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Abstract

Deuterium NMR spectra of a specifically-deuterated double-tailed surfactant
sodium 4-(1'-heptylnonyl)benzenesulfonate (SHBS) both dry and in liquid crystals
formed with water were obtained from -70 to 90 °C. The liquid crystalline
iiﬂ"%iieuteriurifl powder patterns from the phenyl-ring deuterons can be described as
from metions characterized as rigid (from -70 to -30 °C), two-fold ring flips (from
-40 to -30 °C), and rotations in an anisotropic media (-20 °C and higher). For the
higher temperature spectra (> -20 °C), the inclusion of a single fast rotation, or
even anisotropic diffusion alone did not give the best fits of the experimental
spectra. The inclusion of a local ordering potential, or anisotropic viscosity,
yielded good fits to the experimental spectra. The local ordering potential
required local order parameters from 0.856 to 0.763 for temperatures from 10 to 90
°C. The dry surfactant, in contrast to the liquid crystals at the same
temperatures, undergoes both fast and slow two-fold ring flips at 25 °C with the

fraction of fast flippers increasing with temperature.
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Introduction

Sodium 4-(1'-heptylnonyl)benzenesulfonate (SHBS) is a double-tailed
surfactant that has properties similar to many molecules of synthetic or biological
origin. The surfactant shows no critical micelle concentration in water. It does
show some evidence of aggregation below its solubility limit. With the further
addition of surfactant, liquid crystals form which coexist with the soluble
surfactant (1-3). Aqueous dispersions of these liquid crystals may be sonicated to
form vesicles (4-7) and mechanically agitated to form liposome type structures (8).
The structure of this surfactant is simpler than biological surfactants and its
chemical and biological stability make it suitable for longer-term studies, at
higher temperature.

Previous studies of the liquid crystals formed from SHBS and water have
concentrated on the behavior of the water in the bilayers as well as the
temperature dependence of the motions that the various segments of the
surfactant undergo. These studies have identified a motional gradient within the
hydrocarbon tails (9). The more restricted motion is toward the head group. The
anisotropic behavior of the water associated with the head groups was also noted
(8,10).

In order to investigate the motion of the head group, we have replaced the
phenyl protons of SHBS with deuterons. The phenyl group is then the "labeled”
site and used as a reporter group for the head group. The structure of the

molecule is shown below. Acewssion Tor
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There are many factors which enable us to observe the motion of the phenyl
group alone using deuterium NMR and several reviews exist (11-15). Due to
deuterium's low natural abundance, an enriched species will be the dominant, if
not the only, species observed with deuterium NMR spectrum. Deuterium
spectra and relaxation rates for C-D species are dominated by the quadrupolar
interaction which are related to the reorientation of a C-D bond vector. Both the
rates and types of motion can be determined in favorable cases. Because of the
magnitude of the quadrupolar interaction, it is possible to investigate motions
with correlation times ranging over many orders of magnitude (13).

The deuterium nucleus has an electric quadrupole moment (spin I=1) and the
nuclear transitions between spin states are perturbed slightly by an electric field
gradient at the nucleus. The bond vector usually lies along one of the principal
axes of the electric field gradient tensor (EFG). The magnitude of the perturbation
is dependent upon the angle that the principal axis of the EFG makes with the
magnetic field at the nucleus. Molecular motions produce spatial fluctuations of
the EFG which alter the energies of the nuclear spin states. In the absence of
molecular motion, two transitions would be observed for a singly labelled
molecule with a given orientation. These correspond to transitions between z
projections of spin angular momentum quantum numbers of -1 «> 0 and 0 < 1.
For randomly oriented samples, a powder pattern spectrum is observed (11-15)
which is due to the superposition of the two resonances for eact of all possible
molecular orientations. When molecular motion is presen’, there is a time
averaging of this quadrupolar perturbation. By considering the rates and angles
of the motion involved, it is possible to calculate the effe.. that motion will have on
these two transitions. For example, for a set ¢t deuterons with equivalent
orientationsz the difference in frequency (Av) (in Liz) between the two transitions is

given by :
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2 2
_3eqQ (3cos 0- 1)Jl . 2 .
AV = T 5 .gsm 0 cos2d (1)

where e2qQ/h is the quadrupole coupling constant, 8 is the angle that the C-D
bond vector inakes with the magnetic field, ¢ is the azimuthal angle, nis the
asymmetry parameter, and the term in the <> will be time averaged over possible
molecular orientations. The asymmetry parameter is usually small for C-D
bonds.

In general, calculating a deuterium NMR spectrum requires considering all
possible orientations that a C-D bond may have as well as the molecular motion it
may undergo. When the effects of motion are considered, the spectra, normally
some type of powder pattern, have shapes that are characteristic of both the type
and rate of the motion that the molecules undergo. In the case of a phenyl group
undergoing uniaxial reorientation, it is possible to distinguish between a
molecule that is rigid, one undergoing fast ring flips, or one undergoing fast
rotational diffusion as shown by Gall et al. (16) and later by Choli et al. (17). This
is shown in Figure 1 as simulated with our program (18) for comparison with
later spectra. For the static case, a Pake pattern with a quadrupolar splitting
between the "horns" of 3/4 (e2qQ/h) is expected. For fast 180° jumps, the splitting
between the horns is reduced to 1/4 that of the static spectra and the overall shape
changed as well. For fast free rotational diffusion about the symmetry axis, the
spectral shape is similar to the static spectra, but the quadrupolar splitting is
reduced to only 1/8 that of the static spectra (16,17).

A number of approaches for calculating deuterium line shapes and
relaxation rates for postulated motional models currently exist and have been
successfully applied to a variety of systems (19-28). Of these we have preferred to

use the model from the work of Freed et al. (20,21) which is based on the
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application of the stochastic Liouville equation for rotational motion. This
program allows the simulation of spectra based upon jumps, free or Brownian
diffusion, and inclusion of anisotropic viscosity effects. It has been modified by us
for deuterium NMR (18).

In this paper we report the use of spectral lineshape analysis to determine the
motion of the head group of the SHBS-d, (phenyl labelled) molecule both in the dry
and liquid crystalline state. SHBS liquid crystalline powder samples are
unoriented and contain many domains which have random orientations with
respect to the magnetic field. Within each domain the molecules experience
torques caused by mutual interactions with the other molecules. These
interactions produce a longer range order which can be described by a restoring
potential. These systems are microscopically ordered and macroscopically
disordered. The director axis of a given liquid crystallite (Figure 2) determines
the direction of the restoring potential. The model that describes time dependence
of molecular reorientation, when described with respect to a space fixed axis, is
termed anisotropic viscosity (29).

There have been a variety of other studies which gave used labelled phenyl
rings for studying dynamics. In some small molecule solids, such as
phenylalanine (16,30) the phenyl rings undergo two-fold ring flips, while in others
the aromatic ring is rigid over a wide temperature range, as in nitroanaline (31).
In biopolymer systems, ring flips occur in a number of systems (16,32,33). For
highly crossed-linked synthetic polymer systems such as phenol-formaldehyde
resins, the rings are rigid (34). When incorporated in the backbone of synthetic
glassy bulk polymers or blends, the rings are generally characterized by rigid
material plus material which undergoes ring flips (35-37). The ring flipping is
often found superimposed on low amplitude torsional motions. These motions

may also be altered by the presence of a diluent (38). In contrast, liquid crystalline
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materials show increased local (and possibly macroscopic) order and also
increased mobility. In these systems, the phenyl ring motions are often

dominated by relatively fast motions about the symmetry axis (39-42).
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Experimental

The surfactant SHBS was prepared according to the procedure given by Doe
et al. (43). The starting material, an alkylphenylketone, was prepared by a
Friedel-Crafts acylation of deuterobenzene with octanoyl chloride. Two samples
were prepared for observation. A dry surfactant sample was prepared by drying
the SHBS in a vacuum oven for 24 hours at 50 °C then adding the surfactant to a 5
mm NMR tube and sealing it. The liquid crystalline sample was prepared by
adding the dry surfactant and deuterium depleted water to a 5 mm NMR tube and
then sealing. The sample was then allowed to stand at room temperature for over
a week until deuterium spectra showed only a single powder pattern. A slight
excess of water was added to the surfactant to insure that all the surfactant
present in the tube was hydrated. The surfactant soluble in the excess water was
not deemed significant due to the limited solubility of SHBS in water and the small
amount of excess water present. The composition of the liquid crystalline sample
was 26 wt% water and 74 wt% SHBS.

The deuterium spectra were recorded on a Varian VXR-200 spectrometer
operating with a wide line probe at 30.7 MHz for deuterium. Spectra were

recorded using the solid echo pulse sequence (44):

(W/2)x - T- (W/2)y - T - acquire

with the n/2 pulse width adjusted to 2 pus. The delay between pulses, 1, was kept
at 40 ps. Spectra below -10 °C were taken with a sweep width of 2 x 106 Hz,
16,000 points, 2,000 transients and line broadening of 2,000 Hz. In spectra at and
above this temperature, the sweep width was changed to 2 x 105 Hz and the line
broadening was changed to 200 Hz.

The sample was placed in the probe at room temperature and then the probe
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was cooled to -70 °C; the cooling took less than 1 minute. The sample was allowed
to stand at -70 °C for 10 min before spectra were recorded. The temperature was
raised in 10° increments for each set of experiments ranging from -70 to 90 °C
allowing 10 min at each temperature before spectra were again taken. After the
initial 10 min wait, spectra were not observed to change even if left in the probe for
several hours at any of the temperatures used in this study.

An ESR slow motional lineshape simulation program was modified for use
with deuterium NMR (18). The program uses the slow motional theory developed
by Freed to calculate theoretical lineshapes (20,21). We have used the options
provided in the program that describe free rotational diffusion, jump diffusion,
and anisotropic viscosity. All spectra simulated with the program use a
quadrupolar coupling constant of 172 MHz determined from the quadrupolar
splitting at -70 °C. Spectra simulated using the free and jump diffusion used an
asymmetry parameter (n = 0.04) similar to that for other aromatic deuterons such
as toluene, nitrobenzene, and benzene (45). Since the majority of the simulated
spectra are for comparison with non-rigid spectra with splittings less than 20
kHz, no correction for pulse fall off was made.

For free diffusion, there are two rotational diffusion rates in Hz that describe
the overall motion of the phenyl group. One rotational diffusion constant
describes the rotation about the 1'-4' axis of the phenyl group (dzz), while a second
rotational diffusion constant describes the rotation perpendicular to the long axis
of the molecule (dxy) as shown in Figure 2. In addition, specification of the
diffusion tilt angle is needed. This is the angle between the 1'-4' phenyl diffusion
axis and the magnetic frame, i.e. the C-D bond vector. This angle is taken to be
60° for this case.

For jump-type motions, additional parameters are needed to describe the
jump. These parameters include the diffusional jump frequency and the number

of equivalent sites (in this case 2). The axis of the jump-type motion is taken to be




Duke et al. Motions of head group in SHBS 10

parallel to the 1'-4' axis of the phenyl group as shown in Figure 2.

The spectra simulated using the anisotropic viscosity model are composite
spectra. Ninety spectra were calculated for director orientations (B') ranging
from 1° to 90° with respect to the magnetic field. The resulting spectra were then
normalized, weighted, and added together. The weighting applied to each
spectrum was sin ' which is representative of an isotropic distribution of angles.
Several parameters are used in addition to the director orientation B’ in the
calculation of individual spectra. These include two rotational diffusion rates (dzz
and dxy), the diffusion tilt angle, and a restoring potential. In this model, dzz
refers to motion about the director axis and dxy refers to motions that change the
angle between the molecular symmetry axis (the 1'-4' axis) and the director axis.
The diffusion tilt angle was taken to be 60°. The restoring potential is responsible
for reorienting the molecules along the director axic. In order to derive a
restoring potential we have used the experimental quadrupolar splitting. The

quadrupolar splitting can be related to the equilibrium orientational average of

. . . 2 ) )
the Wigner rotation matrix element <D00 which relates tensor components in the
molecular fixed frame to those in the director fixed frame. Assuming a fast
rotation about the 1'-4' axis, the quadrupolar splitting for a single ring deuteron is

given by (39):

2

AV = 3632;@ PQ(cosB')PJ‘COSB")<P2{COSB)> (2)

where, B is the angle between the molecular symmetry axis and the director, B’ is
the angle between the director and the magnetic field, and 3" is the angle between
the C-D bond vector and the molecular symmetry axis, and terms like Pi(cosa)

are given by :
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P Jcosa) = (3cosza - 1)/2 (3)

In this notation <Po(cosP)> is the local order parameter and the angular brackets
denote a time averaging. The local order parameter can be —elated to the

restoring potential through the following equation (20):

J P {cosp) exp- UIBYkT|sinB dp
J dp exp[— U{BVkT}sinB dp

()

(D3y)= (P feosh])=

The form of the restoring potential used in the caiculation is given by -U(Q)/kT =

KT’JCOSB) . Trial values of A were chosen and equation (4) was solved until the

calculated order parameter converged to the experimental order parameter, as
determined by A(90°) from the experimental spectrum. The experimental order

parameter was calculated from equation (3) for B’ = 90° and B" = 60°.
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Results

The experimental deuterium NMR spectra obtained at and below -20 °C are
shown in Figure 3. The spectra from -70 °C to -50 °C are typical Pake patterns
corresponding to molecules undergoing motions much slower than the breadth of
the powder pattern (i.e. slower than 260 kHz). The two peaks in these spectra
correspond to the direction of the C-D bond vector being oriented at 90° with
respect to the magnetic field. The quadrupole splitting, A(90°), is defined as the
frequency (in Hz) between these two horns. From -70 to -50 °C, A(90°) is
approximately constant at 128 kHz. As the temperature is increased to -40 °C, an
inner powder pattern with a A(90°) of 33 kHz emerges plus a small central
resonance. The 33 kHz powder pattern is relatively more intense at -30 °C. The
quadrupole splitting of the inner pattern at -20 °C is further reduced to 13.5 kHz.
There is also an indication of another broad component in the baseline, but at this
temperature the spectrum is mostly due to the species with the smaller splitting.
The intensities of the spectra at -40 and -30 °C are reduced with respect to the
intensities of spectra taken above and below this temperature. Motions with
frequencies on the order of the spectral width cause this type of intensity reduction
(46). The superposition of different motional species in these spectra made it
difficult to do detailed lineshape analyses on these spectra.

From -20 to 90 °C, A(90°) decreases continually from approximately 14 kHz at -
20 °C to 12.3 kHz at 90 °C but the lineshape remains relatively constant. The
quadrupolar splittings for temperatures from 10 to 90 °C are given in Table 1.
Figure 4 shows some of the spectra over this interval along with simulations (sce
below). Note that the intensity scale is highly expanded relative to Figure 3. At 50
°C, a second quadrupole splitting is observed, although hints of it seem to appear
in the spectrum at 30 °C as well. The reason for this second splitting is not

known, but it could be due to the presence of a second phase, with its own powder
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pattern, in which the surfactant's motion differs somewhat from that in the
lamellar phase. It could also be indicative of a small amount of oriented liquid
crystal, although no evidence of this from D50 in between the bilayers was
observed (47).

The spectra of the dry surfactant, SHBS-d4, taken at 25 and 90 °C are shown in
Figure 5. The spectra show powder patterns plus a single central portion. The
central feature may be due to a small amount of isotropic material as the solid is
non-crystalline. The A(90°) decreases from 33 kHz at 25 °C to 28 kHz at 90 °C. The
line shape is changed as well. At 25°C, the spectrum of the dry surfactant shows
a broad component with shoulders at a separation of 125 kHz. The suppression of
this broader pattern in the spectra (Figure 5C) of the dry surfactant was
accomplished with a n pulse and a delay of 0.06 seconds preceding the quadrupole
echo sequence.

Shown in Figure 6 are spectra in which we have modeled the two types of
motions, free rotational diffusion and jump type diffusion. Spectra in Figure 6
from A to E correspond to free, but anisotropic, rotational diffusion. In spectrum
A of Figure 6, A(90°) is 120 kHz. Our simulation requires the use of two non-zero
rotational rates. Thus, we are not able to simulate a totally rigid spectrum. This
small amount of motion accounts for the differences between 120 kHz simulated
and 128 kHz expected. As the rotational diffusion rate about the 1'-4' axis is
increased, the splitting between the two peaks decreases. The features broaden
until at dxy = 1 MHz only one broad feature is observed. Further increases in the
1'-4’ rotational diffusion rate causes the appearance of a powder pattern which is
similar in shape to that of a rigid powder pattern, but with decreased quadrupole
splitting, A(90°), of approximately 13 kHz.

The effects of jump motions with frequencies ranging from 100 kHz to 10 MHz
is also shown in Figure 6F-H. Over this range of frequencies, the spectra are

most affected by this jump-type motion. Splittings for A(90°) of approximately 30
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kHz are found for fast jumps. Jump spectra simulated with a jump frequency
greater than 10 MHz are similar in appearance to Figure 6H.

For the relatively fast free-diffusion case, expanded spectra are shown in
Figure 7. These spectra are within the range of splittings shown in the
experimental spectra of Figure 4 and are calculated assuming a constant dzz
with a varying dxy. Increasing the rotational diffusion rate, dzz, from 10 MHz
has no further effects on spectral line shape. There is a narrowing of the
quadrupole splitting A(90°) from 13 kHz to 10 kHz as the rotational diffusion rate
perpendicular to the long axis, dxy, changes from 900 Hz to 1700 Hz. As this rate
of rotation increases further, the splitting narrows and eventually collapses to one
peak (not shown). It is noted that the features of these spectra are not consistent
with the experimental spectra, especially in the outer wings, even though the
quadrupolar splittings A(90°) can be matched.

Spectra simulated using the anisotropic viscosity model are shown in Figure 4
along with the experimental spectra taken at 10°C and above. The rotational
diffusion rates dxy and dzz are 1 MHz and 10 MHz, respectively, the value
determining the ordering potential was varied, and a line broadening of 300 Hz
was used. Spectra simulated with dzz less than 10 MHz are broadened, especially
in the wings (outer edges) A(180°), and their shapes unlike the experimental
spectra. Spectra simulated with dxy less than 1 MHz become more like the
spectra simulated with the free diffusion simulated spectra. As both dxy and dzz
become larger than 1 and 10 MHz, respectively, the spectral features become
much sharper and are also different from the experimental ones. Spectra
simulated with these faster rates can be made to fit those shown in Figure 4 by
increasing the line broadening. Therefore the anisotropic viscosity lineshape

provides us with a minimum rate of rotation for dxv and dzz.
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Discussion

Previous studies on SHBS-water liquid crystals by 13C NMR and DSC (9)
indicated that at -70 °C, the hydrocarbon tails of surfactant melt, and that from -50
to -10 °C the bilayer water of these liquid crystals melts. That study also suggested
a transition at -23 °C that corresponded to the melting of the water associated with
the ionic part of the head group.

The deuterium NMR experiments of this study also show similar trends for
the liquid crystal samples. The deuterium spectra for the head group below -40 °C
are similar to rigid spectra. From -40 to -30 °C, there is an indication that some of
the rings of the phenyl group begin to flip and that the fraction of fast flippers
increases with temperature. The splitting of the spectrum is similar to that of
Figure 1B (16). At -20 °C, the first indication of fast free rotational diffusion of the
phenyl group is observed. In addition, may be just a slight amount of fast flipping
rings are still present at this temperature. Similar jump like spectra have been
seen in polymer systems in which the environment around the phenyl ring is
restricted (35-37). In this case, the restriction responsible for allowing flipping
may be the water frozen in between the bilayers. When the water unfreezes , the
ring is allowed to spin freely, although, this is probably a cooperative event
between the two species.

From -20 to 90 °C, the spectra from the head-group are indicative of a fast
continuous rotation of the phenyl group about the long axis (dzz) of the molecule.
The most significant changes are a decrease in the quadrupolar splitting and the
appearance of a small amount of a second component with temperature. The
splitting, however, is reduced from the 16 kHz expected from free rotation about
the symmetry axis alone (Figure 1) (16). Inclusion of the rotation about the
perpendicular axis of the phenyl ring into the model yields the spectra which fit

the quadrupolar splitting, but do not fit the experimental spectra well. This is
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especially obvious in the wings of the spectra where those of the simulated spectra
(Figure 7) are broader than those of the experimental ones (Figure 4, left).
Therefore, other factors must be responsible for the effects observed in the
experimental spectra. The lineshapes of the spectra calculated using the
anisotropic viscosity model are more like the experimental spectra over this
temperature range. The fits are quite good, especially at lower temperatures. At
higher temperatures, the "middle" of the experimental spectra are a bit more
intense possibly because of the presence of the "other" horns in the spectrum. The
lineshape simulations clearly show that the motion of the surfactant's head group
is well described by rotational diffusion subject to a restoring potential. In
addition, the local ordering in the liquid crystal plays a major role in the
reduction of the splitting and lineshape rather than the rotational diffusion rates.
Thus, in this case, the lineshapes provide significant insight into the local
ordering in the bilayers.

There are also other modes of motion that could be alternative ways to
understand spectra taken for liquid crystals. These could include other internal
rotations (42), the collective fluctuations of molecules in the bilayer, and even the
diffusion over a curved surface (48) or ribbon phase (49), across defects in the
bilayer structure, and uniform diffusive wobbling in a cone (28). The latter can be
used to gain information on the extent of the head groups restriction. In this

model, the order parameter is related to the cone half angle, 8,, by (28):

<D(2, 0> = %cose‘,{ 1+ cos 90) (5)

Application of this model to our spectra based on <D(“,(,> or <P:>, as obtained from
cquation 3, yields values from 0.851 at 10 °C to 0.758 at 90 °C as shown in Table 1.

These correspond to a cone of half angle from 25.7° at 10 °C to 33.6° at 90 °C.
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Information obtained from T; relaxation measurements of SHBS liquid crystals
over this temperature range indicate one of the motions, dxy or dzz, is near the
Larmor frequency of the deuterium nucleus (47). This is consistent with the rates
obtained from our simulations.

The motion in the dry SHBS contrasts nicely with the liquid crystalline SHBS
studied over the same temperature range. The motion of the dry surfactant is
more restricted than that in the liquid crystal. At 25 °C, the dry surfactant
appears to have an immobile component plus one which undergoes ring flips--
whereas the liquid crystalline surfactant undergoes a fast continuous diffusive
type motion at the same temperature. At 90 °C the most of the phenyl rings
appear to be undergoing the flipping type motion. No evidence of fast continuous

rotation is found for the dry surfactant.
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Conclusions

The addition of water to dry SHBS significantly increases the mobility of the
head group. The head group motion is still restricted with respect to reorientation
away from the director axis. The surfactant's interaction with water and other
surfactant molecules is such that the environment around the head group favors
fast rotational reorientation of the phenyl ring about the 1'-4' axis at higher
temperatures (> -20 °C). This motion is simulated by the inclusion of a fast
reorientation about the symmetry axis, a slower motion perpendicular to it, and
also the presence of a fairly strong local ordering potential. At lower
temperatures (< -20 °C), 2-fold ring flips occur and are frozen out, on the NMR
timescale, at lower temperatures (< -40 °C), after which a static powder pattern
remains. In contrast, the dry surfactant shows evidence of static, ring flipping,
and possibly even isotropic components at room temperature. At 90 °C, the ring
flips and isotropic species dominate. The fast rotational reorientation, in the
liquid crystals, contrasts sharply the phenyl ring motion in solids and polymer
systems (16,17,34-38) where ring flips dominate. On the other hand, the behavior
of the solid surfactant was similar to bulk polymers in terms of motional
mechanisms (ring flips). Liquid crystalline systems with mobility greater than
those in bulk polymers undergo fast rotation as well as demonstrated by
relaxation behavior (39-42).

Finally, it should be noted that in addition to the two rotational rates used in
the model, the local ordering dominates to large extent the spectral features.
Thus, these experiments provide evidence of the local environment in terms of
structure as well as dynamics.
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Table 1: Experimental quadrupolar splittings, order parameters, and cone angles
for SHBS head-group reorientation.

T (°C) Av (kHz) <P2(COSB)> 6,

10 13.8 0.856 25.7
30 135 0.837 27.5
50 12.9 0.800 30.7
70 125 0.775 32.7
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Figure 1, Deuterium NMR spectra for aromatic deuterons for rigid or static Pake

pattern; ring flips; and fast uniaxial rotational diffusion (after references 16,17).
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Figure 2, (A) Illustration of lamellar liquid crystal with the director axis of the
bilayer. The sulfonate group is not shown. (B) Diagram of axis of rotation of

phenyl head group. Parameters dxy, dzz,and djf are two rotational diffusion rates

and the jump rate between sites, respectively.
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Figure 3, Experimental deuterium NMR spectra of SHBS liquid crystals from -70
to -20 °C. The intensity of the spectra at -20 °C has been increased in the bottom

spectrum in order to see the broader features.
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Figure 4, Experimental (left) deuterium NMR spectra of the liquid crystals of
SHBS from 10 to 90 °C and corresponding simulations (right) using the model

including anisotropic viscosity.
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Figure 5. Experimental deuterium NMR spectra of dry SHBS (A) at 25 °C, (B) 90

°C, and at 25 °C where the broad pattern has been eliminated by an inversion

pulse in (C).
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Figure 6, Calculated spectra from aromatic deuterons undergoing free rotational
diffusion (left) and and jump diffusion (right). For free rotational diffusion, with
dxy held constant at 103 Hz, dzz=: A) 103 Hz; B) 104 Hz: C) 105 Hz; D) 106 Hz; E) 107
Hz. For jump diffusion, a slow diffusive motion of dxy = dzz = 103 Hz,
superimposed on the jump motion, djf=: F) 109 Hz; G) 106 Hz; H) 107 Hz was nsed.
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Figure 7. Calculated spectra of molecules undergoing free rotational diffusion;
dzz is held constant at 107 Hz while dxy increases from 900 Hz (top) to 1700 Hz
(bottom) in 200 Hz increments. The values are in the range of splittings which

correspond to Figure 3.
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