Proton Spin Relaxation of a Liquid Crystal
with a Glassy Cholesteric State
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Field-cycling and standard pulsed NMR techniques have been used to study the frequency
dependence of the longitudinal proton spin relaxation time 7 in the crystalline estradiol compound
(+)3,1,7-p-bis-(4n-butoxybenzoyloxy)-estra-1,3,5-(10)-trien or BET, which is a mesogenic material
with a chiral molecular structure. From the measured Larmor frequency and temperature depen-
dences we conclude that, at low NMR frequencies in the cholesteric phase, T, reflects in addition to
the relaxation process familiar from nematic liquid crystals (director fluctuation modes) another slow
mechanism theoretically predicted for cholesteric systems, namely diffusion induced rotational
molecular reorientation. These relaxation processes are not or much less effective in the crystalline
and glassy state, where they are frozen. Also the high NMR frequency relaxation dispersion strongly
differs between the cholesteric mesophase and the not liquid crystalline samples. This is interpreted
by a change from essentially translational self-diffusion to rotational diffusion controlled proton

relaxation.

1. Aim of this Work

Molecular motions in cholesteric liquid crystals are
more intricate than in untwisted mesogens because of
the long-range helical ordering of the average orienta-
tion of the molecules. This circumstance complicates
most spectroscopic approaches to analyse and sepa-
rate the various kinds of motional processes, like
translational self-diffusion along different axes and in-
dividual or collective rotational reorientations of
whole molecules or special segments. In the following,
we briefly describe a Larmor frequency dependent
study of the longitudinal proton relaxation time T, for
the cholesteric liquid crystalline estradiol compound
(+)3,1,7-B-bis-(4n-butoxybenzoyloxy)-estra-1,3,5-(10)-
trien, henceforth denoted by BET. Up to now, only
very few spin relaxation measurements of cholesteric
mesophases have been described in the literature [1—4].
In particular, there exist no frequency dependent mea-
surements over a range sufficient to allow a satisfac-
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tory separation of the underlying intensity spectra of
different molecular reorientation mechanisms.

Available experimental data on the longitudinal
proton relaxation of cholesteric liquid crystals essen-
tially show two complications in comparison with re-
sults for untwisted nematic systems, namely: On the
one hand, the longitudinal magnetization decay is of-
ten non-exponential [1], i.e. not fully explicable by a
single time constant T} . On the other hand, it has been
pointed out that the self-diffusion of molecules along
the helix axis should induce a special rotational relax-
ation contribution typical for cholesteric systems [4—6]
(diffusion induced rotation or DR) which, however,
has not been observed so far. Remarkably, this kind of
reorientation and its time scale are well-known from
the related changes of the proton NMR spectrum [7],
so that it is surprising indeed not to have seen effects
on the relaxation rate.

The main purpose of this report is to demonstrate
the presence and importance of the DR relaxation
contribution in a cholesteric mesogen in addition to
the familiar proton relaxation processes dominating
in nematic liquid crystals [§—10], like e.g. director
fluctuation modes, self-diffusion or strongly hindered
anisotropic molecular rotations. Its effect on T, is
clearly demonstrated by measurements of the Larmor
frequency dependence, i.e. the dispersion profile T; (v),
over the broad range of frequencies v = w/2 & accessi-
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ble by means of fast NMR field-cycling techniques. We
considered the estradiol compound BET [11] to take
advantage of the also available glassy state of this
cholesteric mesogen, where the cholesteric order can
be frozen. Since in this sample the relaxation decay is
in good approximation singly exponential, the prob-
lem of non-exponentiality will be discussed for some
more suitable systems in a separate paper [12].

2. Sample Preparation and Experimental Techniques

Estradiol liquid crystals, including BET, were first
synthesized and described by Hoffmann et al. [13, 14].
In the present work, BET was prepared by a different
method, which yields a better output [11]. Our synthesis
is based on the reaction between estradien-(1,3,5)(10)-
diol-(1,1,7,p) and 4-n-butoxy-benzenechloride (weight
ratio 1.02:1.59) at 90°C. This temperature is main-
tained until the formation of hydrochloric acid HCI
ceases. At this stage, the temperature has to be slowly
increased to complete the reaction, and after that the
HCl is washed out by a nitrogen stream. Finally, the
estradiol compound is cooled and recrystallized from
ethanol. We found a yield of 89%, compared with
48% reported by Hoffmann et al. The molecular
structure of BET was confirmed by a NMR spectrum
analysis and is shown in Figure 1. Using a Perkin-
Elmer DSC-7 differential scanning calorimeter, it was
possible to observe several phases of the compound,
which were assigned to a crystalline, glassy, cholesteric
liquid crystalline, and isotropic liquid state of the ma-
terial, respectively. Table 1 lists the transition temper-
atures and enthalpies between these states for further
reference. Note that between heating or cooling the
material there exist strong hysteresis effects as illus-
trated by Fig. 2, which made our relaxation measure-
ments rather lengthy.

The measurements of the longitudinal proton relax-
ation dispersion T; (v) in the different states of BET
were performed by field-cycling and standard pulsed
NMR in the Larmor frequency range from about
1 kHz to 70 MHz. Above 10 MHz we used a conven-
tional frequency variable spectrometer [15], whereas
the low-frequency data were obtained by means of a
home-built field-cycling apparatus [10]. With both in-
struments the random error of the individual T,
points is less than 10% after appropriate signal aver-
aging, and the sample temperature can be controlled
with an accuracy of at least 0.5°C. The experimental
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Fig. 1. Molecular structure of (+)1,3,7-3-bis-(4-n-butoxy-
benzoyloxy)-estra-1,3,5-(10)-trien (BET).
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Fig. 2. Differential scanning calorimetry plots of BET for
three sample treatments: (a) Heating from the crystalline to
the cholesteric and isotropic states; (b) cooling from the
isotropic to the cholesteric and glassy states; (c) heating from
the glassy to the cholesteric and isotropic states.

Table 1. Phase transition temperatures and transition en-
thalpies of BET for different sample treatments (c = crystal-

line; g = glassy; ch = cholesteric; i = isotropic).

Thermal Transition Transition

treatment temperature energy

9/°C A/[0g™h

100 143 48 0.7

First heating c—ochi—oi c—chi—i
143 37 08 —

Cooling it>chiog ichg

28 143 - 07
Second heating g—chii g—ch—i

error of the frequency v or the underlying magnetic
field strength is negligible compared with that of T;,
since the linear current-field relation allows a very
exact calibration of the v scale.

In order to obtain a reproducible T, result at a
selected temperature 3 in view of the strong hysteresis
of the phase transitions (Table 1), the temperature ad-
justments had to be preceded by a suitable thermal
treatment of the sample. We applied the following
procedures: Before starting the T; measurements at a



D. Pusiol e al. - Proton Spin Relaxation of a Liquid Crystal

—~—— Temperature (°C)
10% 150 100 50 10 0

1079

——— Temperature (°C)
50

150 100 10 0

T T T

LENE B B 4
A2 A )

Ty (ms)

Trrrry

102 o ]
- - :
- -
o ,.'ﬂ_"—o— cholesteric ——=—+—— glassy —=
tropic
3 i v =0.88MHz
< ‘01 - <
iS0- choles- [ ]
Fe——+=—————4+=—————— crystalline ——— 1
tropic teric
22 26 30 34 38 22 26 30 34 36
100073 (K™ 1000/9(K™)

Fig. 3. Temperature dependence of the longitudinal proton relaxation time of BET at several Larmor frequencies for two
sample treatments: (a) Heating from the crystalline to the cholesteric and isotropic state; (b) cooling from the isotropic to the

cholesteric and glassy state.

temperature in the cholesteric or glassy phase, the
sample was heated to the isotropic state, then cooled
to room temperature (~ 20°C) with the maximum
magnetic field (0.25 T) of our field-cycling spectrome-
ter on, and finally heated or cooled to the desired
temperature of the T, experiment. These steps are
related to the calorimeter plots (b) and (c) in Fig. 2,
respectively. The T; measurements in the crystalline
phase were performed after recrystallization of the ma-
terial from ethanol, and then directly adjusting 3 with-
out crossing the solid-to-cholesteric phase transition,
i.e. by a treatment related to plot (a). Instead of this
unwieldy chemical recrystallization the crystalline
phase could also be produced from the glass by main-
taining the sample temperature near 40 °C for about
one week without the magnetic field of the spectrom-
eter on, or for about one day when applying the max-
imum available magnetic flux density. We checked the

equivalence of both preparation procedures through
the form of the proton NMR signal after a 90°-radio-
frequency pulse (free induction decay), and also by the
optical behaviour of the sample (transparence of the
crystalline phase instead of selective reflection for both
the glassy and cholesteric phases). Note from the posi-
tions of the exothermic or endothermic DSC peaks
shown in Fig. 2 that the cholesteric range is much
broader above the glassy than above the crystalline
state of the compound.

3. Experimental Results and Discussion

To illustrate the effects of phase transitions and hys-
teresis on the T, proton spin relaxation of BET, and in
particular the behaviour in the cholesteric state, Fig. 3
shows our experimental T; (3) results by log T; versus
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1/3 plots at several Larmor frequencies v (0.88, 28 and
69 MHz) for the two described sample treatments,
namely: (i) On heating the sample from the crystal
(Fig. 3a), and (ii) on heating it from the glass (Fig. 3b).
In the first case it was not possible to make reliable
measurements at 0.88 MHz because of the too poor
signal-to-noise ratio obtained from the solid com-
pound. Qualitatively, the high-frequency plots are
similar in both diagrams, which means that there ex-
ists a negative T, (1/3) slope at low temperatures, a
positive T, (1/9) slope at higher temperatures, and dis-
continuities above 3 ~ 100 °C. But obviously the de-
tails look very different. In particular, the position of
the T, maximum is strongly shifted between the crys-
talline-to-cholesteric and the glassy-to-cholesteric
temperature cycles, respectively. Also the Larmor fre-
quency dependence of the T, plots is much weaker in
the crystalline than in the glassy state of the sample.

Comparison of these data with the positions of the
DSC peaks in Fig. 2 reveals that the 7, maximum in
Fig. 3b-at v~ 40°C reflects the glass-to-cholesteric
transition, whereas the corresponding maximum in
Fig. 3a at 9 ~ 60 °C cannot be directly related to a
DSC peak, and thus has to be ascribed to pretransi-
tional effects of the crystal-to-cholesteric transforma-
tion. This structural change is also clearly seen in the
range from 40 to 50 °C by the lengthening of the free
induction decay from about 15 ps to 80 us, i.e. by
more than a factor of five. The observed high-temper-
ature discontinuities of 7, develop on the one hand
between the crystalline and cholesteric state, and on
the other between the cholesteric and isotropic state,
but not at the glass-to-cholesteric transition. This
demonstrates that the effective relaxation mechanism
is similar for the glassy and the liquid crystalline sam-
ple. Furthermore, at temperatures above the crystal-
to-cholesteric transition, the T, results agree with the
measurements which begin with the glassy phase, i.c.
in this range memory effects due to the sample treat-
ment are, if any, within the experimental error limits.
Finally, the additional low-frequency plot in Fig. 3b
illustrates that, on a slower time scale, the dominat-
ing relaxation process in the cholesteric state runs
through a shallow yet clearly visible minimum; such a
relaxation behaviour is not known from the numerous
relaxation studies of untwisted nematic mesophases
[9, 10].

We now concentrate on the results for the choles-
teric liquid crystalline sample. To analyse the underly-
ing molecular reorientations via the characteristic fre-
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Fig. 4. Larmor frequency dependence of the longitudinal
proton relaxation time of BET in the cholesteric phase at
50°C. The points are experimental data, the full line shows
the theoretical curve fit according to (1)—(5), and the dotted
lines illustrate the individual relaxation contributions.
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Fig. 5. Larmor frequency dependence of the longitudinal
proton relaxation time of BET in the cholesteric phase at
100 °C. The notation is as in Figure 4.

quency dependence of the spectral intensities of the
magnetic coupling between proton spins [10, 16], the
proton relaxation time 7; was also studied in its de-
pendence on the Larmor frequency at two selected
temperatures, namely at 50°C (near the glass-to-
cholesteric transition). Qualitatively, the dispersion
profiles shown in Figs. 4 and 5 are rather similar to
results reported in the literature for numerous un-
twisted nematic compounds [8—10], i.e. they have a
low-frequency plateau up to about 10 kHz, followed
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by a strong T; increase. This increase, as better seen by
the plot at 50 °C than by that at 100 °C, involves a
point of inflection for v &~ 5 MHz and thus separates
the time scales of (at least) two different mechanisms.
Curve fitting attempts to describe the data by means
of the dominating relaxation processes of nematic
mesogens, namely nematic order fluctuations [17, 18]
(OF) in the kHz range and molecular self-diffusion
[19](SD) in the MHz range, failed as expected, mainly
since such a handling does not consider the unusual
T, (8) minimum of Fig. 3b in the low-frequency range.
This minimum requires that one has to include an
additional relaxation contribution at low v’s which
allows to descibe the change of the T (1/9) slopes not
predicted by the order fluctuation model [17, 18]. We
added the diffusion induced rotation process (DR)
first suggested by Andreev [5] and later refined by
Zumer et al. [6], because it is reasonable to assume
that this process is sufficiently slow to influence the
low-frequency dispersion. Such curve fits did also not
lead to a satisfactory improvement at low Larmor
frequencies, where the experimental dispersion profile
turned out to be much too steep. The main reason for
this inadequacy was found to be the broad square-
root law T, ~ v'/? dependence involved in the OF
contribution, which could not be made compatible
with the steeper experimental T, ~ v! behaviour. Sim-
ilar effects have been observed previously for other
cholesteric mesogens [12], so that at the moment there
exist strong evidences that the spectrum of order fluc-
tuations is different in nematic and cholesteric liquid
crystals. As a suitable alternative, we applied Blinc
etal’s more recent T, ~v' OF relaxation model
[20, 21], originally developed for smectic-type, i.e. two-
dimensional order fluctuation modes. In our case this
could imply the assumption of a strongly hindered or
even absent collective mode propagation perpendicu-
lar to a plane with parallel director field, i.e. parallel to
the helix axis.

Hence we tried a quantitative interpretation of our
T, (v) data in terms of a superposition of three dis-
tinctly frequency dependent relaxation contributions,
namely: (i) order fluctuations (OF) with a characteris-
tic T, ~ v! range, (ii) self-diffusion (SD) with a charac-
teristic T, ~ v*/? range, and (iii) diffusion induced ro-
tation (DR) with a predicted T, ~v? range. The
possibility of a forth, more or less frequency indepen-
dent term (iv) due to fast rotations of molecular seg-
ments or whole molecules [22, 23] (Rot) was included
for completeness, though previous studies of un-
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Fig. 6. Experimental T, (v) data of Fig. 4 with unsuccessful
model fit, using the square-root relaxation dispersion profile
T,or ~ v'/* (nematic-like) instead of the linear dispersion law
T,or ~ v' (smectic-like).

twisted nematic mesophases revealed only minor ef-
fects on the T dispersion profiles [8—10, 23].

Computer assisted curve fittings [24] of this model
without taking into account cross-effects between the
denoted mechanisms, i.e. using

1/Tx = 1/T10F + 1/T15D o+ 1/ka il 1/T1Ron (1)

allowed within the experimental errors a quantitative
description of the data as illustrated in Figs. 4 and 5
by the full and dotted lines. For comparison, Fig. 6
illustrates an unsuccessful fit based on the square-root
law instead of the linear T, (v) dependence. The de-
tails of the individual relaxation rates have been de-
scribed frequently in the literature [e. g. 4, 10, 16—24]
(in particular see Schweikert et al. [24]), and hence are
not repeated here explicitly. We only consider the un-
derlying model parameters to discuss the physical
meaning of the evaluated quantities, and to this pur-
pose write the four contributions to (1) in the follow-
ing abbreviated forms:

i) 1Tor=Av"" for (v/v), 2

where the parameter A is characteristic for the strength
of this mechanism, the function f,r describes the tran-
sition of the linear frequency dependence to a plateau,
and the cut-off frequency v, measures the low-fre-
quency limit of the collective mode spectrum, which is
responsible for the plateau (Blinc model [20, 21, 24]).

(i) 1/Tisp = Btsp fsp (v: Tsp) s (3)
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where the parameter B is determined by the dipolar
coupling between proton spins of neighbouring mole-
cules, ie. essentially by the effective intermolecular
proton-proton separation, the function fg, describes
the anisotropy and step width of the self-diffusion
process, and tg, denotes the average translational
jump time of the molecules (Abragam-Pfeifer model
(16, 19, 24)).

(i) 1/Tipg = CTpg fpr (Vs Tpg)s 4
where the parameter C is determined by the dipolar
coupling between proton spins in one molecule, i.e.
essentially by the effective intramolecular proton-pro-
ton separation, the function fpg describes the spec-
trum of the twofold reorientation process, and tpg
means the rotational jumping time through the self-
diffusion along the helix axis (Zumer-Vilfan model
(5, 6]).
(iv)

1/Tirot = D Trot frot (Vs TRot) » (5)

where the parameter D reflects the geometry and hin-
drance potential of the rotating proton pairs, the func-
tion fg,, is characteristic for the rotation mechanism,
and 7y, measures the effective time scale of this reori-
entation (Woessner-Graf model [22-24]).

Further details on (2)—(5) should be looked up in
the original literature. The model fits shown in Figs. 4
and 5 led to the eight parameter values A4, B, C, D, v,
Tsp» Tpr» and g, summarized in Table 2. As expected,
the results demonstrate that the OF process is signifi-
cant for the relaxation dispersion profile at low Lar-
mor frequencies, whereas the SD process dominates in
the high frequency regime. At both temperatures, the
transition is clearly controlled by the novel DR contri-
bution, which also produces the shallow T (1/%) min-
imum observed in the cholesteric state of the com-
pound (Figure. 3b). The Rot contribution is almost
negligible and essentially frequency independent over
the whole accessible range.
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Unfortunately, this behaviour of the cholesteric
mesophase could not be directly compared with full T
dispersion measurements for the crystalline or glassy
material, because in these cases the poorer quality of
the NMR signal (much shorter free induction decays)
did not allow reliable field-cycling studies. However,
from the different high-field data of Figs. 3a and 3b
we conclude that both the OF and the DR process are
absent in the two low-temperature phases: On the one
hand, the T, (9) plots in both diagrams are rather
similar at low temperatures, where the crystalline and
glassy states overlap (3 <37 °C), and thus indicate that
the relevant molecular dynamics should also be simi-
lar or even identical. On the other hand, if one com-
pares the T;(9) plots for 3 = 37°C, where the crys-
talline and cholesteric states overlap, the results are
strongly different due to the absence of the OF and
DR relaxation contributions in the solid sample. Con-
sequently, it is reasonable to suppose that in the glassy
sample the two slow molecular reorientations are
frozen or at least considerably slowed down to be-
come unobservable by T, measurements [10]. Using
this concept, the occurrence of the T () maximum
below both the cholesteric-to-glass and cholesteric-to-
solid phase transition can be understood by a change
from essentially self-diffusion to rotation controlled
relaxation rates.

In accordance with Fig. 3, the temperature depen-
dence of the involved model parameters obtained
from the variations between the data of Fig. 4 (50 °C)
and Fig. 5 (100 °C) is relatively small, and for some of
them even within the experimental error limits. Never-
theless, the observed parameter shifts reveal some as-
pects which are fully consistent with the formalism of
(2)—(5). As seen by Table 2, all the time constants
(1/v., Tsps Tpr» Tre) are smaller at 100 °C than at 50 °C,
whereas the intensity parameters (4, B, C, D) either
slightly increase with higher temperatures or remain
approximately constant. This can be explained by
the thermal activation of the various reorientations

Table 2. Model parameters obtained by the curve fits of (1) (5) to the experimental T; (v) data of BET shown in Figs. 4 and
5. The notation is explained in the text and the given references.

Temp. Order fluctuations Self-diffusion Induced rotation Rotation

@ Afs™? v, /kHz  B/s™! Tp/is €5~ tgp/ms  D/fs! Tro /DS
50 6.8-107% 17 1.4-107° 10 49-10"8 125 39-1078 0.23
100 12+ 107" 27 31-107° 5 721078 70 32-1078 0.18
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and by adequate changes of the molecular or meso-
phase structure.

(i) The OF relaxation rate is considerably faster for
BET than for untwisted nematic liquid crystals stud-
ied previously [8—10] at comparable temperatures.
Though this result is subject to a large error due to the
presence of the DR term, it is reasonable as a conse-
quence of the differing viscosity # and the relation
A ~ n'? involved in the Blinc model [18, 20, 24]. Be-
tween 50 °C and 100 °C, the parameter A increases by
a factor of two. Since in our fits the position of the
low-frequency T (v) plateau, which through (2) is de-
termined by T, (0) ~ v_/A, turned out nearly tempera-
ture independent, the cut-off frequency v, increases by
the same factor as A. Both variations can be ascribed
basically to a probable change of the coherence length
¢ of the OF modes spectrum [24] (A ~ 1/, v, ~ 1/£),
which implies that the range of collective motions is
reduced at higher temperatures.

(i1) The SD relaxation rate for BET is comparable
with the data known for nematic mesogens [8§—10],
where, however, it has often been noticed that the
absolute value of the evaluated self-diffusion constant
Dy deviates from results of more direct techniques. As
a rule, the height and the length of the low-frequency
T, (v) plateau are hard to combine with the constraints
of (3). In the present case, this point is also a problem,
because the jump time 75, becomes smaller and the
intensity parameter B becomes larger with increas-
ing sample temperature. Using the molecular width
(d~5-10"8cm) as the average closest intermolec-
ular spin approach, we obtain at 3=50°C from
the fitted jump time tg, the self-diffusion constant
Dy~ 4.2-10"8cm?s™!; this is in excellent agreement
with results of NMR line width studies [7] of
cholesteric 4n-octyloxyphenyl-4n’-pentyloxybenzoate,
and also with relaxation measurements [4] on the
cholesteric phase of cholesteryl-oleylcarbonate. An in-
teresting detail is that the related activation energy
(40 kJ/mole), estimated by the comparison of Figs. 4
and 5, has a similar magnitude as known for normal
nematic systems, but is much lower than for smectic
mesogens [25, 26].

(iii) The DR relaxation rate is a significant contribu-
tion, but obviously only in the low-frequency regime:
As shown in Table 2, the responsible reorientation
time tpg is longer than tg, by more than a factor of
ten, and this explains why the process has not been
observed previously [4]. Whereas the time scales of tgp,
and tpg are strongly different, their temperature de-
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pendence as seen by the T,qp and T;pg relaxation
dispersion exhibits approximately the same activation
energy, i.e. & 40 kJ/mole. This surprising result is con-
firmed if one further takes into account that the posi-
tion of the T, (9)-minimum in Fig. 3b allows an inde-
pendent more direct determination of the DR jump
time at 3 &~ 85 °C by the minimum condition 2 v 74
= 0.5 of (4); in view of the different approaches the
data at 50, 85, and 100 °C follow, within the error
limits, a remarkably satisfying Arrhenius law.

(iv) The Rot relaxation rate is the least reliable con-
tribution of the model fitting since it is only based on
minor corrections of the dispersion profile at high
Larmor frequencies, where the number of data points
is small. Nevertheless, if one estimates the average
proton-proton separation r.; =a of rotating spin
pairs by (5) in the fast motional limit [16], that means
using D = 39* h?¢/(8 1% a®) and fy,, (V, Trer) = Tred With
D and tg,, from Table 2 and a typical anisotropy fac-
tor [23] of ¢ = 0.1, one gets at 3 = 100°C the value
a=180-10"%cm (y: proton magnetogyric ratio;
h: Planck’s constant). This compares well with the
length a = 1.78 - 10~ 8 cm characteristic for the inter-
proton separation of CH, and CH, groups. Neglect-
ing the anisotropy of the reorientations (¢ = 1) would
lead to a much too large effective distance between
neighbouring protons (a =2.65-10"8 cm), and this
finding clearly demonstrates that the analysis is basi-
cally correct. However, details on the rotations of indi-
vidual spin pairs about different axes [22] cannot be
evaluated from the available experimental data.

4. Conclusions

Our frequency dependent proton T, relaxation dis-
persion measurements of a liquid crystal with a
cholesteric mesophase (BET) reveal an additional
slow molecular reorientation process, which has not
been observed previously in untwisted nematic
phases. We assign this process to the rotation of whole
molecules induced through the self-diffusion along the
helix axis, a relaxation mechanism first suggested, ex-
pected and calculated by Andreev [5] and by Vilfan
et al. [6]. It is superimposed on the familiar relaxation
mechanisms confirmed previously in nematic meso-
gens [8—10], where T; at low Larmor frequencies is
usually governed by director order fluctuations and at
high frequencies by self-diffusion. The new relaxation
mechanism disappears in the glassy state of the com-
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pound, though there the compound maintains the
cholesteric structure. Most of the basic findings can be
understood quantitatively in terms of existing theoret-
ical models on proton spin relaxation in liquid crys-
tals, and thus increase the variety of mesogenic phases
with characteristic slow molecular motion effects not
seen by standard NMR methods. But one notable
detail does not yet agree with the theoretical predic-
tions, namely the occurrence of a linear (i.e. smectic-
type) instead of a square-root (i.e. nematic-type) dis-
persion profile due to order fluctuations. Presently it
cannot be decided whether this indicates a two-dimen-
sional restriction of the collective mode spectrum or
whether it results from an interference of the two slow
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