Simulated 1H DQ MAS sideband spectra of a CH2

group of surface-attached EtOH, subject to dipolar couplings
to 4 remote spins and dynamic processes as indicated. Confor-
mational freedom around the Si–O bond is taken into account
in terms of a factor S, which scales all intra-CH2-CH3 cou-
plings. The dotted lines are from calculations of the isolated
CH2 spin pair, with effective coupling constants indicated.

influence on the sideband patterns [34].
The motional model is depicted in Fig. 5. We assume

uniaxial, fast-limit dynamics around all bonds, and in-
clude one surface-bound proton which does not partici-
pate in the dynamics (calculations with more than 6 spins
are hardly feasible). CH3 rotation merely scales its per-
turbing influence on the CH2 pattern somewhat, while
rotation around the O–CH2 bond scales its intra-proton
coupling by a factor of 2. The motion around the Si–O
bond is considered in terms of a scaling factor. Full rota-
tion around this bond, assuming an Si–O–C angle of 115◦
would lead to |S| = |P2(cos 115◦)| = 0.25. Lower factors
correspond to additional librational motion, higher val-
ues indicate restrictions of the rotation around this bond
by, e.g., surface topology.

Sideband patterns for different values of S can be
inspected in Fig. 5. The comparison with the spin-
pair simulations shown as dotted lines confirms earlier
findings of slightly increased first-order sidebands for
S > 0.3. For lower scaling factors, viz. intra-CH2 cou-
plings, first-order sidebands always dominate. For very
low intra-CH2 couplings, the remote couplings lead to an
increased overall intensity, as well as very weak higher-
order sidebands. The changes upon inclusion of remote
spins are thus seen to be overall weak, and qualitatively
similar conclusions would result when spin-pair patterns
were used for the estimation of the distribution presented
below. It is further not expected that the inclusion of
even more spins would change our (semi-quantitative)
interpretation.

We have used the series of simulated sideband patterns
for a fit of the 4 meaningful sideband intensities mea-
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sured at τexc = 267 µs. A Gaussian distribution centered
at around |S| = 0.22 with half-width of ∆S = 0.15 as
well as a bimodal scenario with |S| = 0.5 and |S| = 0.25
provide an equally good fit, which is shown in Fig. 4a.
The latter finding might be explained with a restricted
and a freely rotating population of surface-OEt. Notably,
the pattern acquired at τexc = 133 µs is only compatible
with an equal relative weight of the two contributions.
This is expected, since transverse relaxation under the
pulse sequence is different for the populations with differ-
ent couplings, and highlights a general limitation of the
technique when distributions are to be quantified. The
actual population of more strongly coupled units might
therefore be somewhat larger than 50%.

The interpretation should therefore be taken with a
grain of salt, also considering the ambiguity of a fit to
only 4 intensities. The minimum statement which can
be made with very good confidence is, however, that the
majority of -OEt groups visible in a one-pulse spectrum is
quite strongly coupled (i.e., contributes fully to the DQF
spectra at rather low τexc), and thus performs rather con-
strained motions. In particular, by simple inspection of
the highest-order sidebands, we can clearly exclude the
presence of a substantial amount of methylene groups
with couplings in large excess of 5 kHz (S = 0.5). These
constraints are compatible with what would be expected
for a surface-bound species.

Turning to TESPT bound to the silica (Fig. 4b), we
observe similar behavior for all types of methylene groups
(as is also the case for the CCH2C group not shown in
the figure). Third-, and, at τexc = 267 µs, even fifth-
order sideband intensities are apparent above the noise
level for all moieties. Note that data for the OCH2 group
is particularly challenged by t1-noise. From a theoretical
point of view, at τexc = 133 µs and 267 µs, third- and
fifth-order sidebands, respectively, reach appreciable in-
tensity only when the coupling exceeds 3 kHz (see Fig. 5).
The extent of motional anisotropy for the most strongly
coupled segments is therefore similar to silica-OEt. Yet,
the first-order sidebands are much increased. Therefore,
a good part of the signal must be associated with more
weakly coupled segments.

Complementary supporting evidence for the existence
of more weakly coupled species can be inferred from the
DQ build-up curves plotted in Fig. 6. Owing to the
limited time resolution of BaBa, the initial slopes, from
which quantitative information on the strongest coupling
constants in the system could in principle be obtained,
are not accessible. Yet, the difference in width of the
dipolar coupling distributions for the two systems is ap-
parent in these data.

For the OCH2 in VN3-EtOH, no dependence on the
sample temperature during measurement is observed, in-
dicating that fast-limit averaging of motions is complete
and that effects of intermediate motions are negligible
[29]. Further, the DQ intensity goes through a pro-
nounced maximum at τexc = 133 µs. The ensuing de-
cay is mainly due to relaxation effects under the pulse
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Figure 6: 1H DQ MAS build-up curves for the modified VN3
samples. The intensities were obtained by integration of the
signals in the individual DQF spectra, and are plotted relative
to the signal in one-pulse spectra taken with the same number
of scans. Sample temperatures during measurement are also
indicated.

sequence, and depends on the magnitude of the involved
couplings. The time scale of the build-up is consistent
with an average coupling on the order of 4 kHz, for which
the maximum intensity would be expected at around
τexc = 200 µs.

A precise determination of coupling constants from
build-up curves from first principles is no less difficult
than sideband analysis, in particular when the system is
heterogeneous and the components have different relax-
ation times [20, 29, 35]. Under MAS conditions, experi-
mental imperfections (timing problems and finite pulses)
on the intensities are more serious, and the sideband
method, despite its limitations highlighted above, is bet-
ter suited to yield an estimate of a distribution. The
curve under consideration supports only the essential fea-
ture of restricted CH2 rotation derived from the sideband
spectra, with hardly any evidence for a distribution. Bet-
ter quantitative agreement of sideband analysis and in-
tensity build-up is only found in better-defined cases such
as anisotropic host dynamics in inclusion compounds [36].

For the resonances of VN3-TESPT1/2, the most signif-
icant observation is that all build-up curves exhibit much
shallower maxima. Even though the maxima are also
reached within 133 µs in most cases, the signal persists for
much longer times. This means that, while strongly cou-
pled segments relax away, more weakly coupled segments
reach their respective intensity maxima. From this, we
deduce that more than the previously estimated 20% of
the TESPT on VN3 is, though weakly, coupled. If there
was only a 20% contribution of strongly coupled and oth-
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erwise liquid-like TESPT, a more pronounced maximum
and ensuing decay would be expected. Further, when the
whole TESPT were only weakly coupled, the maximum
intensity would be expected to shift to longer τexc, and
outer sidebands would also not be observable in Fig. 4b,
as is the case for self-condensed TESPT-c3/4 (data not
shown).

Yet, the fact that the build-up curves of both VN3-
TESPT and TESPT-c3/4 exhibit significant intensity at
long τexc suggests that inter-TESPT cross-linking plays
a role, leading to a mobility gradient away from the silica
surface. This interpretation is supported by the results
of static 1H DQ NMR investigations of the mobility of
non-cross-linked polymer chains grafted to a silica sur-
face [20], where the mobility difference between coupled
chains close to the surface and non-attached chains far-
ther away from it was even more pronounced, leading to
two distinct maxima in DQ build-up curves.

The –SCH2– moieties are seen to appear somewhat
more strongly coupled, as their DQ intensities are
roughly 50% larger than the ones for the other methylene
groups. This could reflect either an additional adsorption
of the S4 moiety to the surface or a more restricted con-
formational space as a result of the bulkiness of the sulfur
atoms.

Finally, the ambient-temperature response (at 40◦C
due to frictional heating in the rotor) for all func-
tional groups of VN3-TESPT2 is about 50% higher than
for VN3-TESPT1, indicating that the higher prepara-
tion temperature leads to a more efficient condensation
(which is not detectable from the loss of EtOH!). A some-
what counterintuitive finding is the increase of the DQ
signal on increasing the measurement temperature (open
vs. closed symbols). At higher temperature, motions are
expected to speed up and maybe increase their ampli-
tude, leading to weaker couplings. That this is not the
case indicates that the fluctuations apparently probe all
available conformational space at the lower temperature.
The apparent increase in the coupling must be due to the
speeding-up of motions. At 40◦, the dynamics is proba-
bly not in the fast limit for a part of the moieties, and in
the intermediate regime, motions lead to a loss of signal
during recoupling [37]. This is yet another argument in
favor of much of the TESPT being (dipolar) coupled.

IV. CONCLUSION

In Fig. 7 we have depicted the proposed model for
structure and dynamics of TESPT on a silica surface. In
summary, we have shown that (i) TESPT is very likely
to undergo a chemical reaction with the surface. This
was previously inferred from small changes in the 29Si
chemical shift distributions observed in CP MAS spectra
[7], and more support has been presented here through
surface contacts being detectable only in DQ spectra of
heated samples. (ii) Ethanol is found to be able to con-
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Figure 7: Model for structure and dynamics on a TESPT-
modified silica surface, showing features derived from NMR
data: (i) surface bonding evidenced by dipolar contacts (thick
dashed lines), (ii) EtO- at the surface, (iii) motional hetero-
geneity (conformational fluctuations of varying amplitude, as
indicated by double arrows of increasing size), and (iv) self
condensation.

dense on to the silica surface under the conditions applied
for modification with TESPT. We therefore suggest that
the rather low loss of EtO- groups from the TESPT is
indicative of surface binding of EtOH set free upon con-
densation, rather than a very low overall degree of con-
densation.

As far as the molecular dynamics of the surface-
bound molecules are concerned, we have seen that (iii)
much of the TESPT is condensed and therefore performs
anisotropic conformational fluctuations, leading to mea-
surable intra-CH2 dipolar couplings. A significant frac-
tion of all TESPT resides close to the surface and exhibits
a motional anisotropy similar to that of EtO- which is di-
rectly bound to the surface. The latter was also shown to
exhibit a notable distribution of freely rotating and hin-
dered species. Last (iv), the residual H2O at the silica
surface most probably promotes some self-condensation
of the TESPT farther away from the surface, explaining
the large amount of material which appears relatively
weakly coupled.

Reinforcement of rubber is usually performed by blend-
ing with silica and TESPT in a one-pot reaction. Con-
cluding from our findings, we might expect that a pre-
treatment of the silica with TESPT involving curing
at elevated temperature enhances strong interactions
of TESPT with the surface and therefore leads to an
improved reinforcement effect (see [6], and references
therein). Finally, a caveat is on the order concerning the
determination of the degree of condensation by measur-
ing the amount of EtOH liberated upon processing. Such
a procedure might lead to substantially underestimated
results.

In all, we have shown that robust and time-efficient
1H DQ MAS techniques based on the BaBa sequence
can readily be applied for a site-resolved and semi-
quantitative elucidation of surface contacts and dynam-
ics in thin molecular layers. Estimates of distributions
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of dipolar couplings as perceived from the shape of side-
band patterns or DQ build-up curves will prove useful
for thorough characterizations of surface-modified silica.
More advanced DQ MAS recoupling experiments provid-
ing a finer build-up time resolution, such as the C-type
sequences [23], along with a better understanding of re-
laxation effects, might allow for more quantitative assess-
ments of distributions, but require considerably more ex-
perience with respect to the tune-up of the spectrometer.
For BaBa, only 90◦ pulse lengths have to be determined.

While we have here merely provided a proof of prin-
ciple, more quantitative studies involving model com-
pounds and systematic variations of reactants and prepa-
ration conditions are envisioned to resolve open questions
concerning the general understanding of silanization re-

actions on surfaces. One example is the mode of modifier
polymerization, for which different mechanisms, such as
a horizontal (cross-linking among surface-bound silanes)
and a vertical one (cross-linking of free and surface-bound
silanes) have been proposed [4], but could not be differ-
entiated using 29Si chemical shift information alone.
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We present proton–proton multiple-quantum investigations on a series of monomodal and strongly
bimodal end-linked poly~dimethylsiloxane! model networks. A robust pulse sequence characterized
by a well-defined double-quantum Hamiltonian along with a specific normalization approach is used
to obtain double-quantum build-up curves. These curves are analyzed in terms of the spin dynamics
of a local subsystem of monomer-fixed spins, where analytical fitting functions yielding residual
dipole–dipole coupling constants are derived on the basis of exact solutions provided by
simulations. Further employing the novel experimental strategy of double-quantum preselection of
elastically active network chains, it is shown that the network response is purely heterogeneous, and
that the data can be analyzed in terms ofdistributionsof local dynamic order parameters using
different models. The results yield consistent proof that local chain order in bimodal networks obeys
a linear mixing law of short- and long-chain components. The order parameter distribution in a
long-chain monomodal network is found to be surprisingly narrow, with a rather high average order
parameter. Implications on the validity of present theories used to explain order and dynamics in
networks are discussed. ©2003 American Institute of Physics.@DOI: 10.1063/1.1589000#
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I. INTRODUCTION

The solidlike spin system response to nuclear magn
resonance~NMR! experiments in polymeric gels and melt1

has triggered a more than 30 year long fruitful history in t
microscopic characterization of chain order a
dynamics2–11 and the determination of actual crosslin
densities,12–15 as well as the correlation of NMR quantitie
with macroscopic quantities such as the equilibrium deg
of swelling16 or mechanic deformation17–19 in networks. All
experimental approaches rely on the anisotropy of segme
motions in polymeric systems, by which tensorial NMR i
teractions~mostly 2H quadrupolar and1H dipolar interac-
tions! are incompletely averaged, leaving smallresidual
quantities. The way of measuring these residual interact
usually comprises either the analysis of line shapes or re
ation functions,1,16–20 or the application of more elaborat
pulse sequences,2–11,14which are designed to be more sen
tive only to the desired interactions and to suppress
wanted contributions from, e.g., slow dynamics or susce
bility effects.

1H multiple-quantum experiments, which are readily a
plicable to unlabeled materials, represent a particula
promising class of techniques, which have successfully b
applied to a quantitative measurement of the residual1H

a!Electronic mail: kays@makro.uni-freiburg.de; URL: www.chemie.u
freiburg.de/makro/kays
3460021-9606/2003/119(6)/3468/15/$20.00
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dipole–dipole coupling constants~DCC! in various
systems.6–9,14This approach is especially powerful when it
combined with high spectral resolution by magic-angle sp
ning, which even makes residual couplings associated w
different internuclear vectors accessible.6 The success of the
multiple-quantum methods is probably based on theirspeci-
ficity: the short-time behavior of measured intensities
widely accepted to be dominated by the strongest resid
couplings in the small subsystems of spins in the monom
units, which allows to extract very specific localized info
mation, rather than somewhat unspecific second mome
which usually result from global fits of complete relaxatio
functions or line shapes.

The residual DCC,D res, can be used to calculate th
dynamic order parameter associated with the polymer ba
bone,

Sb5^P2~cosu t!& t5
D res

Dstat

1

P2~cosā!
, ~1!

by comparison with its static counterpart,Dstat. u t is the
instantaneous orientation of a statistical segment relativ
its average orientation, which should coincide with the en
to-end distance vector of the polymer backbone, assum
that crosslinks or other topological constraints are fixed
space.ā is the average orientation of the internuclear co
pling vector~or, more generally, of the symmetry axis of th
residual coupling tensor! with respect to the segmental or
entation. The measurement of this order parameter is att
8 © 2003 American Institute of Physics
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tive in that it provides a direct link to theories and simu
tions of polymer dynamics. Its determination, however,
usually complicated by slow dynamic processes, or intrin
static distributions, or both, which lead to additional lin
broadening and a smearing of characteristic features in
perimental data.

Therefore, the analysis of experimental data for po
mers or networks is usually performed by invoking rath
strong assumptions, e.g., the second moment appr
mation,21 in order to derive closed-form expressions for t
data to be fitted. In most cases, the underlying assumpt
are very reasonable and accepted. The data analysis us
involves a fitting with multiparameter analytical function
the result of which can be used to draw intriguing conc
sions on the microscopic structure or the dynamic beha
of the polymer system. However, the mere quality of the
may not represent a good proof of the validity of the und
lying assumptions.

We here turn to the particular problem of measuring d
namic order parameters in poly~dimethylsiloxane! networks.
This system is very well understood in terms of the act
validity of some assumptions to be made upon measu
residual dipole–dipole couplings: first, a separation of tim
cales is required for the determination of residual DCC
which are averaged by fast conformational fluctuations
statistical subsegments subject to topological constraint
chemical crosslinks, but not yet influenced by slower mo
such as cooperative or translational motions of these c
straints. Second, the good local isolation of the methyl p
ton three-spin system, which dominates the short-time s
dynamics, is well established.

We present experimental data from1H multiple-quantum
NMR experiments using a selective and robust multip
quantum excitation pulse sequence. We show that, usin~i!
an innovative normalization scheme which corrects for
namic effects as well as experimental imperfections,~ii ! a
spectroscopic preselection of the dipolar-coupled contri
tion, i.e., a suppression of liquidlike components, and~iii ! an
approach to analyze the data in terms of the exact spin
namics of the local monomer-unit subsystem of spins ra
than using second moments, it appears possible to not
reliably extract average values for the molecular order
rameter, but also itsdistribution. Subject of our investiga-
tions is a series of end-linked model networks with
strongly bimodal distribution of average network cha
length. Thus, heterogeneity in network chain order is
pected, and is indeed found in the correct proportion as
tated by the stoichiometry of the system. We discuss so
implications of our findings with respect to the magnitude
chain order effects in polymer networks and the actual to
logical structure of bimodal network systems.

II. EXPERIMENT

A. Samples

Mono- and bimodal poly~dimethylsiloxane! ~PDMS!
networks were prepared from linear hydroxyl-terminat
precursor polymers purchased from Gelest under exclu
of atmospheric oxygen. Tetraethoxysilane in 1.3-molar
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cess of functional groups served as a tetrafunctio
crosslinker, using 0.5 wt % dibutyltin didodecanoate as
catalyst.22 All gels were swollen to equilibrium in toluene
whereby the sol content was removed, and then gradu
deswollen using different mixtures of toluene and methan
The results of the swelling experiments, mechanical tests
well as GPC analyses of the precursors are summarize
Table I.

The networks are characterized by a very good conv
sion of precursor chain ends, yielding very low sol conte
as well low amounts of dangling chains, as shown below
analysis of the NMR data. The equilibrium degree of swe
ing and the Young moduli nicely reflect the progressive
increasing number of chain ends introduced by the sh
chain fraction. Note that even at the lowest content of 10
the short chains contribute the majority of chain ends, th
crosslinks, in the system. Such strongly bimodal netwo
are expected to mainly consist of clusters of short cha
embedded in a long-chain matrix.23 The short-chain clusters
may be regarded as nanoscopic fillers providing a reinfor
ment of the matrix.24 It is therefore expected that the NMR
response of these systems isheterogeneousin nature.

B. NMR spectroscopy
1H NMR experiments were performed on a Bruk

Avance 500 solid-state NMR spectrometer operating a
Larmor frequency of 500.2 MHz. All experiments were co
ducted understatic conditions in a 4 mm MASprobe using
90° pulses of 3ms length, corresponding to aB1 nutation
frequency of 83.3 kHz. Network pieces of roughly 132
34 mm3 were centered in 4 mm o.d. MAS rotors using T
flon spacers and sealed with polyimide caps. For variab
temperature measurements, the bearing air supply was r
lated, while the rotors were prevented from spinning us
Teflon-tape wrapped around the drive turbines.

Multiple-quantum spectroscopy involves the excitati
of coherences which comprise two or more coupled sp
thereby providing a means to measure the coupling cons
between these in an unperturbed and selective fashion. S
MQ coherences are in principle not observable; therefo

TABLE I. Investigated mono- and bimodal PDMS model networks co
posed of long (Mn547 200 g/mol, PD51.86) and short (Mn5780 g/mol,
PD51.49) chains. The sample number indicates the weight fraction of s
chains in percent.

% w/w sola
% w/w free
chain endsb qeq

c E ~MPa!d

net0 7 0.3 4.4 0.8
net10 5.2 0.2 3.4 0.9
net20 5.1 2.4 3.0 1.2
net30 5.0 0.2 2.7 1.5
net50 4.6 0.7 2.2 2.2
net70 4.0 1.9 1.8 3.7
net90 3.2 0.9 1.9 4.5
net100 2.7 ,0.1 1.7 4.85

aDetermined by swelling experiments in toluene.
bMeasured by NMR, see Sec. III B 5.
cEquilibrium degree of swelling (1/fw) in toluene.
dYoung’s modulus as measured by uniaxial extension.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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their detection is achieved in an indirect manner by filter
~using specific phase cycles! and then reconverting them t
observable magnetization.25 The experimental scheme
shown in Fig. 1~a!. One cycle of the particular pulse se
quence used for multiple-quantum excitation~for a time
texc5nctc) and reconversion (t rec) is depicted in Fig. 1~b!.
As indicated in the figure,nc and tc denote the time for one
cycle and the number of cycles, respectively. In all expe
ments reported herein,texc was equal tot rec. The pulse se-
quence is based on the one used for the seminal s
counting experiments of Baum and Pines.26 The timings of
the sequence areD15tc/242tp/2 and D25tc/1223tp/2,
wheretp is the 90° pulse length. The sequence was app
using different tc and nc , as reported below. Double
quantum selection was performed using a four-step ph
cycle for the carrier phase (f0) of the reconversion period
(Df50°, 90°, 180°, 270°) while inverting the receive
phase for alternating scans. Including CYCLOPS on the
read-pulse after the optional dephasing delaytd ~which was
set to zero in our case!, this yields an overall 16-step phas
cycle. Phase-incremented spin-counting experiments w
performed by incrementingDf in 32 steps for subsequen
slices of a 2D experiment, catenating the integral signal o
the individualf-incremented slices four times, apodizatio
and cosine Fourier-transformation.

FIG. 1. ~a! Stages of a typical multiple-quantum experiment.~b! The par-
ticular pulse sequence block~Ref. 26! used for MQ excitation and recon
version is shown along with the modulation functions of the different t
gling frame states of its average Hamiltonian for one quarter of its full cy
~c!. Dashed lines denote the changes upon inclusion of the additional c
pensating 180° pulses.
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In its original publication,26 the basic cycle of the se
quence consisted only of the eight 90° pulses with phasex
and2x. When applied for longer times, the stability of th
sequence proved to be challenged by flip-angle deviati
caused by weakB1 heterogeneity in combination with a con
siderable shift dispersion~roughly 1 kHz! caused by shim-
ming problems due to the irregular sample shape. Adve
effects were readily discernible by line shape distortions
longer excitation times.

We have therefore tested compensation schemes a
the lines of Tycko’s work,27 who has introduced 24 180
pulses in order to achieve good offset compensation. In o
to keep the duty cycle at a mininum, we have found that
four 180° pulses shown in Fig. 1~b! were sufficient to pro-
vide the desired stability. The effect of these pulses might
visualized as being part of composite 90x180y90x inversion
pulses28 providing precise toggling between the differe
state of the average Hamiltonian@Fig. 1~c!#.

III. METHODOLOGICAL BACKGROUND

A. Theory of dipole–dipole couplings
in polymer networks

The development and the continuing refinement of
theoretical framework connecting the anisotropic dynam
of polymer chains in networks with NMR quantities, name
residual DCCs, is covered in a multitude of publication
some of which are cited in the introduction. We may ju
summarize the central aspects here. The starting point is
dipole–dipole coupling Hamiltonian,

Ĥzz
( i j )5Dstat

( i j ) Sb P2~cosā!P2~cosb!~2Î zĴz2 Î xĴx2 Î yĴy!, ~2!

where i and j denote two neighboring spins exhibiting
static-limit DCC of

Dstat
( i j )5

m0

4p

g ig j\

r i j
3 . ~3!

According to Eq.~1!, this DCC is reduced by fast chai

motions, leavingD res
( i j )5Dstat

( i j ) Sb
1
2(3 cos2 ā21) as the re-

sidual DCC. The angleb in Eq. ~2! then takes the role of the
time-averaged orientation of the local backbone orientat
with respect to the static field,B0 . The fast motions charac
terized bySb given in Eq.~1! extend over a certain numbe
of statistical chain segments forming a single entity oft
referred to as the ‘‘NMR sub-molecule’’20 subject to topo-
logical constraints such as crosslinks or trapped entan
ments. At this point, the above-mentioned separation
time-scales approximation must be invoked, which sta
that the topological constraints are stable on the time scal
the NMR experiment, while all local segmental modes a
fast. The validity of this assumption can be substantia
experimentally,19,29 as also shown below.

A commonly used model describing the statistics with
the ‘‘NMR submolecule’’ is the freely jointed chain.18,19 In
order to justify the applicability of simple Gaussian statistic
the NM monomer units of lengthl M are rescaled toN statis-
tical segments of Kuhn lengtha, where Flory’s characteristic
ratio C`5 limN→`R2/NMl M

2 can be used to specify the num
ber of actual monomer units per statistical segme

-
e
m-
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R25Na2 is the average end-to-end vector. Following clas
arguments,30 the average backbone order parameter of
segments of a single freely jointed chain constrained by
particular end-to-end vector is given by

Sb5
3

5

R2

L2 5
3

5

r 2

N
, ~4!

whereL5Na is the contour length, andr 5R/R0 describes
the deviation of the end-to-end vectorR from its average,
unperturbed melt stateR0 . We introduces(D res,b,t) as an
arbitrary NMR signal function depending only on DCCs a
neglecting any other interactions. For example,

sFID~D res,b,t !}cos~ 3
2 D resP2~cosb!t ! ~5!

for a simple in-phase spin-pair free-induction decay or
decay in a Hahn echo experiment. The final response of
spin system is given by independent averages overb ~pow-
der average! as well as over the appropriate distribution f
D res,

S~ t !5^s~D res,b,t !&

5E E P~D res!s~D res,b,t !dD res4p sinb db

5E P~D res!^s~D res,t !&b dD res. ~6!

In a network, the distribution forD res can be traced back to
Gaussian distribution of the normalized end-to-end vector

in Eq. ~4!: P(r )5 (4/Ap) ( 3
2)

3/2exp$( 3
2)

3/2 r 2%.18 It has further
been noted19 that a realistic description should also embo
an additional distribution of theN, as caused by polydispe
sity of the subchains or, more generally, the statistical na
of the topological constraints. Neglecting this possibility f
the time being, we have derived the the normalized distri
tion function of the actualuD resu by re-expressing the integra
over P(r )dr by P(D res)dD res. The result is aG distribution
function (g5 3

2),

P~ uD resu!5
2

Ap
AuD resu/j3 e2uDresu/j, ~7!

where

j5
2uDstatu

5N
uP2~cosā!u. ~8!

The mean residual DCC and the variance of this distribut
are given by

D̄ res5
3

2
j5

3uDstatu
5N

uP2~cosā!u ~9!

and

sg
25

3

2
j25

6 Dstat
2

25N2 P2~cosā!2, ~10!

respectively. The distribution given by Eq.~7! is compared in
Fig. 2~a! with simple Gaussian distributions of DCCs. Eve
though a Gaussian distribution might lack a specific phys
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justification ~vide infra!, we will also use it for our data
analysis because the associated integrals can be eval
analytically.

The relaxation function derived from theG distribution
of couplings leads to the ‘‘super-Lorentzian’’ line shap
shown in the inset of Fig. 2~b!. The distribution peaks close
to the origin, such that no splitting is visible in the spectru
Such a line shape is commonly observed in the2H spectra of
chain-deuterated networks, and has been analyzed on th
sis of the given static distribution ofD res.

18 There are, how-
ever, several reasons why such an approach might lea
misinterpretations: First, the distribution might additiona
stem from a distribution in theN between topological con
straints, as mentioned above. Second, simple one-puls
echo spectra, as commonly used to record such data, co
contributions from liquidlike components, e.g., sol, loops,
dangling chains, which would lead to an increased long-ti
tail ~or an increased spectral center in frequency spa!.
Multiple-quantum spectroscopy can be used to overcome
latter limitations, as shown below.

In 1H spectroscopy, more complications arise: Multisp
interactions lead to an additional damping of the charac
istic oscillations associated with the Pake doublet. It is p
ticularly dangerous to interpret1H relaxation data when the
polymer contains methyl groups.31 Half of the dipolar FID of
a rotating methyl group consists of a very narrow compon

FIG. 2. ~a! Distribution functions for residual DCCs with a commo

D̄ res/2p5100 Hz.sG denotes the standard deviation of a Gaussian distri
tion. ~b! Relaxation functions calculated from Eqs.~5! and ~6! using the
distributions in~a!. The inset shows the corresponding spectra after Fou
transformation.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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associated with protons which have two immediate nei
bors with opposite spin states, whereupon the immediate
cal dipolar field is cancelled. The resulting ‘‘central tran
tion’’ is only broadened by out-of-group coupling
Therefore, the interpretation of the data will most likely yie
an underestimated residual DCC and an overestimated
elastic response. This has been mentioned very early o
Cohen-Addad,32 and the consequence is that interpretatio
going beyond the analysis of the initial relaxation rate
difficult to justify in that case.

Another observation worth commenting is that all rela
ation functions based on both types of distributions as w
as the transverse dephasing based on the powder averag
single DCC exhibit an initial Gaussian decay, as seen in
2~b!. This leads tosimilar second momentsof the associated
spectral lines. When the contribution of a liquidlike comp
nent to the long-time tail is further unknown, it therefo
appears rather ambiguous to fit relaxation data with multi
rameter fitting functions, where the second-moment assu
tion is mainly invoked in order to account for multispin e
fects, and even the elastic-response part can produce l
time tails which will probably distort the liquidlike
contribution. Despite such possible ambiguities, the extr
tion of chain order distributions from relaxation functions
networks was reported earlier.33

The central aspect of this paper is that we will show t
multiple-quantum experiments are not only specific enou
in order to actually falsify the broadG distribution of DCCs
and actually yield specific information of distributions, b
can at the same time be used to justify the spin system m
used to fit the data.

B. Multiple-quantum spectroscopy

Double-quantum~DQ! or, more generally, multiple-
quantum~MQ! spectroscopy has repeatedly been recogni
as a uniquely selective tool for the determination of resid
couplings in polymeric systems.6–10,13,14The success of the
methodology hinges on the sole origin of the measured
signal from actually coupled segments, while perturbing c
tributions from uncoupled segments, e.g., free dang
chains or sol in a network, are effectively suppressed. M
data are commonly analyzed in terms ofbuild-up curvesof
MQ coherences as a function of the excitation and recon
sion time in the multiple-quantum experiment~Fig. 1!.

Our pulse sequence of choice26 is characterized by a
pure DQ average Hamiltonian,

H̄DQ5
a~c!

3 (
i , j

D res
( i j )~Ĥyy

( i j )2Ĥxx
( i j )!, ~11!

where a scaling factora(c) due to finite pulses and/or puls
imperfections~vide infra! is included, andĤxx

( i j ) and Ĥyy
( i j )

denote the toggling-frame representations of the dipo
dipole Hamiltonian given by Eq.~2!. The timings of these
are depicted in Fig 1~c!. As a consequence of this Hami
tonian, only even quantum orders are excited by the pu
sequence, whereby the analytical treatment of the M
build-up remains rather compact. Most DQ MAS pulse
quences used for the investigation of polymeric systems6–9,13
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exhibit this advantage, while in other recent studies of sta
systems, less selective MQ pulse sequences based on
two-pulse segment were used. In that case, the spin dyna
must be followed through all coherence orders, wh
requires rather involved algebra even for small sp
systems.10,14

1. Theory for methyl groups

The sum in Eq.~11! extends over all coupled spin pair
The sum can, however, in practice be truncated to
strongest-coupled spin pairs in the system,6,14 which in the
case of poly~dimethylsiloxane! comprise the three proton
within a single methyl group.9 The three dipole–dipole cou
pling tensors within one methyl group are identical due
the rapidC3 rotation. The analytical solutions for DQ as we
as zero-quantum~ZQ! and longitudinal magnetization~LM !
read9,34

SDQ
CH3~tDQ!5

2

3 K sin2S D restDQ

)
P2~cosb!D L , ~12!

SZQ
CH3~tDQ!5

8

9 K sin4S D restDQ

2)
P2~cosb!D L , ~13!

and

SLM
CH3~tDQ!5

1

9 K S 112 cosS D restDQ

)
P2~cosb!D D 2L ,

~14!

respectively, where the effective evolution time,

tDQ5a~c!nctc , ~15!

includes the scaling factor. Angular brackets denote the p
der and ensemble averages according to Eq.~6!. All three
contributions to an unfiltered signal are normalized so as
add up to 1 for any number of cycles,nc , and cycle times,
tc . Equations~12!–~14! apply to experiments with equa
MQ excitation and reconversion times. Otherwise, the po
ers of 2 or 4 must be split into two equivalent terms w
different timing variables,tDQ,exc andtDQ,rec.

2. Normalization

Powder-averaged solutions of Eqs.~12!–~14! are plotted
in Fig. 3~a!. The ZQ intensity is seen to rise much mo
slowly than DQ since for the Hamiltian in Eq.~11!, ZQ
coherences can only be excited as a result of two consecu
DQ transitions.34 The intensity for all three contributions lev
els out at a relative amplitude of 1/3. This plateau should
an indication of the observation of isolated methyl group8

Experimental data for the monomodal network wi
rather long chains between crosslinks~net0! is shown in Fig.
3~b!. The actual experimental data is identified by t
squares: solid squares are the DQ-filtered signal, while o
squares are the signal detected with the very same puls
quence settings, but with missing receiver phase invers
for alternating scans. This signal is therefore composed o
signal which has not evolved into DQ coherencesafter texc

and is denotedreference. Note that ‘‘DQ-filtered’’ refers to a
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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four-step phase cycle, which means that this signal actu
contains all excited 2n12 quantum orders,25 while the ref-
erence subsumes all signal of 4n quantum orders. The sum
signal SDQ1Sref is seen to decay with a time constant
roughly 8 ms, as are the long-time tails of the DQ and r
erence intensities.

This long-time decay is dominated byT2-type relax-
ation, caused by slow dynamics, and further influenced
T1r andT1 relaxation processes and experimental imperf
tions ~duty cycle!. In order to remove the effect of suc
apparent relaxations, we calculate well-behaved normal
DQ build-up curves by dividingSDQ by the sum intensity
SDQ1Sref , yielding I DQ.6 This was recently shown to be
successful approach in1H DQ MAS spectroscopy.8 The cor-
responding points in Fig. 3~b! are seen to approach a plate
of 0.5 at intermediatetexc and to decay only at much longe
times. The increased plateau and the slow decay are ma
due to multispin couplings and liquidlike contributions, r
spectively, as shown below.

Note that the normalized and the experimental D
build-up curves are very similar until the maxima are alm
reached. This is on the one hand due the very weak co
bution of liquidlike signals, because of a very low dangli

FIG. 3. ~a! Powder averaged build-up and decay curves for1H DQ and ZQ
coherences, and LM magnetization, respectively, calculated accordin
Eqs. ~12!–~14! for a rotating methyl group withD res/2p5100 Hz. ~b! Ex-
perimental DQ, reference, and sum intensities, as well as the normalize
intensity for sample net0 at a fixedtc of 0.8 ms. All data are normalized to
the full FID signal intensity after a single 90° pulse.
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chain content and the removed sol. On the other hand,
parent relaxation processes, as manifested in the decay o
overall intensity, are much slower than the DQ build-up. T
can directly be inferred from a comparison of the sum de
and the DQ build-up: the sum intensity has not even deca
by 10%, while the DQ intensity has already reached its ma
mum. We will now turn to assessing the different facto
which might interfere with the reproducibility of the norma
ized build-up curves ofI DQ, henceforth just referred to a
‘‘DQ build-up curves.’’

3. Experimental imperfections

An important figure governing the performance of
multiple-pulse sequence is the fraction of time occupied
pulses, i.e., its duty factor,

c516 tp /tc , ~16!

which includes the refocusingp pulses of the compensate
pulse sequence shown in Fig. 1. Using zeroth-order ave
Hamiltonian theory,35 we turn to a calculation of the scalin
factor a(c) included in Eq. ~11!. According to standard
procedures,36 the effect of finite pulses is easily taken in
account by considering a continuous, sinusoidal transfor
tion between the individual toggling frame states of the a
erage Hamiltonian, as depicted in Fig. 1~c!. We obtain the
following linear combination of toggling frame states,

H̄DQtc5D res~
1
3 tcĤzz1~ 2

3 tc24tp!Ĥyy14tpĤxx!, ~17!

where the sum over all coupled pairs has been omitted
clarity. Using the magic zero condition,Ĥxx1Ĥyy1Ĥzz50,
this equation can be converted into

H̄DQtc5D res~~ 1
3 tc24tp!Ĥyy2~ 1

3 tc24tp!Ĥxx!. ~18!

A comparison with Eq.~11! yields the scaling factor,

a~c!51212
tp

tc
512

3

4
c. ~19!

It is worth mentioning that the duty-cycle dependence is
sole consequence of the refocusingp pulses, which contrib-
uteĤxx and reduce the prefactor ofĤyy . The uncompensated
8-pulse DQ sequence does not depend onc at all, because a
continuous transformation between the two toggling fra
statesĤzz and Ĥyy does not change their relative weight.

An experimental test of the expression for the scal
factor given in Eq.~19! is shown in Fig. 4. Experiments
conducted at different values oftc and varyingnc are com-
pared with an experiment in whichnc51 was held constan
while tc was gradually increased. The correspondinga(c)
was taken into account on the time axis, in accordance w
Eq. ~12!. Note that this correction was also used for the d
in Fig. 3~b!, and it will henceforth be used without explic
mention.

Over a wide range oftc , the results superpose perfect
even for rather long excitation times. Only for the very sho
est value of 0.1 ms fortc , which corresponds to a duty cycl
of 48%, do we observe a deterioration of the performan
however only after the maximum is reached. Both the
perimental DQ and reference intensities decay more rap

to
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with decreasingtc , but only for very high duty cycles is the
DQ intensity more strongly affected, leading to the observ
decay of the normalized counterpart. The one-cycle tim
incremented version apparently fails as well to compens
for imperfections at longer times. In this case, the decay
Sref compares well with thenc-incremented experiments, an
only the experimental DQ build-up is observed to be sligh
less efficient. In all cases, however, the meaningful ris
part of the DQ build-up curve is reproduced.

Note that the systematic error of all shown data ass
ated with experimental imperfections is about60.01 as es-
timated from the day-to-day reproducibility of comple
build-up series with equal and differenttc . The symbol size
was chosen to reflect this type of uncertainty. Statistical
rors within a single series of build-up data associated w
experimental noise, etc. are hardly apparent for excita
times below 10 ms. At longer times, of course, these err
dominate due to the strong decrease of the integral sign

In all, we have shown that the pulse sequence is rea
ably stable over a wide range of duty cycles, permitting
very reproducible measurement of the DQ build-up. As far
offset and flip-angle deviations are concerned, the seque
can tolerate an off-resonance shift of the frequency carrie
about 1 kHz as well as a pulse mis-setting of about 1
without notable change of the measured result. We note
decay of the sum intensity is a function oftc , which indi-
cates interferences of slow dynamics or higher-order effe
with finite or imperfect pulses. Yet, the perfect agreemen
the normalized DQ buildup curves indicates that these pr
lems are well compensated for.

4. Relaxation effects and separation of time scales

The sum intensity plotted in Fig. 3~b! is in principle
analogous to an echo signal where all multispin dipol
dipole couplings are refocused at the end oftexc1t rec, only
that it is measured in an indirect fashion by summation
two contributions. A simpler pulse sequence capable of p
ducing such an echo directly is the mixed magic-Hahn ec
which was recently introduced for the investigation

FIG. 4. Experimental normalized DQ build-up for sample net0 for differ
duty cycles, realized by varyingnc at constant cycle timestc or by varying
the length of a single cycle. The values ofa(c) corresponding totc50.1,
0.2, and 0.8 ms are 0.64, 0.82, and 0.955, respectively.a(c) for the nc

51 experiment changes continuously.
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elastomers.11 The decay of such an echo was shown to
due to the fluctuating part of the dipolar Hamiltonian, i.
due to slow motions of the local axis of symmetry, whic
prevents the dipolar evolution from being refocused. The
traction of information on slow dynamics from the sum si
nal decay is beyond the scope of this paper; the simpler
faster mixed magic-Hahn echo approach or the dipolar c
relation effect on the stimulated echo5 are probably also bet
ter suited for this purpose. We are, however, concerned a
the influence of slow processes on the shape of the
build-up curve.

DQ build-up curves for net0 are compared for vas
different temperatures in Fig. 5~a!. The given temperature
are 70, 145, and 190 K above theTg of PDMS at 150 K.37 In
this range, the experimental result is seen to undergo no
preciable change. This represents a very strong argumen
the validity of the separation-of-time-scales~or fast-motion!
approximation, stating that there are no motions on the NM
time scale which interfere with the measurement of the
sidual DCC. The local segment dynamics is clearly in t
fast limit at 220 K and above, and the motional amplitude
these segmental modes does not seem to change at all
increasing the temperature.

t

FIG. 5. ~a! Experimental normalized DQ build-up for sample net0 at thr
different temperatures. The small and large symbols denotetc50.2 ms and
0.8 ms, respectively.~b! Corresponding sum intensity decay curves plott
on a semilogarithmic scale.
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The sum intensity decay@Fig. 5~b!# in turn does change
indicating the presence of thermally activated motions,
the normalization procedure is apparently able to compen
for this change. A peculiar observation in this regard is t
the decay isfaster at lower temperature, indicating that th
motions which interfere with the NMR time scale are slow
down from the fast limit, and may thus be attributed
slowed-down segmental modes rather than large-scale c
erative modes. An in-depth discussion of these phenom
will be deferred to later work.

Note that for neither temperature the sum intensity
cays by more than 10% during the rising part of the D
build-up. HomogeneousT2-like relaxation is therefore of mi-
nor importance. Another implication worth discussing is th
our normalization approach is strictly correct only when t
apparentT2 relaxation times are equal for coherences of
quantum orders~ZQ and DQ in particular!. Otherwise, their
relative weighting would change with time, leading
changes in the DQ build-up curves when such differen
relaxation processes were a strong function temperature
see that at least in the present case, the assumption of n
gible differential relaxation is justifiable.

5. Liquidlike signal contributions and DQ preselection

In Fig. 5~b!, we observe slow exponentials tail of th
sum intensity decay curves. Such slow tails also appea
simple relaxation experiments of elastomers,29,31,38,39and are
usually ascribed to signal contributions which are not sub
to orientational constraints, i.e., they lack residual DCCs
behave liquidlike. Such contributions comprise sol, dangl
chains, and short, unentangled loops, as well as solvent
ecules in the case of swollen networks. Since sol and sol
were removed in our case, the contributions seen in Fig. 5~b!,
which vary with temperature between 0.15% and 0.52
must be ascribed to dangling chains. The change with t
perature might be explained with the fact that the netw
has high-molecular weight network chains, of which only t
outermost part beyond the ‘‘last entanglement’’ reorients i
tropically. At higher temperatures, longer parts of the d
gling chains can escape their entanglement constraints.

As discussed earlier, the very low amount of such sig
does not interfere with our normalization procedure. Ho
ever, when substantial amounts of sol or dangling chain e
are present, will the reference intensity be higher by t
amount, and theI DQ will come out too low. This is demon
strated on a sample of octane-swollen net0 in Fig. 6~a!. The
maximum of the DQ build-up~closed circles! is substantially
depressed. Employing a simple phenomenological appro
~which was also used to correct data for the dipolar corre
tion effect in networks5!, it is possible to fit the exponentia
long-time tail and subtract it from the reference~and sum!
intensities. Then, the experimental DQ data can be re
enced with its proper complement, and a well-behaved
build-up curve is obtained.

The drawback of this approach is seen attDQ of around
40 ms, where the DQ signal goes through a maximum.
singly-exponential tail correction did apparently not descr
the true long-time decay due to liquidlike components c
rectly. This is not surprising, considering that octane a
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dangling chains might relax with different apparentT2s.
Since multicomponent fitting might be a problematic a
proach, we propose an experimental scheme by which
nonelastic contributions can be removed: DQ preselectio

The combined DQ excitation and reconversion block
the pulse sequence in Fig. 1~a! can simply be applied twice
spaced by az-filter delay tz . Two independent four-step
phase cycles are then applied to the first and second pa
DQ excitation and reconversion~64-step phase cycle in tota
including CYCLOPS!. If the excitation and reconversio
times of the first block are held constant attDQ

pre , an incre-
ment oftDQ of the second block can be used to study the D
build-up of preselecteddipolar-coupled components only.
Note that for the reference intensity, receiver phase invers
must be switched off only with respect to the four-step cy
over the second block. A finitez-filter is essential for two
reasons: first, dephasing of higher-order coherences w
are excited by the whole first block and are reconverted
the whole second block dephase and are thus suppressed@see
inset of Fig. 6~b!#. Second, spin diffusion~either mediated by

FIG. 6. ~a! Experimental sum decay~diamonds! and DQ build-up~circles!
for sample net0 swollen with 9% w/w octane. The open symbols indic
data for which the exponential tail~dashed line! was substracted from the
reference.~b! Comparison of the tail-corrected DQ build-up from~a! with
DQ prefiltered DQ build-up curves for different preselection times andtz

5300 ms. The small and large squares denotetc50.2 ms and 0.8 ms, re-
spectively. The inset shows the coherence transfer pathway for the DQ
selection experiment.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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flip–flop interactions or actual material or rotation
diffusion40! serves to equilibrate the magnetization within t
whole dipolar-coupled reservoir of the network. Liquidlik
components are uncoupled and will thus not reacquire m
netization.

The success of the prefiltering procedure can be infe
from Fig. 6~b!. For arbitrary preselection times, the sam
build-up curve is measured. We have chosen rather long
selection times, because the signal is low and the data q
noisy for shorter preselection times, where the overall D
signal has not risen to its maximum. The plateau is n
reliably observed for about 15 ms, until the DQ signal fina
decays. AttDQ much larger than 20 ms, the sum signal h
decayed to less than 1% of its initial value, and the d
cannot be considered reliable any more.

The statement about the spin-diffusion equilibration c
be tested if the action of thez-filter is replaced by anothe
four-step phase cycle designed to select a zeroth-order m
netization state betweentz and the finaltd . This is achieved
by cycling the carrier phase of the whole second excitati
reconversion block through 0°, 90°, 180°, and 270° wh
keeping the receiver phase constant~the low amount of ac-
tual ZQ coherence which is not filtered out does not cont
ute much to the signal, as it builds up much more slowly th
DQ!. In Fig. 7, we compare results from experiments w
tz50 and different preselection times with analytical calc
lations based on Eqs.~12!–~14!. These are straightforwardl
adapted to describe the prefiltered experiment by multiply
all three equations by Eq.~12! with fixed tDQ

pre .
The effect of increasing preselection time on the D

build-up curves is demonstrated in Fig. 7~a!. For short pre-
selection times, the curves rise much faster and go thro
higher maxima as compared with the regular build-up. T
effect is due to preferential selection of strongly coupled s
ments, which are associated with regions of higher molec
order and, more importantly, with residual coupling tens
orientationscorresponding to large couplings~i.e., orienta-
tions close to 0° and 90°). In other words, the isotro
powder average is broken by the preselection. The analy
calculations shown in the inset of Fig. 7~a! give a convincing
proof of this assumption. Even though the experimental
intensities are somewhat higher than expected~vide infra!,
the trend of faster initial rise and higher maximum is co
vincingly reproduced. Note that the build-up for longer pr
selection times isslower than the regular one, which is als
reproduced in the calculations. This effect can only be du
a broken powder average, thereby indicating a rather nar
distribution of the order parameter in the whole sample.

Introducing a finitez-filter, it is seen in Fig. 7~b! that the
difference between preselected and regular build-up vani
on the time scale of 10 ms. Therefore, chains must h
transferred magnetization to either differently oriented or d
ferently coupled segments on this time scale. This is eit
due to spin diffusion, as mentioned above, or due to s
reorientations of the segments. Both processes lead t
even distribution of the magnetization over the whole se
orientations representing an isotropic powder. We anticip
interesting applications of this effect to the study of slo
dynamics or to the estimation of length scales of hetero
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neities or regions with similar average main-chain orien
tions. Further work along these lines is in progress. We h
here introduced the DQ preselection approach mainly a
tool to selectively monitor elastically active network chai
and to prove again the heterogeneous nature of the build
curves.

IV. RESULTS: MEASUREMENT OF ORDER
PARAMETERS AND DISTRIBUTIONS

Having confirmed that reproducible normalized D
build-up curves can be measured, which are widely indep
dent of adverse effects such as pulse sequence imperfect
solvent and dangling chain content, and slow dynamics,
now turn to the actual extraction of residual DCCs, thus
der parameters. From Figs. 3~a! and 3~b! it was already ap-
parent that the network response is not characteristic o
single methyl group response as far as the intensity platea
concerned. The observed plateau of 0.5 is typical for a m

FIG. 7. ~a! Experimental DQ build-up curves for net0 using different D
preselection times~circles of increasing size! and tz50, acquired with an
extended phase cycle. The arrows indicate the location of the chosen p
lection times on the regular build-up curve~dashed line!. The inset shows
corresponding calculations~see text! for a single CH3 group with a coupling
constant of 130 Hz.~b! DQ build-up curves for net0 using a fixed presele
tion time of 2.2 ms@six cycles of 0.4 ms length, corrected witha(c)] and
different z-filter delaystz ~circles of increasing size!, again compared with
the regular DQ build-up~dashed line!.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tispin system, where the excited coherences are fin
equally distributed among the accessible 2n12 and 4n
quantum orders in Liouville space.26 The question we will
address now is in how far the analytical theory for isola
methyl groups can actually be used for the analysis of
data.

A. Local spin system approximation

1. Spin counting experiments

In order to obtain a first insight into the multispin natu
of the network response, we have conducted pha
incremented spin counting experiments26 on net0 for a series
of fixed nctc . The intensities for quantum orders up to 8 a
plotted in Fig. 8~a! relative to the integral intensity over a
quantum orders. Even 12-quantum coherences were qu
fiable at the longest chosen excitation time, but their rela
intensity is negligible on the chosen scale.

We see that 4 and higher quantum orders are hardly
preciable until the DQ signal has reached its maximum
around 3 ms. This observation supports strongly the a
ment that the DQ build-up is largely dominated by the sin
methyl-group response. Inn-spin systems exhibiting man
similar couplings, the growth of the relative intensity dist
bution among the different quantum orders is found to

FIG. 8. ~a! Experimental normalizedn-quantum intensities for net0 dete
mined from spin-counting experiments. The data are compared to the r
lar experimental DQ build-up~small squares! and analytical calculations for
an isolated CH3 group with D res/2p5130 Hz ~dotted line! as well as
build-up simulations of all accessible quantum orders in a PDMS mono
with two methyl groups and a scaled intra-CH3 coupling of 130 Hz~solid
lines!. ~b! Sketch of the spin system geometries~relative1H positions! and
the fast dynamic processes assumed in the calculations. The methyl g
orientation relative to the averaged backbone directionā was taken to be
90°.
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almost Gaussian,26 meaning that the excitation of th
multiple-quantum coherences has the characteristics o
‘‘random walk in Liouville space,’’ with an increasing
‘‘mean square displacement’’ in quantum orders when
excitation time is increased. In our case, the 4 and hig
quantum orders clearly lag behind this Gaussian assump
Such local confinement effects, or ‘‘subdiffusion,’’ were al
observed in the original work, though on a larger scale
whole molecules26 rather than single methyl groups.

Further, the signal measured using the regular ‘‘D
filtered’’ sequence~small squares! is seen to indeed be dom
nated by 2-quantum coherences. 6-quantum and highen
12 coherences, which are also selected by the 4-step p
cycle, do not contribute appreciably until the DQ build-u
has reached its plateau. The increase of the plateau from
for an isolated methyl group to 0.5 for ann-spin system is
therefore dominated byinter-methyl 2-quantum coherence
in particular those involving the other methyl group in th
same monomer unit and the two adjacent dimethylsilox
~DMS! units.

2. Exact calculations for the local spin subsystem
and approximate fitting function

Considering reasonable rotational isomeric states of
polymer chain, the strongest intermethyl coupling is m
probably the coupling to the CH3 in the same monome
(5DMS) unit. We therefore compare the data for net0
Fig. 8~a! with analytical calculations of a single-methyl DQ
build-up and spin dynamics simulations involving all six i
tramonomer protons. Both types of calculations are based
the reasonable model of local cylindrical symmetry of t
fast segmental dynamics, in which an order parameter of
taken to correspond to the simultaneous action of~i! methyl
rotation, which leads to equal intramethyl dipolar coupli
tensors and reduces the static coupling by 2 and~ii ! fast
rotation about the local backbone axis.41 For the former, the
factor of 2 is to be included in the absolute value forDstat in
Eq. ~1!, while the identity of the coupling tensors is an a
sumption on which Eqs.~12!–~14! are based. The latter pro
cess contributes the only parameter in this simple model:
angleā @Fig. 8~b!#, which is taken to be 90°. Recent wor
on PDMS in an inclusion compound,8 where the chain is an
extended conformation and is rotating in the fast limit, ind
cated that this angle is most likely larger than 70°@P2(cosā)
is then20.32 instead of20.5].

The density matrix simulations were performed using
home-written code based on numerical stepwise integra
of the Liouville–von-Neumann equation of motion for spin
using a product-basis representation of the density ma
The program is in many respects similar to the public
availableSIMPSON package.42 Powder averaging was in a
cases performed using theREPULSIONscheme with 4096 an
gular orientations evenly distributed over a sphere.43 The lo-
cal geometry of our monomer model@Fig. 8~b!# is taken
from a single-crystal study of a cyclic DMS tetramer.44 The
inter-methyl couplings are based on the rigid-limit couplin
constants scaled with the same order parameterSb which is
needed to obtain theintra-methyl coupling of 130 Hz. This
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type of relative scaling is a central, yet realistic assumpt
for our local spin system approximation.

The build-up curves shown in Fig. 8~a! nicely show that,
in contrast to the single-CH3 response, the 2Q16Q build-up
in the DMS unit approaches the experimental plateau o
0.5. Most notably, even though the first maximum at ab
3 ms is slightly increased, the initial rise hardly differs fro
the CH3 solution. We see that a good part of the deviati
between the CH3 response and the data for net0 is explain
by the local model. However, the network response reac
its plateau much earlier. This is due to the additional infl
ence of couplings to further methyl groups, as also proven
the observation that experimental intensities of high
quantum orders are higher than predicted by the simulat
for DMS. The increasecannot be due to the presence o
heterogeneity and a fraction of more strongly coupled s
ments. Due to our normalization procedure, a fraction
strongly coupled segments would show in the very init
rise, as substantiated below.

We can therefore conclude that net0 features a surp
ingly narrow distribution of couplings~thus order param-
eters! and we will return to that point under Discussion. O
goal is now to find a reasonable fitting function for expe
mental build-up curves, to be used in a least-squares fit
program, and we will use conventionalx2 analysis to obtain
estimates for the quality of the fits. The curves in Fig. 8~a!
are the result of an extensive powder average, thus ma
Eqs.~12!–~14! and the density matrix simulations an impra
tical basis for a fit. We sought to find a closed-form fittin
function which adequately describes the initial rise of t
simulated DQ build-up, while obeying the correct long-time
limit. An inverted Gaussian function,

SDQ
DMS~D res!5c~12exp$2d~D res/2p!2 tDQ

2 %! ~20a!

provided an almost perfect fit to theDMS build-up simula-
tion, when the fit was performed for data up to the fi
maximum~the x2 was less than 1026). The fit is shown in
Fig. 9 as the thin solid line, and the results for the consta
are c50.443 andd537.51. This function can be used in
common fitting routine to determine an averagedD res from a
build-up curve, when only the initial rise up toI DQ50.4 is

FIG. 9. Experimental and simulated data from Fig. 8~a! compared with
fitting functions as described in the text.
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fitted, thereby avoiding small systematic errors associa
with the fact that actual experimental data rises somew
higher.

However, when distributions are to be investigated, it
expected that the relative weight of a strongly coupled s
ensemble would be overestimated, because its relative
build-up will probably have gone through a shallow max
mum and reached its relative plateau of 0.5, while le
strongly coupled contributions are still in the rising regim
We have therefore fitted Eq.~20a! to the DMS solution for
I DQ<0.3 while holding the parameter for the plateau fixed
0.5. Thex2 was similarly good, and the parameters for o
final semiempirical fitting function are

c50.5, ~20b!

d531.91, ~20c!

where D res/2p and tDQ are in Hz and s or kHz and ms
respectively. It is this function which yielded theD res/2p
5130 Hz for net0, which was used for simulations or co
parisons in the preceding figures. As far as systematic er
concerning the neglect of all out-of-monomer-unit couplin
is concerned, we expect the resulting underestimation of
‘‘true’’ local D res to be less than 5%. In order to keep erro
associated with the failure of the fitting function to accou
for the shallow maximum observed in experimental build-
curves low, we will restrict fits to build-up data for differen
network samples to actual values ofI DQ<0.45. Note that a
small systematic overestimation of more strongly coup
contributions in samples exhibiting broad distributions an
failure to detect very small amounts of weakly coupled co
ponents must still be expected.

For an even better fitting function, it would clearly b
desirable to increase the number of couplings in our lo
model. Yet, density matrix simulations are hardly feasible
more than eight spins, at least when no substantial reduc
of the Hilbert-space dimensionality is employed. Moreov
when couplings to adjacent monomer units should be con
ered, a proper isomeric-states simulation would be neces
to account for fluctuations of monomer units relative to ea
other, making the model even more complicated. We exp
that such calculations are, however, feasible for polym
with a steeper hierarchy of local couplings and fewer proto
in the monomer unit@e.g., poly~butadiene!#, where a local
calculation might yield a better representation of the ‘‘tru
intrachain build-up.

B. Linear mixing law in bimodal networks
and order parameter distributions

In Fig. 10 we show DQ build-up curves for the comple
series of mono- and bimodal networks net0–net100. An
mediate observation we have made is that a good fit us
Eqs. ~20!, shown as dashed line, is only possible for ne
For all other networks, major deviations from Eqs.~20! are
observable, such as significantly steeper initial rises
changes of the curve shapes from concave to convex.
gives a first indication for an inhomogeneous distribution
local orientational order in the bimodal network samples.
a next step, we therefore make the assumption that short
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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long chains displaydifferent, well separated segmental ord
distributions which are superposed in the observed D
build-up curves in Fig. 10.

First, we test the validity of a simplelinear mixing law
taking the limiting cases of net0 and net100 as represe
tions for their respective contributions to the signal in t
bimodal samples. The result for thelinear combinationsof
interpolations of theexperimentalbuild-up curves for net0
and net100 are plotted as solid lines in Fig. 10. The cl
similarity between data for all bimodal networks and the
interpolations is a surprisingly clear evidence for the hete
geneity of the order parameter distribution in the bimo
systems, to be discussed below.

For a more systematic approach to describe the het
geneity in the local segmental orientations, we introduc
general bimodalansatzfor the DQ build-up curves given by

SDQ~D res
(1) ,D res

(2) ,a!5a SDQ
DMS~D res

(1)!1~12a!SDQ
DMS~D res

(2)!.

~21!

Here, the parametera controls the relative weight of the
order parameters represented byD res

(1) andD res
(2) . We compare

the fits using the bimodal model with a simple Gauss
distribution of the order parameterD res. We will discuss this

FIG. 10. Experimental DQ build-up data for all network samples. Individ
build-up series for the individual samples were acquired attc50.1, 0.2, and
0.8 ms, and combined in a single curve. The data for net10–net90
compared with simple linear superpositions of the data for net0 and ne
with weighting factors corresponding to the stoichiometry of the samp
~solid lines!. The best-fit to the net0 data using Eqs.~20! is shown as a
dashed line.
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assumption below. In the case of a Gaussian form
P(D res), the integral overD res in Eq. ~6! in combination with
Eqs. ~20! can be evaluated analytically, yielding the tw
parameter fitting function,

SDQ~D̄ res,sG!5cS 12

expH 2
d ~D̄ res/2p!2 tDQ

2

112d~sG/2p!2 tDQ
2 J

A112d~sG/2p!2 tDQ
2

D .

~22!

A third approach, to be taken with grain of salt, regarding
empirical shape of the fitting function betweenI DQ50.3 and
the long-time plateau, was to use Eqs.~20! as the Kernel
function in a regularization program which solves Eq.~6! for
P(D res). Such an approach is in general an ill-posed pro
lem, and regularization is inevitable. We have used
FTIKREG ~‘‘fast Tikhonov regularization’’! software by
Weese,45 which is convenient in that it determines the reg
larization parameter automatically based on the experime
data and the given error, thus not biasing the resulting dis
bution towards too many maxima. Note that even though 1
linearly spaced ‘‘bins’’ forD reswere used for each set of da
containing only 10–30 points, the problem is not underde
mined, because the regularization effectively couples ne
boring amplitude factors.

The results obtained by processing the data for the
work sample series using the different approaches are s
marized in Table II and Fig. 11. The quality of the fits can
gauged by comparing the givenx2 values, which are normal
ized to the number of data points. The meanD̄ res and the
square root of the variance of the distributions obtained
regularization were calculated numerically.

V. DISCUSSION

A. Analysis and width of the order parameter
distributions

From thex2 values in Table II, it is immediately clea
that the monomodal fit to Eqs.~20! as well as the fit assum
ing a Gaussian distribution of order parameters do not p
vide good representations of data for the highly bimo
samples. The monomodal net0 is the only one in which
distribution is found to be narrow. Note that the Gaussian
lose their physical significance oncesG is more than half of

l
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00
s

and t
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TABLE II. Results of fits of the experimental DQ build-up curves to the analytical functions discussed in the text. All frequencies are given in Hz,he
x2 values are normalized to the number of data points in the individual build-up curves.

Eqs.~20!—monomodal Eq.~21!—bimodal Eq.~22!—Gaussian Regularization

D res/2p x23103 D res
(1)/2p D res

(2)/2p (12a) x23103
D̄ res/2p sG/2p x23103

D̄ res/2p As reg
2 /2p x23103

net0 130 0.1 118 444 0.06 0.003 129 36 0.05 125 42 0.00
net10 137 0.67 118 432 0.18 0.008 150 71 0.16 177 168 0.02
net20 152 1.95 113 455 0.31 0.03 ~180! ~144! 0.23 247 234 0.023
net30 176 2.8 113 445 0.41 0.04 ¯ 272 221 0.014
net50 239 4.5 114 535 0.56 0.04 ¯ 382 253 0.018
net70 461 4.1 116 755 0.71 0.16 ¯ 737 462 0.021
net90 572 1.3 ~397! ~1070! ~0.44! 0.01 ~666! ~335! 0.05 725 405 0.028
net100 694 0.91 ~503! ~1211! ~0.42! 0.03 780 347 0.05 822 399 0.12
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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D̄ res. From Fig. 2~a! it can be inferred that the distributio
then has a rather large tail extending into the negative qu
rant. However, it is hard to visualize a dynamic proce
yielding a sign change ofD res which is active only for a
fraction of the chains in the ensemble. We have therefore
reported the results for the Gaussian fit for samples net
net70.

Let us start with the discussion of the data for the mo
modal long-chain net0. Here, monomodal models for the
der parameter seem to be appropriate. Note that also he
distribution of order parameters must be assumed wh
should originate from the distribution of topological restri
tions in the network. As discussed already below Eq.~6!, a
Gaussian distribution of the vectors between two topolog
contraints yields aG distribution of the order parameter. Th
approach has been used previously to describe the line s
in 2H NMR spectra of networks.18,46

A build-up curve based on theG distribution is shown by
the dotted line in Fig. 11~a!. From this, we can clearly stat
that theG distribution, see Eq.~7!, does not yield a realistic
representation of the data. Therefore, the assumption tha
end-to-end distances of topological constraints are Gauss
distributed but otherwise fixed in space is not in agreem
with our results. The good results for fitting the DQ build-u
behavior with a relatively narrow Gaussian distribution, s
Table II, shows that the order parameter distribution is mu
sharperthan expected. This also excludes a strong influe
of polydispersity effects, at least for rather long-chain n
works.

Let us now turn to the bimodal systems. Using Eq.~21!,
we obtain a good fit to the observed data. This supports

FIG. 11. ~a! Experimental DQ build-up data from Fig. 10 compared with t
bimodal best-fits, Eq.~21!. A build-up curve based on Eqs.~6!, ~7!, and~20!

using D̄ res/2p5130 Hz is shown as a dashed line.~b! Distributions of
D res/2p obtained by regularization.
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assumption of a clear-cut bimodality of the segmental or
parameter in the investigated networks. The results of the
listed in Table II nicely show that the lower molecular ord
of the long-chain component is maintained upon adding
short-chain component. The vast majority of chain ends
thus the increased number of overall crosslinks contribu
by the short chains has no apparent influence on the orie
tional order within the long chains. Note that these conc
sions can also be drawn from our simple heuristic mo
~Fig. 10!, in which no uncertainties from any fitting proce
dure are involved. The only serious assumption underly
both approaches is that theDQ build-up curves are a hetero
geneous superposition of individual contributions. This as-
sumption has proven to be true by the DQ prefiltering a
spin-diffusion equilibration experiments~Fig. 7!. It is worth
commenting further that the best-fit for the monomodal lon
chain sample net0 is also the bimodal function with a sm
~6%! contribution of highly ordered chains. This might b
attributed either to the molecular weight distribution of th
sample or, alternatively, to a nontrivial topological structu
of the entanglement subnetwork.

Note that the observed bimodality is not in accord with
simple mean-field approach, in which frozen-in disorder,
it appears from chain length distributions or topological d
order, is averaged out.47 Rather, it is likely that the shor
chains form clusters, as has recently been arg
theoretically.23 Such clusters are supposed to act as nanos
filler particles in an otherwise unchanged long-cha
matrix.24

An apparent trend in the results of the bimodal fits is th
the highly ordered fraction appears with a weighting fac
which is systematically higher than the short-chain cont
of the samples. Moreover, the averageD res for the highly
ordered fraction is lower in the mixtures than in the pu
monomodal net100. Therefore, we cannot fully exclude t
a part of the long chains is immobilized, while the sho
chains are somewhat mobilized, in particular at concen
tions above 50% short chains, which should be well abo
the percolation threshold of the short-chain substructure.
believe that the discussed trends are still within the syst
atic error limits of our semiempirical fitting approach.
more quantitative assessment of this aspect would be se
tive isotope labelling in a similar set of samples. Further,
bimodality as derived from the bimodal fits, as well as o
tained by regularization~Fig. 11!, disappears for net90 an
net70, respectively. This effect might also be due to the lim
tations of our semiempirical approach. However, an interp
tation in terms of single long chains now being fully embe
ded in a short-chain matrix and thus being immobiliz
seems none the less reasonable.

Finally, we note that the width of the distribution func
tions obtained by regularization should be interpreted w
care: first, the Kernel function, Eq.~22!, is only approximate,
which will yield slight distortions of the distribution. Second
the automatic determination of the regularization parame
is conservative in that it intrinsically biases the result
wards rather broad distributions. The constant position of
first maximum for lower concentrations of short chains a
the bimodal shape of the distribution as well as the incre
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ing tail towards higherD res for increasing amounts of sho
chains, should, however, be taken for real, as these re
are expected and justified in the light of the heuristic int
pretation in terms of linear mixing in the bimodal network
Therefore, the rather straightforward application of the f
FTIKREG software makes the regularization approach a c
venient alternative to testing various fitting functions.

B. Comparison with previous NMR studies

In 2H spectra, no multiple-spin couplings or the ‘‘centr
transition’’ of methyl groups are expected to challenge
observation of the splitting which our results on the lon
chain sample would lead to predict@see Fig. 2~b!#. Therefore,
this method would be able to provide an independent pr
of our findings. However, to our knowledge, no splittings
at least spectral lines with rather flat centers@see Fig. 2~b!#
were ever reported for2H NMR spectra of unconstraine
network samples.

We assume that the reason might be that, in most p
lished studies, networks were less well defined, exhibitin
much wider distribution of molecular weights or a consid
able fraction of dangling chains,48 which indeed is the cas
in some of the studies where this figure was reported, e
Ref. 18. This stresses the advantage of the DQ presele
approach, where this complication can be avoided. Mo
over, slow chain dynamics also contributes to the smea
of characteristic oscillations in an FID or echo data, wh
the effect of slow dynamics was seen to be accounted fo
the normalization in our study.

Unfortunately, we have not found experimental data
PDMS model networks which were obtained for such hig
molecular weight network chains to compare our findin
with, but we would like to stress that a2H NMR study on a
suitable sample using the concepts presented in this p
would be very rewarding. The DQ method is straightfo
wardly applicable in2H NMR, where the big advantage i
that the quadrupolar interaction is a true one-spin interac
to a very good approximation, thus removing all uncerta
ties related to multispin couplings. We would like to note th
if our finding turned out to be of some generality, the co
clusion would be that theoretical interpretations of NM
detected molecular order in networks, e.g., Refs. 18, 19
are in need of revision.

C. Magnitude of the measured order parameters

We now turn to a discussion concerning the actual m
nitude of the order parameters determined for the long
short chains.D res/2p for the former is reliably found to be on
the order of 120 Hz, whileD res/2p for the latter averages to
somewhere around 450 Hz, accompanied by a wider di
bution.

Applying Eq. ~1! with Dstat58.9 kHz,49 we obtainSb

50.03 for the long chains in both the monomodal net0~with
Mn of the precursor equal to 47 200 g/mol! and the bimodal
samples, which leads toN'22 according to Eq.~4!. Using
C`55.85 as the number of monomer units per statisti
chain segment,50 we calculate a molecular weight of the st
tistically averaged subchains ofMn'9 500 g/mol. This
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rather low value shows that the distance between chem
crosslinks cannot account for the observed order. This va
is still somewhat lower than the entanglement lengthMe

'12 000 g/mol. This comparison stresses the importanc
all kinds of topological constraintsexperienced by the loca
chain segment, not just the crosslinks. Adding to the pict
the notion that this ordering phenomenon features anarrow
distribution ~in particular in the monomodal net0!, we might
casually state that none of the existing theories of dynam
of polymer chains in networks and melts is able to acco
for such well-defined constraints.

It should be emphasized that the order parameter of 0
could well beunderestimated, since we have usedā590°,
which may not represent the true average orientation of
Si–C bond relative to the local backbone orientation.Sb

could therefore be even higher. Such substantial local o
is in accordance with other findings in polymer networks13,18

and melts.6,7 It stresses the inadequacy or, at least, the n
applicability of the statistical approach behind Eqs.~1!, ~6!,
and~7!. The question which arises is whether the local flu
tuations of the chains may simply not be fast enough in or
to affect complete averaging over the conformational sp
set by the permanent or dynamic crosslinks. The miss
temperature dependence~Fig. 5! gives a strong hint that this
argument might not apply: the motion seems to be in the
limit already at temperaturesT.Tg170 K5220 K, and no
further motion seems to set in within the next 120 K, ind
cating that~i! the conformational space available to chai
between topological constraints of whatever kind iscomplete
within a time scale of less than 1 ms and~ii ! translational
motions of the crosslinks as well as other cooperative mo
are either to small in amplitude or do not reach the ms ti
scale.

We believe that, at least for the monomodal long-ch
network, additional intermolecular interactions, sometim
termed lateral ‘‘packing’’ constraints or excluded-volum
contribution, which provide an orientational coupling
segments,6,46 might be invoked for an explanation. Such a
guments are usually put forward to explain the appearanc
spectral splittings instrainedelastomers,48 where even iso-
tropically reorienting short chains or probe molecules
quire an observable order. Additional constraints of this k
are probablylocally active in unconstrained networks an
melts, and influence the order of entangled and cross-lin
chains, while segments, which can move over larger d
tances~small molecules and free chain ends!, ‘‘see’’ an iso-
tropic average over a somewhat larger length scale. If an
how far such arguments are still applicable when long cha
are embedded in a short chain environment remains to
investigated. We are currently performing MQ experime
on the evolution of the order parameter upon swelling of
network samples investigated herein, where the domina
of cooperative ordering effects would provide a straightf
ward explanation for our observations. A publication of the
results is currently being prepared.

As a final comment, the situation is completely differe
for the short chains, which consist only of about ten mon
mer units orN52 statistical segments. For these chains,
order parameterSb50.3 is predicted by Eq.~4!. The experi-
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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mental value of 450 Hz for the bimodal samples correspo
to Sb50.10 andN56. Even for the pure net100, we obta
Sb50.17 andN53.5. The short chains in both the bimod
and the monomodal samples are thusmore mobilethan ex-
pected. This may indicate a substantial degree of fast mo
ity of the crosslinks themselves, as has been observe
computer simulations.51 Another likely explanation is chain
extension upon network formation, which was reported to
an important side reaction in our network synthesis.52 Chain
extension could also be held responsible for the relativ
wide order parameter distribution for the short chains sho
in Fig. 11~b!, and would even strengthen our conclusio
concerning the well-defined and high long-chain order.

VI. CONCLUSION

We have presented a new approach to the determina
of residual 1H dipole–dipole coupling constants in stat
polymer networks employing a robust multiple-quantu
pulse sequence developed by Baum and Pines. The meth
based on the principle ofnormalizationof the measured DQ
intensity by its MQ complement, determined for each sin
evolution time. The normalization effectively removes a
verse effects from apparent relaxation processes unde
pulse sequence.DQ preselectionwas introduced as a tool t
suppress unwanted contributions from elastically inact
chains or solvent, and opens perspectives for the inves
tion of slow reorientation processes and/or the size of co
erative regions or heterogeneities by spin diffusion. D
build-up curves were analyzed in terms of an exact solu
of the local spin dynamics, from whichanalytical fitting
functionswere derived.

The network response was shown to be almost pu
heterogeneous, thus justifying the analysis of DQ build
data in terms of order parameter distributions. In series
strongly bimodal networks, a linear mixing law of micro
scopic chain order parameters could be established,
proving some heterogeneity of the systems. A monomo
long-chain network was shown to exhibit a surprisingly n
row order parameter distribution.
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1H multiple-quantum nuclear magnetic resonance investigations
of molecular order in polymer networks. II. Intensity decay
and restricted slow dynamics

Kay Saalwächtera)

Institut für Makromolekulare Chemie, Universita¨t Freiburg, Stefan-Meier-Strasse 31,
D-79104 Freiburg, Germany

~Received 22 August 2003; accepted 8 October 2003!

We present an approach towards the analysis of the intensity decay in proton multiple-quantum
experiments on polymeric networks in terms of slow fluctuations of the residual dipole–dipole
coupling tensor. Solutions for individual spin pairs as well as the three-spin system of methyl groups
are derived, and the influence of the cycle time of the multiple-quantum pulse sequence is evaluated.
The multiple-quantum strategy discussed herein features the advantage that the magnitude of the
fluctuating part of the residual dipole–dipole coupling constant and the correlation time of the slow
process can be determined independently of the integral residual coupling constant as well as its
distribution. The theory is applied to experiments on end-linked poly~dimethylsiloxane! model
networks with mono- and bimodal chain length distributions, where it is found that, for all samples,
correlation times of the slow processes average to about 1 ms, and that the magnitude of the
fluctuating part of the dipole–dipole coupling is significantly smaller than the average dipole–dipole
coupling constant. This observation is interpreted in terms of considerably restricted reorientations
of topological constraints. ©2004 American Institute of Physics.@DOI: 10.1063/1.1630561#
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I. INTRODUCTION

The response of polymeric networks or melts in prot
as well as deuteron nuclear magnetic resonance~NMR! ex-
periments is commonly analyzed in terms of residual ten
rial interactions.1,2 Residual interactions originate from im
perfect motional averaging of chain segments fluctuat
rapidly between topological constraints such as cross link
chain entanglements, and may reach a magnitude of se
percent of the corresponding static interaction. Due to
symmetry of the underlying interaction tensors, residual
teractions are directly proportional to a dynamic chain or
parameter, and may therefore be used to test prediction
network theory. Different experimental approaches enco
passing different levels of sophistication, most of them ba
on the analysis of spectral line shapes, Hahn or solid-e
experiments, or a combination of these, have been prese
over the last 30 yr.2–7 The signal functions from such exper
ments are mostly analyzed in terms of a slowly fluctuat
residual coupling, where the slow process arises from m
tions of the topological constraints.

Virtually all approaches rely on the validity of the fa
motion assumption, which states that the chain motion
tween constraints is fast on the NMR time scale, while
characteristic time of slower motions is well separated o
logarithmic scale. The validity of this assumption can
proven experimentally.8,9 Data analysis usually involves fit
ting to theoretical expressions which were derived on
basis of the slow-motion theory of Andersen and Weis10

a!Electronic mail: kays@makro.uni-freiburg.de; URL: www.chemie.u
freiburg.de/makro/kays
4540021-9606/2004/120(1)/454/11/$22.00
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using appropriate models for the correlation function of t
process.11 Since the results, which are usually given in term
of a residual coupling~or a residual second moment! and a
correlation time, may be model dependent, a method wh
allows an independent determination of these two quanti
is desirable.

Recently,1H multiple-quantum~MQ! techniques, which
are readily applicable to unlabeled materials, have been
ognized as very efficient tools for the study of dynamic ch
order phenomena in polymeric systems.12–16 In the first part
of the present study, henceforth referred to as Paper I,17 we
have presented a strategy based on the analysis of the
malized build-up of double-quantum~DQ! intensity using a
specific1H MQ experiment, where we showed that residu
dipolar couplings (D res) in networks as well as their distri
bution could be extracted without being challenged by sl
dynamics. Here, we extend this method by considering
influence of slow motions on the measured data.

In the following, we will show that a correlation time o
slow motions as well as the magnitude of the fluctuating p
of the dipolar coupling can be extracted from prot
multiple-quantum decay curves, which are essentially
sum of all quantum orders excited in a proton multispin s
tem. We propose an analysis of the multiple-quantum exp
ment in terms of a quasistatic average DQ Hamiltonian,
slow fluctuation of which is taken into account using t
second-moment approximation of Andersen and Weis10

Our approach is essentially analogous to the recent ana
of a modified solid-echo experiment presented by B
et al.18 The average Hamiltonian treatment is validated
explicitly including slow motions occurring during th
course of the pulse sequence.
© 2004 American Institute of Physics
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TABLE I. Results of fits of the experimental MQ decay curves to the analytical functions discussed in th
Frequencies (D res/2p) and correlation times (tc) are given in Hz and ms, respectively.

DQ buildupa

D res/2pb

Eqs.~21!—CH3 model Eq.~16!—pair model Eq.~32!—finite tc

dD res/2p tc dD res/2p) tc dD res/2p) tc

net0 130 50 1.11 43 0.91 44 0.80
net10 137 70 0.78 59 0.64 58 0.66
net20 152 74 0.98 61 0.82 60 0.85
net30 176 87 0.95 71 0.80 68 0.84
net50 239 104 0.91 84 0.77 81 0.81
net70 461 139 0.80 111 0.68 107 0.74
net90 572 149 0.80 120 0.66 114 0.72
net100 694 177 0.51 144 0.42 137 0.46

aFrom Paper I.
bAs determined by fitting Eq.~22! to SnDQ.
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II. EXPERIMENTAL APPROACH

A. Samples

Experiments were carried out on poly~dimethylsiloxane!
~PDMS! model networks prepared by end linking of precu
sor polymers with average molecular weights of 47 000 a
780 g/mol. We have investigated mono- as well as bimo
networks, where for the latter, mixtures of short and lo
chains were cross linked. Apart from the pure long- a
short-chain networks~net0 and net100, respectively!, mix-
tures containing 10%, 20%; 30%, 50%, 70%, and 90% w
short chains~net10–net90! with a correspondingly increas
ing average cross-link density, were investigated. We h
essentially reproduced experiments presented in Pap
where the samples were analyzed with respect to distr
tions of residual dipolar couplings. In essence, it was fou
that the bimodal samples exhibited bimodal distributions
smaller and larger dipolar couplings, where the relative c
tribution of small and large couplings correlated well wi
the content of long and short chains, respectively. In t
work, we will only relate to the average residual coupli
constants determined in the previous paper. The corresp
ing data are compared with results from the present stud
Table I.

B. NMR spectroscopy and data analysis
1H NMR experiments were performed on a Bruk

Avance 500 solid-state NMR spectrometer operating a
Larmor frequency of 500.2 MHz. All experiments were co
ducted in a Bruker static double-resonance probe equip
with a 4 mm coil, using1H 90° pulses of lengthtp53 ms
length, corresponding to aB1 nutation frequency of 83.3
kHz. Network pieces of roughly 23233 mm3 were cen-
tered in 4 mm outer diameter glass tubes using Teflon s
ers.

The pulse sequence is a compensated version of an
MQ experiment of Baum and Pines.19 One cycle of the se-
quence used for MQ excitation~for a time texc5nctc) and
reconversion (t rec) is depicted in Fig. 1~a!; it features a pure
DQ average Hamiltonian, and is therefore able to excite
even quantum orders in a multispin system. As indicated
the figure,tc and nc denote the time for one cycle and th
number of cycles, respectively. The 90° pulses are cent
an 2004 to 132.230.1.172. Redistribution subject to A
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at timesi 3tc/24, wherei 51, 5, 7, 11, 13, 17, 19, and 23
The length of the excitation and reconversion stages (texc and
t rec, respectively! in the full experiment depicted in Fig. 1~b!
are usually chosen to be equal and are henceforth referre
as DQ evolution time,tDQ5nctc . The pulse sequence ma
either be applied using a fixedtc and incrementingnc , or by
choosing a fixednc and incrementingtc . See Paper I for
details concerning the timings, the phase cycling, and
180° compensation pulses.

For eachtDQ, two identical experiments, which diffe
only in the receiver phases of the four-step DQ select
phase cycle, are performed. These yield a DQ-filtered (SDQ)
and a reference (Sref) intensity, respectively. Note thatSDQ

andSref contain contributions from all 4n12 and 4n quan-
tum orders, respectively. Additionally,Sref contains contribu-
tions from uncoupled liquid-like contributions, such as s
vent, sol, and dangling chains. As shown in Paper I,SDQ may
be normalized by division by the sum intensitySSMQ5SDQ

1Sref after subtraction of the liquid-like part fromSref :
SnDQ5SDQ/SSMQ . The rising part of the resulting norma

FIG. 1. ~a! Pulse sequence block~Ref. 19! used for MQ excitation and
reconversion and~b! stages of a typical multiple-quantum experimen
Dashed lines indicate additional compensating 180° pulses~Ref. 17!. ~c!
Schematic pulse sequence for combined solid and Hahn-echo measure
~Refs. 4 and 5!. f denotes dipolar phase factors acquired during the evo
tion periods of the different experiments.
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ized DQ buildup curve was shown to be well compensa
for effects of slow dynamics and experimental imperfectio
and was further seen to be dominated by actual DQ co
ences. It was therefore possible to perform a fully quant
tive analysis ofSnDQ in terms of distributions of residua
dipolar couplings. As an example, experimental data
tained for one of the investigated networks are plotted in F
2, where they are compared with theoretical predictions
should be mentioned that data of similarly good quality c
also be obtained using cost-efficient low-field NMR equ
ment, as we have found only recently.20 We will now turn to
the actual effect of slow motions on the nonnormalizedSDQ

and, more importantly,SSMQ.

III. THEORY

The approach to be discussed below focuses mainly
the evaluation of the decay of the full multiple-quantum
tensity (SSMQ), which is obtained as the intensity sum
two experiments, which differ in the phases of the recei
channel. This strategy may seem indirect, but features
advantages, namely that, first,SSMQ is analogous to the re
sponse in solid-echo based relaxation experiments,
theory for which is well developed and will be generaliz
for our purposes. Second, as discussed and exemplified
low in detail, the analysis ofSSMQ requires lessa priori
assumptions in the form of the correlation function, whi
models the physical nature of the slow process.

A. Average DQ Hamiltonian approach

The DQ pulse sequence used in this study is charac
ized by a pure DQ average Hamiltonian19

H̄DQ5
a~c!

3
P2~cosb!(

i , j
D res

( i j )~Ĥyy
( i j )2Ĥxx

( i j )!

52
a~c!

2
P2~cosb!(

i , j
D res

( i j ))

3~ Î 1
( i ) Î 1

( j )1 Î 2
( i ) Î 2

( j )!, ~1!

FIG. 2. Intensity data from MQ experiments performed on net0tc

50.8 ms). A small exponentially decaying contribution toSSMQ from
liquid-like components, to be subtracted before normalization, is indica
by the dashed line. Dotted and full lines denote DQ buildup curves ca
lated from Eqs.~3! and ~7! with D res/2p)5100 Hz.
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where

a~c!51212
tp

tc
512 3

4c ~2!

is a scaling factor associated with the duty cycle~c! of the
pulse sequence~see Paper I!. The angleb specifies the ori-
entation of the rapidly time-averaged polymer backbone
rection with respect to the static field (B0), where the re-
sidual anisotropy of the interaction is a result of chemi
cross links and other physical constraints such as trap
entanglements, which are assumed to appear fixed in s
on the time scale of rapid conformational fluctuations. T
theory presented below will further consider slow fluctu
tions of the orientation angle~denoted byb t) on the time
scale of the NMR experiment.

The sum over all coupled spins in Eq.~1! represents a
serious limitation to the analytical tractability of time evolu
tion in dipolar-coupled systems. The common strategy i
restriction to the initial time dependence, which can be w
approximated by considering only the most strongly coup
spin pairs. Using standard matrix methods,21 the intensity
response of a single1H spin pair to the application of the DQ
pulse sequence is composed of DQ and longitudinal mag
tization ~LM ! contributions

SDQ5^sinf~0;tDQ!sinf~tDQ;2tDQ!&, ~3!

SLM5^cosf~0;tDQ!cosf~tDQ;2tDQ!&, ~4!

which are selected in the DQ-filtered and the reference
periment, respectively. As indicated above, the DQ and
erence signals measured in a multispin system comprise
4n12 and 4n quantum orders, respectively. The short-tim
response will, however, be dominated by then50 contribu-
tions, which are given by Eqs.~3! and ~4!. The angular
brackets denote averages over time and space~i.e., orienta-
tion in the form of a powder average!. The phases acquire
during DQ excitation and reconversion read

f~ ta ;tb!5a~c!D resE
ta

tb
P2~cosb t!dt. ~5!

The aforementioned sum of the two signal contributio
is therefore given by

SSMQ5^sinf~0;tDQ!sinf~tDQ;2tDQ!&

1^cosf~0;tDQ!cosf~tDQ;2tDQ!&, ~6!

which may be regarded as a shift-compensated dip
~solid! ‘‘echo’’ signal, only that it is composed of signal
acquired in two different experiments. Since the avera
Hamiltonian of Eq.~1! does not contain contributions from
interactions which are linear in the spin operators, chem
and susceptibility shifts are completely refocused. We m
notice that, as opposed to a simple solid echo, even all m
tispin dipolar interactions are ‘‘refocused’’ by the experime
tal sum formation. This is not reflected in Eq.~6!, but is clear
from the nature of an MQ experiment, in which all excite
higher quantum orders are completely converted back
magnetization states due to time reversal during the rec
version period. In this regard, the MQ experiment may

d
-
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considered analogous to a mixed magic-Hahn echo, wh
has very recently been used for the elucidation of slow n
work dynamics.7

In order to further support our analogy with tradition
echo experiments, we compare the experimental schem
the MQ experiment with an echo experiment in Figs. 1~b!
and 1~c!. For the latter, time domain signals which are ess
tially analogous to Eqs.~3! and ~4! may be derived.4,5 In
particular, Eq.~3! corresponds to a sine–sine correlati
termed theb function by Ball, Callaghan, and Samuls
~BCS!.18 It is measured by clever phase cycling of a co
posite echo pulse in the middle of the sequence,5 but it has
been noted much earlier that the same result may be obta
by combination of separate Hahn and solid-ec
experiments.3,4 The treatment given by BCS also includes
shift-compensated solid echo, the time signal of which
analogous to Eq.~6!.

Therefore, we may argue that, in the spin-pair short-ti
limit, the slow-motion theory of BCS can directly be applie
to SDQ and SSMQ . The only difference is the dipolar phas
factor, which in our case is derived from the average D
Hamiltonian as opposed to free dipolar evolution. T
strongest assumption is clearly that we must assume
fluctuations ofb t are slow enough so as to not substantia
interfere with the spin evolution during one cycle of D
excitation or reconversion.

In analogy to BCS, we consider slow fluctuations ofb t

in terms of the Andersen–Weiss theory.10 We neglect the
treatment ofSLM in the following, as we are not concerne
with the evaluation of the dipolar encoded longitudinal ma
netization, yet, our theory is straightforwardly applicab
since SLM5SSMQ2SDQ. The first step consists of a re
expression Eqs.~3! and~6! on the basis of series expansio
and the assumption of Gaussian statistics:

SDQ5sinh~^f~0;tDQ!f~tDQ;2tDQ!&!

3exp~2^f~0;tDQ!2&!, ~7!

SSMQ5exp~^f~0;tDQ!f~tDQ;2tDQ!&!

3exp~2^f~0;tDQ!2&!. ~8!

The identities are strictly valid when the ensemble and ti
averages expressed by^...& correspond to averages over
Gaussian-distributed random process.SSMQ is constant in
time whenb is essentially static on the time scale of t
experiment. Then,f(tDQ;2tDQ)5f(0;tDQ). In this case,
the frequency distribution inherent to an isotropic powd
average (*0

p ...sinb db/*0
p sinb db) may be considered

Gaussian to a first approximation, whereby a second mom
is obtained as

^f~0;tDQ!2&space5M2
DQ tDQ

2 5
a~c!2 D res

2

5
tDQ

2 . ~9!

This result differs from the conventional definition of th

second moment22 only by the usual factor (32)
2 which arises

from dipolar time evolution as opposed to evolution unde
DQ average Hamiltonian.

In Fig. 2 it is shown that, in the static case, Eq.~7! in
combination with Eq.~9! represents a very good approxim
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tion to Eq. ~3! at short times. Equation~7! seems to be an
even better approximation to the experimentally determin
SnDQ than the exact solution involving a numerical powd
average because multiple couplings in multispin syste
tend to wash out characteristic oscillations and are there
another reason for the success of the second-moment
proximation. In this work and Paper I, however, we ha
chosen to report the results in terms of a specificD res as
opposed to a residual second moment, as the latter is c
pletely dominated by the former when data analysis is
stricted to short times.

Yet, when random variations ofb t occur during excita-
tion and reconversion,SSMQ as well as its individual contri-
butions will decay upon increasingtDQ. This is what is ob-
served experimentally~Fig. 2!. Therefore, the second ste
embodies a treatment of the slowly time-depend
P2(cosbt) in f(0;tDQ) and f(tDQ;2tDQ), where products
of the random functionP2(cosbt) as obtained by combina
tion of Eqs.~5! and~7!–~8! appear in double integrals of th
type

^f~0;t8!f~D;t81D!&5M2
DQE

0

t8E
D

t81D
C~ uta2tbu!dta dtb ,

~10!

where the correlation function

C~ uta2tbu!5^P2~cosb ta
!P2~cosb tb

!& ~11!

depends only on the positive time differenceuta2tbu when
the time dependence ofP2(cosbt) is governed by a station
ary, random process. The variableD in Eq. ~10! denotes an
arbitrary time shift, over which the correlation betwee
P2(cosbta

) and P2(cosbtb
) is to be evaluated. Standar

manipulations11 can be used to resolve the double integ
into

^f~0;t8!2&52M2
DQE

0

t8
~ t82t !C~ t !dt ~12!

for D50 and

^f~0;t8!f~D;t81D!&5M2
DQH E

D2t8

D

~ t82D1t !C~ t !dt

1E
D

D1t8
~ t81D2t !C~ t !dtJ

~13!

for D>t8.
For C(t), we assume an exponential loss of correlati

C~ t !5e2utu/tc, ~14!

which corresponds to, e.g., the simple model of isotro
rotational diffusion of the interaction tensor.23 Closed form
solutions18 for Eqs. ~7!–~8! are obtained after combinatio
with Eqs.~12!–~14!:
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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SDQ5expH 22 M2
DQ tc

2S e2 tDQ /tc211
tDQ

tc
D J

3sinh$M2
DQ tc

2~e2 2tDQ /tc22e2 tDQ /tc11!%,

~15!

SSMQ5expH 2dM2
DQ tc

2S 4e2 tDQ /tc2e2 2tDQ /tc

1
2tDQ

tc
23D J . ~16!

In the expression forSSMQ , we have used the prefactor

dM2
DQ5

~a~c!dD res!
2

5
~17!

instead ofM2
DQ. Thereby, we indicate that the MQ ech

signal, as opposed toSDQ, does not differentiate between a
isotropically fluctuating dipolar tensor and a situation
which fluctuations are restricted to a limited angular rang6

In the latter case, an analysis on the basis of an exponent
decaying correlation function yields anapparent fluctuating
part of the dipole–dipole coupling,dD res, which need not be
identical to the fullD res. This situation may heuristically be
described by

f~ ta ;tb!5a~c!S D res
(0) P2~coŝ b& t!~ tb2ta!

1dD resE
ta

tb
P2~cosb t!dtD . ~18!

It is easily shown that the static contribution,D res
(0) , with its

time-averaged orientation,^b& t , vanishes when this identity
is inserted into Eq.~6!. When Eq.~18! is inserted into Eq.~3!
for DQ buildup analysis,D res

(0) doesnot vanish, leading to a
more complicated function, which cannot be satisfacto
approximated by Eq.~15!. Therefore, a comparison of resul
from fits of Eq.~16! to the sum decay and of Eq.~7! to the
normalized DQ buildup~or the observation of a poor fit o
Eq. ~15! to theunnormalized DQ buildup! should be useful
for the detection of a static component of the residual c
pling, i.e., slow motions over a limited angular range. T
above argument constitutes the central advantage o
analysis ofSSMQ . Note that an improved correlation func
tion, which could be able to account for, e.g., restricted
tational diffusion, would potentially provide a more unifie
description of slow fluctuations of the full dipole–dipo
coupling tensor.

An evaluation of Eq.~16! for different, experimentally
relevant~vide infra! values oftc and dD res, as plotted in
Fig. 3, leads us to conclude that the decay curves dep
rather sensitively on the magnitude of the fluctuating dipo
coupling. Moreover, characteristic shape changes from
Gaussian to a more exponential decay occur in the inter
diate motional regime, i.e., whentc'2p/dD res. The varia-
tion of tc over orders of magnitude does apparently not
fect the apparent decay time by more than a factor of ab
3, while changes indD res have rather strong effects.
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B. Response of methyl groups

When polymers with methyl groups are considere
qualitative changes arise. Due to rapidC3 jumps, the dipolar
coupling tensors among the three protons are identical,
mitting a closed-from solution of this particular three-sp
problem:16,17,21

SDQ
CH35 2

3 ^sin) f~0;tDQ!sin) f~tDQ;2tDQ!&, ~19!

SLM1ZQ
CH3 5 1

3 1 2
3 ^cos) f~0;tDQ!

3cos) f~tDQ;2tDQ!&. ~20!

~We have here corrected a mistake in Paper I, where
factor) erroneously appeared as its inverse.! Most impor-
tantly, zero-quantum coherences are generated as a res
two consecutive DQ transitions involving different pai
within the CH3 unit. These ZQ coherences contribute to t
experimental reference intensity. As they are experiment
not separable from LM, we have combined both contrib
tions in Eq.~20!. Also, a ‘‘central transition’’ arises becaus
every other proton ‘‘sees’’ two coupling partners with opp
site spin states, leading to a cancellation of couplings. T
leads to a reduction of the potentially observable plate
intensity of DQ coherences from 1/2 to 1/3, as well as to
constant contribution of 1/3 to the overall sum intensity.

In Fig. 2, it is revealed that the normalized DQ intens
obtained for a PDMS network, which has only methyl pr
tons, reaches a plateau of 1/2, as opposed to 1/3 as pred
by Eq. ~19!. Also, SSMQ , as represented by the sum of Eq
~19! and~20!, does not decay to 1/3, but to zero. This beha
ior is expected, as multiple out-of-group couplings do sp
~or broaden! the ‘‘central transition,’’ whereby the normal
ized DQ intensity will always reach 1/2 and the sum M
intensity will always decay to zero. This is explained in d
tail in Paper I. We might therefore hypothesize that the use
the spin pair approximation based on Eq.~3! ~which provides
an apparently better fit toSnDQ) would even help to reduce
systematic influence of this ‘‘nonobservable plateau.’’

Comparing Eq.~19! and the sum of Eqs.~19! and ~20!
with the analogous expressions for spin pairs, Eqs.~3! and
~6!, respectively, it becomes immediately obvious that
terms are largely identical, with the exception of the 1
contribution of the ‘‘central transition’’ and a factor of) for
the dipolar coupling. Hence, as our final results for sp

FIG. 3. Correlation time (tc) and residual coupling (dD res) dependence of
the MQ sum decay as described by Eq.~16!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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pairs, Eqs.~15! and ~16!, may directly be inserted for the
(sin sin) and (sin sin1cos cos) terms in the above equation
respectively, we conclude that the initial DQ buildup as w
as the MQ decay, which are both governed by the sec
moment, should not differ qualitatively when fits are r
stricted to short times, for which the predicted and non
servable plateau ofSSMQ

CH3 does not have a large influence. W
will put this assumption to a test in the experimental sect
below, using

SSMQ
CH3 5

1

3
1

2

3
expH 23 dM2

DQ tc
2S 4e2 ~tDQ /tc!

2e2 ~2tDQ /tc!1
2tDQ

tc
23D J ~21!

for the MQ decay of methyl groups. We again usedM2
DQ,

since a static contribution toD resvanishes as well in the cas
of methyl groups. Since the major difference between s
pairs and methyl groups is the factor), we will report all
results for PDMS obtained by fitting to spin pair expressio
asD res/).

As a last remark, we would like to stress that the b
approach to the analysis ofSnDQ is to use a semianalytica
fitting function derived on the basis of density matrix sim
lations of a monomer-unit response rather than the use o
pair or methyl solutions, as shown in Paper I. The result
a dimethylsiloxane unit valid forSnDQ<0.45 reads

SnDQ
DMS50.5~12exp$231.91~D res/2p!2tDQ

2 %!, ~22!

and may even serve as a basis for a multicomponent ana
of SnDQ. The results shown in Fig. 2, which were obtain
from fits to Eq. ~3! and the static limit of Eq.~7!
(;100 Hz in both cases! are roughly consistent with ou
previous, more reliable result~130 Hz! based on Eq.~22!.

C. Cycle-time dependence

The previous treatment was based on the notion that
average Hamiltonian of Eq.~1! is not influenced by the slow
process, i.e., that the correlation time is much longer than
cycle time,tc@tc . In order to check in how far this condi
tion can be relaxed and the compact expressions given
Eqs.~15! and~16! may still be used whentc approachestc ,
we now start our treatment with an exact expression for
average spin pair Hamiltonian of the sequence in terms o
toggling frame states17,19

H̄avg5
1

nctc
~FzzĤzz1FyyĤyy!, ~23!

where theF i i are sums over individual phase factors asso
ated with the free evolution intervals of the pulse sequen

Fzz5 (
i 50

nc21

fa
( i t c)

1fc
( i t c)

1fe
( i t c)

1fg
( i t c)

1f i
( i t c) , ~24!

Fyy5 (
i 50

nc21

fb
( i t c)

1fd
( i t c)

1f f
( i t c)

1fh
( i t c) , ~25!
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as indicated in Fig. 1~a!. In order to identify the position of a
specific phase factor in a train of cycles, we have introdu
the superscript~...!, which indicates an overall time shift o
the integration limits, e.g.,

fb
( i t c)

5a~c!D resE
tc/241( i t c)

5tc/241( i t c)

P2~cosb t!dt. ~26!

Effects associated with finite pulses are neglected. As
cussed in Paper I, finite 90° pulses do not influence the tr
ment to first order; only the 180° pulses decrease the e
ciency of the sequence slightly by reshuffling prefactors
Ĥzz and Ĥyy . Only for very high duty cycles would this
effect necessitate a modification of theF i i .

Again, using appropriate representations of the dipo
toggling frame operators, standard matrix methods16,21 can
be used to calculate thetDQ dependence of the signal contr
butions. This is possible for spin pairs only, since only th
do Ĥzz andĤyy in Eq. ~23! commute, and the correspondin
propagator can be evaluated exactly. An analogous calc
tion for methyl groups is not feasible. The spin pair resu
for DQ and LM intensities are

SDQ
(tc)

5^sin 3
2Fyy

(0) sin 3
2Fyy

(nctc)
&, ~27!

SLM
(tc)

5^cos3
2Fyy

(0) cos3
2Fyy

(nctc)
&. ~28!

Here, the superscript of the sum phases,Fyy
(...) , indicates an

additional time shift of the individual phases,f i
(...) . Specifi-

cally, all integrals over phase factors associated with the
conversion are shifted bynctc . Consequently, realizing the
symmetry of the timings in the pulse sequence, we obtai

Fyy
(nctc)

5
3

2
a~c! D res (

i 50

4nc21 E
(116i )tc/241(nctc)

(516i )tc/241(nctc)

P2~cosb t!dt ~29!

for the overall phase factor associated withnc reconversion
cycles of lengthtc . The corresponding term associated w
MQ excitation is obtained by removing the (nctc) time shift
from the integral limits.

Since Eqs.~27! and ~28! are analogous to Eqs.~3! and
~4!, we obtain an expression forSSMQ

(tc) in analogy to Eq.~6!,
and may further use Eqs.~7! and ~8! to arrive at the final
results. We are merely faced with the challenge that, u

evaluation of̂ 9
4 Fyy

(0)2& and ^ 9
4 Fyy

(0)Fyy
(nctc)

&, the sums in Eq.
~29! have to be carefully considered. Rearrangement of
sums and resolution of double sums and integrals over
relation functionsC(t) leads to

^ 9
4Fyy

(0)2&5
9

4
M2

DQ 8ncE
0

tc/6

C~ t !dt1 9
4M2

DQ

32 (
i 51

4nc21

~4nc2 i !E
i t c/4

tc/61 i t c/4

C~ t !dt, ~30!
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K 9

4
Fyy

(0)Fyy
(nctc)L 5

9

4
M2

DQ (
i 51

4nc

i E
i t c/4

tc/61 i t c/4

C~ t !dt

1
9

4
M2

DQ (
i 54nc11

8nc

~8nc2 i !

3E
i t c/4

tc/61 i t c/4

C~ t !dt. ~31!

For the resolution of the double sums appearing after prod
formation, discrete versions of the rules for the evaluation
integrals of correlation functions, on which Eqs.~12! and
~13! are based, were used. Likewise, these equations w
also used to resolve the double into single integrals over
individual tc/6 intervals of the dipolar correlation function
which appear in an autocorrelated@Eq. ~12!# and a time-
shifted version@Eq. ~13!#. Note that, also on the basis of th
time-shift invariance of the correlation function, the integ
limits were shifted by2tc/24.

In perfect analogy to the quasicontinuous treatme
which is fully described by Eqs.~12! and~13!, Eqs.~30! and
~31! describe the loss of correlation within and between
citation and reconversion, respectively, where the sums
over the meaning of the integrals, and run over the differ
shorttc/6 intervals of dipolar evolution. In contrast, howeve
the loss of correlation is evaluated only ‘‘microscopically
within and between differenttc/6 intervals, as expressed b
the integrals in Eqs.~30! and ~31!.

Finally, after evaluation of the integrals over an exp
nential correlation function, Eq.~14!, insertion of Eqs.~30!
and ~31! into an analogue of Eq.~8!, and rearrangement o
the sums, thetDQ5nctc dependence of thetc-dependent MQ
sum decay is obtained as

SSMQ
(tc)

5expH 2
9

4
dM2

DQ tc
2F16ncS e2 ~ tc/6tc!211

tc

6tc
D

1S 2 coshS tc

6tc
D22D S (

i 51

4nc

~8nc23i !e2 ~ i t c/4tc!

2 (
i 54nc11

8nc

~8nc2 i !e2 ~ i t c/4tc!D G J . ~32!

Also here,dM2
DQ is used in order to denote the sensitivity

this function to the fluctuating rather than the full dipole
dipole coupling. An analogous expression forSDQ

(tc) may be
obtained in much the same way. Fits to this equation w
carried out by implementing the sums as loops in
LABTALK ~R! script and using it within the Levenberg
Marquardt nonlinear least-squares fitting routing of t
MICROCAL~TM! ORIGIN~R! 6.0 software package.

A consistency check is easily perfomed by treatingnc as
continuous variable, whereby the sums can be replaced
integrals and evaluated analytically. In this way, the limiti
behavior for the casetc!tc may be tested. Performing som
series expansions of exponentials and then taking the l
tc→0 yields Eq.~16!, as required. Note that the intermedia
analytical result is not a good approximation when a go
description of thetc dependence is sought.
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In order to gauge the behavior of Eq.~32! and gain an
insight into the similarity of its solutions to the much simpl
Eq. ~16!, we have plottedSSMQ

(tc) for different experimental
situations in Fig. 4. The decay oftc incremented experiment
using a fixednc exhibit significantly faster decay as com
pared tonc incremented experiments with short cycle time
In contrast, decays for experimentally attractive values fotc

of around 0.2–0.8 ms~good compromise between low dut
cycle and high time resolution! are well approximated by the
simpler expression based on the DQ average Hamilton
This is somewhat surprising since thetc51 ms chosen in the
example is of the same order of magnitude astc .

IV. EXPERIMENTAL RESULTS AND DISCUSSION

When the presented theory is to be used for the anal
of actual experimental data, we must keep in mind that
expressions were obtained on a simple spin-pair~or 3-spin!
level. In real systems, the presence of many spins will lea
the excitation of higher-quantum coherences, which are n
rally more sensitive to random motions of the coupling te
sors and loss of correlation, because they involve the c
certed action of multiple couplings. Long-time decays a
therefore expected to be faster than captured by sim
theory. In order to keep systematic errors small, we~some-
what arbitrarily! restrict all fits to the initial part until the
intensity has decayed to 70% of its initial value. In Pape
we have performed spin counting experiments, from whic
can be concluded that the contribution of higher-order coh
ences to the integral signal is less than 10% in the inve
gated PDMS systems under these conditions.

We will not comment on uncertainties associated w
the quality of the fits, as these are governed by the h
signal/noise ratio and may thus appear too low in compari
to actual systematic errors. The latter are associated
potential model dependencies, approximations involved
the theory, and experimental imperfections, and sho
amount to uncertainties on the order of 20% for resid
couplings, and potentially larger uncertainties for the cor
lation time, the influence of which on the observed dec
was shown to be weaker.

FIG. 4. Cycle time (tc) dependence of the MQ sum decay as described
Eq. ~32!, calculated fortc51 ms anddD res/2p570 Hz.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Note that the problem associated with an increased
cay due to the appearance of higher quantum orders is n
problem specific to our MQ approach. Traditional solid ech
based approaches suffer exactly the same shortcoming,
free dipolar evolution creates higher-order antiphase co
ences with a correspondingly increased sensitivity to rand
reorientations, not to mention the failure of a simple solid~as
opposed to a magic! echo to refocus such higher-order c
herences.

A. Analysis of the MQ sum decay as compared
to DQ buildup

As already mentioned, an analysis ofnormalizedDQ
buildup curves allows us to quantitatively determineD res as
well as its distribution. Here, we investigate how far fittin
of the nonnormalizedSDQ using Eq.~15! yields reliable re-
sults when being compared to results from the MQ sum
cay. Figure 5 shows experimental data for the monomo
long-chain network along with best-fit functions.D res ob-
tained from the DQ buildup is in good agreement to wha
obtained from the normalized counterpart~Fig. 2!. In con-
trast, the fit ofSSMQ yields a significantly lower value. More
over, the long-time decay ofSDQ is overestimatedby the fit,
even though the correlation time obtained fromSDQ is rather
long. Given our arguments from above, that decays are ra
most likely underestimated, we conclude that Eq.~15! does
not provide a realistic description of the data.

This is not surprising, considering that a differentiati
between ~quasi!static and fluctuating contributions is no
possible with Eq.~15!, as discussed above. We take this
consistency as one indication that motions in our netwo
are probably characterized by a partly static residual dip
coupling or, equivalently, that they occur over a limited a
gular range. In this light, we stress again the advantag
MQ spectroscopy, in whichD res may be obtained from
SnDQ, while information on the magnitude of the fluctuatin
part can more faithfully be extracted fromSSMQ .

FIG. 5. ExperimentalSDQ andSSMQ for net0~same data as in Fig. 2! and fits
to Eq.~15! ~dashed line! and Eq.~16! ~solid line!. Results obtained from the
fits are D res/2p597 Hz andtc557 ms for DQ buildup, anddD res/2p)
543 Hz andtc51.83 ms for MQ sum decay.
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B. Cycle time dependence

We turn to an experimental test of the predictions for t
tc dependence from our explicit average Hamiltonian tre
ment, as expressed by Eq.~32!. In Fig. 6, data obtained from
three different experiments with varyingtc are shown along
with best fits using Eq.~32!.

The fitting results from the three experiments, as sho
in the figure, are similar, and we conclude that the cycle ti
dependence is well captured by the theory. Considering
overall weak influence oftc on the decay curves, the agre
ment of the extractedtc is satisfactory. The value for the
residual coupling from thetc incremented experiment i
about 15% lower than the value obtained from the other t
nc incremented experiments. This is a more significant
viation, as the decay is rather sensitive to the magnitude
the residual coupling.

Experimental imperfections and other relaxation p
cesses (T1r in particular, as well asT1 and other contribu-
tions toT2) might well be responsible for the observed d
crepancy. Note that the duty cycle is 24% whentc50.2 ms
@resulting in a scaling factora(c)50.82], as opposed to a
almost negligible duty cycle for thetc incremented experi-
ment. This is one reason why the experimental signal dec
in Fig. 6 do not follow the trend suggested by the calcula
decay functions plotted in Fig. 4. Considering the very lar
number of pulses applied for thenc incremented experi-
ments, the overall consistency of the results indicates
systematic errors arising from experimental problems are
too large. Also, apparentT2 relaxation times for exponen
tially decaying long-time tails ofSSMQ ~see Fig. 2! associ-
ated with sol, dangling chains, and potential solvent are
ways in the range of many tens of ms, which is anoth
indication that imperfection-induced decay is not a serio
source of error for the considerably faster decay of sig
associated with elastically active network chains.

C. Experiments on mono- and bimodal
PDMS networks

1. Model dependence

The mono- and bimodal PDMS systems represent a
ries of model networks with strongly increasing cross-li
density. This is reflected in the significantly increasing
sidual couplings obtained from an analysis ofSnDQ ~see Pa-

FIG. 6. SSMQ for net0 obtained from two different fixedtc and one fixednc

experiment, and best-fit curves using Eq.~32!. The results are indicated in
the figure; the error intervals are the ones given by the fitting routine.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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per I for details!. The results of our previous work are give
in Table I. These values will now be compared with resu
of fitting to MQ sum decay curves. The series of data
SSMQ of all networks is shown in Fig. 7. The data were fitt
with the tc independent model for CH3 groups, Eq.~21!, the
tc independent pair model, Eq.~16!, and the expression
which explicitly considers effects of finitetc , Eq. ~32!. All
results are also compiled in Table I.

The fits shown in Fig. 7 are from the finitetc pair model.
Fits to the other models are similarly good forS(MQ.0.7.
Common to all fits is that the experimental long-time dec
is always considerably faster than suggested by the fits
discussed above. When results from fitting to the differ
models are compared among each other, we can state a
good agreement. Only the data obtained with the CH3 model
exhibitsdD res, which are larger by about 20%. This discre
ancy is easily explained by the failure to experimentally o
serve an intensity plateau at 1/3, which puts some bias to
fit even when only the short-time decay is considered. T
20% error indicates that the use of the spin pair model
justifiable. As mentioned above, we expect that fits to
pair models reflect the ‘‘true’’ couplings better, because
tual data always decay to zero in the long-time limit.

2. Correlation times

Concerning the values fortc , we make the interesting
observation that the results for all networks lie in the ran
of 1.0–0.5 ms. We deem the trend of slightly shortertc for
networks with a higher fraction of short chains hardly s
nificant, considering the relatively weak dependence of
decay ontc . Very similar values fortc , as well as a simi-
larly weak trend to slightly faster dynamics with increasi
cross-link density~1 ms down to 0.8 ms!, were reported by
Kimmich and co-workers,6 who analyzed the dipolar corre
lation effect on the stimulated echo on the theoretical basi
a power-law correlation function measured on a series
vulcanized~i.e., statistically cross linked! styrene–butadiene
rubbers.

On the other hand, the observation oftc being almost
independent of the cross link density is at variance with
cent results for vulcanized natural rubber by Fecheteet al.,7

who used the mixed magic-Hahn echo technique and a
evaluation based on an exponential correlation functi
Though this group obtained a similar value oftc'0.25 ms

FIG. 7. SSMQ for net0–net100 fromnc incremented experiments withtc

50.2 ms. The solid and dashed lines are fits to Eq.~32!.
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for a weakly cross-linked system, they observed a very s
nificant decrease to about 0.02 ms upon increasing the cr
link density. In how far these seemingly contradictory resu
may be reconciled on the basis of a balance between netw
strand length and the entanglement length, or different th
mal conditions in terms of the differences between exp
ment temperatures and the glass transition ranges of t
systems, which should all have significant impact on
chain dynamics, remains the subject of further investigatio
Both the quoted as well as our results are counterintuitive
that tc might be expected to increase rather than stay c
stant or decrease with the cross-link density. Experiment
be performed at variable temperatures will help to obt
further physical insight.

3. Residual dipole –dipole couplings and amplitude
of motion

The most relevant observation concerns the misma
betweenD res as extracted from the normalized DQ buildu
anddD res obtained from slow-motion theory. The trend ov
the whole series of networks is depicted in Fig. 8, where i
seen that the two values differ by at least a factor of 2 o
the whole series of samples. Also, fits using a fixedD res as
determined from normalized DQ buildup cannot satisfac
rily reproduce the functional form of the initial decays
SSMQ for any tc . We can therefore repeat our conclusion
Sec. IV A, that slow reorientations of cross links, entang
ments, or other topological constraints are considerably
stricted. This has been hypothesized before by Fischeret al.6

and Grinberget al.,24 and is here proven experimentally.
Slow motions in similar end-linked PDMS network

have been investigated earlier by means of2H spin alignment
by Sotta and Deloche.23 These authors found that orienta
tional correlations persisted over time scales of at least
ms. Since no further information was given on the magnitu
of these orientational correlations, we can safely assume
the observed correlation corresponds to the static contr
tion to the residual dipole–dipole coupling observed here

The discrepancy betweenD res and dD res is seen to in-
crease upon moving to networks with high short-chain c
tents. Slow reorientations of cross links are apparently m
restricted for the short chains, which dominate the respo
of samples with higher contents of the latter. Consider

FIG. 8. Comparison of residual couplings obtained from DQ buildup a
from the application of slow-motion theory to the MQ sum decay. The lin
are simply guides to the eye.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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that in the bimodal systems under investigation, short cha
must be expected to be predominantly cross linked am
themselves and therefore to be microphase separated
the long chains,17,25,26and that the short chains feature on
about two statistical segments, it appears physically intui
that these chains are locked in by a high local cross-
density.

We should mention that the series of bimodal netwo
under consideration does, for these reasons, not repres
feasible model for a homogeneously increasing cross-
density. Although it is very possible to separate the sig
contributions of long and short chains~Paper I!, we were not
able to reliably extract any bimodality from the decays
SSMQ . This is the reason for our choice to restrict the d
cussion to average values forD resanddD resas obtained from
the short-time behavior.

For this reason also, a discussion of the residual qua
ties in terms of their scaling with cross-link density would
inappropriate for the data presented herein. Such a discus
is, on the other hand, an integral part of the previously m
tioned work on slow network dynamics.6,7,24 Concluding
from the general observation in Fig. 8, that the full resid
couplings~from normalized buildup! and the corresponding
fluctuating parts~from slow motion analyses! exhibit consid-
erably different dependences on the short-chain content
can expect that such differences may also be found in st
tically cross-linked systems. Therefore, a scaling analy
based on fluctuating parts of residual couplings might o
lead to misleading interpretations. We therefore suggest
our MQ approach represents a valuable tool to address
issues, and work along these lines is in progress.

Finally, it is worth mentioning that the presented resu
might depend on whether a single correlation time mode
a distribution is considered. In light of the data presented
Fecheteet al., who obtained higher second moments whe
distribution was assumed, we concede that it is very poss
that a long-time tail in a potential correlation time distrib
tion may be associated with more isotropic reorientations
the residual dipolar coupling tensor. This would then lead
the observation of an apparently larger fluctuating part of
residual coupling. Yet, if only very slow processes lead
large-scale reorientations, would that contribution appea
a quasistatic contribution which was shown to exert no dir
influence on the decay? We do not believe that fits to
rather featureless data would allow a differentiation betw
a superposition of very slowly decaying contributions or
almost static term. This holds in particular when fits mu
for fundamental reasons, be restricted to the initial part of
decay.

V. CONCLUSION

We have presented a unified1H multiple-quantum ap-
proach to the investigation of dynamic order phenomena
polymer networks, by which, independent of quantitative
formation on fast-limit averaged residual tensorial inter
tions as derived from normalized double-quantum build
curves, slow motions can be characterized by analysis of
decay curves of multiple-quantum intensities. The metho
based on the common separation-of-time scales hypoth
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and the slow-motion theory of Andersen and Weiss, wh
we have applied to a pulse sequence characterized by a
double-quantum average Hamiltonian in a variant recen
introduced by BCS.

Based on a simple exponential correlation function, a
lytical solutions for spin pairs as well as methyl groups ha
been derived, the fits to which yield the fluctuating part
the residual coupling as well as a correlation time. By e
plicit consideration of slow motions during the course of t
cyclic pulse sequence, it has been shown that a simple
sion of the theory based on a constant double-quantum a
age Hamiltonian remains very applicable even when the c
relation time of the slow motion is on the order of the cyc
time of the basic pulse sequence block. The theoret
framework thus developed will be of future use for the d
scription of similar experiments performed under mag
angle spinning,12,16where the cycle time is given by the roto
period.

Experiments on poly~dimethylsiloxane! networks have
shown that consistent results can be obtained using time-
cycle-incremented versions of the basic pulse seque
block, which correspond to largely varying experimen
conditions, i.e., duty cycles. In bimodal networks charact
ized by increasing amounts of very short chains and co
spondingly increasing cross-link density, a trend towa
only slightly decreasing correlation times on the order o
ms and increasing fluctuating parts of the residual dipo
dipole coupling constant has been established. The fluct
ing parts of the residual coupling are substantially sma
than the full residual couplings as extracted from normaliz
double-quantum buildup curves. This has been interprete
terms of restrictions to the slow orientations of the topolo
cal constraints in the networks, which were initially assum
to be isotropic in our model. This type of behavior has be
hypothesized before, and is here experimentally confirm
for the first time. All observations are in good agreeme
with results from recent literature.

Future work will be dedicated to the investigation
randomly cross-linked systems, in which a homogene
variation of the cross-link density is more easily possib
than with the mono- and bimodal model systems investiga
herein. Also, tests of other functional forms for the slo
motion correlation function, which might better be able
account for restricted orientational motions, are ongoing. T
unified multiple-quantum approach holds promise for t
clarification of open issues such as the role of physical c
straints~i.e., trapped entanglements! rather than actual cros
links in the appearance of orientational correlations and th
restricted slow dynamics, the temperature dependence
slow motions, as well as the influence of swelling.
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Solid-state NMR is able to provide a fascinating wealth of
information on structure and dynamics in industrial products such
as polymers and elastomers.1 Recently, we have introduced a robust
strategy based on proton multiple-quantum (MQ) spectroscopy, by
which issues as complex as molecular-scale motional heterogeneity
in single-component elastomer systems can be addressed quanti-
tatively.2 While the assessment of such information holds promise
for very specific product screening applications, the investments
in high-field instrumentation and skilled personnel may be pro-
hibitively high. Cost efficiency, simple sample preparation, as well
as robust and automated experiments are among the primary
requirements in quality control. Therefore, easy-to-use low-field
proton-only NMR analyzers, with Larmor frequencies of usually
less than 30 MHz, have gained importance in many industrial
applications,3 but also for some high-level investigations such as
interfacial phenomena in polymeric systems.4 Our aim at the outset
was, therefore, to evaluate in how far advanced MQ spectroscopy
can be performed on low-field instrumentation, while retaining fully
quantitative information.

Usually, proton low-field NMR applications are based on simple
time-domain relaxation experiments and calibration of the instru-
ment response or model-dependent analyses of the relaxation
functions. Yet, for good reproducibility, the magnetic field as well
as the rf pulses must be sufficiently stable. E.g., the minispec mq20
manufactured by Bruker, provides proton line widths of less than
1 kHz, rf nutation frequencies exceeding 100 kHz, reliable phase
cycling, and data sampling on the sub-µs time scale, making such
an instrument well adapted for advanced solid-state applications
such as MQ spectroscopy. These methods are among the most
recent and versatile experiments which provide information on local
chain order in polymers.5 Our work in this area was concerned
with the extension of this methodology to the determination of chain
orderdistributions, i.e., molecular-scale heterogeneity, in network
samples, which becomes possible when suitable pulse sequences6

and a reliable normalization approach are used.2

We here show for the first time that not only can such up-to-
date MQ NMR techniques be implemented on a low-field instru-
ment, but that the results are also virtually identical to those obtained
at high field. While the investigation of cross-link density7 and the
application of simple MQ pulse sequences8 is in fact possible even
in the highly inhomogeneous field of NMR surface probes, our
approach is distinguished from these and other reported applications
of MQ NMR in that it requires no calibration and is very robust
toward slow dynamics in the sample and experimental imperfec-
tions.2 We highlight the potential of our method by measurements
on a swollen system, where the existence of heterogeneities is a
subject of ongoing discussion.9

The response of polymeric networks or melts in proton NMR
experiments is commonly analyzed in terms of residual dipolar
interactions.10 These originate from imperfect motional averaging
of chain segments fluctuating rapidly between topological con-

straints such as cross-links or chain entanglements, and may reach
a magnitude of several percent of the corresponding static interac-
tion. Residual interactions are directly proportional to a dynamic
order parameter of the polymer backbone,

and can be calculated from the residual dipolar coupling constant,
Dres, by comparison with its static counterpart,Dstat. Rj is the average
orientation of the internuclar coupling vector with respect to the
segmental orientation. As indicated by the RHS of eq 1,Sb is related
to r, the normalized deviation of the end-to-end vector from its
average, unperturbed melt state, and toN, the number of statistical
chain segments between the constraints.11 Therefore, the measure-
ment of Dres provides information on the cross-link density,12 is
directly related to the mechanical properties of the sample, and may
further be used to test predictions of network theory.

The 1H MQ experiment used herein embodies the application
of a specific double-quantum (DQ) excitation pulse sequence of
variable durationτDQ,6 along with a phase cycle, by which a DQ-
filtered and a reference intensity can be measured. The sum of these
two contributions comprises the full magnetization of the sample
subject to relaxation and decay due to experimental imperfections,
and is used to normalize the DQ-filtered intensity. The resulting
DQ build-up curve can then be analyzed with a monomer-specific
build-up function,2

here given for poly(dimethylsiloxane) (PDMS).Dres/2π and τDQ

are in kHz and ms, respectively. Details on the experimental
procedure and an in-depth discussion of the limits of the method
may be taken from ref 2.

Experiments were carried out on PDMS model networks prepared
by end-linking of precursor polymers with average molecular
weights of 40 700 and 780 g/mol. We have here re- investigated
mono- as well as bimodal networks, where for the latter, mixtures
of short and long chains were cross-linked. Apart from the pure
long-chain network (net0), experimental data for two mixtures
containing 30% and 70% w/w short chains (net30 and net70,
respectively), obtained on a Bruker mq20 minispec (90° pulses of
2.1 µs length), are compared in Figure 1a and b with previously
published results obtained at high field.2 Similar amounts of sample
(about 100 mg) as well as the same number of transients (64) were
used. The build-up functions, as well as the corresponding order
parameter distributions, are reproduced quantitatively. They indicate
a linear mixing law of short- and long-chain contributions,2 and
thus reflect microscopic heterogeneity. The deviations, notably the
loss of the very small, yet reproducible, contribution of more ordered
chains detectable for net0 at high field, are mainly due to a larger

Sb )
Dres

Dstat

1
P2(cosRj)

) 3
5

r2

N
(1)

InDQ ) 0.5 ( 1- exp{ -31.91(Dres/2π)2 τDQ
2 } ) (2)
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scatter of the minispec data, arising from the relatively small sample
size. Five to ten times more sample could easily be fitted into the
central part of the probe, where the rf homogeneity is still
acceptable. Under these conditions, experimental noise would
represent a negligible source of error.

The large potential of the method is demonstrated by the
comparison of dry and moderately swollen net0. Note that the long-
time exponential tail of the reference intensity associated with the
swelling agent in the latter sample needs to be subtracted before
normalization. From the data given in Figure 2, it is apparent that

the chain order distribution becomes broader, while the average
chain order parameter is only slightly increased. The classic, affine
theory of network swelling14 would suggest a more pronounced
increase inSb and no change in the distribution. Anomalies
concerning the average NMR-detected chain order parameter have
been observed and explained before.15 However, potential hetero-
geneities have as yet eluded NMR analysis, but are expected in
light of more recent theoretical approaches.16 It is predicted that
topologically frozen inhomogeneities should be present already in
the dry state and become visible upon swelling. Until now, only
advanced light, X-ray, or neutron scattering experiments were used
to investigate these controversial issues.9 A more detailed NMR
study of these phenomena is currently underway in our laboratory.

In summary, we believe that the1H MQ NMR methodology will
continue to provide unique insights into heterogeneities in molecular
structure and dynamics of polymers and elastomers. Heterogeneities
in polymer gels can be expected to have a significant influence
when, e.g., separation membrane or proton conductor applications
in fuel cells are considered. The advantages of user-friendly low-
field NMR analyzers in terms of simple sample handling, automatic
calibration, and automated MQ-spectroscopic data acquisition and
analysis, is envisaged to stimulate the development of more
quantitative and specific product screening approaches for the
polymer industry.
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Figure 1. (a) DQ build-up curves for net0, net30, and net70, acquired at
20 MHz (open symbols), as compared with data obtained at high field (500
MHz, solid lines and symbols). (b) Corresponding order parameter
distributions (solid lines) as obtained by analysis of the responses in (a)
using eq 2 and fast Tikhonov regularization,2,13 again compared with high-
field results (dotted lines).

Figure 2. (a) DQ build-up curves for a monomodal long-chain network
sample, dry (open circles) and carefully swollen in octane vapor (solid
circles), acquired at 20 MHz. The degree of swelling,q, is given in terms
of the weight ratioMswollen/Mdry. The lines are guides to the eye. (b)
Corresponding chain order parameter distributions, indicating significant
swelling heterogeneity.
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Swelling Heterogeneities in End-Linked Model Networks: A Combined Proton
Multiple-Quantum NMR and Computer Simulation Study∗
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The segmental order of monomodal and bimodal polymer networks is investigated by proton
multiple-quantum NMR spectroscopy as applied to poly(dimethylsiloxane) model systems, and by
Monte Carlo simulations, using the bond fluctuation model. The multiple-quantum method is
sensitive to chain order parameter distributions, and therefore probes heterogeneities in the extent of
fast motional averaging of individual network strands subject to topological constraints. These data
are in qualitative agreement with the simulations. We find a broadening of the chain order parameter
distribution upon swelling accompanied by a non-affine change of this distribution, indicating a
heterogeneous swelling process. Comparing the simulated tensor order parameter with the auto-
correlation function of segments, we observe major deviations in the swollen state but also for the
long-chain fraction of the dry, bimodal network. These effects are attributed to the fluctuation
dependence of the tensor order parameter which comprises information about both orientational
order as well as fluctuation properties of fast segment reorientation processes. In general, our
results indicate that segmental order is not simply related to the cross-link density. Fluctuations
on larger scales such as reorientation of chain clusters, dynamical correlations between segments
in the entangled state, as well as heterogeneities in the segmental fluctuations, have an essential
influence on the tensorial order. The spatial length scale of the heterogeneities is also investigated
by self-diffusion measurements of the solvent molecules.

Keywords: polymer networks, elastomers, Monte Carlo simulations, poly(dimethylsiloxane), PDMS, order
parameter, residual couplings, segmental order, polymer dynamics, relaxation

I. INTRODUCTION

After more than sixty years of active research, the
swelling of polymer networks is still not well understood
on a molecular scale. While the early, affine theory devel-
oped by Flory and Rehner [1] is still enjoying great pop-
ularity when cross link densities are to be determined by
equilibrium swelling [2], serious discrepancies have been
identified in particular at lower swelling [3–5]. The cen-
tral observation was that the so-called reduced dilation
modulus, which reflects the propensity of a network to
take up solvent (as measured by its chemical potential)
in comparison to a melt composed of the equivalent, non-
cross-linked network chains, goes through a maximum in-
stead of decreasing monotonically. Gottlieb and Gaylord
[4] concluded that the discrepancy is most probably re-
lated to a violation of the assumption of separability of
elastic and mixing contributions to the total free energy.

At around the same time, Bastide et al. [6, 7] as well
as Ullman [8] pointed out that thermodynamic anoma-
lies in the swelling of networks with controlled amounts

∗submitted to Macromolecules
†Electronic address: kays@makro.uni-freiburg.de; URL: www.

chemie.uni-freiburg.de/makro/kays

of pendant chains and also earlier observations from scat-
tering experiments concerning surprisingly weak changes
in the overall radius of gyration of the network chains
upon swelling might be explainable in terms of a domi-
nance of topological rearrangements (“desinterspersion”)
at the early stages. Swelling should further enhance the
observation of heterogeneities in the cross-link density
resulting from concentration fluctuations frozen-in upon
cross-linking. These are manifested in the notable excess
scattering of swollen networks compared to semi-dilute
solutions observed at low q in X-ray [9], neutron [10–12],
as well as static [13] and dynamic light scattering in non-
ergodic samples [14]. A recent paper [15] demonstrated
that heterogeneities in poly(N-isopropylacrylamide) net-
works might even reach the micron range and can thus
be visualized using real-space confocal microscopy tech-
niques.

On the theoretical side, there is an ongoing dispute
about the role of non-affine deformations and the effect
of network topology on larger scales. Recent work has
taken up the ideas of swelling heterogeneities and non-
affine topological rearrangements [16–20]. Panyukov and
Rabin showed that their replica mean field theory is able
to predict the famous “butterfly pattern” that was ear-
lier observed in neutron scattering on stretched swollen
networks and attributed to swelling heterogeneities [10].
Sommer et al. focused on the role of topological rear-
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rangements on the swelling process, using analytical ar-
guments as well as computer simulations [18–20]. Com-
puter simulations are a particularly important instru-
ment for a complementary analysis of experiments, as
in the latter, structural information on conformational
changes of topologically connected parts is generally not
available. Simulations in turn provide access to local de-
tails, including topological effects. As a certain limita-
tion, however, one has to deal with long time scales of
relaxation processes which involve large-scale non-affine
rearrangements. Only simulation techniques which effi-
ciently bridge the length scales from the smallest rele-
vant units (usually statistical segments) to meso-scopic
behavior as well as time scales from segmental diffusion
up to cooperative rearrangement processes can be seri-
ously considered for simulation of polymer networks. As
such, lattice Monte Carlo methods like the bond fluctua-
tion model (BFM) are among the best candidates. Even
then, simulation times of several months (on fast PC-
type hardware) are to be expected for a single network.
Here, we extend our earlier investigations using the bond
fluctuation model (BFM) applied to the swelling of bi-
modal networks [20] to calculations of order parameters,
which play a key role in NMR observables.

NMR, being complementary to scattering methods,
represents a tool of major importance for the molecular-
scale investigation of order and dynamics in polymer sys-
tems [21]. In particular, the analysis of transverse relax-
ation phenomena in polymers at temperatures far above
Tg provides semi-local structural information. This is re-
alized by the orientation dependence of dipole-dipole or
quadrupolar interactions of nuclear spins with respect to
the outer magnetic field. Rapid molecular motion of spins
associated with the monomer unit in a polymer leads to
an averaging of these interactions, which (in contrast to
small-molecule liquids) is not isotropic. Residual ten-
sorial interactions [22, 23] originate from imperfect mo-
tional averaging of chain segments fluctuating rapidly be-
tween topological constraints such as cross-links or chain
entanglements, and exert an influence on the NMR re-
sponse of the system. The size scale of hindered sub-
chains becomes thus accessible. Residual couplings may
reach a magnitude of several percent of the correspond-
ing static interaction, and are directly proportional to a
dynamic order parameter of the polymer backbone, Sb,
which lends itself to comparisons with theory. The con-
cept was previously applied to the investigation of net-
work swelling [24–26], and observations on the evolution
of network chain order were consistently interpreted in
terms of chain desinterspersion [27].

The effect of swelling heterogeneity, however, eluded
NMR analysis until now. This is probably due to the
strong model assumptions employed in the interpretation
of rather featureless transverses relaxation data [28, 29].
Progress concerning a more precise measurement of pro-
ton residual dipole-dipole couplings was reported for the
combination of Hahn- and solid echo-type experiments
[23, 30–33]. Recently, we have introduced a robust

strategy based on proton multiple-quantum (MQ) spec-
troscopy [34–36]. These methods are among the most re-
cent and versatile experiments which provide information
on local chain order in polymers [37, 38]. With our new
approach, we succeeded in quantifying even chain order
distributions, i.e. molecular-scale heterogeneity, in net-
work samples [34], and further showed that the method
can be implemented on low-cost low-field instrumenta-
tion with hardly any compromise on the accuracy [36].

We here report on an application to partially swollen,
end-linked poly(dimethylsiloxane) network. Prelimi-
nary results concerning the sensitivity of our method to
swelling heterogeneities were already communicated [36].
We here present a detailed study of networks which are
composed of precursor chains of varying length and of
bimodal mixtures of very short and long chains. Het-
erogeneities are found upon swelling of all these systems,
and the shape of order parameter distributions is found
to change in a characteristic fashion. Order parameters
extracted from computer simulations reveal new insights
into the relation between NMR observables and network
properties, which particularly concern the influence of
fluctuations on the tensor order parameter governing the
NMR response. The distribution of tensor order is found
to be in convincing qualitative agreement with the NMR
findings, which concerns in particular the non-affinity of
the changes. Finally, we have attempted to detect topo-
logical changes upon swelling, as potentially reflected in
the dependence of the self-diffusion coefficient of the sol-
vent molecules on swelling.

The rest of this work is organized as follows: In sec-
tion II we present details about the samples, the exper-
imental approaches, and the simulation method. Our
results are reported in sections IIIA–III C and are dis-
cussed in section III D. The summary and conclusions of
this work can be found in section IV.

II. EXPERIMENTAL SECTION

Samples. Experiments are carried out on mono- and
bimodal poly(dimethylsiloxane) (PDMS) networks pre-
pared from linear hydroxyl-terminated precursor poly-
mers (Gelest) using tetraethoxysilane as cross-linker.
The synthesis and characterization of the samples is de-
scribed in [34], and key properties are summarized in
Table I.

The networks are characterized by a very good conver-
sion of precursor chain ends, yielding very low sol con-
tents as well low amounts of dangling chains, as shown
previously using the MQ NMR method [34]. In this work,
the order parameter distributions of 3 of the 4 samples
were investigated in the dry state. The bimodality found
earlier for the order parameter distributions of bimodal
networks served as a benchmark for the sensitivity of the
NMR method to such distributions.

For the present work, the samples are swollen in oc-
tane, chosen due to its low volatility. Different protocols
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have been tested, such as direct mixing, swelling in oc-
tane vapor, and gradual swelling in different mixtures
of ethanol and octane. In this way, we ensure that the
observed effects of heterogeneity are not a function of
preparation conditions, where rapid swelling could lead
to chain scission and development of microscopic cracks.
In order to reach a specific degree of swelling, Qw (given
in terms of mswollen/mdry = 1+moctane/mPDMS), swollen
samples are placed on a balance and when the desired
weight is attained by evaporation after several minutes,
samples are transferred into 4mm magic-angle spinning
rotors and closed with KelF caps, thus establishing a
swelling equilibrium with the solvent vapor pressure. The
tightness of the caps is checked regularly by measuring
potential weight loss. The same sample vessels are used
for the MQ as well as the diffusion NMR measurements.
The degree of volume swelling, denoted as Q, is linearly
related to (Qw−1) = moctane/mPDMS through simple ad-
ditivity of volumes [25]: Q = 1 + (ρPDMS/ρoctane)(Qw −
1) = 1 + 1.4(Qw − 1).

NMR spectroscopy. The response of polymeric
networks or melts in proton NMR experiments is com-
monly analyzed in terms of residual dipolar interactions
[22]. These originate from imperfect motional averaging
of chain segments fluctuating between topological con-
straints such as cross-links or chain entanglements, and
may reach a magnitude of several percent of the corre-
sponding static interaction. Residual interactions are di-
rectly proportional to a dynamic order parameter of the
polymer backbone,

Sb =
Dres

Dstat

1
P2(cos α)

=
3
5

r2

N
, (1)

and can be calculated from the residual dipolar coupling
constant, Dres, by comparison with its static counterpart,
Dstat. α is the orientation of the internuclear coupling
vector with respect to the segmental orientation. As in-
dicated by the RHS of Eq.(1), Sb is related to r, the ratio
of the end-to-end vector to its average, unperturbed melt

Table I: Investigated mono- and bimodal PDMS model net-
works composed of long (Mn = 47200 g/mol, PD = 1.64),
medium (Mn = 5200 g/mol, PD = 1.86), and short
(Mn = 780 g/mol, PD = 1.49) chains. The bimodal network,
net30b, consists of 70% w/w long and 30% short chains.

% w/w sola Qeq
b E (MPa)c N d

net800 2.7 1.9 4.85 2
net5k 4.2 3.1 1.3 12
net47k 7 5.2 0.8 109
net30b 5.0 3.1 1.5 〈N〉 = 6.4

aDetermined by swelling experiments in toluene.
bEquilibrium degree of volume swelling (1/φV) in toluene.
cYoung’s modulus as measured by uniaxial extension.
dNumber of (Kuhn) segments between cross-links, estimated from

Mn using C∞ = 5.85 [39].
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Figure 1: (a) Scheme of the multiple-quantum experiment
used in this work [34], (b) the specific pulse sequence block
[42], and (c) data for net47k at Q = 1.4. Experimental inten-
sities are scaled to the full intensity of a one-pulse spectrum.
Large and small symbols are from experiments with sequence
cycle times tc of 200 µs and 800 µs, corresponding to pulse
duty cycles of 24% and only 6%, respectively. The expected
intensity plateau of the normalized DQ intensity is indicated
by the dashed line.

state (r2 = r2/r2
0), and to N , the number of statistical

chain segments between the constraints [40]. The mea-
surement of Dres therefore provides information on the
cross-link density [41] and should be related to micro-
scopic stretching expected when the sample is isotropi-
cally dilated upon swelling.

A pulse scheme of the 1H MQ experiment used herein
is depicted in Fig. 1a and b. It embodies the applica-
tion of a specific double-quantum (DQ) excitation pulse
sequence (b) of variable duration τDQ [42], along with a
phase cycle over ∆Φ, by which a DQ-filtered (IDQ) and
a reference (Iref) intensity can be measured. IDQ sub-
sumes signal from dipolar coupled segments and all 4n+2
quantum orders (as a result of the 4-step selection phase
cycle). Iref contains contributions from all 4n quantum
orders, as well as dipolar-encoded longitudinal magneti-
zation plus all signal from uncoupled, i.e., isotropically
mobile components (solvent in case of swollen systems,
sol, dangling chains). The sum of these two contributions
comprises the full magnetization of the sample subject to
relaxation and is used to normalize the DQ-filtered in-
tensity. Before doing so, uncoupled contributions which
appear as very slowly relaxing tails of Iref must be sub-
tracted. The procedure is shown in Fig. 1c. The tails are
most reliably identified in a plot of Iref − IDQ [43]. The
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“coupled” intensity is distributed evenly among Iref and
IDQ once the plateau of the build-up is reached, such
that from this time on the intensity difference is com-
posed only of uncoupled contributions.

We have shown that long-time relaxation of the overall
coupled signal is mainly due to slow, cooperative motions
of topological constraints and that signal decay due to
experimental imperfections can safely be neglected [35].
This is also apparent from Fig. 1, where data from ex-
periments with very different pulse duty cycles are com-
pared. Note that DQ build-up is usually complete within
a time during which the sum intensity has decayed by less
than 20%. The DQ build-up can therefore be analyzed
in terms of residual dipolar couplings only. Other effects
(influence of slow motions in particular) can safely be
neglected. This constitutes the major advantage of MQ
spectroscopy over the more traditional relaxation exper-
iments, in which rather strong models involving decay
due to slow motions have to be invoked for analysis, and
in which decay due to non-dipolar effects (e.g., diffusion
in local field gradients) cannot be separated.

The normalized DQ build-up data is temperature-
independent over tens of K, providing further evidence
that slow-motional effects are largely absent in InDQ. Us-
ing only intensities InDQ ≤ 0.45, the normalized DQ
build-up curves are analyzed with a monomer-specific
build-up function [34],

InDQ = 0.5(1− exp{−31.91(Dres/2π)2τ2
DQ}) , (2)

here given for poly(dimethylsiloxane) (PDMS). Dres/2π
and τDQ are in kHz and ms, respectively. Fits restricted
to the initial part of the DQ build-up (InDQ ≤ 0.2) are
also performed, with the result denoted as Dinitial. An-
other fitting function assuming a Gaussian distribution
of Dres is given in [34], and results for the average cou-
pling constant as well as the standard deviation are re-
ported as DG and σG. Finally, Eq. 2 is also used as the
kernel function in a regularization procedure used to de-
termine distribution functions of Dres in a numerically
stable way. The algorithm, called fast Thikonov regu-
larization (FTIKREG), was published by Weese [44]. It
features an automatic (and conservative) determination
of the regularization parameter based on the estimated
error limits, and thus biases potential distributions to-
wards less maxima. Error intervals for the amplitudes
associated with the fixed bins of Dres as given by the
algorithm amount to about 10% of the maximum ampli-
tude. Average coupling constants as well as the standard
deviations are also calculated from the so-obtained dis-
tributions and are denoted as Dreg and σreg.

Further details on the experimental procedure and an
in-depth discussion of the limits of the method may be
taken from ref. [34]. From the experimental dipolar
coupling constants, the backbone order parameters are
readily calculated using Eq. (1) with Dstat/2π = 8.9 kHz
and α = 90◦. Experiments are performed on a Bruker
Avance 500 solid-state NMR spectrometer (B0 = 11.7 T)
using the proton channel of a commercial static double-

resonance probe (1H 90◦ pulses of 3 µs length) as well
as a Bruker minispec mq20 operating at 0.5 T (1.9 µs
90◦ pulses). At high field, the nc-incremented version
of the MQ experiment with cycle times of tc = 200 and
800 µs is used (providing rapid refocusing of shift and
susceptibility effects, thus also suppressing the influence
of isotropic J couplings), while on the minispec, the time-
incremented 2-cycle version (nc = 2) is the more robust
choice.

Pulsed-field gradient measurements of the self-diffusion
coefficient of the solvent, Dself , are performed in a Bruker
high-resolution-type probe with a singly-tuned saddle
coil (∼ 5 µs 90◦ pulses) equipped with the Bruker Micro5
imaging system using the pulsed gradient stimulated-
echo [45] technique (PGSTE). The diffusion delay ∆ is
varied between a minimum duration of 10 ms and a max-
imum of 3000 ms. Trapezoidal gradient shapes of 1.5 ms
length are employed for encoding and decoding, and an
additional burst gradient is applied during the diffusion
delay ∆. Each acquisition is preceded by a train of gra-
dient pulses of matched amplitude and timing in order to
ensure reliable gradient power. The measurement tem-
perature is fixed at 24◦C and controlled via the gradient
cooling system, which has turned out to be the most re-
liable method to minimize the influence of convection.
Summed solvent signal intensities are analyzed using the
well-known relation [46]

ln
I

I0
= −4π2q2Dself(∆− δ/3) , (3)

where a correction for the finite duration of the gradient
pulses, δ, is included. The wave vector q = γHδg/(2π)
further depends on the the magnetogyric ratio, γH, and
the gradient, g. A constant contribution from the broad,
underlying network signal is taken into account.

Computer simulations. Using the bond fluctuation
model (BFM) [47], we simulate end-linked monomodal
and bimodal networks. The networks are created in three
steps: Before cross-linking, the simulation boxes of size
200× 200× 200 contain equilibrated melts with a lattice
density of φ = 0.5 (500,000 monomers in both cases).
This density corresponds to a dense melt in the frame-
work of the BFM [48]. The monomodal system contains
chains with 25 repeat units, while the bimodal system
contains long chains of 100 repeat units and short chains
of 5 repeat units. The monomer fraction of short chains
is 21%.

In a second step, 4-functional cross-linker units are
randomly attached to ends of the chains. The number
of cross-linkers exactly obeys the necessary stoichiomet-
ric fraction, no over-saturation (as in real synthesis) is
applied. In the third step, the cross-linkers are allowed
to form new permanent bonds to free chain ends. A
new bond is formed if a free chain end and a cross-linker
(which must have at least one free radical) come into con-
tact during the course of their motion. We only use local
moves for all the results presented in this work. The time
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Table II: Essential properties of the simulated networks. Notation: P - length of short chains, N - length of long chains, < N >
- average strand length, nX - number of X-chains, c - volume fraction of short chains, p - mol-fraction of short chains, f -
functionality of cross-links, cgel - gel-fraction. The symbols λQ

m andλm are defined in the text

property monomodal bimodal

lattice 200 × 200× 200, cubic 200× 200× 200, cubic
boundaries reflecting (solid walls) reflecting (solid walls)
lattice occupation 0.5 melt, 0.51 cross-linked 0.5, 0.5125
short chains – P = 5, nP = 21, 060
long chains N = 25, nN = 20, 000 N = 100, nN = 3, 947
averaged strand length (loop-reduced) < N >= 25 < N >= 20 (25)
vol.fraction of short chains – c = 0.21
mole fraction of short chains – p = 0.84
number of cross-links nC = 10, 000 nC = 12, 504
functionality f = 4, < f >= 3.9 f = 4, < f >= 3.9
gel fraction cgel = 0.995 cgel = 0.985

mean squared bond length b2 6.92 (dry), 7.49 (swollen) 6.92 (dry), 7.5 (swollen)
swelling degree Q 5.0 5.5

λQ
m 2.78 2.95

λm (short/long) 2.65 2.85 (2.16/3.44)

Figure 2: Density profiles before and after swelling. The linear
density of the purified part (without loops and tails) is plotted
as a function of the x-coordinate of the simulation box. The
averaged densities of the swollen networks are indicated as
dashed lines.

unit is one Monte Carlo Step (MCS), which corresponds
to an attempted Monte Carlo move for each monomer.

The gel fraction obtained for the monomodal (bi-
modal) network is 0.995 (0.9854). The bimodal network
is assembled such that the short chains are nearly diluted
within the long chains while the short chains provide the
majority of reactive chain ends. Upon cross-linking, the
subsystem of short chains becomes unstable with respect
to its density distribution and forms a heterogeneous sub-
network within a matrix of long chains [49]. The essential
data for the simulated networks are displayed in Tab. II.
More details can be found in [49].

Swelling with athermal solvent (free lattice sites) is ini-
tiated by expanding the size of the simulation box. For
both networks, we have enlarged the simulation box by a
factor of two in all directions. Hence, a maximum degree
of swelling, Qmax = 8, could be achieved. The swelling
ratio Q is defined as the ratio between the volume frac-
tion of the network before and after swelling. During our

simulations (up to 50,000,000 MCS), swelling equilibrium
is nearly reached. This takes about half a year of simula-
tion time. In Fig. 2 we display the linear density profile
for both networks before and after swelling. The overall
swelling behavior is very similar for both networks. The
monomodal network displays a swelling ratio of Q = 5.2
while for the bimodal network Q = 5.5. These values
have been obtained by direct calculation of the density of
the purified part (gel fraction without loops and dangling
ends) in the center of the simulation box (80 × 80 × 80
lattice units) before and after swelling. The correspond-
ing linear swelling degrees are indicated as dashed lines
in Fig. 2.

During the process of network formation, the short
chains in the bimodal network form 27% self-loops. Tak-
ing into account only the loop-reduced fraction of chains,
we obtain an average strand length of < N >= 24 for the
bimodal network. The monomodal system also contains
5% loops, which, however, do not have direct impact on
the averaged network chain length. Chain elongation by
end-linking is very rare and can be neglected. Therfore,
from the point of view of local composition, both system
are comparable.

III. RESULTS AND DISCUSSION

A. Chain order by Multiple-Quantum NMR

Typical normalized DQ build-up curves for a dry and
a swollen sample of net47k and results of their analy-
sis are plotted in Fig. 3. These results are prototypi-
cal for our observation of swelling heterogeneity which
was already reported in a previous communication [36]:
The build-up curve of the dry network is indicative of
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Figure 3: Normalized DQ build-up curves of dry and swollen
net47k, along with results of the various fitting procedures.
The dashed horizontal line indicates the intensity up to which
data points were considered for fitting.

a rather narrow order parameter distribution. This is
corroborated by the good agreement between fits to the
whole build-up for InDQ ≤ 0.45, to the initial rise only,
and the result from regularization. It should be men-
tioned that the corresponding distribution of couplings
is significantly narrower than predicted by established
models [50], which usually assume a Gaussian distribu-
tion of end-to-end distances of network chains, leading to
a rather broad Γ-distribution of residual couplings [34].
Upon swelling, the order parameter distribution broad-
ens significantly, as is immediately perceived from the
shape change of the build-up curve.

Consistently, only the initial rise can be represented
by Eq. (2) while the whole buildup-function is not ade-
quately described by a single-component model. While
a fraction of chains is apparently stretched and acquires
a higher order parameter than in the dry state, other
chains or chain segments are even relaxed. We interpret
this as a clear signature of swelling as being a complex
non-affine topological unfolding process, with these NMR
data probably being the most direct molecular-scale ev-
idence to date. Note that, according to Eq. (1), affine
swelling would lead to a simple affine scaling of the build-
up curve along the x-axis by Q−

2
3 .

Results of our systematic investigations of four differ-
ent network samples at various degrees of swelling are
summarized in Figs. 4 and 5. Fig. 4 demonstrates the
universality of the phenomenon of a broadening of or-
der parameter distributions upon swelling. The four net-
works differ widely in their relative cross-link densities.
Yet, in all samples we observe the same trend of broad-
ening of the distribution upon swelling, with a tendency
of the maximum of the distribution to shift slightly to
lower order. This is a clear indication of a sub-affine pro-
cess (vide infra). The average order parameters of these
distributions exhibit only a weak trend towards higher
values.

Basically the same information can be taken from
Fig. 5, in which the results from evaluations of the dis-
tributions in Fig. 4 as well as results from other fits

are compiled. Average order parameters increase only
slightly upon swelling while the widths of the distribu-
tions increase notably. Generally, regularization analysis
yields higher values for σ (width of distribution), pre-
sumably because the Gaussian fit does not capture the
correct shape of the distributions. Note that the Gaus-
sian fit becomes unstable once σG reaches the same order
of magnitude as DG. In such cases, the best fit converges
to DG = 0. In order to avoid this unphysical result and
obtain comparable data for σG, DG was kept fixed at the
value obtained for the one more weakly swollen sample
for which the fit was still stable.

In order to highlight the deviations from affine theory,
we have plotted affine predictions derived from Eq. (1),
using volume additivity,

Dreg(q) = Dreg(0)Q
2
3 , (4)

as dashed lines in Fig. 5a–c. Sub-affinity is clearly appar-
ent, with a notable trend towards less serious discrepan-
cies as the average strand length is decreased. Deviations
of the average NMR chain order from the affine predic-
tion have been observed before, and are discussed below.

The distribution analysis of the bimodal network
(Fig. 4d) is interesting in that, owing to the large dif-
ference in chain length between the two components of
net30b, it is possible to resolve these by their respec-
tive order parameters using the regularization proce-
dure. Upon swelling, the regularization still yields two-
component distributions, and it appears attractive to in-
terpret changes in these two components in terms of dif-
ferential swelling. The long-chain components seem to
be somewhat relaxed upon swelling, while the maxima
observed at higher order parameters attributed to the
short-chain component in the dry network shift to some-
what higher order.

The apparent mobility increase of long chains is also
corroborated by the fitting results (Fig. 5d), where a
three-parameter two-component model based on Eq. (2)
is the only model which yields numerically stable results.
For instance, using a two-component model with one or
two components being Gaussian-distributed (4 or 5 pa-
rameters), the overall quality of the fit improves (natu-
rally), however, at the expense of multiple stable minima,
some with the unphysical result D1/2 = 0. From the com-
parison of three-parameter fits with free and fixed relative
amplitudes of short and long chains, we conclude that a
fraction of long chains with increased order might actu-
ally enter the average value of the more strongly coupled
fraction, D2, for which we do not observe the trend to-
wards increasing values inferred from the distributions.
This caveat may also apply for the regularization anal-
ysis, for which a clean separability of a complex distri-
bution into distinct components is limited by systematic
errors on the 10%-scale. In addition, even the pure long-
chain network is seen to develop a considerable contribu-
tion of highly ordered chains (Fig. 4a). The decrease of
D1, however, is a reliable observation as D1 still decreases
even when its relative amplitude is fixed at 60%.
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Figure 4: Order parameter distributions, determined by regularization analysis of DQ build-up data for 4 different networks at
various degrees of swelling, Q. The numbers in brackets are the average residual dipolar coupling constants calculated from the
distributions. In (a) and (c), “ms” denotes data from experiments performed with the minispec and “D” indicates a swelling
experiment using deuterated octane, for which the correction for liquid-like components (tail subtraction) was not necessary.

B. Chain order by Computer simulations

For the simulated networks, we can directly analyze the
auto-correlation function for each bond vector, defined as

m(t) =
[b(0)b(t)]
[< b2 >]

, (5)

where b(t) denotes the bond vector at time t. Struc-
tural averaging over a given set of bond vectors belong-
ing to different types of network chains is denoted as
[...]. In the denominator, also time averaging, denoted
as < ... >, is introduced, since thermal equilibrium (at
least on the level of bond vector orientation) can be as-
sumed. The long time limit of the correlation function,
m = m(t=∞), is referred to as residual orientational or-
der of the bonds. We then write

m = [< b >2]/[< b2 >] . (6)

We take every bond vector to belong to a chain
composed of N bonds with fixed end-to-end distance

R =
∑

k=1,N bk, where the index k denotes the bond
number within a given chain. When we assume that
the averaged bond vector does not vary along the chain
(which is true for Gaussian chain statistics), we immedi-
ately obtain < b >=< R > /N and hence

m =
[R2]

N [< b2 >]
. (7)

We can further assume that [< b2 >] is the squared statis-
tical bond length and that it is the same for all monomers.
We thus write b2 = [< b2 >]. We use this simplified no-
tation in the following, however, we always calculate the
averages directly for different sets of bonds considered.
When the cross-linking process proceeds in a way that it
freezes-in the actual Gaussian distribution of end-to-end
vectors of the precursor chains, one obtains [R2] = Nb2

and hence

m = 1/N . (8)

Note that this result is independent of any details of the
actual distribution function of bond orientations. In par-
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Figure 5: Residual dipolar couplings and widths of their distributions as determined by the different fitting procedures described
in the text. Data is plotted for the 4 different networks (a–d), where in (a–c) the dashed line indicates the prediction for Dreg

based on affine stretching. For the bimodal network net30b (d), only a two-component model (2 terms equal to Eq. (2), with a
relative weighting factor a1) was used. In this case, fitting was performed with all 3 parameters free, as well as with the relative
weight fixed at the value a1 = 0.6 found for the dry sample.

Figure 6: Auto-correlation function of bond vectors for vari-
ous sets of chains in unswollen mono- and bimodal networks.
The purified part of the networks is obtained by removing
loops and dangling ends from the gel part. The long time
limits of the correlation functions are indicated on the right.

ticular, Eq. (7) is also valid for non-Gaussian chain statis-
tics. The order parameter m thus reflects the mean (ori-
entational) order of the polymer segments independent
of any fluctuation properties.

The auto-correlation function m(t), given by Eq. (5),
is displayed in Fig. 6 for various sets of bonds. In or-

der to avoid contributions from dangling parts or small
loops (large loops are rare and very likely to be entan-
gled), we remove all those chains from the gel part. The
remaining set of monomers is called the purified part of
the network. Note that in the NMR experiments, purify-
ing corresponds to the subtraction of the slowly relaxing
“tails” from the sum intensity, which are associated with
(almost) isotropically re-orienting segments.

Let us first analyze the results for the monomodal net-
work. The order parameter obtained from Fig. 6, 0.054,
is notably larger than the expected value of m = 0.04
according to Eq. (8). Moreover, the order parameter for
the monomodal network is larger than the average (“all
purified”) value for the bimodal network, although the
latter has, on average, an even smaller effective averaged
stand length.

With regards to the different components of the bi-
modal network, we observe a very distinguished order
for monomers belonging to short and long chains, respec-
tively. Yet also, the order parameters do not correspond
to the prediction of Eq. (8) for independent chains with
fixed end points, i.e., they do not correspond to the affine
network model. For short chains, the order parameter
is substantially lower than expected (mS = 0.1 as op-
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posed to 0.2 according to Eq. 8). Thus, additional large-
scale fluctuations of cross-links reduce the orientational
order. For long chains, we expect mL = 0.01 but find
the much higher value of about 0.025. A straightforward
explanation might embody the presence of trapped en-
tanglements which increase the orientational order of the
network. Interestingly, but probably coincidentally, the
order parameter averaged over all bonds in the purified
part formally corresponds to an averaged chain length
of about 25 units (Eq. 8), which is close to the effective
chain length of about 24 units in this network. Consid-
ering the remarkable differences between the order pa-
rameters for monomodal and bimodal networks, we must
conclude that m cannot be simply related to the averaged
cross-link density but depends on details of the network
topology.

Let us now consider the initial relaxation behavior of
m(t). According to the Rouse model, m(t) should decay
exponentially, dominated by the longest (Rouse) relax-
ation time. This is roughly fulfilled for the long chains in
the bimodal network. However, the order parameter for
the short chain subnetwork displays a relaxation which is
much slower than expected (some 1000 MCS for N = 5).
This observation concurs with the fact that the order pa-
rameter of the set of short chains is lower than expected,
probably due to fast, cooperative motions of clusters of
short chains. Such motions would introduce additional,
longer time scales, in agreement with the observation. A
closer analysis reveals that after a rapid decay on the time
scale of about 5,000,000 MCS, there is still a weak, slower
decay of the order parameter (observable on a logarith-
mic time scale). Thus, the order parameters reported
here do not fully correspond to equilibrium values but
are at least close to it. Finally, we observe that the dan-
gling ends (long chains only) display an additional, con-
siderably slower relaxation behavior than expected from
the Rouse model, which is now clearly apparent on the
time scale chosen in Fig. 6. An exponential fit yields a
relaxation time of about 4.4 · 107 MCS; it most probably
corresponds to reptation-like arm retraction processes.

In order to analyze the impact of swelling on segmental
order, we define the stretching ratio of the order param-
eter λm as

λm =
m1

m0
, (9)

were m0 and m1 denote the order parameter before and
after deformation. By taking into account a simulation-
inherent bond stretching due to swelling, the affine
stretching ratio of the order parameter order, λQ

m, due
to isotropic swelling according to Eq. (7) is given by

λQ
m = Q2/3/λ2

b with λ2
b =

b2
s

b2
d

, (10)

where b2
s and b2

d denote the averaged squared bond length
for the swollen and the dry system, respectively (Tab. II).
This yields λQ

m = 2.78 and λQ
m = 2.96 for the monomodal

and the bimodal network, respectively.

The bond correlation functions of the swollen networks
have the same qualitative appearance as in the dry state
(Fig. 6), however with increased long-time limits. The
results for the order parameter stretching are indicated in
Tab. II. First, we consider the average order parameters
of all bonds in the purified network parts. For the case
of the monomodal network, the observed value of λm =
2.65 is slightly lower than the affine ratio. The same
is true for the bimodal network where we obtain λm =
2.85. The difference in the bimodal network becomes
more pronounced when sets of long and short chains are
considered separately. Here, the short chains have λm =
2.16 which is only 75% of the affine prediction.

Most interestingly, the order parameter stretching for
the long chains is super-affine with a value of λm = 3.44.
Yet, long chains are not over-stretched concerning their
end-to-end distance but deform slightly sub-affinely, as
shown in our previous work [20]. Therefore, the increase
of orientational order must originate from inter-chain ef-
fects. A possible explanation is to assume that entangle-
ments are tightened during swelling, thus creating effec-
tively shorter sub-chains. Note that usually a decrease of
entanglement effects upon swelling is assumed to explain
swelling equilibrium in the context of the Flory-Rehner
model.

Finally, turning back to the NMR results for the long
chains (Fig. 5a and d), we note a clear-cut sub-affinity
(in fact, the value of Sb even decreases in the bimodal
network). We now address the origin of this apparent
contradiction, which will lead us to conclude that the
traditional interpretation of order parameters measured
by NMR in terms of residual orientational order (Eq. 1)
is not fully correct.

In NMR experiments, the auto-correlation function of
bond vectors cannot directly be obtained. Instead, the
tensor order parameter S plays the fundamental role and
controls the effect of motion-averaged dipole-dipole inter-
actions. Sk for a single segment may be defined as

Sαβ
k (t) =< eα

k eβ
k > −1

3
, (11)

where the Greek indices denote the spatial components
and ek denotes the normalized bond vectors. The average
is taken over the time passed during the experimental
observation. Thus, it corresponds to a running average
instead of a correlation function as defined in Eq. (5). On
the other hand, Sk defines an orientational order also in
the absence of a vector orientation of geometrical objects:
The Sk is invariant with respect to a change of sign of ek.
From Sk, we extract a scalar order parameter s defined
as

s(t) =

[√
3
2
Tr{S2(t)}

]
, (12)

where the symbols [...] denote again the average over a
given set of bond vectors. For Gaussian chains with fixed
end-to-end distance R, we obtain in the limit of long
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Figure 7: Comparison between m(t) and s(t) for all bonds in
the purified part of the monomodal network. Here, we have
rescaled s(t) by a factor of 5/3, as suggested by Eq.(13).

times (s = s(t→∞))

s =
3
5

(
[R2]
N2b2

)
=

3
5

1
N

=
3
5
m , (13)

in agreement with the traditional interpretation of NMR
data represented by Eq. (1). Two remarks are essential
at this point. First, the tensor order parameter, unlike its
vector-like counter part, is not independent of the fluctu-
ation statistics of the bond vectors. This can be seen by
considering the average tensorial order parameter for all
bonds in a given chain, which reads [S] = 1

N

∑
k=1,N Sk.

Here, a sum of squares of bond vectors has to be av-
eraged, which cannot simply be reduced to the actual
end-to-end distance vector R. In fact, Eq. (13) depends
strongly on the Gaussian chain distribution (for instance,
a lattice model would yield a different prefactor, usually
larger than 3/5). Second, the running time average of
s(t) gives rise to a power-like relaxation behavior which
may mask the true relaxation of orientational order. In
order to understand the latter effect, consider a unit vec-
tor e which randomly orients in the coordinate directions
of a simple two-dimensional lattice. There are only two
different realizations for an actual S, corresponding to
the two orientations in the x and y directions:

Sx =
(

1
2 0
0 − 1

2

)
and Sy =

( − 1
2 0
0 1

2

)
. (14)

The sum of randomly taken successions of Sx and Sy

yields a random walk for each diagonal component, and
the mean amplitude of each walk grows with

√
t. If we

normalize the average by the number of averaging steps,
t, we can easily see that the components of S decrease ac-
cording to t−1/2, and so does s(t). This result is most im-
portant for computer simulations in which discrete steps
are used to calculate the averages.

In Fig. 7 we compare the relaxation behavior of the
tensor order parameter, s(t), with the vector order pa-
rameter, m(t), for the monomodal network. In the dry
state, Eq. (13) is well approached (although equilibrium

Figure 8: Same as in Fig.7, but for the bimodal network.

is not yet fully reached). However, both order parame-
ters differ considerably in the swollen state. The tensor
order parameter approaches a much lower value as m(t).
This is a general consequence of the fluctuation depen-
dence of s! A similar result is obtained for the bimodal
network. It is particular interesting to analyze the set
of long chains, as shown in Fig. 8. The values reached
by the tensor order parameter are substantially higher in
the dry state and lower in the swollen state. Thus, the
tensor order parameter always exhibits a lower ratio λs

as compared to λm after swelling. For long chains in the
bimodal network, we obtain an average increase of order
only by a factor of λs = 1.9 which is evidently subaffine
and in better agreement with the NMR results. Note
the qualitative difference to the super-affine behavior of
the autocorrelation function with λm = 3.44. This re-
sult clearly shows the mixed character of the tensorial
order parameter in comprising both orientational order
and fluctuation properties of segments.

We have checked the validity of the calculation meth-
ods for single chains with fixed end-to-end distances. In
this regard, we only note that both order parameters cal-
culated for ideal chains (without excluded volume inter-
actions) fulfill the expected relation (13) very well. The
tensor order parameter is slightly higher than the vec-
tor order parameter only due to residual lattice effects of
the BFM. Good solvent conditions, in turn, yield a lower
tensor order parameter while the vector order remains
invariant under switching of excluded volume. However,
the large deviations between the two order parameters
for long chains in both the dry and the swollen state, as
inferred from Fig. 8, cannot be explained by single-chain
effects.

So far, we have considered averages of the order pa-
rameters for various sets of bonds. The great advantage
of the tensor order parameter is its excellent statistics ob-
tained for the individual bonds. For a comparison with
the NMR results in the preceding section, we present the
distribution of s, p(s), for the case of the monomodal
network in Fig. 9. Clearly, the the distribution broadens
in the swollen state, and cannot be reproduced by simple
rescaling of the distribution of the dry state. Even using
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Figure 9: Distribution of the tensor order parameter for all
bonds in the purified set of the monomodal network. The
value of s is evaluated at the end of the simulation time.

Figure 10: Distribution of the tensor order parameter ob-
tained at the maximum simulation time for all bonds in the
purified part of the bimodal network.

the sub-affine averaged order parameter ratio of λs = 2,
no coincidence between the rescaled distribution in the
dry state and the actual distribution in the swollen state
can be achieved.

The most remarkable observation concerns the maxi-
mum of the distribution function, which is only slightly
shifted. This is compensated by the formation of a shoul-
der in the swollen state which does not exist in the dry
state. Thus, the average increase of order originates
mainly from the broadening of the distribution. We
therefore see strong indications for an inhomogeneous
swelling process, in which certain sets of chains are less
deformed while other parts are more strongly deformed,
in convincing agreement with the NMR observations pre-
sented in Fig. 4a–c. The picture of an unfolding, or desin-
terspersion process might apply for the understanding of
such a behavior.

In Fig. 10, we show the distribution of the tensor order
parameter averaged over all bonds in the purified part of
the bimodal network. The bimodal character is here only
reflected in a weak shoulder at higher values of s > 0.05.
As in the case of the monomodal network, the tensor or-
der parameter does also not show affine behavior, as can

Figure 11: Distribution of the tensor order parameter ob-
tained at the maximum simulation time. The inset also shows
the data for long chains in the swollen state, compared with
the affine transformation of the data obtained for the dry sys-
tem.

be inferred from the corresponding rescaled distribution
of the order parameter in the dry state. The maximum
of the order parameter distribution does again not follow
the average but is shifted much less. This effect is com-
pensated by a broadening at the position of the shoulder
of the distribution. This is in nice agreement with the
NMR findings reported for the bimodal net30b in Fig. 4d.
Note that the bimodality of the simulated distribution is
not as clear-cut as in the experiment, since the difference
in length between short and long chains is not as big as in
the experiment. In addition, the swelling degree reached
in the experiment is not as high as in the simulation.
The actual similarity of the observations is better appar-
ent in a separate analysis for the two types of chains in
the bimodal network (Fig. 11). Again, the maxima of the
distributions are only slightly shifted upon swelling (less
then by a factor of 1.2 for the long chains).

Of particular interest is the distribution for short
chains in the swollen state, where two peaks are apparent.
The first peak can be associated with small clusters of
short chains which can reorient almost isotropically. This
coincides with our observation of m in Fig. 6 as well as
with the average value of the order parameter from NMR,
for both of which we have obtained lower values than ex-
pected for Gaussian statistics between fixed chain ends.
This indicates a high mobility of short chains in such a
network, where cooperative motions are apparently facil-
itated in the swollen state. The second peak corresponds
to chains that are over-stretched in the swelling process.
Thus, also here, orientational order develops clearly in-
homogeneously upon swelling.

C. Solvent Diffusion

PGSTE diffusion measurements are performed in or-
der to evaluate a possible influence of heterogeneities in
the swollen networks on the self-diffusion coefficient of



12

0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

ob
str

uct
ion

 fa
cto

r D
sel

f/D
sel

f,0

d e g r e e  o f  s w e l l i n g  Q

 n e t 4 7 k
 n e t 5 k
 n e t 3 0 b

( o c t a n e - d 1 8 )

1 . 0 1 . 4 1 . 8 2 . 2 2 . 6 3 . 0 3 . 2 3 . 4

Figure 12: Results of PFG diffusion measurements of the
swelling agent plotted in terms of an obstruction factor
Dself/Dself,0, where Dself,0 = 2·10−9 m2/s for octane at 297 K.
The error bars indicate the variation of Dself determined at
different diffusion times, ∆. The line is simply a guide to the
eye.

the solvent. Results from recent literature suggest that
swelling heterogeneities might even reach the µm scale
[15] and thus become detectable by PFG NMR. Given
sufficient diffusion contrast between more or less swollen
regions, one would expect a diffusion time (∆) depen-
dence of an apparent Dself when the experimentally vari-
able diffusion length,

√
Dself∆, reached the length scale

of the heterogeneities [51].√
Dself∆ changes between 2 and 70 µm in our experi-

ments, and in this range, no appreciable variation of Dself

was found. A weak ∆ dependence was reported in studies
of swollen natural rubber [52] and polystyrene gel beads
[53]. In the latter case, anomalies were even detected in
terms of deviations of the intensity data from the gradi-
ent strength variation as described by Eq. 3 (such effects
are not expected for diffusion within fractal structures).
Note that in both of these studies, the pulsed-gradient
spin-echo (PGSE) technique (featuring free spin evolu-
tion during ∆) was used. Our results from PGSE exper-
iments (not shown) exhibit a substantial dependence on
∆ with up to 40% reductions in Dself at high Q when
comparing data acquired with ∆ = 5 ms and 100 ms.
Since we found no indication of this phenomenon using
PGSTE, we concluded this effect to be an artifact, the
origin of which is unclear to us.

Still, even much smaller local variations in solvent dif-
fusivity could lead to different dependencies of Dself on Q
when different samples are compared [54]. We expected
that, in particular at low swelling, percolation structures
of higher swollen regions could form at different Q in our
different samples. However, this was also not the case, at
least not within the accuracy of our data, see Fig. 12. Not
even data for net30b, which is an effectively nano-phase-
separated system of short-chain clusters in a long-chain
matrix, shows any appreciable deviation from the general
trend. Therefore, the diffusivity contrast between differ-
ently swollen regions is either too low or the length scale

associated with the heterogeneity observed for the chain
order phenomenon is simply too small to be detected by
rapidly diffusion solvent molecules.

The theoretical description of solvent diffusion in linear
polymers and gels as a function of concentration (∼ 1/Q)
is still a matter of debate. While obstruction theories
considering “jumps” of solvent molecules over barriers
posed by the polymer are still popular [55, 56], the tran-
sition behavior from very low to intermediate swelling,
where local free-volume considerations should give way
to hydrodynamic and scaling arguments, is still unclear
[57]. We have therefore not attempted to fit the data in
Fig. 12 to any model.

D. Discussion

The most convincing observation when comparing the
results from MQ NMR and computer simulations is
the agreement concerning the significantly increasing
width of the (tensor) order parameter distributions upon
swelling as well as the clear-cut non-affine behavior of
these distributions. Both experiments and simulations
display a highly subaffine shift of the maxima of the dis-
tributions. This shift can even become negative in the ex-
perimental case, probably due to different solvent quality
and the consequently different swelling ratios. Most im-
portantly, as perceived from experimental as well as sim-
ulation results of the monomodal systems, a broadening
of the order parameter distributions indicates heteroge-
neous ordering (deformation) processes during swelling.
This furnishes new evidence for the existence and nature
of swelling heterogeneities and the importance of com-
plex, topological rearrangements.

From a theoretical point of view, it is again worth
noting that the residual tensorial order parameter and
the auto-correlation function of segments contain differ-
ent types of information. While the latter is practically
independent of fluctuation statistics of the chains (and
is therefore a direct measure of true orientational order),
the tensor order parameter s combines orientational or-
der with fluctuation effects. Different distribution func-
tions for the segment orientations can lead to different
long-time limiting values of s. Thus, swelling has two
effects on the tensor order parameter. First, segments
become more oriented, leading to an increase of s. Sec-
ond, fluctuations are enhanced, leading to a decrease of
s. We note that the solvent effect alone can hardly ex-
plain the results obtained in the simulations as well as
in NMR experiments. More detailed studies showing the
solvent effect using only single chains (with and with-
out excluded volume) with ends fixed in space will be
published elsewhere. The rather dramatic difference ob-
tained for long chains in the simulated bimodal network
(Fig. 8) appears to be related to effects of trapped entan-
glements and the release of inter-chain bond orientational
order correlations (restrictions) upon swelling.
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Another interesting issue concerning the tensor order
parameter is its time dependence resulting from the self-
averaging processes. In practice, these processes are as-
sumed to correspond to fast-motion averaging of segment
orientations during the NMR measurement. In the simu-
lations, however, a power-law decay of s(t) with surpris-
ingly slow dynamics towards true equilibrium averages
becomes apparent (Figs. 7 and 8), and might challenge
the fast-motion assumption (which appears clearly valid
for m(t)).

An important question to ask is therefore in how far
the long simulation-time limit, at which the (residual)
tensor order parameter is evaluated, is related to the ex-
perimental NMR timescale. From the Rouse diffusion
coefficient of a PDMS melt given in [58], we obtain a
room-temperature value for the diffusion constant of a
single Kuhn segment: DRN = kT/ζ ≈ 186 Å

2
/ns. With

a mean-square displacement by a single Kuhn segment
size, b2 = (5.6Å)2 [39], a characteristic displacement time
of 0.17 ns can be estimated. In BFM, a segmental dis-
placement usually takes around 100 MCS, such that the
full simulation time of 50,000,000 MCS corresponds to
about 0.1 ms real time, which is of the same order of
magnitude as the NMR timescale defined by 2π/Dstat.
However, the initial decay of s(t) ocurrs within a much
shorter time (Fig. 7), and the experimental order param-
eters should therefore be close to the simulated values,
with the fast-motion assumption being applicable.

Since the NMR results are independent of temperature
over tens of Kelvin [34], it seems reasonable to conclude
that NMR measures the long-time plateau of s(t). The
ongoing weak power-like decay of the tensor order pa-
rameter on the experimental time scale apparently ex-
erts only minor influence on the normalized DQ build-up
(in which such slow-motion effects are partially compen-
sated for). Yet, the long-time decays of integral intensi-
ties in MQ experiments (as well as specific shapes of re-
laxation functions in traditional experiments) are usually
interpreted in terms of slow reorientations of the resid-
ual dipolar tensor attributed to restricted, cooperative
fluctuations of the cross-links [36]. Our finding of a slow
power-like slow decay of s(t) might also suggest a su-
perposition of long time relaxation processes with the
relaxation process identified herein, which emerges from
the averaging procedure. We note that here, a direct link
between the formally averaged order parameter defined
by Eq. (11) and the quantum-mechanical averaging dur-
ing random bond rotations has to be established first.
Further work along these lines is in progress.

Apart from the qualitative agreement of the chain or-
der distributions, the average values of Sb for the dry
net100 as well as the long-chain component of net30b of
about 3% are in good agreement with the simulation re-
sult for the long chains in the bimodal network. Their
relatively high values of about 3% cannot be accounted
for by a simple 1/N -relationship, indicating the signifi-
cance of trapped entanglements or mutual chain packing.
This observation is not challenged by the fluctuation de-

pendence of tensorial order, as it is also supported by the
bond auto-correlation function calculated for the simu-
lated networks. The sample with medium-size chains,
net5k, features an experimental Sb of 0.06, while the
value expected from an N of 12 (Tab. I) is 0.05, also
in agreement with less serious deviations observed in the
simulations.

Concerning the very short chains in the mono- and
bimodal networks, in our previous work [34], we have
already discussed the deviations of experimental values
of N (4–6, as calculated from the residual couplings
using Eq. (1)) from the expected value of 2 in terms
of possible chain elongation during cross-linking. In
the light of simulation data presented herein, we con-
clude that this deviation should to a significant degree
be due to large-amplitude cooperative motions of short-
chain clusters and details of the fluctuation processes.
Note that a lower value of around 4 is found for pure
net800 (Davg/2π = 700 Hz, Sb = 0.16), which could
be due to chain elongation, while for net30b, N ≈ 6
(Davg/2π = 450 Hz, Sb = 0.1), indicating additional
orientational averaging by fast cross-link reorientations.

The results for the three monomodal networks reported
here are not in good agreement with previous NMR stud-
ies based on fits to relaxation functions. In swollen
PDMS [24, 25] as well as polyethylene networks [26], a
fitting parameter which is supposedly related to the av-
erage residual coupling also exhibits a clear non-affine
behavior, yet its value goes through a minimum at a vol-
ume swelling of Q ≈ 2–3, which was interpreted in terms
of strong chain desinterspersion effects.

Assuming mutual chain packing as the origin of the
increase the order parameter of the dry networks, topo-
logical unfolding processes in combination with dilution
by solvent lead to an increase in overall chain mobility.
Such unfolding or desinterspersion processes can occur
without appreciable changes in the overall dimension of
topologically restricted subchains [6, 27] and are clearly
supported by our simulations, in particular by consider-
ing the difference between tensor and vector order param-
eters. While the latter accounts for the effect of entan-
glement constraints during swelling, the former indicates
the (dramatic) fluctuation enhancement in the swollen
state which is clearly observed in the experiments.

We should mention that all the networks used herein
have on average less than 5% liquid-like components
(residual sol and dangling chains). Other strategies for
the synthesis of networks, such as, e.g., end-linking by
hydrosilylation of divinyl-terminated PDMS chains, may
easily lead to much higher liquid-like contents [24, 26, 59].
In relaxation decay experiments, these components may
not be as reliably separable from the network response as
in our MQ approach, simply because an intensity build-
up is inevitably associated with dipolar coupled segments
only. Moreover, none of the models used to interpret re-
laxation decays takes distributions into account, which
might bias the fitting result. Note that one-component
fits to our data (crosses in Fig. 5a–c) show marked de-
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viations from the average residual couplings, i.e., the so-
obtained values do exhibit a slight decrease rather than
an increase over the investigated range. This might rep-
resent another possible reason why our results differ from
the previous relaxation studies.

We could imagine the possibility that upon swelling,
a Gaussian distribution of end-to-end distances between
constraints is restored, which is supported by the results
for simulated networks presented in Ref. [19]. The build-
up curve for net47k swollen to near equilibrium (Fig. 3)
resembles the build-up function calculated under the as-
sumption of Gaussian statistics published previously [34].
While this would be in agreement with the desintersper-
sion picture, in which chain packing in the dry state
might be responsible for the rather narrow distribution
observed for net47k [34], we note, however, that a Gaus-
sian distribution of end-to-end distances of (long) chains
does not necessarily imply Gaussian statistics on smaller
length scales such as the distribution of segment orienta-
tions.

Finally, our diffusion results are seen to be ambiguous
in that they do not yield any information on the length
scale of the chain order heterogeneities. On the one hand,
we are planning to extend our diffusion studies to larger
probe molecules, for which ultimately a stronger diffu-
sion contrast and an enhanced effect on time-, space-,
and q-dependence of the diffusion coefficient is expected
[60]. On the other hand, having established the close cor-
respondence of experimental results and computer sim-
ulations, we are confident that detailed information on
the spatial correlation of different components in the or-
der parameter distribution will result from our ongoing
in-depth analysis of the computer-simulated networks.

IV. SUMMARY AND CONCLUSIONS

We have performed MQ NMR as well as computer
simulations to investigate the dynamics and local distri-
bution of segmental order upon swelling of end-linked
PDMS and BFM networks. In both approaches, we
have observed qualitatively the same results of signifi-
cant, clearly non-affine increases in the width of the order
parameter distributions upon swelling. These are indica-
tive of substantial differences in the conformational free-
dom of chain segments subject to topological constraints,

providing evidence that swelling is a heterogeneous pro-
cess related to motions on length scales larger than the
averaged strand length. In addition, the average chain
order parameters do not follow the affine prediction.

Our analysis of the simulated systems permits the in-
vestigation of both vector and tensor order parameters.
We have shown that neither the average of the tensor or-
der parameter probed by NMR nor the simulated vector
order parameter might correctly reflect end-to-end sepa-
rations of subchains. In particular for the tensor order
parameter, freely rotating segments (or Gaussian statis-
tics in a continuous description) as an essential assump-
tion of established models are not necessarily present.
While the vector order parameter (long-time limit of the
segment-vector auto-correlation function) correctly de-
scribes residual orientational order of the segments, the
tensor order parameter is sensitive to additional changes
in the local orientation distributions. The strongly sub-
affine behavior of the tensor order parameter is partially
related to a rather dramatic change in the fluctuation
statistics. Our findings can be explained in terms of
a chain desinterspersion process in which at the early
stages of swelling, chain segments between topological
constraints acquire a higher mobility due to a release of
mutual chain packing upon swelling. The observation of
a significantly increased tensor order parameter for long
chains in the dry state indicates additional dynamic cor-
relations between segments of entangled chains, which
deviate from the Gaussian prediction. These issues will
be dealt with in more detail in forthcoming work.

Using diffusion NMR to obtain information on diffu-
sion time and swelling dependence of the solvent self-
diffusion coefficient, we were not able to establish any sig-
nificant correlation between this diffusion and the com-
plex topological changes upon swelling of different sam-
ples. Future work will focus on diffusion studies of larger
probe molecules in the swollen networks, and on an in-
depth spatial analysis of computer simulation results.
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molecules 36, 7155 (2003).

[53] Y. Yamane, M. Kobayashi, S. Kuroki, and I. Ando,
Macromolecules 34, 5961 (2001).

[54] A. M. Hecht, A. Guillermo, F. Horkay, S. Mallam, J. F.
Legrand, and E. Geissler, Macromolecules 251, 3677
(1992).

[55] J.-M. Petit, B. Roux, X. X. Zhu, and P. M. Mcdonald,
Macromolecules 29, 6031 (1996).

[56] B. Amsden, Macromolecules 32, 874 (1999).
[57] B. Amsden, Macromolecules 31, 8382 (1998).
[58] A. Arbe, M. Monkenbusch, J. Stellbrink, D. Richter,

B. Farago, K. Almdal, and R. Faust, Macromolecules 34,
1281 (2001).

[59] P. Sotta, Macromolecules 31, 3872 (1998).
[60] T. Russ, R. Brenn, F. Abel, F. Boué, and M. Geoghegan,
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A series of cross-linked SBR rubbers filled with different amounts of carbon black and silica is

investigated by proton multiple-quantum NMR. The method yields reliable information on residual
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linear precursor, which undergoes reptational motion, and vulcanized SBR are discussed. For the

latter, it is found that the average chain order parameter as well as its distribution does not change
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from Hahn-echo relaxometry applied to the same samples, which indicated a significant filler effect

on the cross link density.
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I. INTRODUCTION

Solid-state NMR methods offer great potential for the understanding of the molecular-

scale behavior of polymer and elastomer materials and its relation to macroscopic properties.

While techniques based on the measurement of longitudinal relaxation times permit the ex-

traction of time scale and distribution of motional correlation times over vast frequency

ranges [1–3], the analysis of transverse relaxation at temperatures far above Tg even pro-

vides semi-local structural information. This is realized by the concept of residual tensorial

interactions [4, 5], which originate from imperfect motional averaging of chain segments fluc-

tuating rapidly between topological constraints such as cross-links or chain entanglements.

The length scale of these hindered segments becomes thus accessible.

Residual couplings may reach a magnitude of several percent of the corresponding static

interaction, and are directly proportional to a dynamic order parameter of the polymer

backbone, Sb. They can therefore be used to characterize the effective cross link density

following classic arguments by Kuhn and Grün [6]:

Sb =
Dres

Dstat

1

P2(cos α)
=

3

5

r2

N
. (1)

Here, Dres is a residual dipolar coupling constant, Dstat is its static counterpart, and α

denotes the orientation of the internuclear coupling vector with respect to the segmental

orientation. Assuming a fast-limit pre-averaging of the static-limit coupling by local seg-

mental motions which are cylindrically symmetric with respect to the polymer backbone, a

simple Legendre addition theorem may be used to show that the average ( . . .) can be omit-

ted in actual calculations. Then, the choice of α embodies a model-dependent identification

of a polymer backbone direction within the monomer unit. Sb further seen to be related to

r, the ratio of the end-to-end vector to its average, unperturbed melt state (r2 = r2/r2
0),

and to N , the number of statistical chain segments between the constraints.

Different experimental approaches, most of them based on the analysis of spectral line

shapes, Hahn- or solid-echo experiments, or a combination of these, have been presented

over the last thirty years [2, 5, 7–11], and the analysis of Hahn echo decays has evolved as a

particularly attractive tool for the study of elastomers due to its simplicity, versatility, and

low demand on the instrumentation [12–17]. The signal functions measured in such experi-

ments are mostly analyzed in terms of a slowly fluctuating residual coupling, where the slow

process arises from motions of the topological constraints. The corresponding theoretical

descriptions are necessarily complex, as the slow, cooperative dynamics in polymer systems

is as yet poorly understood, and they often comprise rather strong model assumptions.

Recent progress has been made by the introduction of 1H multiple-quantum (MQ) tech-

niques [18–25], which are readily applicable to unlabeled materials. Our previous work in

this area [23–25] was concerned with the problem of minimizing the influence of slow mo-

tions on the measured data, and thus increasing the accuracy of the measurement of Dres.
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Using a suitable normalization approach [23], it becomes even possible to determine not only

Dres, but also its distribution. We have further shown that the method allows an indepen-

dent assessment of slow processes [24], and that it can be implemented on low-cost low-field

instrumentation with hardly any compromise on the accuracy [25].

The method, so far established on and mainly applied to poly(dimethylsiloxane) model

systems, is here used to address the question whether changes in the local structure of

industrial SBR rubbers due to different filler loadings are detectable by the MQ technique.

Recent work using Hahn-echo relaxometry has indicated a rather pronounced increase of the

cross link density of SBR upon filling with silica and carbon black [26]. The comparison of

these with the new results may serve as a basis for a critical evaluation of the sensitivity

and the applicability of the different techniques.

II. EXPERIMENTAL

A. Samples

We have investigated a series of samples, the preparation and Hahn-echo NMR analysis of

which is described in a previous paper [26]. In short, commercial styrene butadiene rubber

(BUNA VSL 2525-0, unvulcanized sample denoted as U-SBR) containing about 25% styrene

and 25% vinyl units was vulcanized with 2.5 phr (per hundred rubber) N-cyclohexylbenzo-

thiazol-2-sulfenimide, 1.7 phr sulfur and the usual dispersion agents and ageing protectors.

The pure, vulcanized sample is denoted as SBR, its glass transition temperature is about

-47◦C.

Further, samples with 40, 60, and 80 phr carbon black (N220) as well as samples with the

same amounts of precipitated silica (Ultrasil 7000 GR) using silane coupling agent Si69, were

prepared. These are referred to as C40, C60, and C80, and S40, S60, and S80, respectively.

Finally, unvulcanized mixtures of U-SBR with 60 phr carbon black and silica (U-C60 and

U-S60) were prepared in order to investigate the introduction of cross links by the filler

alone.

B. NMR spectroscopy

1H NMR experiments were performed on a Bruker Avance 500 solid-state NMR spec-

trometer operating at a Larmor frequency of 500.2 MHz. All experiments were conducted

in a Bruker static double-resonance probe equipped with a 4 mm coil, using 1H 90◦ pulses

of length tp = 3 µs length, corresponding to a B1 nutation frequency of 83.3 kHz. Network

pieces of roughly 2×2×3 mm3 were centered in 4 mm OD glass tubes using teflon spacers.

The chemical shift dispersion at 500 MHz as well as a fair shim of our system allowed us

to perform our data analysis selectively on the aliphatic signals of the investigated rubbers.
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Figure 1: Static proton NMR spectra of the investigated samples, measured at 80◦C.

Static 1H NMR spectra of all samples are shown in Fig. 1.

Multiple-quantum (MQ) experiments were performed with an early MQ sequence (8 90◦

pulses with specific spacings and an overall cycle time tc) of Baum and Pines [27], to which

4 refocussing 180◦ pulses were added for better offset and pulse imperfection compensation.

For more information on application and limitations of the pulse sequence as well as a

detailed account on the basic principles and its application to polymer networks see refs.

[23, 24]. In this work, tc = 200 µs was chosen for most experiments. It is also possible to

perform tc-incremented experiments using a fixed number of cycles, which were here used

to check the consistency of the results, but suffer some shortcomings, as discussed below.

Multiple-quantum intensities were determined by integrating spectra obtained by Fourier

transformation of t2 time domain data acquired after a read-out pulse following the MQ

sequence (vide infra). Unless mentioned otherwise, measurements were performed at 80◦C
(well above the glass transition), and the analysis was restricted to the aliphatic region of

the spectra (about 0.5–3 ppm), the center of which was set on resonance.

III. THEORETICAL BACKGROUND, DATA ACQUISITION AND ANALYSIS

The average Hamiltonian of the MQ pulse sequence reads

H̄DQ =
a(ψ)

3
P2(cos β)

∑
i<j

D(ij)
res

(
Ĥ(ij)

yy − Ĥ(ij)
xx

)

= −a(ψ)

2
P2(cos β)

∑
i<j

D(ij)
res

(
Î

(i)
+ Î

(j)
+ + Î

(i)
− Î

(j)
−

)
, (2)
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where

a(ψ) = 1− 12
tp
tc

= 1− 3
4ψ (3)

is a scaling factor associated with the duty cycle (ψ) of the pulse sequence [23]. The angle

β specifies the orientation of the rapidly time-averaged polymer backbone direction with

respect to the static field (B0). This corresponds to the orientation of the residual interaction

tensor, which is assumed to appear fixed in space on the time scale of rapid conformational

fluctuations. The average Hamiltonian given by Eq. (2) is pure double-quantum (DQ)

operator, and therefore potentially excites all even quantum orders in a multi-spin system.

The short-time response is, of course, dominated by DQ coherences.

All interactions which are linear in the spin operators are completely refocussed by the

pulse sequence. Therefore, effects arising from chemical shifts, CSA, and susceptibility shifts,

as well as heteronuclear couplings and even potential couplings to paramagnetic centers are

compensated for. The influence of homonuclear J couplings is on the one hand weak in the

short time limit, and can on the other hand be efficiently suppressed by choosing a short cycle

time. Then, chemical shift differences are refocussed on a time scale short enough to have

all J couplings in the strong coupling limit, in which they do not affect the time evolution

to first order. For the reason of potential influences of J couplings on the long-time limiting

behavior, results for the component analysis (vide infra) of the networks are only reported

here for cycle-incremented experiments with short tc. In tc-incremented experiments, the sol

and in particular the dangling chain contents were found to be lower and to exhibit shorter

apparent relaxation times than in cycle-incremented experiments.

A. Practical aspects

The excitation and reconversion stages in the full experiment depicted in Fig. 2a are

usually chosen to be of equal length, denoted as DQ evolution time, τDQ = nctc. As already

alluded to, the pulse sequence may either be applied using a fixed tc and incrementing the

number of cycles, nc, or by choosing a fixed nc and incrementing tc. Both variants differ

drastically in the overall duty cycles. The primary effect of the duty cycle is described by

the scaling factor (Eq. 3), which is always used to rescale τDQ without further mention.

The two different variants usually yield virtually identical results for the strongly coupled

network chains, as demonstrated in Fig.2c.

For each τDQ, two identical experiments, which differ only in the receiver phases of the

4-step DQ selection phase cycle, are performed. These yield a DQ-filtered (SDQ) and a

reference (Sref) intensity, respectively. Note that SDQ and Sref contain contributions from

all 4n + 2 and 4n quantum orders, respectively. Therefore, it is expected that, in the long-

time limit, SDQ = Sref . However, Sref contains contributions from uncoupled liquid-like

contributions, such as solvent, sol, and dangling chains, which need to be subtracted before

further processing. In the following, we denote the fractions of network chains, dangling
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Figure 2: (a) Scheme of a typical multiple-quantum experiment [23, 27]. (b) Measured intensities

obtained for S80, plotted on a semi-logarithmic scale in order to highlight the different steps of

data analysis described in the text. (c) Normalized DQ intensities (SnDQ) and fitting results. The

closed symbols combine data from experiments conducted with a fixed tc of 200 µs as well as

with an incremented tc and two fixed cycles of excitation and reconversion. The open symbols

demonstrate the small changes in the initial part of the build-up curve when SnDQ is normalized

without subtraction of the dangling chain component (B).

chains, and liquid-like components (sol) with A, B, and C, respectively.

As shown in ref. [23], SDQ can be normalized by division by the corrected sum intensity

SΣMQ = SDQ + Sref − Ce−τDQ/T ∗2C :

SnDQ = SDQ/SΣMQ (4)

The rising part of the resulting normalized DQ build-up curve was shown to be well com-

pensated for effects of slow dynamics and experimental imperfections, and was further seen

to be dominated by actual DQ coherences. The success of the peeling-off of the liquid-like

contributions (C) is easily confirmed by observation of an intensity plateau of SnDQ at 0.5,

reflecting the equal partitioning of high quantum orders between SDQ and Sref .

In previous work, only singly exponential tails were observed and corrected for. However

here, in the case of SBR, a second, more rapidly decaying component of Sref , which we

associate with partially hindered dangling chains (B), is responsible for the occurrence of

a pronounced maximum of SnDQ and the failure to observe a plateau (see Fig. 2c). Due
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to the similarity of its apparent T ∗
2B to the long-time decay of actual multiple-quantum

coherences in SDQ and Sref , it is not possible to simply subtract a second exponential tail.

The trick to solve this problem is based on the notion that SDQ = Sref in the long-time

limit. As shown in Fig. 2b, the B fraction is more reliably identified and fitted in a plot of

Sref − SDQ − Ce−τDQ/T ∗2C vs. τDQ. With B determined, the final formula for SΣMQ is thus

SΣMQ = SDQ + Sref −Be−τDQ/T ∗2D − Ce−τDQ/T ∗2C , (5)

where B and C are the fraction of dangling and sol chains, respectively. The fraction A of

network chains is easily obtained as A = 1−B−C when Sref is normalized to 1 for τDQ = 0.

It should be mentioned that the amplitudes, and to a larger extent, the apparent re-

laxation times of the contributions B and C, are affected by the long-time performance of

the pulse sequence, which in turn depends on the rf homogeneity, the quality of the setup,

and other factors. Therefore, we refrain from drawing definite conclusions from these pa-

rameters. Importantly, however, the initial rise of SnDQ is well reproducible even when the

dangling-chain contribution is not subtracted, as demonstrated in Fig. 2b.

B. Data analysis

An approximate solution for the time dependence of SDQ is easily obtained by restricting

the analytical treatment to the most strongly coupled spin pairs and neglecting further

multi-spin couplings [23, 24]. Using standard matrix methods [28], the intensity response of

a single 1H spin pair to the application of a DQ average Hamiltonian given by Eq. (2) reads

SDQ = 〈sin φ(0; τDQ) sin φ(τDQ; 2τDQ)〉 . (6)

As indicated above, the DQ signal measured in a multi-spin system comprises all 4n + 2

quantum orders. The short-time response is, however, dominated by the n = 0 contribution.

The angular brackets denote averages over time and space (i.e., orientation in the form of a

powder average). The phases acquired during DQ excitation and reconversion read

φ(ta; tb) = a(ψ) Dres

tb∫

ta

P2(cos β) dt. (7)

At this point, it is worth mentioning that effects of slow motions of the topological constraints

result in a time dependence of the angle β. This in turn leads a loss of correlation between the

different phases in the arguments of the sine functions in Eq. (6) and therefore to intensity

loss at long τDQ. In previous work [24], we have shown that the long-time relaxation of

SDQ and, more conveniently, SΣMQ yields information on the correlation time of such slow

processes. However, the normalization procedure effectively compensates for these effects,

which is proven experimentally by the observation of a temperature-independent SnDQ (vide
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infra). We can therefore safely set φ(0; τDQ) = φ(τDQ; 2τDQ) when Eq. (6) is identified with

SnDQ. It is then possible to use a static-limit version of the second-moment approximation

of Andersen and Weiss [29] to give an approximate solution of the powder average [30]. This

embodies a series expansion of Eq. (6) and subsequent contraction of the series under the

assumption of Gaussian statistics:

SnDQ = sinh (〈φ(0; τDQ)φ(τDQ; 2τDQ)〉) exp
(− 〈

φ2(0; τDQ)
〉)

=
1

2

(
1− exp

(−2
〈
φ2(0; τDQ)

〉) )
(8)

The identities are strictly valid when ensemble and time averages expressed by 〈. . .〉 corre-

spond to averages over a Gaussian-distributed random process. In the quasi-static case, the

frequency distribution inherent to an isotropic powder average (
∫ π

0
. . . sin β dβ/

∫ π

0
sin β dβ)

may be considered Gaussian to a first approximation, whereby a second moment is obtained

as 〈
φ2(0; τDQ)

〉
space

= MDQ
2 τ 2

DQ =
a(ψ)2 D2

res

5
τ 2
DQ. (9)

This result differs from the conventional definition of the second moment [31] only by the

usual factor (3
2)

2 which arises from dipolar time evolution as opposed to evolution under a

DQ average Hamiltonian. Eq. (8) in combination with Eq. (9) will be used for fits of the

initial build-up, restricted to SnDQ ≤ 0.45. One such fit is plotted in Fig. 2c. It is seen

that the slight maximum of SnDQ cannot be described by the Gaussian-limit approximation.

Previous work has shown that this maximum is real and must be attributed to actual powder-

average effects [23], but that on the other hand, deviations between the correct solution and

the second-moment approximation are negligible in the short-time limit [24].

Of course, the Dres thus obtained constitutes an average value of the individual inter-

nuclear couplings in the butadiene and styrene units of SBR, and is further subject to

systematic deviations by multi-spin effects. The former effect leads to an observation of

a superposition of signals, which can in principle be deconvoluted by multi-component fit-

ting. A less model-dependent way to obtain a qualitative insight into distribution effects

of not only different internuclear couplings, but also network chain lengths, is Tikhonov

regularization of the initial build-up using Eq. (8) as Kernel function [23]. In Fig. 2c it is

seen that the regularization result fits the initial build-up data considerably better than a

single-component inverted Gaussian.

Deviations due to multi-spin effects were further shown to be relatively weak by compari-

son of analytical theory and multi-spin simulations. Systematic errors for Dres are estimated

to amount to 20% at most. Since data analysis is in this work restricted to the aliphatic

signals, we can expect Dres to be dominated by methylene protons, for which the parameters

in Eq. (1) may be estimated as Dstat/2π ≈ 21 kHz and P2(cos α) ≈ 0.5.
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Figure 3: Normalized DQ build-up (SnDQ, solid symbols and lines) and sum MQ decay curves

(SΣMQ, open symbols) of linear (a) and cross-linked (b) SBR rubber obtained at three different

temperatures, roughly 75, 100, and 130 K above the glass transition of SBR. The small symbols in

(a) are from an analysis of the aromatic region of the MQ-filtered spectra, for which the associated

couplings are apparently weaker, as expected.

IV. RESULTS AND DISCUSSION

A. Comparison of unvulcanized and cross-linked SBR

We start with a comparison of the responses of the two unfilled, linear vulcanized samples

(U-SBR and SBR) as a function of temperature. The data plotted in Fig. 3 reveal the

essential features and differences between the results of MQ experiments on linear, high

molecular-weight entangled polymers and cross-linked networks.

Note first, that the data for U-SBR was not corrected for a possible “dangling-chain”

component (B), as the topological constraints (entanglements) in linear polymers are time-

dependent and their amount and relaxation properties are non-trivial functions of tempera-

ture. The fraction of more freely mobile chain ends, which should increase with temperature

and contribute to Sref only, is the main reason for the observation of the rather pronounced

decrease of SnDQ below 0.5 already at intermediate times for all temperatures. In addition,

the intensity of SnDQ is not very reliable any more when the overall signal has decayed to less

than one percent of its initial value. This is probably the reason why SnDQ of cross-linked

SBR at low temperatures decreases as well.

The important difference between U-SBR and SBR is the short-time build-up of SnDQ.

While the initial slope decreases with temperature for U-SBR, it is virtually independent

of temperature for SBR. This is the clear signature of the cross-link induced suppression

of larger-scale chain diffusion out of its initial constraints, as for instance described by the
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Figure 4: Residual dipolar couplings of SBR and U-SBR as estimated from the initial rise of the

normlized DQ build-up curves in Fig. 3 (SnDQ ≤ 0.25) using Eqs. (8) and (9). The dashed lines

are merely guides to the eye.

reptation model [32]. Chain diffusion speeds up with temperature in the linear polymer,

and the residual coupling constant is progressively reduced. Using MQ spectroscopy, this

apparent reduction process has previously been shown to follow specific scaling laws [18],

and tethering of chain ends has further been shown to suppress scaling regimes associated

with chain diffusion by the same group [20].

Restricting fits to SnDQ ≤ 0.25, approximate values for Dres can be extracted with the

help of Eq. (8). The results for the two samples are compared in Fig. 4, where it is

seen that the chain order is similar in both the linear and the cross-linked system at the

lowest temperature (about 73 K above Tg). Chain motion is sufficiently fast in order to

afford reduction of the coupling to the value it assumes when averaging between topological

constraints is complete. We take this as an indication that the dynamics in the network is

dominated by topological constraints (“trapped entanglements”) rather than chemical cross

links.

At this point, a word of caution concerning the common relaxometric determination of

the entanglement contribution to the cross link density [26] is on the order. When the

reference relaxation decay of an unvulcanized system is recorded at high temperature, it is

clear from our data that the coupling may already be substantially reduced by reptation.

This then leads to a substantially underestimated value of the entanglement contribution.

This stresses the advantage of the MQ technique, which reveals the influence of reptation

much more clearly than a single, not very specific relaxation decay.

Turning to the behavior of SΣMQ in Fig. 3, the semi-local motions are apparently still

slow enough to afford quite efficient relaxation, as is indicated by the rather fast decays.

Our previous data on silicone networks [23], where at 145 K above Tg the sum signal does

10



not decay to less than 90% until the maximum of the normalized DQ build-up is reached,

may here serve as a comparison. Further, the apparent relaxation of SΣMQ of both U-SBR

and SBR is seen to decrease with increasing temperature, which suggests that the average

correlation time of semi-local chain modes or at least a considerable tail of the expected

correlation time distribution is still in the intermediate regime at low temperature, and is

sped up in the investigated temperature range. In this range, the relaxation of the U-SBR

(as compared to SBR) is slightly weaker at low temperature, and somewhat stronger at high

temperature.

These observations indicate that semi-local motions in the linear melt appear faster than

in the network, and that the time scale of semi-local motions between constraints is not well

separated from the time scale of reptation, which sets in earlier than cooperative fluctuations

of cross links or topological constraints. An in-depth investigation of the influence of slow

dynamics is beyond the scope of the present work, and will be deferred to later work using

more appropriate samples with varying cross link densities.

Finally, we would like to point out that the observation of an apparent temperature

independence of the residual coupling in the network is analogous to observation of the

so-called “T2 plateau” known from transverse relaxometry [8, 13, 33]. Yet, the still rather

efficient intensity loss in our measurements at 80◦C indicates that the influence of slow

motions on the decay in a relaxation experiment might be substantial. For reasons of

comparison with the relaxometric study of ref. [26], the main body of data in this paper was

measured at 80◦C. Yet, while the quick decay of SΣMQ is compensated for by normalization

here, we might hypothesize that relaxometric studies of SBR, in which slow motions are

part of a necessarily simplified theoretical description [16], might benefit from raising the

temperature even higher, in that model dependencies might become weaker. The model

used in [26] is based on the Anderson-Weiss theory (for details see, e.g. [16]), where, unlike

the analysis of the normalized DQ intensity, a correlation time of slow, cooperative processes

as well as the specific form of the autocorrelation function enters the fitting function and

may therefore exert an influence on the final results.

Yet, the determination of the residual dipolar coupling, and therefore of the network

density, is based on the initial part of the Hahn-echo envelope, which should sensitively

reflect the second moment. It has been shown that, apart from a constant factor of 20/27,

a rigid-limit treatment based on quite different assumptions (i.e., a Gaussian distribution of

the end-to-end vectors between fixed cross-link points [34]) yields analogous results for the

residual second moment. Again, in-depth comparisons of temperature-dependent relaxation

and MQ data will help to clarify these issues.
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Table I: Component analysis and results of fits to the normalized DQ build-up curves measured at

80◦C. Only the aliphatic signal region between 0.5 and 3 ppm was analyzed. Signal fractions (A,

B, and C), frequencies (Dres/2π) and apparent relaxation times (T ∗2B,C) are given in %, Hz, and

ms, respectively.

DQ build-up (network chains) dangling chains sol Hahn-echo a

A Dres/2π b D̄res/2π c B T ∗2B C T ∗2C D̄res/2π d

SBR 91.7 306 337 5.1 5.2 3.2 85.4 286

C40 87.4 296 351 10.0 3.9 2.6 113 312

C60 87.8 265 338 8.8 5.4 3.4 243 383

C80 86.1 260 326 11.0 3.3 2.9 121 480

S40 86.6 277 333 8.5 3.6 4.9 56.4 396

S60 88.0 251 320 7.3 4.8 4.7 52.6 404

S80 83.8 265 352 8.8 4.2 7.4 38.0 602

U-SBR 95.7 e 147 f – – – 4.3 81.3 219

U-C60 97.7 e 137 f – – – 2.3 95.5 317

U-S60 94.9 e 172 f – – – 5.1 50.7 356

aRelaxation experiments were performed at 80◦C and a proton resonance frequency of 400 MHz. For

details see [26].
bobtained by fitting of Eq. (8) to SnDQ
caverages calculated from the distributions obtained by regularization analysis (Fig. 5)
dcalculated from the values of the residual second moment, qM2, given in [26] using qM2 = 9

20D2
res [31]

ehere: fraction of entangled chains
festimated from SnDQ ≤ 0.25 using Eq. (8)

B. The influence of filler particles

The central results concerning the component analysis of the filled samples as well as

the fitting of the normalized DQ build-up, both direct fitting using Eq. (8) as well as

regularization, and a comparison with results from relaxometry, are compiled in Table I.

Within a few percent, our results for the dangling chain and sol contributions are in fair

agreement with the previous relaxation study [26]. Yet, while in the earlier work, these

fractions were seen to be interpretable in terms of weak, yet systematic filler effects, we do

not observe any systematic variation here. Also, values for T ∗
2C are not well reproducible, and

are probably most sensitive to experimental imperfections. This is due to the less reliable

long-time behavior of the multi-pulse MQ sequence in comparison to a simple and robust

single-pulse Hahn echo, and stresses one advantage of relaxometry. Yet, all systems consist

of 85% or more coupled network chains, the analysis of which is reliably possible with MQ

spectroscopy.

Turning to the second and third column of Table I, results for Dres from the two different
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Figure 5: Approximate distributions of residual dipolar couplings for the cross-linked and filled

SBR systems as obtained by analysis of SnDQ measured at 80◦C using Eq. (8) and fast Tikhonov

regularization.

approaches of data analysis, single-component fitting and regularization, can be compared.

The full distributions of dipolar couplings, from which the average values were calculated,

are plotted in Fig. 5. The width of the distributions (fwhm) is roughly 400 Hz, and

is on the one hand due to the superposition of signals from strongly coupled methylene

and less strongly coupled protons attached to tertiary, aliphatic carbons, and on the other

hand due to a distribution of chain lengths between topological constraints. The absolute

values for D̄res from regularization are systematically 20–30% larger than those from single-

component fitting. This difference is not surprising, considering the very different influence

of the distribution on the two approaches. Apparently, single-component fitting is biased by

the more weakly coupled segments. A possible explanation is that least-squares deviations

between theory and experiment (the latter being not satisfactory described by the former,

see Fig. 2c) are higher at longer times, because the deviations are bound to zero at zero

time, which in turn biases least-squares fitting.

For SBR, the single-component fitting result is in very good agreement with the result

from relaxometry, which also involves a single component analysis. In the following, we focus

on the results from regularization, as we deem these more reliable. Surprisingly, the order

parameter distributions are seen to be very similar for all systems. The small differences

between the individual distributions are probably not significant with the accuracy of the

experimental approach. This is in marked contrast to the relaxometric results, which indi-

cated a considerable increase of molecular order in the filled systems. These opposing trends

are highlighted graphically in Fig. 6. The same discrepancy is found for the unvulcanized,

filled reference samples (U-C60 and U-S60), which we find to behave similarly to U-SBR,

while relaxometry indicated a pronounced increase in molecular order.

The similarity of the average chain order and its distribution in the filled elastomer

samples is potentially an attractive result, in that it indicates that the average dynamic
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Figure 6: Average residual dipolar couplings obtained by 1H MQ spectroscopy, calculated from the

distributions shown in Fig. 5, as a function of filler content (squares). The data is compared with

results from Hahn-echo relaxometry (circles). The dashed lines are guides to the eye.

state of the rubber matrix, thus its cross link density, does not depend much on the filler.

Such a finding would in principle not contradict the much improved mechanical properties,

as these might be dominated by mutual impingement of filler particles which are, after all,

topologically fixed in the matrix. The absence of a substantial increase in cross link density

would also not be surprising from a chemical point of view, since at least in the case of

carbon black, the most probable filler-matrix interaction is physical in nature, and might

be thermally labile [35]. For silica, the absence of any additional cross linking effect is more

surprising, as the samples were prepared with a sulfur-containing coupling agent, which is

commonly assumed to assist in a covalent attachment [36]. Still then, the filler would have

to be in a nano-dispersed state with particle distances on the order of a few nm in order to

affect the bulk matrix, which need not be the case [37].

Certainly, the arguments given above are to some extent hypothetical, since the relaxation

experiments do support substantial additional cross linking by the fillers. Yet, we believe that

the MQ method, being well established to be relatively insensitive to slow dynamics [24] and,

on the other hand, rather sensitive to subtle changes in the order parameter distribution [25],

does reflect the true state of order in the rubber matrix. On the other hand, the dependence

of the network density on filler type and content was found not only by transverse NMR

relaxation, but is also hinted at by mechanical measurements [26]. Considering deuteron

splitting and line-shape measurements on carbon-black filled poly(butadiene), results from

our group do indicate a filler effect on molecular order [38], while in previous work, Gronski

and coworkers [39] did not observe an appreciable effect in the same type of systems. It

remains to be investigated in how far such serious discrepancies may be explainable, e.g., in

terms of different sample preparations or varying degrees of cross linking.
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Considering the overall higher values for the fraction A (network chains) and the increase

of A and Dres with increasing filler content found by relaxometry, we believe that relax-

ometry is more sensitively influenced by interactions of the matrix with the filler surface

[26]. Because junctions at the filler surface (filler network) have a temporary character, they

might influence the initial part of the NMR signal significantly. This explanation is clearly

supported by the good agreement of the coupling constants for unfilled SBR from both

methods. This would mean, that with the different methods, different physical situations

are characterized when fillers are added.

Yet, labile matrix-filler junctions should result in a global change of slower, cooperative

chain modes, which are in principle reflected in the decay of SΣMQ. Visual inspection (data

not shown), however, indicates only slight differences among the samples, rendering this

possibility at least improbable. In this regard, it is interesting to consider a recent study

on molecular dynamics in filled natural rubber by T1 relaxation dispersion, in which also no

appreciable changes in chain dynamics were found even at large contents of carbon black

[3, 40].

Turning back to the proton spectra presented in Fig. 1, it becomes apparent that for

the case of carbon black, the signals become broadened and resolution diminishes as the

amount of filler is increased. This is also true for the unvulcanized sample U-C60. Local

changes in the magnetic susceptibility, as well as the presence of paramagnetic centers,

are possible reasons. However, even a simple Hahn-echo would in principle refocus such

broadenings. Only when T1 relaxation of unpaired electrons as coupling partners reached

the time scale of the experiment, would the effective relaxation of heteronuclear antiphase

coherences lead to increased transverse relaxation [41, 42]. Similarly, exchange between

sites of different susceptibility on the time scale of an echo experiment would also lead to

unrefocusable decay. This was discussed as a possible cause for lower T2 values in carbon-

black filled natural rubber systems, and checked experimentally using Carr-Purcell-type echo

experiments by McBrierty and coworkers [35].

These being at least possible explanations, we are still faced with the fact that the

silica-filled samples behave largely analogously to those filled with carbon black, and in this

case, no broadening of the proton spectra is observed, in agreement with the notion that

silica does usually not contain paramagnetic impurities, and should exhibit less serious local

susceptibility gradients. We must therefore leave a coherent explanation of all observed

phenomena and discrepancies to future work, and express our hope that a clarification of

these issues will ultimately lead to a better understanding of filler effects on polymer and

rubber matrices, and also to improved models for the interpretation of NMR experiments.
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V. CONCLUSION

It has been demonstrated that static proton multiple-quantum NMR as applied to vul-

canized rubber systems offers great potential, in that a chain order parameter and its distri-

bution, both being reflected in the build-up of a normalized DQ intensity, can be determined

independently of slow processes. The latter mainly affect the decay of the multiple-quantum

sum intensity calculated from the DQ-filtered and a reference experiment. A comparison

of temperature-dependent MQ data showed that reptational dynamics affects the molec-

ular order observed in linear SBR, indicating that the determination of the entanglement

contribution to molecular order in rubbers by transverse relaxometry is subject to possible

underestimation. The similarity of the (largely temperature-independent) results for cross-

linked SBR and results for linear U-SBR at the lower investigated temperatures indicates

that even in the elastomer, molecular order is probably dominated by topological constraints,

while the cross link density is just high enough to suppress reptational motion in the in-

vestigated samples. The semi-local chain motion, which affects the actual averaging of the

intra-segmental couplings to Dres, was further seen to considerably affect the overall loss of

signal, and therefore not to be in the fast limit. This suggested that a further temperature

increase might help to render fits to transverse relaxation data less model dependent.

A component analysis of the MQ-spectroscopic data yielded fractions of dangling chains

and sol in proportions similar to those obtained by transverse relaxation. Yet, systematic

trends of the filler were undetectable in this work, emphasizing the use of more robust Hahn-

echo relaxometry for the reliable detection of small intensity differences and relaxation times

of mobile components.

MQ spectroscopy, in contrast now to transverse relaxation, has indicated that the filler

particles have apparently no detectable influence on the average state of order of the network

chains. A uniform order parameter of around 3.2%, as estimated using Eq. (1), accompanied

by a distribution which reflects intrinsic distributions of individual pair couplings as well

as molecular weight between topological constraints, is found for cross-linked samples, no

matter whether they are filled or not. On the positive side, relaxometry is sensitive to the

presence of fillers, but the reason may be found in the temporary nature of filler junctions

and/or motions of chains through variable local fields, rather than in an increase of the

static cross link density of the rubber network. None of the observations made herein using

MQ spectroscopy gave any direct rationale for the observed discrepancy. While local-field

effects such as susceptibility gradients or couplings to paramagnetic centers in combination

with molecular motions (or fast electron relaxation) would constitute viable arguments for

carbon-black filled samples, they would fail to explain the same extent of discrepancy found

for the silica-filled samples.
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ABSTRACT: We present solid-state NMR investigations of a series of shape-persistent polyphenylene
dendrimers of generation 1-4 with different surface functionalization. Using a combination of traditional
static and more advanced magic-angle spinning (MAS) exchange techniques for the elucidation of slow
dynamics as well as fast-MAS recoupling techniques for the quantification of dynamic averaging in the
megahertz range, we derive a clear picture of the complex molecular dynamics in these systems. Fast
processes in the megahertz regime are shown to be restricted to fast vibrations of terminal phenyl rings
with amplitudes of up to 40° at most, with a 5-30% fraction of rings performing larger-amplitude motions.
Slow processes on the time scale of milliseconds to seconds are also restricted to terminal and doubly
para-substituted phenyl rings. This type of motion is characterized by a two-site jump with a mean
reorientation angle of 24° and a mean apparent activation energy of 34 kJ/mol and is presumably a
concerted process involving several adjacent phenyl rings. The comparison of dendrimers with different
surface functionalization allows us to conclude that the molecular dynamics are dominated by intramo-
lecular steric constraints. As for the dependence on dendrimer generation, both the fast and the slow
processes follow a trend that is expected from the evolution of the segment free volume at the periphery
of the molecules, where most terminal rings are located. We therefore believe that our results represent
the first experimental evidence of a class of dendrimers in which the radial segment density distribution
is caused by truly extended arms and for which the dense-shell packing limit is reached for generation
4.

1. Introduction

The field of dendrimers, macromolecules with a
regularly branched arm structure emanating from a
well-defined focal point, is still enjoying an exponential
increase in research activities.1 Besides very promising
applications of dendrimers as drug2,3 and contrast agent
carriers,4 gene transfer agents,5,6 or nanosized carrier
in combinatorial synthesis,7 the intriguing topological
properties of these molecules have stimulated much
theoretical8-12 and experimental13-23 work with respect
to their particular molecular structure and dynamics
both in solution and in the solid state. The focus of most
of the work has been the elucidation of packing con-
straints, as imposed by the cascade topology, on the
radial distribution and dynamics of segments located
at different (topological) distances from the core.

While the first account of the synthetic realization of
“cascade” or “starburst” growth by Vögtle and co-
workers24 went by almost unnoticed for several years,
the work of Tomalia et al.25,26 has actually provided the
nucleus for rapidly increasing interest in these systems,
which was mainly based on the possible rational design
of molecular cavities providing mimics of biocatalytic
sites or guest specificity. Such arguments were based
on a rigid-shell model, assuming an exponentially
increasing steric crowding of arms which should ema-
nate radially from the core. Shortly after Maciejewski’s
first explicit mention of possible dense-shell guest

inclusion,27 and even before the first publication of
Tomalia’s synthetic breakthrough,25 de Gennes and
Hervet8 established a self-consistent-field model of
starburst growth. This work provided the basis for the
dense-shell picture of dendrimers. While dendrimers
may well be able to form cavities and accommodate
molecular guests within the branched structure after
attachment of a rigid shell of chemical different nature
(a synonym of which has become renowned as Meijer’s
“dendritic box”15), the open core-dense shell notion put
forth by de Gennes and Hervet was actually never
verified, neither in any future theoretical nor in experi-
mental work.

Computer simulations of increasing sophistication9-11

and, finally, improved self-consistent-field arguments12

consistently proved a density distribution with a maxi-
mum at, or close to, the central core. Boris and Rubin-
stein12 explicitly mention the reason for the failure of
de Gennes arguments: the increasing radial density is
actually built into their model. Among the multitude of
experimental work along these lines, Ballauff’s recent
results stand out in that, using SANS, it was finally
possible to directly measure the structure factor associ-
ated with a decreasing radial density distribution.17,23

The necessary back-folding of arms could directly be
observed by solution-state NMR spectroscopy.22

So far, the majority of all work was devoted to
dendrimers with arms made up of flexible units. How-
ever, dendrimers with rather rigid arms, incapable of
considerable back-folding, may actually be expected to
comply with the notion of increasing surface density of
arms. Such dendrimers, solely built from phenylene
units, were recently introduced by Miller et al.28,29 and
Müllen and co-workers.30-32 Considerable rigidity and
shape persistence of these molecules (Figure 1) were
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proven by AFM33 and molecular dynamics simula-
tions.30,34 In a forthcoming publication,35 results from
scattering will be reported which prove that, indeed, the
density of molecular segments is larger at the surface
of a dissolved polyphenylene dendrimer than in its
center.

In a preliminary communication,36 using solid-state
NMR methods, we have correspondingly shown that
molecular dynamics in these systems is rather limited.
It was found that fast megahertz fluctuations of molec-
ular units can occur only in a limited angular range,
with only a very small fraction of units performing fast
large-angle fluctuations. Independently, a slow process
on the time scale of milliseconds to seconds was identi-
fied, and the counting statistics of the atoms performing

this type of motion was shown to comply with reorienta-
tions being restricted to two-site jumps of terminal
phenyl rings. Some uncertainty, however, remained on
the exact geometry of this process.

Here, were give a detailed account of results from
various static and magic-angle spinning (MAS) 13C(-
1H) solid-state NMR experiments.37 All of these experi-
ments were applied to samples naturally abundant in
13C, with no isotopic labeling necessary. We give details
about the fraction of segments performing fast large-
angle fluctuations and correlate these with temperature
and molecular size. We as well report on the geometry
and the time scale of the slow reorientation process of
terminal phenyl rings as a function of temperature and
dendrimer generation. Results from different types of

Figure 1. (a, b) Chemical structure of the differently functionalized, tetrahedral dendrimers of generation 1 and 2, respectively.
R ) -H, -CH3, or -C12H25. (c) First-generation unsubstituted dendrimer TdHexG1H8, which exists in an amorphous and crystalline
modification. (d) Projection of the corresponding crystal structure54 with one elementary cell indicated.
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dendrimers varying in molecular geometry and func-
tionalization are used to substantiate our conclusions.
We discuss all our findings, also taking into account
recent solid-state NMR investigations of flexible dendri-
mers.18-21 The implications of our findings for rigid
dendrimers of different generation will provide the basis
of a revival of the original dense-shell picture for this
particular kind of dendrimer.

The paper is structured as follows: the experimental
part gives an overview of the various NMR methods
used in this work and summarizes the type of informa-
tion extractable from the different experiments. The
first part of the results is devoted to the quantification
of the fast dynamics, and in the second part, the
restricted slow dynamics is elucidated. Both types of
motions are discussed with respect to their temperature
dependence and to possible influences of inter- or
intramolecular packing. Finally, we discuss the inter-
pretation of both types of dynamics with respect to their
dependence on generation. Arguments are presented
that are in accord with the notion that an increasing
density of arms at the surface of these dendrimers
indeed plays a role.

2. Experimental Section
Solid-state NMR experiments performed in this work can

be subdivided in two classes. The first class is the represented
by traditional two-dimensional (2D) static 13C exchange NMR
experiments,37 used to elucidate the extent and geometry of
slow reorientational processes. It is based on the classic three-
pulse sequence, where the first pulse is replaced by cross-
polarization (CP). Acquisition includes high-power 1H CW
dipolar decoupling (DD) after the third pulse and is preceded
by a Hahn echo to eliminate dead-time problems. Figure 2a
shows a representation of the pulse sequence.

All other experiments were conducted under MAS condi-
tions, providing chemical selectivity for different types of
functional groups in the molecule. The simplest MAS experi-
ment is a one-pulse spectrum of 1H under fast MAS conditions,
where spectral resolution is already quite satisfactory when
the spinning frequency exceeds 25 kHz and the B0 field is
sufficiently high.38,39 This holds in particular for partly mobile
systems, where simple analysis of the 1H line width provides
information about fast dynamic averaging of 1H-1H dipolar
couplings, which are responsible for the line broadening.40

Another important source of information is the hetero-
nuclear dipolar coupling between 13C and 1H. Anisotropic
molecular motions in the megahertz range can be probed by
their effect on the averaging of DCH in molecular moieties with
known rigid-limit coupling constants, such as CH, CH2, or
methyl groups. Under MAS conditions, 2D separated local-
field spectra41 provide the possibility of determining DCH of
spectrally resolved 13C nuclei to their nearest 1H neighbors
under conditions of high 13C resolution. This type of experiment
gives precise results only when the 1H nuclei are decoupled
from each other in the indirect dimension, in which DCH is
probed. We used a simplified version in which the 1H homo-
decoupling during t1 is left to MAS alone, which was recently
shown to be a robust and much simpler alternative42 (see
Figure 2b). Spinning sideband patterns in the indirect dimen-
sion of this experiment can be fitted to

where the phase factor ΦCH,i(0,t1) depends on the dipolar tensor
orientation and on the ratio between the coupling constant and
the spinning frequency: DCH,i/ωR. The product runs over all
1H coupled to the detected 13C and can be restricted to the
dominating, directly bonded protons; angular brackets denote
a powder average.

A second, also rather robust approach is based on the
application of much higher MAS frequencies (25 kHz and
more), at which 1H homodecoupling by MAS is even more
efficient, and DCH can be determined quantitatively by way of
reintroducing this coupling (which is also averaged out almost
completely) by a recoupling sequence, which in our case is
represented by a train of π pulses spaced by half a rotor period.
This principle of recoupling, usually termed REDOR (rotational-
echo, double-resonance), has become very popular for the
determination of distances between pairs of heteronuclei.43 Our
sequence is efficient in that no initial CP is needed; 1H
polarization is used directly and transferred to 13C in the
course of the sequence.44,45 We employ the principle of rotor
encoding,46 which leads to spinning sideband patterns in the
indirect dimension of the 2D experiment, which is sensitively
dependent on the magnitude of DCH. The experiment is
referred to as recoupled polarization-transfer heteronuclear
dipolar order rotor encoding, REPT-HDOR.47,48 The patterns
are described by

where Φh CH,i(t) is the average phase factor associated with one
of the two recoupling periods, which have a duration of Nr rotor
periods each. See refs 47 and 48 for details on the notation;
Figure 2c shows the pulse sequence. Most importantly, this
experiment can be used in rather mobile systems, in which
no spinning sideband information is apparent any more in a
conventional MAS SLF experiment.

Recoupling by rotor-sychronized π pulses can also used for
the 13C chemical shift anisotropy (CSA). The CODEX (center-
band-only detection of exchange) experiment49 shown in Figure
2d is based on this principle; two identical rotor-synchronized

SSLF ) 〈∏
i

cos ΦCH,i(0,t1)〉 (1)

Figure 2. Pulse sequences of the solid-state NMR experi-
ments used in this work. (a) Static 13C exchange experiment
featuring an initial cross-polarization and a Hahn echo before
detection.37 (b) 13C(-1H) separated local-field (SLF) experiment
performed under MAS conditionss1H homodecoupling during
t1 is left to MAS alone.42 (c) Recoupled polarization-transfer
heteronuclear dipolar order rotor encoding (REPT-HDOR)
experiment for the precision determination of 13C-1H dipolar
coupling constants from spinning sidebands.47 (d) Centerband-
only detection of exchange experiment for the measurement
of slow reorientational exchange processes under MAS.49

SREPT )

〈∑
i

sin NrΦh CH,i(0) sin NrΦh CH,i(t1)∏
j*i

cos NrΦh CH,j(t1)〉 (2)
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π-pulse trains of Nr/2 rotor periods length flank a mixing time,
tmix, during which the magnetization is stored along the B0

direction. During tmix, slow molecular reorientations may occur.
The sequence is preceded by a cross-polarization. The applica-
tion of the π-pulse trains leads to a stimulated echo at the
end of the second train. The echo signal is given by

where Φh csa,1 and Φh csa,2 are again the integrated phases acquired
during the first and second π-pulse train, respectively. A full
echo signal Scodex ) 1 is only obtained if Φh csa,1 ) Φh csa,2. Any
change of Φh csa, as induced by tensor reorientation during tmix,
leads to a characteristic signal loss, which can be used to
extract the correlation time, tc, of the motion. Φh csa depends on
the CSA tensor orientation,50 such that a variation of Nr at
constant tmix can be used to estimate the reorientation angle.

The plotted absolute exchange intensity

obtained by normalization to an experiment with vanishing
tmix, approaches a plateau for long tmix and Nr which depends
on the number of molecular sites accessible to the dynamic
process, M, and on the fraction of mobile segments, fm:

Most notably and opposed to static exchange spectroscopy, the
CODEX method permits this type of analysis for any carbon
site resolved in the 13C CP MAS spectrum and is very sensitive
to small rotation angles, for which exchange intensity in a
static 2D spectrum would be very close to the diagonal and
hard to detect.

To determine fm and M unambiguously, the four-time
CODEX experiment, which is fully described in ref 50, can be
used. It basically consists of two consecutive CODEX se-
quences, the first of which serves to select the mobile fraction,
while its exchange behavior is then probed by the second
CODEX experiment. For reasons of referencing, four spectra
have to be recorded, which differ only in the length of the
mixing times, tmix,1 and tmix,2, of the two CODEX sequences.
1/M can be obtained independently of fm according to

The two arguments of S4t correspond to the two mixing times;
the first mixing time tmix,1 can, in principle, be chosen freely
in two of the experiments, but for reasons of maximal signal
it is usually chosen to be well in the plateau range, i.e., tmix .
tc. The fraction of mobile segments fm can subsequently be
obtained from the regular CODEX plateau value E∞.

The majority of the experiments were performed on a
commercial Bruker DSX 300 spectrometer operating at a
Larmor frequencies of 300.23 and 75.49 MHz for 1H and 13C,
respectively. CODEX and SLF experiments were conducted
with a 4 mm MAS double-resonance probe with zirconia rotors
capable of spinning frequencies up to 15 kHz, while REPT-
HDOR measurements necessitate faster spinning (25 kHz) and
were performed with a 2.5 mm MAS double-resonance probe.
Static exchange spectra were acquired on a double-tuned static
Bruker probe with a 7 mm coil. Typical B1 frequencies were
125 kHz (2.5 mm probes) and 83 kHz (4 mm MAS and static
probes) for pulses on both channels and decoupling, while the
power levels for CP, when applicable, were decreased. A ramp51

was applied for CP under MAS. Fast-MAS 1H spectra were
obtained on a Bruker DRX 700 equipped with a 2.5 mm MAS

probe. Frictional heating in all MAS probes was accounted for
by suitable calibration procedures.52

Characteristics of the dendrimers investigated in this work
are compiled in Table 1, and schematic representations of the
dendrimers of generation 1 and 2 are shown in Figure 1a-c.
The basic dendrimer structure consists of phenyl rings only,
with the exception of a single aliphatic C at the center and
different surface functionalization. All molecules are tetrahe-
dral (“Td”) in the sense that the core has a functionality of 4
(tetraphenylmethane); the branching coefficient for the arms
is 2. The preparation of all dendrimers was reported in the
literature31,36 and in the PhD thesis of Wiesler.53 The informa-
tion on molecular weights in Table 1 demonstrates the high
purity of the compounds and the efficiency of the divergent
synthetic approach. All dendrimers are solid powders, and
apart from a single sample (vide infra), DSC measurements
show a flat line over the whole range from 100 K up to the
decomposition temperatures of 500 and 800 K for substituted
and unsubsituted dendrimers, respectively.31

The samples were used as-synthesized. Two samples stand
out in that they have special physical properties. TdHexG1H8

has a very regular molecular shape and can be crystallized.
Its X-ray structure is depicted in Figure 1d. The large voids
are stabilized by solvent molecules.54 When precipitated from
solution, this dendrimer can also be obtained in an amorphous
modification. Powder X-ray diffraction spectra of both modi-
fications are shown below in the insets of Figure 8 and were
obtained on a Siemens Kristalloflex 500 diffractometer using
a Cu KR radiation source and a graphite monochromator.
Second, DSC traces of the alkyl-substituted TdG2(C12H25)16

exhibit a weak solid to liquid-crystalline phase transition at
around 240 K and a pronounced melting peak at 350 K.
Lamellar (smectic) ordering with a layer spacing of 4.4 nm
and characteristic birefringent textures were observed in this
interval by powder X-ray diffraction and polarization micros-
copy, respectively.53 This and other alkyl-substituted dendrim-
ers were further shown to self-assemble on graphite surfaces
to form two-dimensional crystals.55

3. Results
3.1. Fast Dynamics. 3.1.1. Fast Fraction. The first

results on probing the rigidity of polyphenylene den-
drimers by solid-state NMR were published in ref 36.
Rigidity on a microsecond time scale was inferred from
the measurement of the aromatic CH dipolar coupling
constants by REPT-HDOR. Figure 3a shows a 2D
spectrum, from which the spinning sideband patterns
were extracted, which are shown in Figure 3b,c. In the
high-resolution 13C dimension, the signal of the tertiary
aromatic CH groups is always roughly split in two,
which correspond to CH groups in the ortho/para and
meta position with respect to a quaternary 13C bound
to an adjacent phenyl ring. In none of the cases studied
in this work did the separate analysis of these two
signals yield any consistent additional information.
Consequently, this group of signals, centered around
130 ppm, will always be treated as one.
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2
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2
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sin
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2
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2
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Table 1. Dendrimers Investigated in This Worka

molar mass
[g/mol]

dendrimer
sum

formula calcd exptl

no. of
phenyl
rings ref

TdG1(CH3)8 C153H116 1954.6 1954.7 24 36
TdHexG1H8 C222H150 2817.6 2816.4 28 31
TdG2(CH3)16 C401H292 5133.7 5131.9 64 36
TdG2H16 C385H260 4886.3 4887.0 64 31
TdG2(C12H25)16 C577H644 7618.7 7618.0 64 53
TdG3(CH3)32 C891H640 11386.1 11414.9 144 36
TdG3H32 C859H580 10974.1 11006.0 144 31
TdG4H64 C1825H1220 23149.8 23217.0 304 31

a Td indicates that all dendrimers have a tetrahedral core with
a functionality of 4.
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For the ensuing analysis, it is important to realize
that signal for the quaternary aromatic carbons, Cq, is
always shifted to the low-field end of the aromatic region
and is well separated from signals due to CHtert. The
signal of Cq is not expected to overlap with CHtert, first,
because the signals were also found to be completely
separated in solution-state J-modulated echo spectra
and, second, because the spinning sideband patterns of
CHtert (slices along the dipolar dimension) are always
identical across the whole range of signal for CHtert. A
contamination with Cq would lead to an increase of first-
order sideband intensity at specific spectral positions
and would very unlikely occur homogeneously through-
out the 125-135 ppm range.

A quantitative analysis of the patterns in Figure 3b
was presented in ref 36. In essence, the patterns can
consistently be fitted to DCH/2π ) 20.5 kHz, correspond-
ing to a rigid CH bond of 113 pm. Fast librational
excursions up to about (20° around para axes, however,
would not influence this result much and could not be
excluded. In fact, vibrations with a mean amplitude of
40° were also found in molecular dynamics simula-
tions,30,34 and the rather short proton T1 relaxation time
of TdHexG1H8 even in the crystalline modification

(about 1 s, to be contrasted with tens of seconds for
related rigid systems such as hexaphenylbenzene) gives
additional confidence that such mobility is present. In
the whole investigated temperature range of about 230-
400 K, no onset of global, large-amplitude fast ring flips
or whole arm reorientations, which would lead to a
substantial decrease in spectral intensity and, upon
increasing the correlation time further, to narrower CH
patterns, was observed. This is in contrast to most other
dendrimer systems with internal flexibility, which usu-
ally have a Tg and exhibit such phenomenology for T >
Tg.

Interesting small and systematic deviations of the
patterns from the theoretical prediction were, however,
observed: while the consistent result for DCH is obtained
from fitting of the outer sidebands (ratio of fifth to third
order sideband), the first-order sidebands exhibit a
systematic deviation toward higher intensities. A small
systematic deviation of that kind is generally observed
for REPT-HDOR sideband patterns;47 it is known to be
due to long-range 13C-1H couplings and is influenced
mainly by the local geometry (neighboring aromatic
protons). The deviations observed here are, however,
significantly bigger and were hypothesized to be due to
a small fraction of rings that do perform larger ampli-
tude motions with frequencies exceeding 100 kHz.

The deviation is shown in Figure 3b, where the
dashed lines indicate the first-order sideband intensity
which is usually observed in spectra of aromatic CH
groups (the increase which is intrinsic to the experiment
is included). The excess intensity is seen to increase with
dendrimer generation from G1 to G2 and G3, as well as
temperature. Results of a systematic investigation are
depicted in Figure 4, where the ratio of this intensity
increase relative to the integral intensity of the whole
pattern is plotted as a function of dendrimer generation
(a) and temperature (b) and is denoted as “fast fraction”.
Note that the numbers thus determined do probably not
reflect the number fraction of quickly mobile rings
quantitatively, since relaxation/dephasing effects under
the pulse sequence are probably different for two such
populations with different mobility. The systematic
variation of the value shown here is, however, well-
suited for further interpretation.

The spinning sideband patterns for the terminal CH3
groups in the methylated dendrimers, shown in Figure
3c, may help to elucidate the nature of this fast process.
The patterns, which are obtained at longer recoupling
times in order to make up for the reduced DCH due to
the fast methyl rotation, hardly change upon temper-
ature variation. Methyl groups are always attached in
the para position with respect to the core phenyl ring
of every arm (see Figure 1) and are thus not influenced
by motions around this axis. We therefore conclude that
the fast fraction corresponds to quickly rotating/jumping
terminal rings around the para axis. In our previous
communication,36 it was already shown that the process
must involve large-angle jumps exceeding 90°; 180° is
a probable candidate. The slow small-angle process to
be discussed below, when being accelerated into the fast
limit at higher temperatures, would not lead to a
sufficient averaging of the CH dipolar coupling.

From Figure 4a, it is inferred that the fast fraction
first increases upon going from the first to the second
generation and then stays almost constant. This trend
is only weakly dependent on the particular type of
dendrimer (varying surface functionalization). This

Figure 3. (a) Two-dimensional REPT-HDOR spectrum taken
at ambient temperature (slight heating due to rotor friction)
and 25 kHz MAS with τrcpl ) 2τR. (b) Spinning sideband
patterns, taken as slices along the dipolar dimension of spectra
of different dendrimers and temperatures, extracted at the
aromatic CHtert signal positions. (c) Spinning sideband patterns
of the CH3 signal of TdG2(Me)16, acquired with τrcpl ) 6τR.
Dashed horizontal lines indicate the usual height of first-order
sidebands in sideband patterns of rigid aromatic CH groups
and permit the estimation of the amount of a fast fraction.
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observation is most notable for the case of the dendrimer
with long and, as shown below, pending mobile alkyl
chains. Therefore, it is believed that the fast fraction is
dominated by intramolecular steric constraints. This is
corroborated by the low and identical values for amor-
phous and crystalline TdHexG1Td, which has an ad-
ditional terminal phenyl ring attached to the ring
forming the center of every arm. This increases in-
tramolecular steric crowding and inhibits fast flips.

For all dendrimers, the fast fraction increases with
temperature, as shown in Figure 4b. This means that
more and more rings attain motional frequencies in the
fast-limit range. Here, the second-generation C12H25-
substituted dendrimer stands out in that the fast
fraction increases more strongly and in a sigmoidal
fashion around 290 K. As will be shown below, this
behavior must be associated with the onset of fast
mobility in the presumably microphase-separated alkyl
region between the polyphenylene scaffolds.

3.1.2. Dynamic Isolation of the Core. We now
move to a more detailed investigation of the long-chain-
substituted dendrimers, where microphase separation
of rigid core and alkyl chain shell was hypothesized. The
microphase separation is immediately proven by com-
paring simple 1H MAS spectra at different temperatures
(Figure 5a). At low temperatures, the spectrum consists
of two homogeneously broadened lines in the ppm
ranges for aliphatic chains and aromatic rings, and the
line widths of roughly 2 ppm are of typical magnitude
for rigid organic solids at 25 kHz MAS. Upon heating,
considerable narrowing of the alkyl signals occurs, while
the aromatic resonance hardly changes. This can be
immediately associated with the onset of rapid chain

motion and an averaging of dipolar couplings. The
process can nicely be followed in the plot of the line
width (full width at half-maximum, fwhm) vs the
sample temperature (Figure 5a, right).

Despite a weak endothermic peak at 240 K, which
was associated with a structural phase transition into
a liquid-crystalline state,53 DSC heating traces of the
compound are rather featureless in the region of in-
creasing alkyl motion, indicating a rather broad Tg of
the chains. The structural phase transition occurs at
much lower temperature than the onset of fast alkyl
motion. Obviously, slow mobility of the alkyl chains,
which allows for structural changes, sets in at even
lower temperatures.

It is actually possible to prove that mobility sets in
from the chain ends and that motional amplitudes
decrease upon approaching the rigid core. This is
achieved by quantitatively measuring CH dipolar cou-
pling constants for the chain methylene groups, where
the spectral resolution in a 13C MAS spectrum is
sufficient to differentiate signals from the chain end (ω-1
position), the main part of the chain, and the R-CH2 at
the core (Figure 5b). The method is very similar to the
REPT technique shown above. Since REPT is not
applicable to CH2 groups,47 we resorted to the simpler,
but less quantitative, separated local-field method,
which is explained in the Experimental Section.

CH dipolar coupling constants associated with the
distinguishable methylene signals along the chain were

Figure 4. Fast fraction extracted from the REPT-HDOR
spinning sideband patterns, plotted as a function of (a)
dendrimer generation (T ) 313 K) and (b) temperature. The
lines are simply guides to the eye. The LC phase transition
range for TdG2(C12H25)16 is also indicated in (b).

Figure 5. Fast-limit mobility in TdG2(C12H25)16 as investi-
gated by (a) simple line-width analysis of 1H MAS spectra (νR
) 25 kHz) and (b) fitting of 13C-1H MAS SLF spinning
sideband patterns (νR ) 10 kHz). The plots in (a) and (b) show
the full width at half-maximum (fwhm) of the 1H line width
and the heteronuclear dipolar coupling constant extracted from
the MAS SLF patterns, respectively, for the indicated signal
positions as a function of temperature. The fits in (b), plotted
as dashed lines, were performed using the analytical solution
for the signal of isolated and rigid CH or CH2 moieties, where
tetrahedral symmetry was assumed for the latter.
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determined by fitting of sideband patterns which appear
in the indirect dimension of such a 2D experiment.
Sample patterns and fits are shown in Figure 5b. In the
diagram, the so-obtained DCH/2π are compiled. The low-
temperature limiting value of 17.4 kHz for the R-CH2
is too low by about 4 kHz as a result of an interference
effect of the strong 1H homonuclear coupling within a
CH2 group, which is not supressed sufficiently well at
the moderate spinning frequency used for this investi-
gation. Faster spinning is not possible because the
meaningful dipolar sidebands cannot be “pumped” by
recoupling in in MAS SLF experiments and would
vanish.

The method works better for the aromatic CH groups,
where the correct result from the REPT investigations
is reproduced at low temperature. In fact, the slight
decrease of the value for DCH(CHtert) with temperature
corresponds to the effect of the fast fraction as discussed
above. The fast fraction leads to an increase of the
centerband of MAS SLF sidebands, while the outer
region is again found to be unchanged. The overall
decrease in DCH is only a consequence of the fact that
the centerband was included in the fitting procedure for
the MAS SLF sideband patterns.

The most prominent effect is observed for the R-CH2,
which exhibits a very narrow transition range into the
fast limit and retains an almost constant DCH up to high
temperature. Clearly, this group merely performs rota-
tions around the bond to the adjacent terminal phenyl
ring. It is possible to give a quantitative interpretation
in terms of a local dynamic order parameter

where R is the angle of the two CH bond vectors with
respect to the rotation axis, which coincides with the
CC bond to the phenyl ring. Therefore, R ) 109.5°. SCH
) 0.98 ( 0.08 proves the stability of the rotation axis.
This value is obtained only when a realistic DCH,stat of
21 kHz is used. As discussed, the low-temperature value
of 17 kHz from the same series of experiments is subject
to a large systematic error. The error is much smaller
for DCH,dyn of the rotating CH2 group due to an efficient
self-decoupling of perturbing HH interactions as a result
of the rotation.

We have thus proven that the alkyl chains are
attached to a rigid object. The chain end starts to move
much earlier than the R-CH2, and averaging over wider
angular ranges persists in the whole range of measure-
ment.

3.2. Slow Dynamics. 3.2.1. 2D Static 13C Ex-
change Spectroscopy. Our next concern will be the
study of slow motions in the milliseconds to seconds
range, which show no effect in the dipolar experiments
discussed so far. Static 2D 13C exchange spectroscopy
is a well-established method to study such slow pro-
cesses.37 Therefore, static 2D exchange spectra were
acquired for all dendrimers in our series and provide
preliminary insight into slow motions in the dendrimers.
Figure 6 shows two representative spectra of amorphous
TdHexG1H8 taken at 100 °C at two different mixing
times. The most notable observation is the absence of
considerable off-diagonal exchange intensity. Even after
4 s, most of the intensity is still concentrated on the
diagonal. This lets us conclude that no large-scale

reorientations of whole dendrimer arms or arm seg-
ments occur in the range of seconds.

In the spectrum in Figure 6b, the exchange intensity
close to the diagonal is apparent above the noise, but
its intensity does not exceed 10% of the integral
intensity (the contours are logarithmic). Even though
the appearance of this off-diagonal intensity might be
taken as an indication of the presence of slow and very
restricted motional processes, which is indeed found, we
will later see that the off-diagonal intensity in Figure
6b is in fact dominated by slow 13C-13C spin diffusion.
We will return to the implications arising from the static
2D exchange data when discussing the motional model
derived from the data of the 1D MAS exchange experi-
ments.

3.2.2. Correlation Times. Static 2D exchange spec-
troscopy, in particular when performed in natural
abundance, is not well-suited to study correlation times
in detailsthe acquisition of each of the spectra in Figure
6 took about 2 days! The CODEX experiment, a 1D
exchange method with high 13C resolution, fills this gap.
As detailed in the Experimental Section, with this

SCH ) | DCH,dyn

1
2
(3 cos2 R - 1)DCH,stat| (7)

Figure 6. Slow molecular reorientations in amorphous
TdHexG1H8 as investigated by static 13C exchange spectros-
copy. (a) and (b) show experimental spectra taken at 373 K
with mixing times indicated. The contour lines are logarithmic
(increment factor 1.5) and start at about 3% of the maximum
intensity. (c) Numerical simulations of exchange spectra of the
same dendrimer based on the motional models discussed in
section 3.2.3. Contour levels are logarithmic, matching the ones
in the experimental spectra. The dashed lines in (a) indicate
the approximate spectral positions of the three CSA principal
values.
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technique it is possible to study correlation times and
rotation angles in a site-resolved fashion by simple
variation of the mixing time and the recoupling time,
respectively. In ref 36, we have already shown that slow
motions with a distribution of correlation times are
present, that they are restricted to reorientations of
terminal rings, and that they must be different from
the commonly observed 180° flip. We will recapitulate
these findings upon presenting an in-depth treatment
including the determination of activation energies and
the elucidation of the exact geometry of the process.

Typical CODEX exchange spectra are shown in
Figure 7a. While the reference spectrum on top is almost
identical to the regular MAS spectrum, the pure-
exchange spectra below show only signals from molec-
ular fragments which must have reoriented during tmix.
The existence of nonzero exchange intensity for the Cq
is actually the proof that the process cannot be modeled

by a 180° flipssuch a process would be symmetry
conserving for all quaternary carbon CSA tensors and
not lead to any signal. We will return to geometry
considerations later and first discuss the correlation
times, which were determined from the tmix dependence
of the exchange intensity of the CHtert signals, as plotted
in Figure 7b.

The correlation functions were found to be non-
exponential. A KWW expression (E(t) ) E∞(1 -
exp{-(tmix/tc)â})) provided good fits in all cases, and the
average â was 0.51 ( 0.05, indicating a distribution of
correlation times of about 2 orders of magnitude. The
distribution leads to a problem concerning the deter-
mination of the long-time plateau intensity E∞, which
contains valuable information on the number of sites
accessible to the process. As data for sufficiently long
tmix are already significantly influenced by 13C-13C spin
diffusion (vide infra), the KWW fit did not provide a
stable fit for E∞ (spin diffusion is a multisite process,
which ultimately leads to E∞ ) 1).

As a resort, all data from temperatures above 340 K
and mixing times up to 2 s were fitted to a double-
exponential function, which permitted a consistent
determination the plateau value. The fixed average
plateau values for the higher temperatures (collected
in Table 2) were then used for the KWW fits of the whole
temperature series. Note that exchange intensities
associated with Cq are roughly compatible with the
results thus obtained. However, since the considerably
lower value of E∞ associated with this signal leads to a
much stronger relative influence of spin diffusion effects
on the data, Cq exchange intensities were not attempted
to be analyzed quantitatively.

The inverse tc thus determined are shown in an
Arrhenius plot (Figure 7c). The factor of 2 in k ) 1/(2tc)
takes into account that the process is a two-site jump,
to be proven below. Most notably, the data seem to
approach a constant value at low temperatures. This
phenomenology is a clear fingerprint of temperature-
independent 13C-13C spin diffusion. It can be accounted
for by fitting ln k in an Arrhenius plot by56

where ksd is the spin diffusion rate. This simple fitting
function is purely heuristic. The assumption that the
two rates are additive implies that the geometry (thus
the associated E∞ values in CODEX) of the two processes
is the same, which need not be the case (additivity of

Figure 7. Data from CODEX experiments for the determi-
nation of slow-motional correlation times. (a) Experimental
CODEX spectra for TdG2Me16 measured at 349 K, 7.5 kHz
MAS, and a recoupling time of 0.8 ms (six rotor periods).
Mixing times are indicated at the spectra; the top spectrum is
the reference spectrum. Asterisks denote spinning sidebands.
(b) CODEX exchange intensities corresponding to the averaged
intensities of the CHtert as a function of the mixing time for
three different temperatures. The correlation functions plotted
as solid lines are based on KWW fits. (c) Arrhenius plot of the
correlation rates () 1/2tc in the case of a two-site jump) for the
various dendrimers. Solid lines are fits to a function which
includes a temperature-independent contribution from spin
diffusion (see text), and dotted lines indicate the trends for
absent spin diffusion.

Table 2. E∞ As Determined as the Average over
Double-Exponential Fits to Correlation Functions
Measured at T > 340 K (Mean Error: (0.04) and

Theoretical Values for Two Different Models Including
Non-180° Two-Site Jumps of Terminal (Model 1) or All

(Model 2) Para-Substituted Phenyl Ringsa

model 1 model 2

dendrimer exptl CHtert CHtert (Cq) CHtert (Cq)

TdG1(CH3)8 0.362 0.39 (0.21) 0.48 (0.29)
TdHexG1H8 0.419 (am),

0.395 (cryst)
0.43 (0.19) 0.5 (0.27)

TdG2R16 0.428 (R ) CH3),
0.430 (R ) C12H25)

0.30 (0.18) 0.48 (0.27)

TdG2H16 0.410 0.31 (0.14) 0.48 (0.24)
TdG3(CH3)32 0.421 0.26 (0.16) 0.47 (0.27)
TdG3H32 0.440 0.28 (0.11) 0.48 (0.25)
TdG4H64 0.440 0.25 (0.11) 0.48 (0.25)

a Experimental values for Cq could not be extrapolated by fitting
but were always in the range of 0.1-0.2 at the longest Tmix.

ln k ) ln(k0e
-Ea/kT + ksd) (8)
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rates implies the observation of a singly exponential
correlation function!). Therefore, results for k0 and Ea
must be interpreted with care. Within experimental
accuracy, ksd was the same for all dendrimers and
amounted to 0.31 ( 0.06 s-1, which is a surprisingly
high value. A detailed discussion of such a high 13C-
13C spin diffusion rate in a naturally abundant sample
is beyond the scope of his paper. We may just mention
that rates of similar magnitude were also observed
between aromatic carbons in crystalline durene (1,2,4,5-
tetramethylbenzene),57 which, just like the investigated
dendrimers, is an aromatic molecule with terminal
methyl groups. More commonly, rates of this magnitude
(and higher) are observed only in 13C-enriched sys-
tems.58

Since spin diffusion is seen to exert its adverse effect
mainly on low-temperature data, and the value of â did
not change significantly even at high temperature, we
conclude that the distribution of correlation times is
intrinsic to the process and not an artifact caused by
spin diffusion. The intrinsic distribution of tc explains
why the two correlation times from double-exponential
fits are not interpretable in a consistent way.

The average values for Ea and k0 for the methylated
dendrimers of generation 1-3 are 36 ( 10 kJ/mol and
(1.9 ( 2.4) × 106 s-1, respectively, while TdG2(C12H25)16
has Ea ) 31 ( 4 kJ/mol and k0 ) (3.3 ( 2.5) × 106 s-1.
Obviously, the frequency factors are ill-defined as a
result of the limited temperature range. Values of up
to 10-9 s-1 can still be reconciled with the data, which
is much lower than values of 10-14-10-15 s-1 expected
for an elementary jump process. Lower values are,
however, commonly found for phenyl reorientations (π
flips in most cases) in complex polymer systems like
poly(ethylene terephthalate) (Ea ) 42 kJ/mol, k0 ≈ 4 ×
106 s-1 (ref 59)) or polycarbonate (Ea ) 37 kJ/mol, k0 ≈
1013 s-1 (ref 60)), where low frequency factors are
usually discussed in terms of the complexity and coop-
erativity of the dynamic process. The reconciliation of
an empirical KWW fit (to account for an apparent
distribution) with an Arrhenius-type analysis (implying
an elementary process leading to exponential relaxation)
is always problematic. We also favor an interpretation
of the jump motion in the dendrimer as being coopera-
tive, and we will come back to this issue in the
Discussion section.

The values for Ea of methyl- and alkyl-substituted
dendrimers are identical within experimental error,
which is surprising in view of the up to 10 times higher
correlation rates for the chain-substituted dendrimer.
Just like for the “fast fraction” identified in section 3.1,
the alkyl matrix does not seem to substantially influence
the microscopic intracore nature of the slow process (as
characterized by Ea), but more subtle effects on correla-
tion rates or a quick increase in the fast fraction (Figure
4b) are clearly present. Unfortunately, an investigation
of the effect of alkyl matrix solidification on the slow
process is not possible because slow exchange correla-
tion times in the temperature range where the alkyl
chains are frozen are not accessible due to the spin
diffusion problem.

A further confirmation of the weak effect of intermo-
lecular packing on the correlation time of the slow
process comes from a comparison of tc for the crystalline
and the amorphous modification of TdHexG1H8, shown
in Figure 8. The rates are very similar, yet somewhat
lower, for the crystalline modification. This is surprising,

since the crystals are known to exhibit large solvent-
filled voids and lack considerable intermolecular arm
interdigitation (see Figure 1d). The crystals decompose
into the amorphous modification upon heating and loss
of solvent,54 which might imply denser packing and
lower rates for the latter. The assumption that intramo-
lecular constraints are dominant can better explain
lower rates for a crystal, where steric constraints posed
by neighboring arms cannot be relaxed as easily as in
an amorphous packing environment. We take the find-
ing of faster dynamics for the amorphous modification
as a valuable hint that arm interdigitation does not play
a significant role in the global dynamics of the dendrim-
ers.

In summary, we repeat the preliminary conclusion
that we have identified and quantified a slow motional
process restricted to local reorientations of terminal
phenyl rings, the exact geometry of which is to be
determined in the next section. The interpretation of
the weak but significant generation dependence of tc,
as apparent from Figure 7c, will be further deferred to
the Discussion section.

3.2.3. Geometry of Motion. The number of sites
accessible to the slow process is encoded in the long-
time plateau E∞ of the exchange intensity. The plateau
values, as determined from fits to the high-temperature
correlation functions, are listed in Table 2. The spin
diffusion problem is the most serious source of error for
these values; therefore, they might be somewhat over-
estimated. The values for CHtert are consistently lower
than 0.5, which excludes any multisite process involving
most C atoms in the dendrimers. Since the plateau for
an M-site jump is (M - 1)/M g 0.5, there must be a
fraction of atoms that are either immobile or have a CSA
tensor which is invariant under the process.

We have already seen that the existence of nonzero
exchange intensity for the Cq signals rules out exclusive
180° flips around the para axes, which would represent
the most probable candidate for a simple two-site jump.
However, assuming two-site jumps with a different
angle, we can calculate possible plateau values for all
generations, which comply with the observations, by
simple counting statistics. This involves counting all
aromatic carbon atoms of a particular dendrimer,
determining how many carbons belong to rings which
are assumed to be mobile, and calculating E∞ according
to eq 5. A comparison of experimental values with
calculated ones can be taken from Table 2. Experimental

Figure 8. Comparison of the correlation times for the two
modifications of TdHexG1H8 as a function of temperature. The
insets show powder X-ray diffraction intensities as a function
of the scattering angle, θ.
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values are found to lie between the values predicted
from a model where only terminal rings perform jumps
(model 1) and another model, where all doubly para-
substituted rings in the interior of the molecule are
included in the jump motion (model 2).

Experimental exchange intensities for Cq at long tmix
were always found to be in the range of 0.1-0.2. As an
example, Figure 9a shows buildup data for Cq in
comparison with CHtert. Note that the indicated KWW
fit merely represents a guide to the eye, since the
associated E∞ was not determined in a consistent way.
Such values would favor model 1, where only terminal
rings perform small-angle jumps. When inner rings are
hypothesized to perform 180° flips (which leaves the
associated Cq intensities unchanged), E∞ of all Cq would
be given by model 1, while model 2 would apply for E∞
of CHtert. This assumption would explain our experi-
mental data best, in particular considering that spin
diffusion effects lead to an overestimation of experi-
mental values. However, considering the large error
associated with all experimental values for E∞, we
hesitate to present this as a definite conclusion.

Our motional models presented so far rest on the
assumption of a two-site jump. Apart from being justi-
fied by the rather low value for E∞, the number of sites
M can be assessed quantitatively from the (very time-
consuming) 4-time CODEX experiment. The experiment
was performed on amorphous TdHexG1H8; spectra and
the result are shown in Figure 9b, where the single point
from the 4-time CODEX experiment, 1/M ) 0.49 ( 0.08,

is compared with the regular 2-time dephasing curve.
First, the result is consistent with M ) 2. M ) 3 would
lead to a result of 0.33, which is well outside the range
of the error limits. Second, the difference between 1/M
) 0.5 and the 2-time CODEX dephasing directly rep-
resents the fraction of immobile sites, which, in the
framework of our motional model, is related to CHtert
positions on rings that do not participate in the motion.

For the quaternary sites, we determine 1/M ) 0.62 (
0.08, which is slightly larger and unphysical. The result
being larger than 0.5 confirms that the process involves
two sites at most, while the deviation toward unphysical
values gives confidence that spin diffusion did not
distort the 4-time CODEX result considerably: spin
diffusion is intrinsically a multisite process and can only
be held responsible for decreasing (instead of increasing)
the result for 1/M. The error is more likely due to an
underestimation of experimental noise or to the finite
value of tmix,2 ) 2 s, which is not sufficient to reach
detailed balance. The mean correlation time as deter-
mined from the KWW fit was 530 ms at 337 K, so the
correlation time distribution leads to a contribution from
sites that do not reorient within 2 s, which in turn
increases the apparent 1/M.

Recoupling-time-dependent CODEX curves were used
to elucidate the geometry of the reorientation process
further. Results for crystalline TdHexG1H8 and TdG2-
(CH3)16 are plotted together in Figure 10. Their close
coincidence proves that the geometry of the processes
is determined by intramolecular packing and is hardly
dependent on the existence of the additional phenyl ring
in each arm of TdHexG1H8 (see Figure 1). In addition,

Figure 9. (a) CODEX data for the tertiary CH and quaternary
C signals of TdG2Me16 at 349 K (see also Figure 7) with plateau
values indicated by dashed lines. (b) Comparison of 2-time and
4-time CODEX intensities measured for the tertiary CH
signals of amorphous TdHexG1H8 at 337 K, 7.5 kHz MAS, and
6 τR recoupling. The conventional 2-time CODEX data are
plotted as dephasing, i.e., 1 - E(tmix) ) S(tmix)/S(tmix ) 0). The
mixing times for the 4-time CODEX experiments are shown
above the corresponding spectra in the inset.

Figure 10. Determination of the geometry of slow motions
from the recoupling time dependence of CODEX intensities
for TdG2(Me)16 (crossed symbols) and crystalline TdHexG1H8
(open symbols), measured at 14 kHz MAS and T ) 361 K, tmix
) 1.5 s for the former, and T ) 374 K, tmix ) 0.8 s for the
latter. The plot includes model curves calculated for various
reorientation angles. Corresponding models are also depicted.
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corresponding data (not shown) taken at a mixing time
of 150 ms exhibit the same trend, with the only
difference to the long-tmix data being an expected
decrease in the plateau value. This proves that the
faster population in the correlation time distribution
does not exhibit a significantly different angular char-
acteristic than the slower population.

Theoretical curves were calculated from eq 3 for
different rotation angles around the para axis; the
assumed geometry is depicted to the left of the plot and
in Figure 6c. Principal values for the CSA tensors (see
Table 3) were determined using the SUPER (separation
of undistorted powder patterns by effortless recoupling)
technique,61 which is a very powerful and robust MAS
recoupling method permitting a straightforward 2D
correlation of the high-resolution isotropic shift with the
associated quasi-static powder pattern. The experimen-
tal details for this study can be taken from ref 62. The
assignment to molecular axes as shown in Figure 6c is
based on literature data of CSA principal values and
directions in a variety of aromatic compounds.63 The
curves for CHtert and Cq were calculated assuming ortho/
meta positions and auto/para positions, respectively,
with respect to the rotation axis. The 12-20% CHtert
groups located on the rotation axis were neglected.

The experimental exchange intensities for CHtert in
Figure 10 can equally well be described assuming
rotation angles around the para axis of 24° and 180°.
This ambiguity arises from the 60° relative orientation
of the σ11 principal value direction of the asymmetric
CSA tensor with respect to the rotation axis (see Figure
6c), leading to the quickest initial rise in exchange signal
for 90° jumps. Note that the curve for 180°-24° is not
identical to the one for 24°, as would be the case for an
axially symmetric CSA tensor. As already mentioned,
the mere existence of nonzero exchange intensity for Cq
at rather short recoupling times excludes reorientations
close to 180° as the main contributor. As hypothesized
above, it is possible that some doubly para-substituted
rings located more to the center of the molecules
perform 180° flips.

The majority of terminal rings, however, apparently
undergo two-site jumps with a mean rotation angle of
24 ( 3°. The different value of 60° given in ref 36 was
based on preliminary estimations and a crude compari-
son with the crystal structure, where a tilt of 30° of each
terminal ring relative to the normal of the central ring
plane, to which it is attached, suggested a local sym-
metry-conserving 60° jump. The exact average tilt angle
was later found to be 26°.54 We will return to a more
detailed interpretation in section 3.3.1.

The value of 24° does not change even when the
simultaneous presence of fast librations with up to 40°
amplitudes, as discussed in section 3.1, is considered.
Apart from the weak partial averaging of the CSA and
heteronuclear dipolar tensors (which reduces δ by less

than 20% and is thus hardly measurable), such motions
change the tilt angle of the σ11 direction with respect to
the para axis from 60° to 53°, which, however, has no
significant influence on the CODEX build-up curves
shown in Figure 10.

Also, the characteristic first maximum of the theoreti-
cal curve is not fully reproduced experimentally. Such
phenomenology has been observed in other studies62,64

and can be explained by changes of CSA principal values
upon reorientation or by a small distribution of jump
angles. Changes of CSA principal values can be caused
by their dependence on the relative orientation of two
directly bonded phenyl rings65 and by changes in π-π
packing (“ring current effects”) induced by neighboring
phenyl rings,66 which both change for non-180° flips.

At long recoupling times, an increase of E(NrτR) over
the plateau value of 0.42 is apparent. This behavior is
also typical for a small distribution of jump angles (for
subsequent jumps of the same nucleus) or slow small-
angle diffusive motions.64,67 Both processes lead to an
increase in E(NrτR) at long NrτR, where CODEX be-
comes sensitive to very small rotation angles50 or, as is
the case here, small differences in successive rotation
angles due to imprecision of the return jumps. Such a
scenario can be explained in terms of a shallow potential
minimum around the mean reorientation angle, as
indicated at the bottom of Figure 10, and also gives a
straightforward rationale for the observed distribution
of correlation times.67

Finally, the consistency between our motional model
as derived from the 1D MAS exchange studies and the
2D static exchange data presented in Figure 6 needs to
be checked. Therefore, we have calculated static 2D
exchange spectra based on the CSA tensor values from
Table 3, assuming full exchange as described by the
counting statistics for TdHexG1H8 according to model
1 (reorientations of terminal rings only, see Table 2).
Simulations for R ) 24° and R ) 180° are compared to
the experimental spectra in Figure 6, where care has
been taken to match both the line widths and the lowest
contour levels (shown as dashed lines in the simula-
tions).

At 373 K, the mean correlation time of TdHexG1H8
as measured by CODEX is approximately 200 ms.
Therefore, the spectrum in Figure 6a should be close to
full exchange. No significant exchange intensity is
apparent above the noise level, and the comparison with
(c) confirms that this can also not be expected consider-
ing the given S/N, also keeping in mind that (i) tmix )
500 ms is not sufficient to reach full exchange in
particular for segments located at the slower end of the
correlation time distribution and (ii) a distribution jump
angles around 24° would blur the characteristic ex-
change pattern even further. Therefore, the exchange
intensity observed at tmix ) 4 s must be attributed to
spin exchange.

The similarity of the 4 s exchange spectrum to the
signature of 180° flips shown in Figure 6c can be
interpreted as an indication of a preferential exchange
of polarization between carbons that share a common
direction of the σ33 axes (i.e., the ring normal), which
means that intra-ring transfer or transfer between
carbons in coplanar rings is preferred. Note that, even
though the interpretation of the exchange pattern in (b)
in terms of π flips of inner phenylene rings might
represent an appealing option, it can be excluded
because such a process would not lead to the observed

Table 3. CSA Principal Values Determined by the SUPER
Experiment61 Performed on Amorphous TdHexG1H8

a

ppm kHz

σ11 σ22 σ33 σ11 σ22 σ33

CHtert 227 147 16 17.1 11.1 1.2
Cq 240 163 21 18.1 12.3 1.6

a Values in kHz correspond to ωL
C/2π ) 75.5 MHz. For experi-

mental details see ref 62. Values for CHtert are averaged over the
two positions, assuming a common σiso of 130 ppm. The mean
errors are (4 ppm and (0.3 kHz, respectively.
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intensity. We close in stating again that, in contrast to
the weak effect of the slow process in static 2D exchange
spectra, the CODEX technique proved to be very suit-
able for the detection and quantification of the restricted
molecular dynamics in polyphenylene dendrimers, par-
ticularly because of its ability to detect small-angle
tensor reorientations50 or small fractions of mobile sites
(Cq in our case).

3.3. Discussion. We have found two characteristic
regimes of molecular mobility in the polyphenylene
dendrimers, which pertain only to terminal or doubly
para-substituted phenyl rings: (i) fast motions in the
megahertz range, which lead to fast T1 relaxation of
protons (even in a crystalline modification) and partial
motional averaging of heteronuclear dipolar interac-
tions, and (ii) slow motions in the seconds to mil-
liseconds range, which were probed by reorientations
of CSA tensors associated with aromatic carbon atoms.
Slow or fast large-amplitude motions of whole arm
segments can definitely be excluded for temperatures
up to 400 K. In particular, we have identified (1) fast
librational motions whose amplitude could be as high
as 40°, (2) a small fraction (5-30% of the integral signal)
of rings performing fast large-amplitude flips or rota-
tions, which increases with generation and temperature,
and (3) slow two-site jumps with a mean reorientation
angle of 24° around the para axes, which exhibit an
apparent activation energy of 33 kJ/mol and correlation
times which increase with dendrimer generation and
exhibit a constant distribution over about 2 orders of
magnitude as the dominating motional processes. Both
fast and slow processes were found to be mostly de-
pendent upon intramolecular steric constraints. Owing
to the rigidity of the dendrimer scaffold, the majority
of terminal phenyl rings are located close to the periph-
ery of the molecules, indicating that the generation
dependencies can provide information on segment pack-
ing at the periphery.

3.3.1. Correlation Time Distribution and Molec-
ular Model. We first turn to motivate the plausibility
of the appearance of two motional regimes and the
molecular origin of the slow two-site jump. In Figure
11, two scenarios for the possible observation of two
dynamic regimes are compared. We might assume a
very broad distribution of correlation times extending
from the fast limit to very slow exchange (a) or two
narrower separate distributions (b). Several arguments
can be given which are in disagreement with a mono-
modal model:

(i) The mean jump angle of the dominating slow
process is too low to explain an exclusive increase of
first-order sidebands in REPT spectra when a tail of the
process is assumed to reach the fast limit.36

(ii) Upon application of recoupling pulse sequences,
a large amount of spectral intensity is lost when the
correlation time of a process enters the intermediate
motional regime.68 Apart from an intensity decrease due
to the usual Curie factor (∼pωL/kT), however, such a
pronounced intensity loss was not observed at higher
temperatures.

(iii) The normalized plateau value in CODEX is also
expected to decrease significantly when intermediate
motions are present.68 Within experimental accuracy,
a reduction of the plateau was not observed, indicating
that the correlation time distribution of the slow process
does not significantly extend into the milliseconds range.

(iv) Accordingly, the stretch exponent â from the
KWW fit did not change with temperature, which would
be the case when parts of the correlation time distribu-
tion would become invisible to the experiment.

We therefore favor the notion according to which the
fast fraction is a separate process (Figure 11b), the mean
correlation time of which shifts away from the inter-
mediate motional regime with increasing temperature
within the experimentally accessible range, leading to
the observed increase of the fast fraction with increasing
temperature.

To discuss the molecular origin of these processes in
the dendrimer, we report the recent results of a solid-
state 2H NMR study of phenyl ring dynamics in crystal-
line o-terphenyl (benzene with two phenyl substituents
in the ortho position) by Haeberlen et al.69 The seem-
ingly equivalent terminal phenyl rings in this compound
are in fact crystallographically inequivalent, allowing
for spectral differentiation in a single-crystal study. The
two rings were found to undergo 180° flips with expo-
nential correlation functions and correlation times dif-
fering by 2 orders of magnitude! For eample, room
temperature rates are approximately 0.03 and 30 Hz,
respectively. The activation energies for the two rings
were found to be identical (80.5 ( 3 kJ/mol) within very
small error limits. The difference arises from the ap-
parent preexponential factors k0. The molecular origin
of this rather counterintuitive behavior still remains
unclear. Haeberlen gives a cautionary interpretation in
terms of fast flips of one ring pushing the neighboring
one and causing a flip of the latter only with very low
probability. This probability will also depend on of the
local packing environment. Such a probabilistic state-
ment entails that the flips are not strictly correlated,
i.e., that the flips do not occur concertedly, yet they may
be interdependent.

Turning to the polyphenylene dendrimer case, we
identify the same local pattern of mutual steric hin-
drance of phenyl rings as in o-terphenyl, with even

Figure 11. Effect of broad mono- (a) and bimodal (b) correla-
tion time distributions on the spectral intensity observed in
the different recoupling experiments. The intermediate mo-
tional regime (IMR) is characterized by substantial signal loss
over a wide range of correlation times.
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higher steric constraints posed by two phenyl neigbours
in the o-position for three out of five terminal rings. A
first casual statement concerning our coexistence of
processes on vastly different time scales is that, con-
sidering the intriguing results for o-terphenyl, unusual
findings should certainly not come as surprise. It seems
difficult to reconcile the process in o-terphenyl with the
restricted dynamics in the dendrimer. Apart from our
“fast fraction”, we can conclude that exact 180° flips are
apparently suppressed to a large degree for terminal
rings in the dendrimer. We hypothesize that the larger
steric hindrance allows only for concerted reorientations
of all terminal rings attached to one central ring. Carbon
atoms in ortho or meta positions of the terminal rings
therefore stay either above or below the central ring
plane. The model is depicted at the top of Figure 10.
This concertedness may further be the reason for our
lower value for Ea (the inherent potential barrier is
lower than for a 180° flip) and the not well-defined, but
nevertheless rather low, values for k0 (reduced overall
rate due to low probability of a concerted flip). As we
have seen in the comparison of regular dendrimers with
the alkyl-substituted species (Figure 7c), the large
difference in tc must be due to a change in k0, which in
turn might vanish upon matrix solidification.

An unusual observation is the rather small reorien-
tion angle of 24°. An angle of 52°, as derived from an
average 26° tilt of terminal rings with respect to the
central ring plane normal54 under the assumption of
concerted reorientation of all terminal rings connected
to one central ring, seems more likely. However, as-
suming that the double para-substituted connecting ring
cannot change its overall orientation due to steric
constraints posed by more inner rings, a jump by 24°
(or 26°) into a position where all but one rings stand
almost perpendicular to the central ring might be an
energetically favorable compromise. The existence of
differing jump angles for the five adjacent rings could
also be reconciled with the data. Further molecular
modeling studies might provide a deeper insight into
such fascinating concerted motions. Apart from these
ambiguities, our conclusion of the existence of two-site
jumps with an angle being substantially smaller than
90° and clearly different from 180° is beyond doubt.

3.3.2. Implications for Polyphenylene Dendri-
mer Structure. Leaving aside the complex molecular
details of the dynamic processes, we have already
concluded that the observation of generation-dependent
changes in the intramolecular dynamics might imply
arguments for the packing density of segments at the
dendrimer periphery. To motivate our conclusions, we
have plotted the fast fractions and slow exchange rates
as a function of dendrimer generation (g) in parts a and
b of Figure 12, respectively. In part c, we show crude
graphs which predict the trend for the free volume (Vf)
available to segments at the periphery of a spherical
molecule and in the full volume based on the simple
assumption that the number of phenyl rings grows
exponentially with generation, while the available space
grows with g2 and g3:

where, in the numerators, the sphere radius is given in
“phenylene” units under the assumption of fully ex-
tended para conformation and, in the denominators, the
exact number of phenyl rings is calculated (correct for
g g 1). For Vf(surface), all terminal rings at the branch
ends, excluding the central and the para-substituted
connecting rings, are taken into account. Essentially the
same scaling argument was brought forth by Maciejew-
ski27 when motivating the concept of topological trap-
ping.

It is seen that both the fast fraction and the rates of
the slow processes follow a trend that is intermediate
between the behavior predicted by the evolution of
surface and full-sphere free volume, respectively, with
increasing dendrimer generation on average, irrespec-
tive of the surface substitution pattern of the dendrimer.
Since both processes have been identified as being of
intramolecular origin, we take the observed correlation
as an argument in favor of an increasing surface density
of segments and an accordingly increased sterical
hindrance.

As a particularly strong indication for the effect of
surface packing, the significant increase of average
internal free volume of segments distributed over the

Figure 12. Tentative interpretation of the systemtatic gen-
eration-dependent trends observed for (a) the room tempera-
ture fraction of rapidly moving segments (reproduced from
Figure 4a; the experimental error is on the order of the size of
the symbols) and (b) the correlation times for the slow two-
site process (discussed in section 3.2) at T ) 349 K. In (c), the
trends for the free volume available to terminal phenyl rings
located at the dendrimer surface and all rings in an entire
spherical volume are plotted as solid and dashed lines,
respectively.

Vf(surface) ∝ r2

Nterm
∝

(1 + 2g)2

4 × 2(g+1)

Vf(sphere) ∝ r3

Ntot
∝

(1 + 2g)3

(5 × (2(g+2) - 4)) + 4
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full sphere is still large upon going from the second to
the third generation. This increase is not significantly
reflected in the dynamic data. As can be derived from
simple counting, the majority of terminal rings in each
dendrimer (≈72% for g > 1) are located at the branch
ends and, assuming extended arms, can be considered
to be influenced by packing constraints at the periphery.
It is therefore not surprising that the dynamics is
dominated by surface packing. However, a fraction of
terminal rings being located in the dendrimer interior
and the participation of doubly para-substituted rings
in the dynamics for higher generation give a possible
explanation for the absence of a pronounced drop in the
dynamic parameters upon going from the third to the
fourth generation.

It is seen that the space available for surface seg-
ments first increases and decreases only for generations
3 and higher. Together with the knowledge that the
scaffold is rigid and extended, this implies the existence
of stable intramolecular cavities. Apart from the fact
that the crystal structure of TdHexG1H8 (Figure 1d)
indicates a rather open structure with solvent-filled
voids,54 independent experimental evidence of stable
intramolecular voids can be inferred from PALS (positro-
nium annihilation lifetime spectroscopy) studies70 and
the successful use of these dendrimers as specific small-
molecule hosts in sensor applications using a quartz
microbalance.71 Finally, the strongest evidence in favor
of a dense shell at higher generations can be taken from
a neutron scattering study, which will be presented in
an upcoming publication.35

We recall that de Gennes and Hervet’s model for the
structure of “starburst” molecules,8 excluding backfolds,
leads to a steadily decreasing segment free volume from
the center to the periphery of the molecule. In contrast
to our simpler argument, this behavior arises from their
treatment of the radial growth variable as being con-
tinuous and from the more elaborate self-consistent-field
model for the free energy. The model is not suited to
describe low generations and extended arms. However,
the proposed starburst limit as given by the physical
limiting surface density of segments is observed for
polyphenylene dendrimers: the synthesis of a perfect
fifth-generation dendrimer is not possible any more.31

This is corroborated by the trend curve for the surface
fraction in Figure 12c, where Vf for generation 5 is
smaller than for generation 1.

We have here presented the first experimental evi-
dence for de Gennes’ conclusion that “starburst struc-
tures are somewhat flexible in the early stages but quite
rigid (at least in their outer surface) at [the starburst
limit]8.” This “flexibility” cannot be considered to be
dynamic in our system and is manifested only indirectly
as a decrease of local steric hindrance and increased
mobility of terminal rings at lower generations but can
be directly inferred from simulations of the static
structure of the second-generation dendrimer34 and the
possible formation of smectic layers of TdG2(C12H25)8.53,55

Both results agree in that a deformation of the scaffold
toward a dumbbell shell shape with two paired arms
extending in different directions is possible for G2 but
less favorable for higher generations.

Our results shall finally be compared with other
solution13,14 and solid-state18-21 NMR studies of dynam-
ics in regular, flexible dendrimers. Studies of 13C and
2H relaxation times in flexible polyamidoamine (PAM-
AM) dendrimers in solution13,14 revealed increased

mobility of chain termini, an overall decrease of mobility
for both chain ends and interior sites as a function of
generation, and no radial dependence of correlation
times. This is consistent with a homogeneous decrease
of segment free volume of the whole structure with
increasing generation, which results from the possibility
of backfolding upon dendrimer growth10 and stands in
pronounced contrast to our observations on shape-
persistent dendrimers.

REDOR studies on distances between the core and
the arm termini in poly(benzyl ether dendrimers)18,19

as well as 2H NMR investigations of dynamics in solid
PAMAM dendrimer salts20,21 consistently revealed the
importance of backfolding at higher generations (g >
4) and the absence of indications of decreased segment
free volume at the surface. In contrast, extensive arm
interdigitation for generations e3 was identified as an
important factor governing the distance estimates and
the molecular dynamics. A balance between arm inter-
digitation at low generations and backfolding at higher
generations was considered to be responsible for the
observation of high mobility in the interior of third-
generation PAMAM dendrimer salt.20,21 This observa-
tion seems to superficially comply with our observations
(Figure 12), but it must be emphasized that (i) our data
are dominated by segments located close to the surface
and (ii) interdigitation for lower-generation dendrimers
does not play a significant role, as has been shown by
comparing the crystalline and the amorphous modifica-
tion of the TdHexG1H8 dendrimer (Figure 8).

All cited solid-state NMR studies were performed on
dendrimers exhibiting broad glass transition ranges
centered not far above ambient temperature, at which
the crucial measurements were performed. Considering
the richness and fascinating complexity of motional
processes identified in the shape-persistent polyphe-
nylene dendrimers, the physical properties of which
clearly fulfill the usual definition of “far below Tg”, great
care must be taken when interpreting NMR data
obtained on other dendrimers under conditions, where
significant dynamics associated with Tg might compli-
cate the situation even more. This is particularly true
for intensity-based applications of recoupling methods
such as REDOR,43 where very undesirable interferences
between the recoupling and intermediate motions can
be expected.68
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Müllen, K. Divergent Synthesis of Polyphenylene Dendrim-
ers: The Role of Core and Branching Reagents upon Size and
Shape. Macromolecules 2001, 34, 187-199.

(32) Wiesler, U.-M.; Weil, T.; Müllen, K. Nanosized Polyphenylene
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H. W. Shape-Persistent Polyphenylene DendrimerssRestricted
Molecular Dynamics from Advanced Solid-State NMR Tech-
niques. Adv. Mater. 2001, 13, 752-756.

(37) Schmidt-Rohr, K.; Spiess, H. W. Multidimensional Solid-State
NMR and Polymers; Academic Press: London, 1994.

(38) Schnell, I.; Spiess, H. W. High-Resolution 1H NMR Spectros-
copy in the Solid State: Very-Fast Sample Rotation and
Multiple-Quantum Coherences. J. Magn. Reson./Adv. Magn.
Reson. 2001, 151, 153-227.

(39) Brown, S. P.; Spiess, H. W. Advanced Solid-State NMR
Methods for the Elucidation of Structure and Dynamics of
Molecular, Macromolecular, and Supramolecular Systems.
Chem. Rev. 2001, 101, 4125-4155.

(40) Filip, C.; Hafner, S.; Schnell, I.; Demco, D. E.; Spiess, H. W.
Solid-state nuclear magnetic resonance spectra of dipolar-
coupled multi-spin systems under fast magic angle spinning.
J. Chem. Phys. 1999, 110, 423-440.

(41) Munowitz, M.; Griffin, R. G. Two-dimensional nuclear mag-
netic resonance in rotating solids: An analysis of line shapes
in chemical shift-dipolar spectra. J. Chem. Phys. 1982, 76,
2848-2858.

(42) McElheny, D.; DeVita, E.; Frydman, L. Heteronuclear Local
Field NMR Spectroscopy under Fast Magic-Angle Sample
Spinning Conditions. J. Magn. Reson. 2000, 143, 321-328.

(43) Gullion, T.; Schaefer, J. Rotational-Echo Double-Resonance
NMR. J. Magn. Reson. 1989, 81, 196-200.

(44) Hing, A. W.; Vega, S.; Schaefer, J. Transferred-Echo Double-
Resonance NMR. J. Magn. Reson. 1992, 96, 205-209.
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Biaxial Nematic Phase in a Thermotropic Liquid-Crystalline Side-Chain Polymer
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Institut für Makromolekulare Chemie, Universität Freiburg, Stefan-Meier-Strasse 31, D-79104 Freiburg, Germany

(Received 27 November 2003; published 22 March 2004)
125501-1
We report on variable-angle deuterium NMR measurements of nematic liquid-crystalline side-chain
polymers, where we have found proof of the existence of a biaxial nematic phase in a system with a side-
on attachment of the mesogenic group to the polymer backbone. This provides efficient coupling to the
polymer backbone and thus stabilizes the as yet elusive biaxial phase. The experimental approach is
validated on a uniaxial end-on nematic polymer, and the reliability of the results is investigated in detail
using two-dimensional correlation spectra, providing information on director distribution effects.
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the aggregates is dynamic or whether such a system may
even be a mixture of differently shaped aggregates [6].

from measurements of the quadrupole splitting,�	���, at
different angles � between the principal director of an
Liquid crystals with biaxial nematic phases have been
predicted theoretically by Freiser already more than 30
years ago [1]. His arguments, based on a generalized
Meier-Saupe expression for the ordering potential of par-
ticles which deviate from axial symmetry, have stimu-
lated a vast amount of theoretical and experimental work
[2–7]. Importantly, it was shown that the Landau expan-
sion of a mean-field free energy may be used to predict
the existence of first-order isotropic (I) to biaxial (Nb) and
second-order biaxial to uniaxial (Nu) phase transitions
for particles with different shapes [2]. The sequence and
order of the I-Nb-Nu phase transitions as well as the
occurrence of a second-order I-Nb transition for particles
exhibiting a particular axial ratio was confirmed by the
solution of the mean field model [3], as well as by com-
puter simulations [4].

Phase biaxiality is most straightforwardly proven by
measurement of optical birefringence, commonly real-
ized with a polarization microscope in the conoscopic
mode, for which a macroscopically oriented sample must
be aligned homeotropically with respect to its main
ordering axis. However, problems associated with an un-
ambiguous measurement, namely, the onset of transitions
to crystalline or smectic phases as well as surface-
induced ordering were already pointed out by Freiser
[1]. Until now, there seems to be only one accepted ex-
perimental proof of a lyotropic Nb phase using nuclear
magnetic resonance (NMR) [5]. Yu and Saupe success-
fully produced a macroscopically biaxial sample by re-
peated tilting and relaxation of the major director in a
strong magnetic field and subsequently observed the
NMR spectra of the deuterated water resonance at ori-
entation angles 0� and 90� of the major director. The
comparison of such spectra directly yields a biaxiality
parameter (vide infra).

Yet, micellar aggregates in lyotropic systems such as
the one investigated by Yu and Saupe are known to
undergo vast shape changes with sample composition
and temperature; it is not clear whether the shape of
0031-9007=04=92(12)=125501(4)$22.50 
Therefore, the discovery and investigation of a thermo-
tropic biaxial nematic system of mesogens with fixed
dimensions is of considerable interest. Luckhurst, Kothe,
and co-workers [8,9] have published attempts to deter-
mine the potential biaxiality of low molecular weight
thermotropic systems, such as alkyl-substituted cinnamic
acid dimers [8] or a wedge-shaped derivative of biphenyl
benzoate [9], for both of which birefringence data sug-
gested biaxiality. Because of the low viscosity of such
systems, deuterium NMR spectroscopy under continuous
sample rotation [10] was applied by these authors. How-
ever, effects of biaxiality were never apparent within the
error limits of their method.

We report on deuterium NMR experiments of a side-on
[11] liquid crystalline side-chain polymer carrying a
calamitic mesogen with enhanced lateral polarizability
[12]. The side-on attachment of the mesogen to the poly-
mer chain is successful in hindering the rotation about the
molecular long axis and in preventing the formation of
crystalline and smectic phases.We present data in support
of earlier conoscopic observations, where phase biaxiality
was claimed to be discovered in a binary mixture of such
a side-on polymer and a low molar mass mesogen [13].We
have made measurements on a polymer with a similar
mesogenic group as in earlier work, but with a siloxane
backbone [14], which has the advantage of a substantially
lower glass transition range (Tg), allowing investigations
of undiluted bulk systems. We compare our results with a
conventional siloxane-based end-on nematic polymer
[14], which in addition exhibits a low-temperature smec-
tic phase due to the absence of lateral substitution of the
mesogen. The thermal properties of both samples are
collected in Table I (chemical structures are shown in
Fig. 2).

The samples were doped with 2% w=w
hexamethylbenzene-d18 (HMB) as a quadrupolar spin
probe, and 2H NMR measurements were performed at
B0 � 11:7 T (	L;2H � 76:8 MHz). As in the work of Yu
and Saupe [5], we derive the biaxiality of the samples
2004 The American Physical Society 125501-1
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TABLE I. Thermal properties and activation parameters for
director relaxation of the HMB-doped samples. Doping shifted
the transition temperatures by 1 K on average.

Side-on polymer End-on polymer

Tg 279 K 275 K
�cp at Tg 0:9 J=gK 0:6 J=gK

Tni 330� 2 Ka 374� 2 Ka

�Hni 2:5 J=g 2:7 J=g
Tsn � � � 317 K
�Hsn � � � �1 J=g
k0

b 4 1029 s�1 5 1025 s�1

Eappa
b 190 kJ=mol 170 kJ=mol

aIntervals indicate the width of the 2-phase region as deter-
mined by NMR.
bMeasured at B0 � 11:7 T.
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annealed monodomain and the magnetic field,

	q��� � 	0 �
3
4qzz�

1
2�3cos

2�� 1� � 1
2�sin

2��; (1)

where 	0 is the 2H resonance frequency, qzz is the z
principal component of the quadrupole interaction tensor
in its principal axis frame, and � denotes the asymmetry
(or biaxiality) parameter defined by

qxx;yy � �1
2qzz�1� ��: (2)

The above relations are based on the rotation of boardlike
mesogens (approximately prolate order tensor) around the
qxx direction.

The qii are proportional to the principal values of the
susceptibility tensor, �ii, which in the case of rodlike
aromatic mesogens orients with its least negative compo-
nent �zz k B0. These values are further proportional to the
components of the generalized Saupe ordering matrix in
τ

τ

τ

β

FIG. 1 (color online). Relaxation of the major director for the
investigated polymers after a rapid sample flip to �0 � 48�.
(a) Average director orientation for the side-on polymer as
calculated from the spectral splitting for variable waiting times
t after the flip, and fits to tan��t� � tan�0e

�kt. (b) Arrhenius
plot of the so-obtained rate constants, k.
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its diagonal form, Sii. The absolute values of the order
parameters are not accessible due to the use of a spin
probe as opposed to a mesogen-fixed deuterium label. In
order to produce a macroscopically three-dimensional
orientation of a potentially biaxial mesophase, the sample
should in principle undergo repeated rotation and relaxa-
tion of the major director (qzz), so as to force the second-
ary directors (qxx, qyy) into a minimal energy
configuration [5]. Then qxx, which is on average orthog-
onal to the aromatic plane of the mesogen (and is also
associated with the most negative �xx) will point along
the rotation axis.

The rotational viscosity associated with director re-
laxation can be expected to couple to the dynamics of
the polymer chain and therefore to be sensitively influ-
enced by the slowdown of chain modes when Tg is ap-
proached. We have therefore studied the director
relaxation dynamics in the experimentally relevant tem-
perature range (Fig. 1). Both activation parameters, the
apparent activation energy as well as the frequency factor
(see Table I), are found to be unrealistically large. These
findings support the assumption of strong coupling, as the
figures are typical for polymers, which usually exhibit a
Williams-Landel-Ferry rather than an Arrhenius-type
behavior [15]. The characteristic downturn of lnk upon
approaching Tg is not apparent within the accessible
temperature range. The upper limits are set by Tni and
the lower limits by excessive line broadening and Tsn for
the side-one and the end-on polymers, respectively.

The relaxation times of the principal director in the
investigated polymers range between around 0.4 and
2000 s. In particular at high T, the measurement of a
η

[ ]

FIG. 2 (color online). Biaxiality parameters, �, for the end-
on (a) and the side-on (b) polymers, as determined from the
spectral splittings at � � 0� and 90� using Eq. (1): � � 1�
�2j�	q�90

��j=j�	q�0
��j�. Small error intervals are based on

average reproducibility and reliability of line-shape fitting;
the two larger error intervals in (b) were derived from two-
dimensional experiments [see Fig. 3(b)]. Data for the smectic
phase in (a) are not available due to phase separation of the
spin probe.

125501-2
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ν

ν

FIG. 3. Spectra of the side-on polymer acquired at 311 K.
(a) One-dimensional spectra for different angles � and
Lorentzian fits (dotted lines). (b) Two-dimensional 2H corre-
lation spectrum (Hahn echo in the 	1 dimension, followed by
direct acquisition in 	2, cosine data set, 200 Hz line broadening
in both dimensions) for � � 0�, along with various projections.
The quadrupolar splitting appears in both dimensions, as is
apparent from the intensity contours in the 2D map. The
comparison of linewidths of projections along the diagonal
and the antidiagonal (1360 and 1200 Hz FWHM, respectively)
provides a basis for the estimation of the larger error intervals
shown in Fig. 2(b).
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sufficient number (several hundreds) of transients of a
solid-echo quadrupole spectrum is not possible without
considerable director relaxation on the experimental time
scale. (Note that Yu and Saupe investigated a slowly
relaxing lyotropic system and detected the signal of
abundant D2O, yielding a sufficient signal within only a
few transients.) We have solved this problem by using a
homebuilt probe head capable of rapid sample flips and
synchronizing the flip with the pulse program [16], thus
positioning the sample at the desired angle � only for the
duration of the actual pulse sequence including acquisi-
tion (about 50 ms) and placing it back at the qzz k B0
position during the comparably long recycle delay (1 s).

The sample flip including stabilization was measured
to be complete within 150 ms. Fast director relaxation on
this time scale would also challenge this approach and
mimic phase biaxiality, due to a diminished spectral
splitting for � � 90�. The results obtained for the end-
on polymer plotted in Fig. 2(a) indicate that a uniaxial
nematic phase is reliably measurable even for director
relaxation times much below 1 s. The weak tendency to
increasing � at T > 340 K marks the onset of director
relaxation during the stabilization delay. Inertial flow
effects can be ruled out on the same basis, as well as
by the observation of perfect matching of experimental
j	q���j at different � and the theoretical prediction,
Eq. (1).

The pronounced increase of the biaxiality parameter
upon decreasing T for the side-on polymer plotted in
Fig. 2(b) provides the first NMR proof of nematic phase
biaxiality in a thermotropic system. The effect appears to
be rather small when compared to the results of Yu and
Saupe, who observed an � covering the full range be-
tween 0 and 1, accompanied by a sign change of the order
parameter upon going from disklike to rodlike aggre-
gates. Nevertheless, our result appears unambiguous
within the error limits (vide infra). The isotropic to
nematic phase transition at 330 K is observed to be
weakly first order, with a typical value of �H �
2:5 J=g. A decision whether this transition occurs directly
into a biaxial state or weather a uniaxial phase becomes
biaxial through a subsequent second-order transition at
slightly lower T cannot be made on the basis of our data. A
point worth mentioning is that we were not able to
experimentally verify a planar polydomain of qxx and
qyy, i.e., the tilting/relaxation procedure to produce a
monodomain was not necessary. This sets an upper limit
of some hundreds of ms for the relaxation time of
the minor directors and confirms that orientation of qyy k
B0 rather than viscosity effects leads to monodomain
formation.

We were most concerned with excluding potential sys-
tematic errors which could mimic our observation of
biaxiality, as the spectra of the two polymer samples,
especially those of the apparently biaxial side-on poly-
mer, exhibit considerable spectral broadening. In particu-
lar for � � 90� do the two components of the doublet
125501-3
overlap, challenging the determination of �	q by simply
reading off the maxima. Under the assumption of expo-
nential relaxation, spectra were therefore fitted with two
Lorentzians separated by �	q. Note that the central re-
gion of the spectra, where a narrow singlet attributed to
isotropically mobile HMB in phase-separated siloxane or
solvent impurities appeared, was excluded from the fits.

It is vital to experimentally prove the presence of a
homogeneously broadened doublet. Otherwise, an under-
lying heterogeneous broadening, caused by a (quasi-)
static distribution of director orientations, might interfere
with a precise determination of �. First, we have con-
ducted solid-echo experiments, so as to measure a T�

2
relaxation time independently of a potential distribution
of 	q. The values determined at � � 0� ranged from 1 ms
down to about 0.3 ms between 330 and 311 K, and about
half as much for � � 90�. In this way, we could estimate
that about 80% of the linewidth is due to homogeneous T�

2
effects, probably as a result of a coupling of the principal
director fluctuations to slow dynamics of the polymer
backbone. Accordingly, the linewidth increased consid-
erably upon approaching Tg. First-order contributions to
the broadening (e.g., susceptibility effects) were proven to
be negligible using Hahn-echo measurements. Direct
125501-3
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FIG. 4 (color online). Normalized z eigenvalue of the quad-
rupole tensor (order parameter) ~qqzz � �qzz=qzz;ref� �
��	q�0

��=16 kHz� and tensor invariants for the side-on poly-
mer (triangles) and the end-on polymer (circles), plotted as a
function of reduced temperature. The invariants were calcu-
lated from the reduced ~qqzz.

3
2 qzz;ref � 16 kHz represents an

upper limit for the splitting observable under conditions of
perfect coupling of the spin probe to the director field; the
value corresponds to an HMB molecule jointly rotating around
the phenyl ring normal and a second, orthogonal axis.
Solid lines are calculated from ~qqzz assuming � � 0, and the
dashed line is the (scaled) mean-field prediction of Meier and
Saupe [18].
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information on heterogeneous contributions to the line
shape can be obtained by two-dimensional separation
[17], as demonstrated in Fig. 3(b). Using the heteroge-
neous contribution to the linewidth for estimates of a
potential error in �, it is seen in Fig. 2(b) that the
reported biaxiality is robust within these rather conser-
vative error intervals. Details concerning the static
director distribution as well as investigations of the sur-
prisingly fast relaxation of the minor directors will be
reported elsewhere.

Finally, we turn to a test whether the Landau theory is
able to provide a description of our data. In case of a
biaxial nematic phase, the Landau free energy

G � a 2 � b 3 �
1
2c 

2
2 � d 2 3 �

1
2e 

2
3 (3)

is expressed as a function of the fundamental invariants
of the order tensor [1,7]:

 2 �
2
3�q

2
xx � q2yy � q2zz� �

2
3q
2
zz�
3
2� �2�; (4)

 3 � 4qxxqyyqzz � q3zz�1� �2�: (5)

Note that  23 � j 32j only when the phase is biaxial. In the
biaxial state,  23 �  32 when the overall order parameter
is positive (as is the case for calamitic mesogens). In the
simplest mean-field approach, only the coefficients a and
b are assumed to be linear functions of temperature. With
the absolute minimum of G at [7]

#  2 �
bd� ae

ce� d2
and #  3 �

ad� bc

ce� d2
; (6)
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it follows that #  2 and #  3 realized in the biaxial phase
should be linear in temperature. From Fig. 4, we infer
deviations from this prediction, with ~  3 being most
nearly linear in T=Tni. Further, the temperature depen-
dence of the order parameter (qzz) significantly exceeds
the prediction of Meier and Saupe [18]. It must be empha-
sized that the finite � does not change the two invariants
of the side-on polymer by more than 4% (solid lines),
indicating that the thermodynamics of the system is
dominated by qzz. To which extent the weak biaxiality
and the nature of the observed phase transition(s) are
influenced by coupling to elastic and dynamic properties
of the polymer [19] remains a subject of future experi-
mental and theoretical work, for which we here hope to
have provided a new, promising and fruitful perspective.
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