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The frequency dependence of the longitudinal proton spin relaxation time 7, was measured by
field-cycling and standard NMR techniques at different temperatures in the liquid crystalline lamel-
lar phases of bilayer systems, composed of lipids, nonionic surfactants, and lipid-surfactant mixtures.
We show by our data analysis, comparing various motional models such as layer undulations (LUs)
and relaxation by translational diffusion mediated reorientations (TR), that collective layer undula-
tions with their typical T, ~v behaviour determine the low frequency T, dispersion in both unori-
ented and glass plate-oriented bilayer systems. The angular dependence of the T, dispersion for the
oriented bilayer system supports these findings and provides a more critical analysis of the two
dimensional self-diffusion than in unoriented samples. The evaluated fitting parameters of the LU
model allows, together with the measured second moment of the proton NMR signal for the lipid,
calculation of the bending rigidity x_ for these bilayers at different levels of hydration. The obtained
values of % turn out to be too large compared with the literature. However, using recent LU models
(B. Halle) which include the obvious couplings between neighbouring bilayers at low Larmor
frequencies, the corrected x_ of the fully hydrated membrane systems are comparable to those
obtained from the standard videooptical experiments. Therefore proton spin relaxation measure-
ments at low Larmor frequencies with the field-cycling technique are a suitable means to determine
the bending rigidity »_. of model membrane systems at low hydrations and of systems containing
surfactants.

Key words: Proton spin relaxation, field cycling, relaxation dispersion, biological model membrane,
membrane undulations, bending rigidity.

1. Problems and Aim

NMR studies of slow collective molecular motions
and the related bending rigidity in lyotropic lamellar
liquid crystalline phases like lipid and surfactant bi-
layers are still very controversly discussed. This con-
troversy originates from both different theoretical ap-
proaches and from the much too restricted available
experimental data which are insufficient to give an
unambiguous preference. On the one side such mo-
tions were originally and still are modeled by 3-dimen-
sional order director fluctuations (ODFs) of nematic
liquid crystals (LCs) [1—3]. On the other side the mod-
elling was later treated on the basis of 2-dimensional
order director fluctuations or layer undulations (LUs)
of smectic-A LCs under the assumption that no cou-
pling occurs between individual membranes [4, 5];
more recently it was suggested that in multilamellar
systems the coupling between the layers is essential for
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the distribution of undulation modes and hence
should be taken into account [6]. Since it took many
years to demonstrate clearly the significance of collec-
tive motions by NMR relaxation [1, 7, 8], the experi-
mental confirmation of the disputed details is not triv-
ial, particularly in view of the sophisticated NMR
techniques used to separate the frequency regimes of
collective and non-collective molecular reorientations
[91.

Brown et al. [2] performed extensive measurements
of 'H, 2H and 3C relaxation times T, in various lipid
bilayers at standard high Larmor frequencies v and
discussed the results essentially by using the well
known square-root dispersion law [1, 10] T, (v)~v'/?
for 3-dimensional ODFs of nematic LCs, which is
well-established for numerous nematic mesophases [8] -
and which under special conditions can also be ex-
pected for smectic-A LCs [11]. As his experiments
were done only at standard Zeeman fields, i.e. at fre-
quencies from about 4 to 100 MHz where for ther-
motropic LCs relaxation by ODF was found to be
negligible or at least of minor importance [7, 8],
Brown’s interpretation was strongly disputed by Mar-
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qusee et al. [5] and by Rommel et al. [12] on both
theoretical and experimental arguments, namely that
smectic LUs and not 3-dimensional ODFs should be
considered to describe both the frequency dependence
and the absolute order of magnitude of T; correctly.

This implies a dispersion law different from the
T, ~v*'? profile [4, 5], and furthermore the theoreti-
cally expected magnitude of a potential relaxation rate
by 3-dimensional ODFs is between one and two or-
ders of magnitude higher than seen by the experimen-
tal T, data. Therefore, the kind of collective molecular
motions suggested by Brown et al. cannot explain
consistently the available T, (v) measurements [12].

Refining previous calculations of Blinc et al. [4],
Marqusee et al. [5] calculated the T, relaxation disper-
sion by thermally activated LUs of uncoupled mem-
branes. It was shown that such a model should lead to
a linear dispersion law T, ~v within the frequency
range of the membrane modes, i.e. between a lower
and an upper frequency cut-off. The undulations can
be imagined as 2-dimensional fluctuations of the di-
rector field, which to a first approximation is assumed
to be parallel to the bilayer normal. This linear T; (v)
dependence was clearly found by proton NMR fast
field-cycling (FC) measurements at low and medium
Larmor frequencies for the lyotropic lamellar phase of
aqueous potassiumlaurate solutions [13] as well as for
several high-temperature thermotropic smectic-A and
smectic-C mesophases [8, 14], whereas the available
few experimental results for biological membranes
[12] are still less evident or convincing, mainly because
other superimposed relaxation processes conceal the
full development of the LU contribution to 7;. Simi-
lar problems with the model analysis were also en-
countered for later measurements of the effective
transverse relaxation time T, (v) [15] as a function of
the pulse spacing t=(2 7 v') !, using the Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequence. Nevertheless
both the FC and the CPMG data indicate that basi-
cally Marqusee’s concept is much better suited than
the ODF approach.

In recent theoretical papers Halle [6, 16] in principle
followed Marqusee’s approach (he extends the un-
derlying ansatz for the elastic free energy to the full
3 dimensional case [1]), but introduced refinements by
pointing out that the modelling of bilayer undulations
involves some subtleties which have been ignored so
far in all previous reported studies; in particular he
criticized that the coupling between adjacent bilayers
was completely neglected. Taking such interactions
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into account maintains the linear dispersion profile at
high frequencies, but decreases the frequency depen-
dence approximately to a characteristic logarithmic
behaviour T;~In[1/N+v/v,)] below a cut-off fre-
quency v, (called patch frequency), which reflects the
orientational correlation of N coupled membrane lay-
ers, in other words the transition from 2- to 3-dimen-
sional fluctuations. Like any limiting (longest wave-
length) undulation mode the cut-off not only decreases
the T, (v) slope for v<v,, but also eliminates the relax-
ation rate divergence at v = 0 [10-14]. So in order to
distinguish experimentally between Marqusee’s theory
from Halle’s coupled membrane theory (CMT) of spin
relaxation one encounters the additional problem to
contrast different types of cut-off models with avail-
able T, (v) data.

In addition to the collective motions there exist
non-collective slow molecular reorientations in mem-
branes, which are also claimed to contribute to the
low frequency T, relaxation dispersion, namely rota-
tions mediated by translational diffusion on curved
surfaces [12, 17, 18]. The influence of such processes
on both FC T, and CPMG T, ; measurements of
membranes has not been explored in detail up to now,
and the similar dispersion profiles expected for collec-
tive and non-collective motional models further com-
plicate the interpretation of relaxation data.

This paper presents and analyses new systematic
frequency, temperature and concentration dependent
FC proton spin relaxation time measurements on var-
ious lamellar liquid crystals, namely on: (i) some lipid
bilayer systems, (ii) a series of nonionic surfactant bi-
layers [19], and (iii) bilayers of lipid surfactant mix-
tures [20]. By such samples it was expected to system-
atically vary the relative importance of relaxation by
collective motions, with the emphasis on low frequen-
cies below about v=1 MHz, in order to see more
details of the T, (v) dispersion profiles than in the case
of DMPC (1,2-dimyristoyl-sn-3-phosphatidylcholine),
which up to the present is the only biological model
membrane studied by FC NMR [12]. We also prepared
a mechanically oriented bilayer to investigate the angu-
lar dependence of the relaxation dispersion for a better
separation of the manifold relaxation mechanisms.
Temperature dependent studies help to disentangle the
contributions caused by diffusion and membrane un-
dulations. The study of the hydration dependence gives
information about the layer couplings and sample
preparation effects. Our results suggest a preference of
the LU models [5, 16] in contrast to the ODF model
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and thus allow to evaluate the bending rigidity 3. of
the bilayers and it’s dependence on both the amount
of hydration and the molecular lipid geometry. How-
ever, CMT refinements due to the layer couplings are
not clearly seen. Our data considerably extend previ-
ous studies of %, in the literature by other methods [21]
and will be compared with theoretical predictions
[21, 22].

2. Experimental Methods

2.1. Materials

The lipids DMPC (1,2-dimyristoyl-sn-3-phosphat-
idylcholine), DPPC (1,2-dipalmitoyl-sn-3-phosphat-
idylcholine) and DOPC (1,2-dioleoyl-sn-3-phosphat-
idylcholine) were purchased from SIGMA-ALDICH
Chemie, and the lipid POPC (1-palmitoyl-2-oleoyl-
sn-3-phosphatidylcholine) from AVANTI-Polar-Lipids.
All samples were prepared at different hydrations as
shown in Table 1 in the L, and in the L+ H,O phase
[23] (2-phase system with free water). We express the
hydration in terms of the molar ratio Ry, (with W for
water and L for lipid). The transition from the L, to
the L,+ H,O phase occurs for all studied lipids at
approximately Ry, =20, where the water layer be-
tween adjacent membranes reaches its maximum
thickness [24]. For these distinct phases two hydration
techniques are necessary due to the two different as-
pects, namely homogeneous hydration in the L ,-phase
and homogeneous distribution of large multilamellar
vesicles in the L,+H,O phase [25, 26]. Before the
hydration the solvent chloroform of the DOPC-
CHCI, solution (as delivered by SIGMA-ALDRICH)
had to be removed. The major part of CHCl; was
withdrawn by a soft argon gas flow over the surface of
the DOPC-chloroform solution. Then the residual
traces of chloroform in DOPC as well as possible
residual traces of water in the other lipids were re-
moved in vacuum (10~ ° mbar) for 2-3 days [27].

The highly hydrated lipid samples in the L, + H,O
phase were prepared with heavy water (to better sepa-
rate the lipid from the water signals) by simply mixing
the respective amounts of D,O with the dried lipids.
Homogenisation was obtained using standard proce-
dures [25, 26], namely repeatedly vortexing above the
main phase transition, ie. in the liquid crystalline
phase [28], followed by freeze-thaw cycles and cen-
trifuging to provide a homogeneous distribution of
the size of the large multilamellar vesicles (MLVs) and
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Table 1. Lyotropic liquid crystalline systems studied in this
paper. The ratio between the water and the lipid or surfac-
tant is given by two quantities: the molar ratio Ry, and the
weight percent of ?H,O in the mixture. The lipid-surfactant
mixtures are characterized by their molar weight, and by the
mole ratio of the surfactant C,,E, (S) to the phospholipid
POPC (L).

Phospholipid Molar weight Molar ratio Weight percent

g/Mole Ryw.L %
DMPC 677.9 15 30.7
DMPC 40 54.2
DPPC 734.0 40 52.2
POPC 760.1 10 20.9
POPC 20 345
POPC 40 51.3
DOPC 786.1 40 50.5
Surfactant Molar weight Molar ratio Weight percent

g/Mole Rys %
o 3185 10 38.6
CyE; 362.6 10 35.6
C,,E, 40 69.0
CoEs 406.6 10 33.0
C,,E¢ 450.7 10 30.8
CioE4 3345 10 374
CisEq 418.7 10 324
Surfactant/  Molar weight Molar ratio Weight percent
lipid mixture
Rg g/Mole Ry w+s) %
1 563.8 7 20
1 19 40
1 42 60
4 4421 3 18
4 13 37
4 31 57

of the free D,O between the MLVs in the sample. The
samples with water concentrations up to Ry, =15
were hydrated in argon gas atmosphere saturated
with D,O vapour (100% humidity) at a temperature
of 3=45°C for 48 to 72 hours in a two chamber NMR
glass tube sealed by a teflon plug with an O-ring. The
first chamber contains the weighted amount of lipid
and the second the necessary D,0O; both are separated
by a thin perforated wall to prevent direct contact of
the lipid with the liquid D,O. After hydration the
second chamber was removed and the hydration
checked by weighing the sample. Finally the mixtures
were transferred under argon gas atmosphere into
10 mm diameter NMR glass tubes using a centrifuge,
then frozen to seal them under soft vacuum (0.3 bar).

The surfactants C,E,, (m-ethyleneglycol-n-alkyl-
ether), namely C,,E;, C,E,, C,,Es, C,,E¢, C,(E,
and C, ¢E, were purchased from FLUKA Chemie and
directly filled into the NMR sample tube. Then the
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desired amount of D,0 was added and homogeneous
mixing obtained by stirring the samples before sealing
as described above. The influence of surfactants on
lipids was studied for two lipid (L) surfactant (S) mix-
tures, which were prepared with POPC and C,,E,
[29, 30] namely for the molar ratios Rg; =1 and 4. The
Rg; =1 mixture was obtained by solving both compo-
nents in methanol followed by the solvent removing
technique described above. The Rg; =4 mixture was
obtained by directly mixing the compounds without
the need of additional organic solvent to obtain ho-
mogeneous mixing. The hydrations Ry, for the
prepared mixtures as listed in Table 1 were achieved
with the same technique used for the lipid samples.

The oriented DMPC samples were prepared be-
tween 70 pm thick, 25 mm long, and 4, 6, and 8 mm
broad borosilicate glass plates, in order to obtain op-
timum filling factor. Such borosilicate glass plates were
provided by Marienfeld AG. We followed the prepara-
tion technique proposed by Powers and Clark [31] with
the improvements of Prosser et al. [32] to get better
orientation and sample filling. Applying this tech-
nique we obtained 250 mg oriented DMPC (~78
glass plates in the NMR sample tube; 10 mm diame-
ter) which was enough to provide a good NMR signal.
The sample was hydrated in argon gas atmosphere
saturated with D,O vapour at 3=50°C for 48 to
72 hours and then the hydration was checked by
weighing the sample. We achieved a maximum hydra-
tion Ry, ~11+1, which mean about 3 moles D,O
per mol lipid less than reported in literature [33, 34].
Higher water concentrations can only be achieved by
pipetting water directly to the sample [32]. The quality
of the alignment was checked by polarisation micros-
copy and *!P NMR spectra [15].

2.2. Methods

The proton T, (v) field-cycling measurements were
performed in Stuttgart on two home-built field-cy-
cling spectrometers by standard techniques [7, 35] in
the frequency range 100 Hz<v<33 MHz and tem-
perature range 0<3<70°C. Both instruments need
sample volumes of about 1 cm3. Estimated from the
experimental scatter the accuracy of the presented T,
data is better than +10%. Temperature calibration
and determination of its gradient was achieved with
errors of about +0.2°C and 0.1°C/cm, respectively,
by the change of the free induction decay (FID) fol-
lowing a m/2 pulse of simple thermotropic LC’s like

J. Struppe et al. - NMR Study of Collective Motions

e.g. the 4-n-alkyl-4'-cyanobiphenyls (nCBs) 5CB and
8 CB [27]. Over signal decays of typically up to two
time constants, the spin relaxation process was ob-
served to be single exponential. The 100 MHz T, mea-
surements were made on the same samples in Leipzig
by means of a Bruker MSL 100 spectrometer, which
was also used to determine the 2nd moment (M,) of
the line widths following the procedure of Bloom et al.
[36]. The samples were stored in a refrigerator and
proved stable for several months. For the studies of
the angular dependence the aligned samples could be
rotated in the NMR probe by the desired angle with
an accuracy of +2 deg. In order to examine the influ-
ence of the surfactant on the mesoscopic lamellar
structure of the lipid we made use of electron micros-
copy freeze-etch replicas [33] for some lipid surfactant
mixtures.

3. Results

The following figures illustrate typical T, dispersion
profiles for some lipids and surfactant systems under
selected special conditions, namely at different hydra-
tions and temperatures. In particular these diagrams
show four aspects on which our quantitative model
analysis of the layer undulations will be based: The
general parallels with previous data for thermotropic
smectic LC’s, the strong distinctions between lipids
and surfactants systems at low Larmor frequencies,
the rather different effects due to changing hydrations
and temperature at low and high frequencies, and
finally the comparison of the individual lipids and
surfactants with the LS mixtures. In addition, we con-
sider the distinction between oriented and non-ori-
ented bilayers to improve the separation of different
dispersion regimes.

In order to illustrate some common features in the
T,-dispersions of liquid crystalline systems, Fig. 1 pre-
sents selected T;(v) measurements for POPC in the
L,+H,O phase (Ry, =40) and for C,,E; in the L,
phase (Ry,s=10) at $=30°C, and compares these re-
sults with typical T, dispersions of thermotropic lig-
uid crystals in the nematic phase (5CB, N, broken line)
and in the smectic phase (8CB, Sm, dotted line)
[37, 38] at the same temperature. It can be seen that in
all cases the relaxation dispersion is separable into (at
least) two frequency ranges; the transition from the
first to the second region occurs between 10 kHz and
100 kHz and depends on properties of the system
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Fig. 1. Larmor frequency dependence of the longitudinal
proton spin relaxation time T, for the lyotropic liquid crys-
talline POPC/?H,O system in the water rich liquid crys-
talline lamellar phase (L, + H,O-phase) and for C,E, in the
liquid crystalline lamellar phase (L,-phase). These experi-
mental results are compared with previous results for ther-
motropic liquid crystals, namely SCB (nematic) and 8CB
(smectic A). The solid lines represents fits of the motional
model to the experimental data for both lyotropic systems.
The models contain three underlying contributions, the col-
lective molecular motions (layer undulations) and the two
individual molecular motions, translational and rotational
diffusion. From the diagram one can distinguish at least two
characteristic relaxation regimes: range I, which includes the
low frequency plateau and the first dispersion step, and
range I, which comprises the subsequent flatter dispersion
in the medium frequency range between approximately 10
and 500 kHz, and the increasing 7, dispersion in the high
frequency region above several MHz. The transition between
the two regions lies between 10 kHz and 100 kHz, depending
on the system studied.

studied: Range I comprises a low-frequency plateau
followed by a strong first dispersion step with T, ~ v,
where « is between 1/2 and 1. The step size is the
difference of T, between the low-frequency plateau
(v<1 kHz) and the onset of range II, where at medium
frequencies another T (v) plateau is approached or
fully developed, followed by a shallow but clearly seen
second dispersion step. This behaviour is most conve-
niently observed for 8 CB and C,,E;, whereas due to
an overlap of the two ranges the separation is less
evident for the other examples. Our new results are
essentially in accordance with our previous studies on
DMPC [12] and with proton relaxation data reported
for range II by other groups [2, 9]. Figure 1 also re-
veals a remarkable feature of lyotropics which cannot
be seen by conventional high-field NMR: In range I
the lipids characteristically exhibit a rather small dis-

685

2 3
-1
10 F
p— :
& 5|
by L
—
ot 5 L
Ry =40
¥ o DOPC, 9=35C
10° ® POPC,9=35C 7
a DPPC, 9= 50"C
5 A DMPC, 9=35°C

5

10 4

v/ [Hz]

Fig. 2. Frequency dependence of the proton T, for the four
phospholipid systems DOPC, POPC, DPPC, and DMPC,
studied at the same hydration in the L +H,O-phase. The
solid lines represents fits of the motional models to the exper-
imental data as described in the text with the parameters
listed in Table 2. Note that in order to reach the liquid crys-
talline phase, the temperature for DPPC was somewhat
higher than for the other lipids. The experimental error is
smaller than the symbol size; within these error limits, the
onset of the first dispersion step is the same for all these lipid
systems with the exception of DOPC, where no dispersion
step is clearly visible.

10

persion step in contrast to the surfactants, where as a
rule this step is rather strong [12, 27].

Figure 2 compares the T;(v) results for the lipids
DOPC, POPC, DPPC, and DMPC in the L ,+H,O-
phase with a hydration Ry, =40; due to the high
main phase transition temperature of 42°C the mea-
surements for DPPC had to be performed at a some-
what higher sample temperature (50°C) than for the
other systems (35 °C). As in Fig. 1 one has two distinct
dispersion ranges. In region I the T; (v) step is found to
decrease in the order DMPC = POPC/DPPC =
DOPC, i.e. with increasing fatty acid chain length
(DMPC = DPPC) and increasing number of unsatu-
rated fatty acid chains (DMPC = POPC = DOPC)
of the lipids. As a consequence only a rather tiny
dispersion step remains visible for DOPC. The onset
of the T; frequency dependence in range I is the same
for all lipids within the error limits, namely at approx-
imately v=1 kHz, whereas the low frequency plateaus
greatly differ by almost a factor of 5. E.g. T, (v=0) of
DMPC is half the value of T, (v=0) for DPPC and
POPC. In contrast to this finding the dispersion pro-
files for DMPC, DPPC and POPC are almost identi-
cal in range II (v>30kHz), only DMPC reveals a
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non-negligible vertical shift by about 25%. This indi-
cates that here the fatty acid chain length as well as the
number of unsaturated fatty acid chains cannot play
a significant role for the underlying relaxation process.
The magnitude of effects caused by temperature varia-
tions will be explained separately.

Figure 3 shows the results for the surfactant C,,E,
in the L,-phase at two hydrations (Ry,s=10 and 40)
and two temperatures (3=30 and 50°C) to demon-
strate the strongly different T, variations in ranges I
and II, respectively. It is clearly seen that at low v’s
(<5 kHz) the dispersion profile, i.e. both the T, plateau
and the subsequent T;(v) slope, is very sensitive to
changes of the hydration ratio Ry but insensitive to
temperature changes, whereas at high v’s (>2 MHz)
the opposite is true; in the transition region from I to
II both effects mix in a complex way. The low-fre-
quency plateau and the beginning of the low-fre-
quency dispersion step decrease at higher hydrations.
A qualitatively similar behaviour was observed for all
surfactants and lipids studied [27], though in the latter
case, essentially due to the much smaller T, (v) step in
range I, the disentanglement of the dependencies on R
and 9 is less straigthforward than for the surfactants.

As an example, Fig. 4 gives T;(v) data for the lipid
DMPC at different hydrations (Ry,,, =15 and 40) and
temperatures (8 =30, 35 and 50°C). The comparison
with Fig. 3 reveals qualitative parallels between the

5

10 ¢

v/ [Hz]

Fig. 3. Frequency dependent T, data for the surfactant
C,,E, studied at two different hydrations and two different
temperatures (3=30 and 50°C). Range I is mainly deter-
mined by the changing hydration and range II by the temper-
ature variation. Both samples are in the liquid crystalline
L,-phase. The solid lines are fits to the models which are
described in the text using the parameters given in Table 2.
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O Ryy=15, 9=50°C 7
B Ry, =15, 9=30°C ]
A Ry,=40, 9= 35°C
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Fig. 4. T, (v) data for DMPC in the L, (Ry, =15) and in the
L,+H,O-phase at the temperatures shown. Note that the T,
dispersion slopes for 30 and 35 °C cross each other at the end
of range I, where the temperature dependence begins to dom-
inate the relaxation dispersion, in contrast to range [ where
the hydration dominates the shape of the T, dispersion. As
shown by comparing the 50 °C and 30 °C data, the dispersion
step in range I increases with increasing temperature due to
the stronger influence of the temperature in range II and its
considerable weaker influence in range I.

dispersion profiles like the weak hydration and strong
temperature effects in range II, but also apparent dis-
tinctions like a small, non-vanishing temperature de-
pendence in range I. Note that there exist plot cross-
ing points in both diagrams which follow from the
different T, (R) and T, (9) shifts in range I and II; they
mark frequencies where the temperature effect is com-
pensated by an inverse hydration effect. Furthermore,
lipid surfactant mixtures (Fig. 5, POPC-C,,E,, L, -
Phase) illustrate the transition from the typical T,
characteristics of lipids to the peculiar features of sur-
factants with increasing Rg, ratio: E.g. the T; (v) pro-
file of the Rg; =1 mixture with the small dispersion
step in range I is similar to the one of the pure POPC
sample, whereas the Rg; =4 mixture approaches the
T, (v) slope of the pure C, ,E, membranes at compara-
ble hydrations.

For all studied samples one generally obtains only
a small or even a vanishing temperature dependence
of the T, dispersion in range I, but a strong variation
in range II. The magnitude of such T;(9) changes in
range I becomes smaller with increasing dispersion
step from I to II, which is controlled by the amount of
hydration. These findings indicate that in most cases
there exists a non-negligible overlap of the two
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. Fig. 5. T, (v) results characteristic for two lipid-surfactant
mixtures in the L,-phase for different molar ratios Ry, =4
and Rg, =1. The transition from the relaxation characteris-
tics of the lipids to the surfactants can be seen clearly. The
solid lines are fits to models described in the text using the
parameters listed in Table 2.

regimes, though evidently both ranges reflect totally
distinct dominant relaxation mechanisms, and thus
parallels to previous NMR FC results reported for
thermotropic LCs [8]. The basic separation is further
supported by T, measurements on oriented samples,
which show that the macroscopic alignment of the
director axis relative to the Zeeman field by an angle
A considerably changes the dispersion profiles at low
and medium, but not at high frequencies. Figure 8
illustrates some results for DMPC at selected angles
between 4=0°, 30°, 50° and 90°. E.g. at v=1kHz
one has T,(0°)/T;(90°)=3, whereas for v>5 MHz
this ratio is near 1. Hence the quantitative model of
the proton spin relaxation time must explain the sys-
tematically different frequency, temperature, hydra-
tion and angular dependences observed in range I
and II for the numerous studied lamellar systems. In
the following we compare our data with both Marqu-
see’s and the CMT predictions on LUs, in combina-
tion with additional standard relaxation contribu-
tions by non-collective molecular motions.

4. Theory and Discussion

4.1. Relaxation Models

Proton spin relaxation in liquid crystalline systems is
described by the theoretical framework of the Redfield
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formalism in numerous papers, which have recently
been summarized in the book of Dong [39]. Under the
assumptions of fast magnetization transfer between dif-
ferent kinds of dipolar coupled protons on a LC mole-
cule and sufficiently short correlation times, which are
fulfilled in the present experiments, the spin relaxation
function is expected single exponential as observed
experimentally. In this work we make use of the the-
ory in the notation given previously by Struppe et al.
[38] in order to discuss field-cycling relaxation disper-
sion studies in thermotropic nematic mesophases,
however with some minor changes more appropriate
in the present case. Individual T; models of different
molecular reorientation processes are usually ex-
pressed by their specific spectral densities JPy (pv, 4)
in the laboratory frame, where p=1, 2, and the index M
refers to the considered kind of motion. The total
relaxation rate follows by the summation overall pos-
sible statistically independent contributions M, i.e.

1/Ty (v, )=R, (v, )= R (v, 4) (1a)

2

2
et (M) > (O, v, 4)+ D, 2, 4)),
8 8 M

where v=y B/(21)=w/2 n means the proton Larmor
frequency in the Zeeman field B=|B| and 4 is the
angle between this field B and the LC director n;
Uy, ¥, h are the magnetic vacuum permeability, the
magnetogyric ratio of protons and Planck’s constant,
respectively. The factor Z=(9/8) (uo 7> h/8n?)> =
6.408 - 10~ *° m®s~ 2 scales the spectral densities J® for
dipolar spin interactions. As in [38], we use Abragam’s
notation [40, 41] of the J®’s with p=1 and 2. For
uniaxial symmetry these lab frame spectral densities
J® . (pv, 4) can be related by model independent
transformations f,,(4) [39,41] to more convenient,
not 4 dependent spectral densities J(pv) in the di-
rector frame with g=0, 1, 2, which have been reported
in the literature for many molecular processes in LCs.
In order to obtain the model relations for unoriented
samples, the J?,, (pv, 4) must be averaged over all
possible orientations according to [41]

équ(A)J“”M(pv) sin(4)d4. (1b)

q=0

TPy (pv)y = j

Available models J'?,, reflect both the different geo-
metrical conditions of unlike mesophase structures,
like e.g. 2-dimensional LUs [5] or 3-dimensional
ODF:s [10], and the different energetic constraints on
the anisotropic translational and rotational reorienta-



688

tions by anisotropic hindering potentials, like e.g. dif-
fusion in a plane or rotation on a cone. In lamellar
lyotropics, surface effects may play an important role
[12, 17, 18].

Unlike deuteron relaxation studies, proton T, mea-
surements reveal in addition to the spectral densities
of molecular rotations also effects originating from
translational diffusion of the spins. As a consequence,
four kinds of relaxation mechanisms M have been
suggested to determine the proton T, (v, 4) data in
lamellar LC’s namely [12]: Layer undulations (LU),
rotational diffusion (Rot), translational self-diffusion
(SD), and rotations mediated by translational self-dif-
fusion (RMTD). For simple geometries (e.g. spins on
spherical surfaces) the RMTD model simplifies to the
more familiar so-called rotations induced by transla-
tions (TR) process [18, 42, 43]. The related spectral
densities differ more or less by their characteristic Lar-
mor frequency, temperature and angular depen-
dences, so that they can be separated provided suffi-
cient and accurate experimental 7, data are available.
In this study we will be mainly concerned with the
assignment of the T, dispersion at low v’s, where, as
expected by previous studies, slow motions like LU
and RMTD dominate the overall relaxation rate.
Equations (2)—(5) summarize the model expressions
and parameters used in the T;(v) analysis of Fig-
ures 1-4.

Following Marqusee et al. [4, 5], the layer undula-
tion terms J@,  give above a low frequency cut-
off v¢, of the LU modes a linear dispersion law ac-
cording to

JU (=4 2mv)™ " [(2/m)arctan (v/vey)]

J(Z}LU (V)E

(2a)
(2b)

which for v/vo, leads to an arctan cut-off with a
plateau determined by the frequency v, and the spec-
tral density amplitude

Ay=(kg TM,)[8 k. Z), (2¢)
where M, =(4 n?){4v?) is the time-averaged 2nd mo-
ment of the proton line [40]. Halle’s [6] original exten-
sion took into account couplings between N interact-
ing layers in the fast diffusion limit, i.e. when the
lateral self-diffusion in the membrane is much faster
than the collective LU motions and hydrodynamic
effects of the water molecules between the layers can
be neglected. The coupling entails significant changes
J®y (v): First, the arctan cut-off profile is replaced by
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the much shallower logarithmic behaviour
JVL =4y Q2rvy) ™ In[(1+v/v)(1/N+v/v)] (3)

near the so-called patch frequency v,=D /2 &2. This
frequency reflects the lateral self-diffusion constant D |
of the membrane (i.e. L to the director n), and the
orientational correlation or patch length &. By Eq. (3)
T, (v) depends not only on the characteristic frequency
Voo but also on the layer number N. Halle’s LU model
describes a transition from an asymptotic linear high-
frequency dispersion like in (2a), to a logarithmic low-
frequency profile. The difference from (2a) becomes
most pronounced in the limit N =1, where the cou-
pling no longer exists and In1 vanishes. Second, for
N>1 the linear regime spreads towards lower fre-
quencies compared with the arctan cut-off, which is
important since theoretical estimations of v, [6] pre-
dict rather large values above 10° Hz. This is illus-
trated by Fig. 6 for several values of N with identical
Ay and putting v =v, to allow a convenient com-
parison of the arctan and log expression. So in the
linear regime, (2a) and (3) cannot be discriminated but
outside the linear regime the distinctions are easy to
demonstrate. In a later work, Halle [16] also consid-
ered the mathematically more cumbersome slow diffu-
sion limit (which is more appropriate for the lipid
systems studied), where the lateral self-diffusion is

=== J Luy, (va=1 kHz)
J )IUH (vp=va, N=2)
J LU (V-Vcb N=10)
20 - J w., (vp= v, N=100)
S LUH (vp= v, N=10000)
0°F ., e o3

: s 100 2 s 100 2 5 10

v/ [Hz]

Fig. 6. Larmor frequency dependence of the spectral densi-
ties J*) for layer undulations in the low frequency mode
cut-off regime of Halle’s and Marqusee’s model. Marqusee’s
model, which is indicated by the subscript M and neglects
layer couplings, shows the arctan behaviour (solid line).
Halle’s model, which is indicated by the subscript H and is
the simple coupling model, gives a logarithmic cut off be-
haviour, for various numbers N of coupled layers shown in
the figure.
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much slower than collective molecular motions and
the hydrodynamics of the water layers should not be
neglected. In this case J® (v) becomes a compli-
cated integral as a function of parameters for the cou-
pling (¢) and the relative speed of diffusion (6). By
numeric integrations he essentially showed that for
high v’s the linear dispersion law approximately per-
sists, however, with a considerably increased spectral
density amplitude (Afy = 3.4 4;y). The factor 3.4 is
obtained by numerical evaluation of equation 8.6 in
[16] with a=12, 6=0.25, N=10% =(¢,/q)*=10* and
6=0.01 to 0.2 (the variables are explained elsewhere
[16]) and fitting to this result the simple linear LU
model. Variations of é provide for a fixed value of v,
another critical model parameter to spread the linear
T, (v) profile to still lower Larmor frequencies, but the
shallow log-like T, (v) profile at low v’s is roughly
maintained [16].

The experimental confirmation of Halle’'s CMT
concept is complicated by the circumstance that in
lamellar systems hindered diffusion along curved
lamellar surfaces may cause various RMTD relax-
ation mechanisms with dispersion profiles similar to
LU processes, namely by spectral densities of the
asymptotic forms J® (v) ~ v~% where the exponent a
(0.5 <a<2) depends on the distribution of curvatures
and on details of the molecular reorientation [18, 42,
43]. To distinguish the two types of motions by model
fits, simplifying geometrical restrictions are needed.
Essentially based on electron microscopic freeze-etch
replicas [27, 33] and on the work of Heaton et al. [26],
which typically exhibit local spherical curvatures with
radii R in the pm range, we considered the simple
Debye-type TR spectral densities [42]

JO R (pv)=Arp* [tre/(1+2npvi®)]  (42)

with
ATR=4§surfM2/(152)a (4b)
TTR=R2/(6D_L)- (40

These relations, where (. = Ac/A, denotes the ratio
between the curved and the total lamellar surface and
D, means the lateral diffusion constant of the lipid
or surfactant molecules, were originally reported by
Zumer et al. [42] and later extended by Rommel et al.
[12] to lipid membranes. The main distinctions be-
tween (3) and (4) are on the one hand the stronger T,
dispersion by (4 a), and on the other hand the expected
much stronger temperature dependence of the Debye
term compared to possible changes of both the In or
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arctan law in range II. This follows from the simple
circumstance that in this regime J@, (v) becomes
approximately independent on v, or v;., whereas
J@ g (v) strongly reflects variations of trg (9).

The high-frequency Rot and SD relaxation pro-
cesses are less disputed because of extensive avail-
able measurements by standard NMR spectrometers
[9, 39], and only rather fine details of such models are
still not satisfactorily solved. We make use of the in-
volved spectral densities with some simplifications to
extend the model fits consistently to our data in the
upper dispersion range, where the LU and RMTD
models are superimposed by the established contribu-
tions for anisotropic translational self-diffusion (SD)
and rotational reorientations (Rot) [39].

The translational self-diffusion terms J@g,(pv)
were first reported for layered systems by Vilfan et al.
[44] as complicated integral functions T@ in the form

J @ (pv)=Asptsp T (pV, Tsp 1 » % Nsp) (%)

with 4 model parameters: the amplitude Agp =(16 nn)/
(45d3), the correlation time tg, , =<{r2>/4D,, the
jump width ratio a=<{r2)/d?, and the diffusion an-
isotropy nsp=D,/D,. Using MAPLE V and results
reported by Sebastiao [45], we calculated the T@’s
numerically [27, 38, 44] for the considered geometries,
which depend on the length/diameter ratio of the rod
like molecules, the proton spin density n, the average
jump width {r?), and the self-diffusion constants D,
parallel (||) and perpendicular (L) to the LC director,
respectively. For not too small values of the motional
anisotropy, i.e. 0.3 <ngp <5, the cumbersome evalua-
tion of (5) was simplified by using an anisotropic ap-
proximation given by Torrey [44, 46]. The standard
expression for the spectral densities J@g,, (pv) of ro-
tating ellipsoidal molecules in an anisotropic environ-
ment is that given by Nordio et al. [39, 47], which can
be approximately written [27] in a form similar to (5):

J P (V)= Apey T 1 R@(pv, TRisMRad) s (62)

where the R@’s are large sums of Debye-terms de-
pending on the LC order parameter, the rotational
correlation time tz , about the short ellipsoid axis,
and the rotational anisotropy #ge,=7Tg /Tx||- This
means 3 model parameters: The amplitude Ay, one
reorientation time tz ,, and the ratio ng,. Equa-
tion (6a) was evaluated numerically by means of
MAPLE V. To simplify the procedure, we sometimes
also tried for the non-oriented samples, in replace-
ment of (6a), the simpler Woessner approach for sym-
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metrical ellipsoid rotations in an isotropic environ-
ment [48], which in the same notation leads to a sum
of only three Debye-terms with amplitudes 4;:

J(q)(PV)zqz [ARH TR||/(1+(27[PVTR||)2 (6b)
+Ag L R /(1 +(27TPVTRL)2+A1RT[R] .

The A;’s are determined by the average spin pair ori-
entations and separations on the ellipsoid, and 7,z
takes into account internal pair rotations on the mol-
ecule. In the present case such an approximation is
justified in view of our restricted high-field range, and
the intrinsic averaging of unlike proton positions in
the NMR spin signal. Except that (6 b) does not allow
to describe the angular dependence T; (4) due to the
assumption of isotropically oriented ellipsoid axes, no
significant distinctions between the two alternatives
could be observed.

4.2. Model Fitting

The experimental T, (v) and T, (v, 4) results were
fitted to the illustrated model functions by both model
simulations and by the nonlinear Levenberg-Mar-
quardt optimization (Micromath SCIENTIST [49]) of
the numerous model parameters P, involved in (1)—(6).
In the general case one has 2 parameters for LU, (2) or
(3), 2 for TR, (4), 4 for SD, (5), and 3 or 6 for Rot, (6a)
or (6b). A typical dispersion measurement at fixed
temperature 3 and sample orientation A provides
about 30 T;-v data pairs, which can be multiplied by
considering the temperature and angular dependences
and making use of known relations for the variations
P, (9, 4). Such a simultaneous fitting of related data
sets considerably improves the parameter estimation.
Nevertheless it was found by the correlation matrix of
the parameter optimization procedure [27] that only
the LU and TR mechanisms could be disentangled
unambiguously, whereas the high-frequency relax-
ation SD and Rot allowed more than one parameter
set for a good curve fit.

As the correlation coefficients [49] of the parameter
sets Asp, Tsp 1 & Nsp ON the one side and Ag,,, g | »
Nlroe ON the other proved near 0.9 or even larger, Agp
and Ag,, were fixed to the best results obtained for
DMPC (Asp=3.4107s72, Ag, =3.410°s"2). Fur-
thermore, the anisotropy ratios n; were taken from
estimations given in the literature for DMPC [23, 47,
50] (nsp =0, g, > 30), and the jump width ratio o was
assumed liquid-like (2 <0.02) [39, 40]. So finally only 4
parameters are left for a superposition of the three
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Fig. 7. Fits to the POPC system in the L+ ?H,O-phase (a)
and the surfactant system C,,E, in the L,-phase (b) where
the solid lines represent the best fit, using the linear disper-
sion law for the collective motion and an arctan cut-off be-
haviour. The various broken lines above the experimental
data are the functions of the collective (LU) and the individ-
ual motions (SD and Rot), contributing to the overall relax-
ation. The two other fits of models using the TR-process in
replacement of the LU-process (dotted line) and the logarith-
mic cut-off behaviour (Halle’s simple coupling model) in the
case of LU (dash dotted line) are added to compare the main
differences. For these two additional fits we omitted drawing
the functions of the underlying molecular motions.

model functions LU, SD and Rot or TR (RMTD), SD
and Rot, respectively; whereas 6 parameters are in-
volved if all four models, namely LU, TR (RMTD),
SD and Rot, are taken into account for the curve fit.

The correlation coefficients R;;(e.g. A.,—Tsp) Pro-
vide information on how closely estimates of the un-
derlying parameters are depending on each other. Fol-
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Table 2. Parameters evaluated in the last fitting step as described in text, using a nonlinear least squares fitting program. In
the third section of the table, the cross correlation coefficients between the amplitude parameter of the collective motion A
and the correlation times of the individual motions and between the correlation times are listed. These factors were obtained
by eliminating the v, from the parameter estimation routine. In the last block of this table are parameters evaluated from
fitting the model equations to the angular dependence of the T, dispersion measured for the oriented DMPC sample.

Lipids RyLs 3 Ay Ve Tsp TRot
°@ 10°s™2 kHz ns ns
Non oriented samples
DMPC 15 30 45+0.27 2 47 68
DMPC 15 50 45+0.15 2.5 23 49
DMPC 40 35 14.5+0.3 1.6 19.2 10.6
DPPC 20 50 6.3+0.15 23 15 10.1
POPC 40 35 5.34+0.31 1.5 13 14
DOPC 40 35 29+0.16 44 16 27
DOPC 40 50 294012 43 7.4 31
Nonionic surfactants
Ci6Eas 10 30 1.5+0.03 0.6 7.0 81
CizEs 10 30 5.0+0.12 1.0 24 62
CiE; 10 30 2.6+0.10 1.7 220 2
CizE4 40 30 54+0.12 1.0 22.0 2
POPC-C,E, mixtures
RgL RwLs 3 ALy Vel Tsp TRot
1 19 25 495+0.01 1.6 26 30
4 13 25 4.17+0.07 1.1 12 1
Correlation coefficients
Lipids Ry °SC ALy — Tsp ALy — TRt Tsp ~ TRot
DMPC 40 35 —0.55 0.26 —0.72
DMPC 15 30 —0.70 0.48 —0.82
DMPC 15 50 —0.57 0.37 —0.84
DPPC 20 50 —0.55 0.39 —0.90
POPC 40 35 —0.56 0.36 —0.80
DOPC 40 35 —0.67 0.45 —0.81
Oriented sample
Lipids Ry 3 Ay Asp Tsp Agl TRot "Rot
°C 10°s72 kHz 107572 ns 10572 ns
DMPC 1 45 5.6+0.36 5.8 7.3 25 106 50

lowing the definition of MicroMath [49] the R;; are
obtained from the normalization of the variance-
covariance matrix P of the parameter set X, cov(X)=
P=(J"J)"'o? by R;;=P,;/(P; P;;)"/?. o is the standard
deviation of the data and J is the Jacobian matrix of
the minimization problem [49].

Figures 7a/b illustrate typical curve fits for the non-
oriented lipid POPC and surfactant C,,E, using LU-
SD-Rot or TR-SD-Rot combinations. The related
complete sets of optimized parameters, including se-

lected correlation coefficients R;;, are listed in Table 2.

In agreement with the earlier studies of Rommel et al.
[12], the diagrams clearly demonstrate that LU and
TR are low-frequency relaxation processes whereas
SD and Rot dominate the high-frequency dispersion.
Marqusee’s model LUy, (2), is more adequate than
Halles approach LUy, (3), since the logarithmic pro-
file fails to describe the strong observed T, (v) curva-
ture at low v’s. However, extending (3) formally by a
low-frequency cut-off v, ie. replacing v in (3) by
Verr = (V2 +vE)"?, gives as good results as Marqusee’s
relation. Two essential new results are that, compared
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Fig. 8. The fit to the T, (v, 4) of the oriented DMPC system
in the L -phase for the four orientations 4=0°, 30°, 50° and
90°. As the filling factor for such samples is relatively poor,
the error exceeds the symbol size in the low frequency range.
The error bars for the 30 and 50° data were omitted for better
clarity. The functions of the LU and the SD contributions to
the total relaxation are added for the parallel and perpendic-
ular orientation, respectively, in order to illustrate their
changing influence by angle variations to the total relaxation
in the low frequency range. The little kink in the 90° function
for the SD-process at approximately 200 kHz is caused by
numerical problems and has neither physical meaning nor a
serious influence on the parameter fitting.

with best fits for TR-SD-Rot combinations, i.e. re-
placing LU by TR, Marqusee’s LU contribution in
range I works significantly better than a TR mecha-
nism, (4). It was found [27], by allowing for general
LU-TR-SD-Rot superpositions, that the assumption
of a non-negligible TR process always needed an addi-
tional major LU contribution, whereas the opposite
approach entailed an almost vanishing influence of
TR. This result is supported by the temperature de-
pendent T, measurements: Assuming a dominating
TR mechanism in range I yields, in contradiction to
(4¢), increasing correlation times 71 (9) at higher tem-
peratures 3, though the inverse Arrhenius behaviour
of D (9) is well-confirmed in the literature [50, 51]. A
similar conflict was observed for all samples, i.e. for
the lipids, the surfactants, and also the mixtures. Ex-
tensive model discussions for all studied materials are
given in [27].

The angular dependent data T, (v, 4) for the ori-
ented DMPC sample (Fig. 8) further support the pref-
erence of the LU approach, since (4a) cannot describe
the strong decrease of the relaxation time with in-
creasing angles 4. One should note that the curve fits
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in Fig. 8 reflect in range I for 4 # 0 effects of both the
LUy and the SD process, (2) and (5), as a consequence
of the special, logarithmic low-frequency T©(pv)
increase in the case of two-dimensional diffusion [27,
44, 45], when the ratio ngp=D,/D, is close to zero.
Table 2 includes some optimized fit parameters ob-
tained by these measurements.

4.3 Discussion and Conclusions

Having demonstrated that the LU and not the TR
process dominates the T; dispersion in frequency
range I, the measurements provide a novel means to
determine the bending rigidity «_ of lamellar systems.
Bending undulations have frequently been studied by
optical methods which analyze the shape fluctuations
of large vesicles [21, 52]. The bending rigidity is a basic
quantity for the collective properties of membranes
and hence subject of numerous molecular theoretical
models [22, 52]. Our novel NMR method is not re-
stricted to the existence of vesicles and hence can be

Table 3. Using (2c¢), the obtained parameters A, and the
measured second moments are listed in the third and forth
column. The elastic constants were calculated and are listed
in the fifth column as K, v, qusce- In the last column are the
corrected bending rigidities, calculated, using the refined
model of Halle with x_ ;e & 0.219k

c Marqusee *
Ry, Ay CAVY  Kosspranies K¢ Halle
10°s72 10°s72 10"'°Nm 10" 'Nm
Lipids
DMPC 40 14.5 110 39+0.8 1.15+0.24
DMPC 15 4.5 110 12.54+3.0 3.67+0.88
DPPC 20 6.3 42 35407 1.03+0.21
POPC 10 D5 76 150439 4414115
POPC 40 53 76 7.5+1.9 2.20+0.56
DOPC 40 29 82 17.3+4.5 5.08+1.32
Surfactants

Ci:Ey 10 5.01 26.5 2734047 0.80+0.14
Ci:Ey 10 2.64 20.3 396+0.74 1.17+0.22
CiE, 40 5.38 20.3 1.954+0.33 0.5740.09
C,,Es 10 1.28 14.5 5.81+£1.01 1.71+£0.30
CEs 10 0.32 7.0 11.32+2.02 3.331+0.59
CioEy 10 1.54 12.2 4.06+0.69 1.191+0.20
CicBs 10 1.10 475 230 £391 6.76+1.15

POPC-C,,E, Mixtures
R Ry s+
1 7 4.74 57.2 6.224+1.79 1.83+0.53
1 19 495 57.2 596+1.20 1.75+0.35
1 42 5.68 48.6 4274085 1.261+0.25
4 5 3.07 38.6 6.49+1.74 191+0.51
4 13 417 38.6 478+0.86 1.41+0.25
4 31 4.80 351 3.77+0.68 1.11+0.20
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applied independently on the amount of water in the
lipid systems and on surfactant bilayers or surfactant-
water mixtures, where this optical method cannot be
used. In order to extract k. from A, ;;, the 2nd moment
M, of the proton line must be known. Since the stan-
dard integration over the line shape [40] of unoriented
lipids gives wrong results due to the existence of a
super-Lorentzian component [53], the motionally av-
eraged value (M,) was evaluated from the Jeener
echo following the procedure of Bloom et al. [36]. We
also estimated {(M,) theoretically from the order of
the proton pairs in the chain where such data were
available in the literature [15, 27]. Table 3 summarizes
{M,) and the related elasticity moduli x_ obtained in
this way by means of (2¢) for all studied lipids, surfac-
tants and mixtures for both models, including the un-
coupled and the coupled layer undulations (with the
assumption that a local field cut off and not an undu-
lation mode cut off determines the low frequency be-
haviour; such local field cut off has already been dis-
cussed elsewhere [27, 38]. The theory for relaxation in
such low fields is poorly developed and the spin tem-
perature concept (M. Goldman) [54] used so far gives
unsatisfying results [27, 38]. It seems that both the
increasing density of multiple Larmor frequency states
nv,withn=1, 2, 3,... and the strength of local interac-
tions (e.g. dipolar or quadrupolar) are important to
describe the spin relaxation in low fields correctly).
It is seen that «_ systematically varies as a function
of water content, chain length and chain geometry: k.
strongly increases both with decreasing amount of
water and with increasing length of the saturated fatty
acids; for comparable water content the lipids show
slightly smaller values than the surfactants. Some typ-
ical variations are the increase of x, with the number
of carbons in the alkyl-chain (lipids, surfactants) and
in the headgroup (surfactants) of the membranes. The
k.'s evaluated by Marqusee’s model, (2), are generally
much higher, up to factors of 2—20, than results re-
ported in the literature [21] for vesicles. These large
deviations do not disappear if Halle’s model, (3), i.e. his
original concept in the fast diffusion limit, is used.
They may on the one hand indicate distinctions be-
tween the different experimental techniques and error
limits, but on the other side also the validity limits of
Marqusee’s model. However, Halle’s recent approach
[16] for the slow diffusion limit can reduce or even
eliminate the deviations at least in the linear disper-
sion regime through the modified meaning of A4y,
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namely Af, =~ 3.4 A, . But one should observe that a
satisfactory application of Halle’s new model needs
refinements concerning the curvature of the T; (v) pro-
file at low-frequencies, where in the present from the
deviations of (3) and it’s extension [16] from the exper-
imental data (see Figs. 2—5) are obvious, except for
DOPC (Fig. 2), essentially due to the absent mode
cut-off (see Figure 8). In contrast to this result, (2a)
describes all dispersion profiles quantitatively with v
near 1 kHz, though the origin of the frequency cut-off
vcr and the only minor variations between the various
membrane systems (Table 2) is still not clear. Similar
cut-offs were found in many nematic and smectic lig-
uid crystals [8, 38]; most likely they must be attributed
to internal local dipolar magnetic fields at the proton
spin sites and not to a maximum coherence length.

Finally it should be mentioned that recently pub-
lished results from measurements of T, [S5] gave
values of x_ very similar to those reported here. How-
ever, Kk, was obtained from the simple two dimen-
sional LU theory which neglects membrane coupling.
This may be fortuitous considering the different un-
derlying theories. Anyway, a more detailed analysis of
such experiments discussing the CMT theory, the un-
derlying data analysis and the parameter analysis
would be helpful.

The evaluated variations of k. essentially confirm
predictions from Szleifer et al. [22] for simple ionic
surfactants (single alkyl chains with an ionic head-
group). A more qualitative extrapolation of their re-
sults to lipids yields values which are in accordance
with our data, whereas experimental results from
Niggemann et al. [21] show considerably smaller val-
ues. However, both the hydration dependence and
Ry, dependence of the mixtures agree with yet unpub-
lished estimations of Galle [56], evaluated on the basis
of Kozlovs theory on hexagonal lyotropic phases [57].
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