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The paper presents and discusses measurements of the proton spin 7 relaxation dispersion
over a broad frequency range (100 Hz—300 MHz) in the micellar, hexagonal, cubic and lamellar
phases of lyotropic potassium-laurate water mixtures. The results clearly show that in the
anisotropic phases (hexagonal, lamellar) 7, at low Larmor frequencies is dominated by liquid
crystalline order fluctuations, whereas this relaxation mechanism is negligible or absent in the
isotropic phases (micellar, cubic). At medium and high Larmor frequencies the relaxation
reflects rotational and translational molecular motions. Using theoretical models from the
literature for the three kinds of reorientations the observed frequency and temperature depen-
dences of T can be described quantitatively. In contrast to the order fluctuation mechanism the
rotational and translational reorientations of individual molecules depend only weakly on the
mesogenic structure. The order fluctuation contribution is strongest for the lamellar phase.

1. Introduction

Though the molecular organization and motion in
lyotropic liquid crystals have been studied frequent-
ly by NMR techniques [1], the nature of the
processes seen by such experiments is not under-
stood exactly, particularly in the slow motion
regime. This applies even to the most extensively
investigated lyotropic system, namely the mixture of
potassium-laurate CH3(CH,),;,CO,K with water,
which exhibits a variety of liquid crystalline meso-
phases following changes of either the concentration
or the temperature. The phase diagram includes a
lamellar, a cubic, a hexagonal and a micellar struc-
ture [2].

Based on temperature and frequency dependent
measurements of the longitudinal proton spin relax-
ation times T, and T, relative to a stationary or
rotating Zeeman field, respectively, Charvolin et al.
[1, 3] essentially separated for some mesophases
three kinds of molecular reorientations with very
distinct time scales: A fast hopping by self-diffusion
(107%s), a strongly hindered rotation of individual
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molecules about their short axes (107%s), and a
rather slow, long-wavelength chain deformation
(107%s), which was supposed to be some kind of
pendulum motion. However, since the techniques
used to study the relaxation dispersion only allowed
work at conventional NMR frequencies, that means
over a much too restricted range with a large gap
between the direct 7 and indirect T, approach [4],
the authors emphasized that their experimental
data were insufficient for a quantitative evaluation
of the various molecular reorientations.

This paper presents and discusses new mea-
surements of the proton spin 7 relaxation dis-
persion in the liquid crystalline mesophases of
potassium-laurate water mixtures over a much
broader Larmor frequency range (100 Hz—300
MHz) than previous works [1]. Such an improve-
ment has become possible by taking advantage of
modern field-cycling facilities [4], which eliminate
the restriction of familiar NMR experiments to high
Zeeman fields. The results obtained at low and
medium frequencies (100 Hz—100 kHz) give clear
evidence that the slow molecular tumbling in the
anisotropic phases (lamellar, hexagonal) is com-
pletely different from the reorientation in the
isotropic phases (cubic, micellar); in the first case
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there exist smectic-type order fluctuations [5], in the
second case this cooperative process is absent or
negligible. As a consequence the high-frequency
relaxation dispersion (10 MHz—300 MHz) has a
much more complex meaning than previously
concluded in the literature [1]. It reflects both
rotational and translational molecular reorientations,
which differ only slightly in time scale for all
considered liquid crystalline structures.

2. Experimental Techniques and Results
2.1. Sample Preparation

Potassium laurate (PL) was prepared from
commercial potassium carbonate and lauric acid
(Merck) applying standard techniques described in
the literature [6, 7]. After removal of crystal water
by drying under vacuum and purification through
recrystallization from ethanol solution, one obtains
the desired lyotropic mesophases by mixing the salt
with water in weighed quantities according to the
phase diagram [2]. Heavy water, D,O, instead of
normal water was used to distinguish solvent from
solute proton spins in the NMR experiments. In
order to accelerate the mixing process in the
extremely viscous liquids as well as to homogenize
the mixtures, it proves very helpful to centrifuge the
materials and to treat them by ultrasound for
several hours [7]. The exact D,O concentrations
were selected in such a way as to allow measure-
ments of all lyotropic structures at the same tem-
perature, and to enable a direct comparison with
the data of Charvolin [3]. This meant 28 wt% for the
lamellar phase, 36 wt% for the cubic phase, 50 wt%
for the hexagonal phase, and 83 wt% for the micellar
phase. With the help of microlitre pipettes the
relative D,O content in the NMR tubes could be
adjusted to the required value with an accuracy
better than 0.5%. Such a satisfactory reproducibility
is significant because relaxation dispersion studies
necessitate equivalent samples of different size. In
the following the four considered lyotropic systems
will be designated by PL 28, PL 36, PL 50 and PL 83,
respectively.

2.2. NMR Apparatus

The shown measurements of the longitudinal
proton relaxation time 7 as a function of Larmor

frequency v and temperature 3 were performed by
means of three complementary NMR spectrometers
operating in different frequency ranges: From zero
up to 2 MHz using a home-built fast field-cycling
device [8a], between 2 MHz and 80 MHz using a
home-built frequency variable pulsed spectrometer
[8b], and at 300 MHz with a commercial Bruker
machine CXP-300 [8c]. Details about the underly-
ing field-cycles, pulse programs, data processing and
temperature control have been described previously
[4, 8]. As a rule the random error of the computer
assisted 7, evaluation could be reduced to less than
* 8% by averaging both the signal amplitudes and
the decay functions up to 10 times. Our apparatus
allowed us to observe the relaxation dispersion
essentially with one sample size (1 cm? 1cm &),
only the 300 MHz samples (0.2 cm?, 0.5 cm &) had
to be prepared separately. To check the equivalent
composition in this case we compared T at 68 MHz.
Measurements at frequencies lower than approxi-
mately 300 Hz revealed a surprisingly large experi-
mental scatter because of difficulties to compensate
the earth’s field exactly and to avoid fields from
eddy currents; they will not be considered in this

paper.
2.3. Results

Figure 1 illustrates the frequency dependent T,
measurements for the individual mesophases at
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Fig. 1. T, proton spin relaxation dispersion in the lyotropic
phases of potassium-laurate D,O mixtures at 70 °C. The
water component was adjusted to 83 wt% for the micellar
phase, to 50 wt% for the hexagonal phase, to 36 wt% for the
cubic phase, and to 28 wt% for the lamellar phase. The full
lines are curve fits of (2) using the model parameters listed
in Table 2.
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70 °C. The Larmor frequency variation by a factor
of 3-10% involves changes of the relaxation times by
almost three orders of magnitude, and obviously the
most striking effects occur outside the range of
conventional spectrometers. Qualitatively, one can
distinguish three regimes with quite different
properties:

(i) At small frequencies (v < 100 kHz) the aniso-
tropic mesophases (lamellar, hexagonal) show a
strong dispersion of T, namely T, ~ v!, whereas for
the isotropic phases (cubic, micellar) a significant
dispersion does not exist. A comparison for con-
stant v gives T (mic) > T, (cub) > T, (hex) > T,(lam).

(i) At medium frequencies (100 kHz <v < 10
MHz) there develops a plateau of 7T, both for the
anisotropic and the isotropic phases, i.e. the disper-
sion vanishes. In this range one finds T (hex) =
T)(lam) = T|(mic) > T,(cub).

(iii) At high frequencies (v < 20 MHz) the T,
plots of all studied samples look very similar, i.e.
T)(hex) = T (lam) = T|(mic) & T(cub). Up to the
highest available values the dispersion is small, but
non-negligible.

Most of these observations are in qualitative
agreement with 7, and T,, results known in the
literature [1, 3], in particular the distinction of three
relaxation regimes and, consequently, of three kinds
of underlying molecular motions. However, a quan-
titative comparison reveals significant deviations in
the low-frequency range. Figure 2, which includes
Charvolin’s measurements of the lamellar and
hexagonal phase, clearly demonstrates that the low-
field 7, dispersion is much weaker (T, ~ )
than the corresponding asymptotic 7, behaviour
(T\,~v?). Obviously, the indirect rotating frame
approach to slow time scales in NMR is not just the
extension of T (v) as generally assumed!

To obtain more details on the three distinct
relaxation regimes, we performed additional tem-
perature dependent T, studies at Larmor frequencies
characteristic of the three cases. The results at
temperatures between 30 °C and 110 °C are sum-
marized in Figs. 3 and 4, where one should note the
following:

(1) The slope of the T, plots as a function of
temperature 3 greatly varies when the Larmor fre-
quency is reduced. This variation is different for the
anisotropic structures (lamellar, hexagonal) from
the isotropic structures (micellar, cubic); in the first
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Fig. 2. Comparison of the T, proton spin relaxation dis-

persion in potassium-laurate D,O mixtures with T

measurements from the literature [3d]. Zop: Lamellar

phase. Bottom: Hexagonal phase.
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Fig. 3. Temperature dependence of the proton spin relax-
ation time T in the anisotropic mesophases of potassium-
laurate D,O mixtures at high, medium and low Larmor
frequency. Left: Lamellar phase. Right: Hexagonal phase.
Note that the temperature axis is linear in 1/9. The
transition temperature to the gel state is indicated
by T, [2].

case the slope decreases, in the second case it
increases. Furthermore, in the isotropic phases the
temperature dependence at medium and low fre-
quencies is identical within experimental error, in
contrast to the finding for the anisotropic phases.

(i) Near 40 °C there exist discontinuities in the
T, (%) plots, in particular at the lowest Larmor fre-
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Fig. 4. Temperature dependence of the proton spin relax-
ation time 7 in the isotropic mesophases of potassium-
laurate D,O mixtures at high, medium and low Larmor
frequency. Left: Micellar phase. Right: Cubic phase.

quency. They indicate the transition to the gel state
of the mixtures [2], which is not sharp because of
hysteresis effects.

(111) All high-frequency plots show a tendency to
develop a shallow T (#) minimum. Most likely the
gel transition prevents this trend to become visible
in the other curves.

Clearly, the occurrence of unlike T7,(9) slopes
qualitatively supports the concept that (at least)
three motional processes contribute to the observed
relaxation dispersion, since there exist systematic
correlations between the frequency and temperature
dependences. In addition, the conspicuous distinc-
tions between the isotropic and anisotropic samples
imply that the slowest of these mechanisms dis-
appears in the micellar and cubic state. Somewhat
surprisingly the board frequency variation involves
only one single 7;(%) minimum, namely in the
high-field limit. This high-field 7, behaviour is in
excellent agreement with Charvolin’s previous work
[1, 3]: on the contrary, the low-field 7| data con-
siderably deviate from the related T, results [1, 3],
which are not only stronger frequency dependent as
shown in Fig. 2, but also much stronger temperature
dependent.

3. Discussion and Conclusions

3.1. The Model

By means of computer fitting techniques it proved
possible to describe the extensive new T(v, 3)

measurements quantitatively in terms of available
theoretical models on nuclear spin relaxation in
liquids. Our model essentially follows Charvolin’s
qualitative arguments [3] that very slow oscillatory,
slow rotational and fast translational molecular
reorientations contribute to the proton relaxation in
potassium-laurate water mixtures. However, the
rich experimental details exclude an acceptable
interpretation based on this concept without con-
siderable modifications, which for instance explain
the linear 7T (v) dispersion at low Larmor frequen-
cies and the extremely shallow 7;(#) minimum at
high frequencies. Such anomalies are also known in
the field of thermotropic liquid crystals like MBBA,
and there exists a far-reaching similarity between
the results of this work and the findings in thermo-
tropic mesogens [4, 9]. Therefore we make use of
the theoretical refinements developed for thermo-
tropics, though even this approach should be con-
sidered as a rough approximation in view of the
more complex molecular structures of lyotropic
mesogens.

For thermotropic systems it is now well-estab-
lished that the total proton spin relaxation rate
(T7") originates from the superposition of at least
three processes, namely relaxation by

(1) oscillatory fluctuations of the liquid crystalline
order with time constant 7' of [5],

(11) anisotropic rotation of individual molecules
with time constant 7', [10], and

(111) approximately isotropic molecular self-diffu-
sion with time constant 7 gp [11].

Neglecting possible correlations and with restric-
tion to exponential relaxation this superposition is
expressed by

1 1 1 1

—p f (1)
'3 Tor T\sp

Tl Rot

where the three contributions 1/7or, 1/Tre and
1/T)sp differ characteristically by their Larmor
frequency and temperature dependences. Table 1
summarizes the details of Eq. (1) considered to
interpret the experimental results for the lyotropic
potassium-laurate systems. Cross terms are dis-
regarded in view of the unlike time scales of the
underlying motions, and the assumption of expo-
nentiality is justified by the circumstance that the
total decay rate shows no deviations. Furthermore
one should note that the isotropic approximation of
the self-diffusion term is reasonable because the
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Table 1. Model relations of the individual relaxation contributions in (1), namely for smectic liquid crystalline order
fluctuations [5], for anisotropic rotation of single molecules [10], and for isotropic molecular self-diffusion [11]. The
notation essentially follows the original papers, but makes use of SI units. u,: magnetic permeability of vacuum;
. proton magnetogyric ratio; fi=h/2n: Planck’s constant divided by 27; 9: absolute temperature; v: proton Larmor
frequency: R: gas constant.

T\or term. a: effective proton-proton separation; ¢,: effective proton pair orientation; k: Boltzmann’s constant;
S: liquid crystalline order parameter; K, : average elastic constant; &: coherence length; vy,.: low-field dispersion cut-off
frequency.

T\rot term. b: effective proton-proton separation; ¢: effective proton pair orientation; 7 : time constant of
reorientations about the long molecular axis; 7,: time constant of reorientations about the short molecular axes
(Woessner writes Tg,, in terms of the rotational diffusion constants R, =1/t and R,=1/7, [10]); %, <0, E , E:
related preexponential factors and activation energies of Arrhenius laws.

Tysp term. Ny: local proton spin density; c¢: distance of closest intermolecular proton-proton approach; z,: time con-
stant of translational molecular jumps; 7%, E,: related preexponential factor and activation energy.

Reorientation  Relaxation rate

1 29 . k3S2 3coslg,— 1) 1
Smectic order ——_-[ﬂ] — 42 i (3 cos (/76 ) 3 =A(% S, Ke. 04, a) for (v, V100)
fluctuations T\oF 4n ] 8 4K, ¢ 4a (v + vige) V*
with 4 = const (.3)
1 29 4
Anisotropic LAY . ) —y*h? R
molecular TiRot 4n ] 8 15b
rotation
i 2[ 3 (3cosz¢—1)3u+3 sin?(2¢) 7 L3 sin® o 7
2P 26 Tr@ave 32 4 1+@2ave) 16 1+ (prve /2y

=B(®) frav11,71,0)
with
B=const(9), ¢=const(9), 7, =10 exp(E./RI), 7. ="exp(E/RY)

Ho
4n

P9 2Ny
8 5¢3

Self-diffusion l = [
Tisp

|

2
3 1 J 1 x 1
szr—;[i———exp(—x)Hi——]sinx+ —+—+2
p=1 X 2 % 2 X% b

= C(N,. ¢) fsp (1)

with
x=(p12nvr)'%, C=const(9), t7,=10exp(E,/RY)

anisotropy of the self-diffusion constant in liquid dependence, 7,(v), is very transparent and thus
crystals is surprisingly small, where data are easily makes possible to disentangle a superposition
available, and its effect on 7, was unobservable so of processes, the temperature dependence, T (),
far [12]. may be extremely complex due to the numerous

The mathematical relations listed in Table 1 quantities involved, which generally prevents the
demonstrate why measurements of the relaxation evaluation of individual model parameters. In the
dispersion are essential in order of study molecular present case the 7)(J) data are primarily used to
reorientations by T;: Whereas the frequency test if the model, obtained from the dispersion plots
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at constant temperature, can be made compatible
with the temperature dependent results at constant
frequency. For simplicity we take into account only
variations caused by the thermally activated re-
orientation processes, which most likely dominate
the properties of 7 (.%), and neglect potential effects
due to changes of the molecular structure. A
detailed separation of the individual temperature
dependences of the underlying structural elements,
such as the interspin separation, orientation or order
parameter, is not possible solely by 7| measure-
ments.

3.2. Curve Fitting

The theoretical curves drawn in Figs. 1, 3 and 4
were calculated by evaluating the expressions of
Table 1 with the help of a IBM Personal Computer,
and then successively optimizing all model param-
eters so that the deviations between the experi-
mental data points and the theoretical predictions
vanished or became small compared with the
experimental scatter. For the fitting procedure
Eq. (1) is suitably rewritten in the form

T7' = A for (% Yioe) + B frat (v 71, 71, ) + Cfsp (v, 7),

(2)
which explicitly shows the different kinds of adjust-
able model constants in the dispersion law T (v),
namely intensity factors 4, B, C, motional time
constants 7, 7., 7,, the low frequency cut-off v,
and the spin pair orientation ¢. Details of this
notation are given in Table 1. The amplitudes 4, B,
C of the three relaxation terms have to be treated as
adjustable parameters because the microscopic
distances, angles, lengths and densities which govern
these quantities are not known for potassium-laurate
systems. Note the most helpful circumstance that
these amplitudes, unlike all other fitting constants,
linearly depend on the relaxation rate. Once 7 (v)
has been optimized, the related evaluation of T’ (%)
is not only a means to observe changes of the
molecular structure and dynamics, but also a critical
method to eliminate ambiguities of the analysis.
However, any temperature dependence included in
Eq. (2) by additional model relations complicates
the fit so that at the moment approximations are
indispensable. Based on the arguments of Sect. 3.1,
we considered only the reorientation times by

assuming the Arrhenius laws

1, =10 exp(E,/RY), (3a)
7, =1exp(E /RY), (3b)
7, =1%exp(E,/R9) 3¢)

with preexponentials 79, 7% ¢ and activation

energies E | , E, E, as new fitting constants.

Despite the numerous model coordinates the
procedure always led to a definite solution if both
T,(v) and T,(9) were interpreted by the same set of
parameters, and if the translational jumping time 7,
was made compatible with measurements of the
self-diffusion constant [13]. This restriction increases
the importance of the rotational compared with the
translational relaxation term, and thus allows to
determine the two rotational jumping times 7, 7
with better accuracy. Examples of the individual
contributions to 7;(v) and T;(#) are illustrated in
Figs. 5 and 6, the complete results are listed in
Table 2. Roughly speaking, 4 and v, describe the
dispersion at low frequencies, C, 7, and 7, are
responsible for the high-frequency range, whilst B,
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Fig. 5. Illustration of the individual relaxation contribu-
tions in potassium-laurate D,O mixtures obtained from
the curve fit of (2) to the relaxation dispersion measure-
ments shown in Figure 1. Top: Lamellar phase. Bottom:
Cubic phase. For details see text.
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Fig. 6. Illustration of the individual relaxation contributions in potassium-laurate D,O mixtures obtained from the curve
fit of (2) and (3) to the temperature dependent measurements shown in Figure 3. Right: Lamellar phase, low frequency
regime. Left: Lamellar phase, high frequency regime. The temperature axes are linear in 1/3. Note from the extensions
of the calculations to temperatures below the proper mesophase range (top) that the relaxation minima due to molecular
rotations and self-diffusion are observable only at very high Larmor frequencies, where the maximum relaxation rates
shift to higher temperatures. In contrast to conclusions in the literature [3] the process responsible for the 7, minimum
detectable near 100 MHz is the slow molecular tumbling about the short axis (Rot;) and not the much faster self-

diffusion (SD). For details see text.

Table 2. Model parameters obtained by curve fits of (2) to
the experimental proton spin relaxation in micellar,
hexagonal, cubic and lamellar potassium-laurate D,0
mixtures.

Model Micellar Hexagonal Cubic Lamellar
parameters  phase phase phase phase

PL 83 PL 50 PL 36 PL 28
A/s™? 0 51-10% 0 2.1-10°
Vioe/Hz = 165 = 400
B/s™? 36-10° 21-10° 22-10° 3.6-10°
7,(70°C)/s  5.0-10"'" 50-107'" 8.0-10"'" 40-107"
7, (70°C)/s 4.0-107° 8.0-107'° 4.1-10™° 3.0-107°
E /kKJmol™! 22 8 14 22
/s 22-107' 3.0-107'2 59-107" 1.8-107"
E /kImol~! 43 30 35 38
t9/s 1.1-10715 2.1-107" 1.9-107'* 4.9-1071
w/° 44 27 34 41
C/s7? 3.0-107 82-10° 9.5-10° 7.0-10°
7,(70°C)/s  1.8-107° 1.4-107'° 1.7-107'° 1.2-1071°
E,/kKJmol™! 30 20 22 22
/s 47-107% 1.2-1073 7.6-107'% 54-107"

7, and ¢ govern the transition regime. Note from
the diagrams that with the exception of the 7,
process the characteristic rotational and trans-
lational 7,(%) minima appear at temperatures
where the mesophases no longer persist. Systematic
variations of the model parameters are disclosed for
all three relaxation terms, but only the order fluc-
tuation contribution exhibits dramatic changes.

3.3. Interpretation

On the basis of Charvolin’s pioneering work [3]
our analysis demonstrates that the motionally
induced proton spin relaxation in a simple binary
lyotropic system can be interpreted quantitatively.
Two aspects of the model fit by means of three
kinds of molecular motions are of particular im-
portance:

(1) The slow reorientation in the lamellar and
hexagonal phase is a cooperative mechanism,
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namely a thermally generated overdamped oscilla-
tion of the director field (director order fluctu-
ations). This process is more effective in the
lamellar than in the hexagonal phase, and it is
completely absent in the cubic and micellar phase
where the director is not defined.

(1) The translational and rotational reorientations
of individual molecules depend only weakly on the
mesogenic structure. Most obvious are the increased
activation barriers in the micellar sample.

What da we learn from the related numbers in
Table 2 about the geometry and dynamics of the
potassium molecules? Let us consider the three
processes separately.

The amplitude factor of the order fluctuation
term, A, differs between the lamellar phase and the
hexagonal phase by a factor 21/5.1 = 4.1. According
to the model relation

14=[Jﬂl]?gﬂﬂhzl_(3am2¢a—lﬁ k§S?
8 /

, (4
4n ot 4 4K, & @

the observed variation may be attributed to changes
of the proton-proton separation a, the protonp air
orientation ¢,, the order parameter S, the elastic
constant K, or the coherence length &. Surprisingly,
the effect can be described wholly by S [14],
because the molecules in the lamellar state align
approximately parallel to the director (S = 1),
whereas in the hexagonal state they align perpen-
dicular to this axis (S = —1/2). Consequently, if
one puts a= b, p,= ¢ and makes use of the values
for b and ¢ derived from the rotational contribution,
Eq. (4) implies K¢ (lam)=1.0-10""Nm and
Ky & (hex)=21-10""Nm, and thus allows to
estimate the magnitude of ¢ With the assumption
that K, is comparable to the splay constant of
typical thermotropic liquid crystals, i.e. K,=5.0
~107'2N [15], one obtains ¢ (lam)=20-10"°m
and ¢&(hex) ~4.3:107%m, respectively. This is
about 100 to 200 times the length of the potassium
molecule (17-1078m) and of the same order as
experimental results for nematics [16]. The estima-
tion reveals that in both cases the cut-off frequency
of the relaxation dispersion, vy, is determined by
internal dipolar fields and not by the longest order
fluctuation mode, since an order fluctuation limited
cut-off should entail v, ~ 172 [5] instead of
Vioe (Iam) > o (hex).

The amplitude factor of the rotational term,

2
Ho 9 4 4
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is slightly different for the various mesophases, and
thus leads to unlike values of the average intra-
molecular proton-proton separation b of rotating
dipole pairs: b(lam)=1.90-10"""m, b(cub)=
2.07-107%m, b(hex)=2.08-10"""m, and b(mic)
=190-10""m. As seen from Table2, these
variations are related to changes of the average
proton pair orientation angle ¢. Both observations
indicate unlike conformations of the tumbling
molecules. Unfortunately, our present measurements
cannot discern individual spin sites and therefore do
not allow to evaluate which molecular segments are
responsible for the effect. Furthermore, the underly-
ing assumption that the particles subject to rota-
tional jumps are rigid symmetrical ellipsoids which
tumble as a whole about their long and short axes
with time constants 7, and 7,, respectively, is
certainly a coarse approximation. Nevertheless, our
concept is supported by dielectric relaxation studies
of lyotropic systems, where one usually finds re-
orientation rates of similar magnitude [17]. A
significant aspect is the large 7, /7, ratio of 50—80
(70 °C) in the macroscopically isotropic phases,
because it is a clear indication for the micro-
scopically anisotropic ordering potential even in
these structures. For an ellipsoid with dimensions of
a potassium molecule (long axis 2a = 17-107'"m,
short axis 2b=~5-10"""m, b/a=0.3) and in an
isotropic viscous surrounding this ratio should be
only 19.9 [18]. The microscopic anisotropy is also
seen by the unlike activation energies, £, > E,
which means that 7, /7, further increases at smaller
temperatures.

The self-diffusion term, characterized in Table 2
by the amplitude factor

2
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and the translational jumping time 7,, provide the
least effective relaxation mechanism as illustrated in
Figure 5. This circumstance, unusually in view of
the results known for nematic thermotropic liquid
crystals [9], makes it difficult to determine precisely
the model parameters C and 7, or the related proton
spin density N, and the distance of closest inter-
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molecular proton approach c¢. In the present case the
problem is somewhat simplified because (i) the
self-diffusion constant D of potassium-laurate mix-
tures, which relates ¢ and 7, by the Einstein relation
¢?=6D 1,, has been measured independently [12],
and because (ii) the proton spin density N, can be
estimated reliably from the number of protons per
molecule, the molecular length and the area of polar
head groups [3, 19]. So the curve fit essentially
determines the value of c¢. Using for the lamellar
phase N,=3.56-10%m™3, D=22-10"%cm?2s™},
for the cubic phase N,=5.76-10%m™, D =138
~107%cm?s”!, for the hexagonal phase N,=5.10
-10®m™3, D=21-10"%cm?s™!, and for the
micellar phase N,=579-10®m™, D=26-10"¢
cm?s™! (all values at 70°C) gives c(lam) = 3.95
-107"%m, c(cub)=4.20-10"""m, c(hex)=4.20
-107""m, and c(mic) =4.29 107" m, respectively.
This distance is slightly less than the short diameter
of the molecular ellipsoid and hence reasonable for
the closest approach of two effective spins positioned
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