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The hydrodynamic relaxation rate for water inhomogeneities in aligned lipid-water
smectics is measured for the first time using an improved version of the forced Ray-
leigh" technique. Variation of the relaxation rate with water concentration yields a dis-
tinction between bound" and "free" water.

Although part of the motivation for research
into the physics of liquid crystal. s derives from
the fact that many biological systems exhibit liq-
uid crystalline morphology, physicists have by
and large concerned themselves with studies of
liquid crystalline systems that have little or no
direct connection with biological systems. " On

the other hand, it is well known that lipid-water
mixtures form smectic liquid crystal phases that
have the same symmetries as liquid crystals that
have been extensively studied. '~ The lipid mole-
cule possesses a hydrophilic polar head group
that is attached to one or more long hydrophobic
hydrocarbon chains. ' In the presence of water
these amphiphilic lipid molecules can form planar
bilayers in which the polar head groups locate on
the surface so as to shield the hydrophobic chains
from the water. Lipids are principal ingredients
in biological membranes and lipid bilayers have
been extensively studied as model membrane sys-
tems. Furthermore, studies on living systems
have presented convincing evidence that many of
the functions of living membranes are altered at
temperatures that correspond to phase transitions

in the smectic lipid-water (SLW) systems. ' Inter-
actions between lipid and water are essential to
the structure and stability of membranes. ' We
report here new measurements on the fluidity of
water in the SLW phase of dipalmitoyl phosphati-
dylcholine (DPPC).

SLW systems consist of a stack of planar lipid
bilayers separated from each other by a layer of
water. ' Tecniques have recently been developed
to produce macroscopic samples -1 cm' in area
and -0.1 p, m thick. " The size and quality of
these samples are comparable to other liquid
crystals and crystals that have been studied by
physical techniques. These systems also have
interesting physical properties without regard to
their biological relevance. For example, a unifed
hydrodynamic theory of crystals, liquid crystals,
and liquids has been developed and experiments
have been done to observe some of the modes
that have been predicted for single-component,
nonbiological liquid crystals. '' de Gennes and
Brochard have applied these general ideas to the
specific case of the binary l.ipid-water smectic
and made predictions concerning an overdamped
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hydrodynamic mode that corresponds to the relax-
ation of fluctuations in the local water concentra-
tion. " %e present here the results of the first
experimental observation of that mode.

The experimental technique is a new, more
powerful variation on the forced Rayleigh tech-
nique (FRT)." '~ The present experiment would
not have been possible without this improvement.
In the conventional FRT two beams from the same
laser (in our case an argon ion laser, X = 5145 A),
making an angle 8 with respect to each other, and
incident on one spot in the sample form an inter-
ference pattern with intensity distribution

I=F(x,y, z)(1+cos[q,x+$]),
where q, =4m'. 'sin(8/2) and A. is the laser wave-
length. The function E(r,y, z) describes the beam
width and average intensity distribution. The
phase factor ( determines where the maxima and
minima in the interference pattern are located.
A change in path length between laser and sam-
ple for one beam relative to the other by X/2 will
change g by m. If the sample absorbs power from
the incident beam, local heating will give rise to
a variation in the local index of refraction that
will induce a phase grating in the material. In
the conventional FRT the heating laser is blocked
and one observes the decay in intensity of a Bragg
diffraction pattern of the light from a second la-
ser (He-Ne in our case).

The principal limitation on conventional FRT is
that in addition to Bragg diffraction from the grat-
ing induced by the periodic part of I [Eq. (1)]
there is also non-Bragg diffraction from the in-
homogeneity induced by the more slowly varying
function F(z,y, z, ). For wave vector q the spatial
Fourier transformation of the index inhomogenei-
ty 5(q) is proportional to the temperature 5T(q),
and thermal conductivity yields 5T(q)-q 'I(q).
Since the beam width d is much larger than the
fringe separation 2mqp ', the low spatial frequen-
cies with q™2nd ' have 5T(q)»5T(q, ). For the
two-component lipid-water systems the FRT
would detect slow water relaxation v„(q) '= &q'
and slow thermal relaxation rr(q) '=yq' as well
as iwo fast relaxations (at q, »q) of the Bragg dif-
fraction due to both thermal and water decays. '""
As we will show below, X» s and the time con-
stant of the slow thermal decay is comparable to
the time constant of the fast water decay. In ad-
dition the signal due to the slow thermal decay
is some orders of magnitude larger than the sig-
nal due to the fast water decay.

To overcome this problem we detect the decay-
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FIG. l. Typical example of forced Rayleigh signals
for (a) thermal diffusivity and (b) water concentration
decay. The sample was at 70'C and contained 21k
water by weight.

ing signal using an optical heterodyne scheme. '4

The phase of the electromagnetic wave diffracted
by the periodic term is sensitive to the phase (
in Eq. (1). Varying g from 0 to m changes the
sign of the Bragg term in the heterodyne detec-
tion scheme without changing the sign of the low-
q terms. The measurement is done repeatedly,
with ( alternately set at 0 or m, and the decay sig-
nals are added to the memory of a digital system
when ( = 0 and subtracted from the memory when

Signals arising from the first term in Eq.
(1) average to zero and the only remaining signal
is due to the Bragg diffraction from the periodic
term. Figure 1 shows the result of this process
for a thermal decay signal and for a water decay.
The scatter in data points is a measure of the
shot noise due to the reference beam. Typically
Bragg signals whose intensitites would be less
than the background signal by 10 ' if homodyne de-
tection was used are easily detected with the
present technique.

In order to demonstrate the observed relaxation
rates satisfy the q' law the experiment was done
as a function of 0, i.e. , as a function of qp with q,
always in the bilayer planes. Figure 2 shows typ-
ical results for a sample containing 24/o water by
weight at T =70 C. The decay rates are linear in
q, ', except for q, &2m (sample thickness) ' where
temperature relaxation occurs through heat Qow
into the glass substrates. Figure 3 illustrates
the temperature dependence of 0) for DPPC sam-
ples containing varying weight percentage of wa-
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FIG. 2. Typical plots of observed decay rates vs Q'0

for a sample at 70'C containing 24% water by weight.
The upper data correspond to thermal diffusivity and
the lower to water decay. The solid lines indicate q2

dependence. Sample thickness was -125 pm.

ter. Except for the two lowest temperature points
all the data were taken in the I e or smectic-A
phase of DPPC. '~"

It is generally agreed that at low concentrations
the water is bound to the polar head group of the
lipid and the chemical potential of the water in the
lipid is significantly lower than that of bulk water
at the same temperature and pressure. ' ""
With increasing concentration the additional wa-
ter is less strongly bound and the chemical poten-
tial of the water increases. The question of in-
terest is whether the physical properties of the
water in the lipid are ever the same as for bulk
water. The data in Fig. 3 give a partial answer
to this.

The relative strength of the concentration relax-
ation mode to the thermal mode is considerably
greater in the SLW system than it would be in an
isotropic liquid because the thickness of the lipid
bilayer decreases with increasing temperature. '~'
Assuming that the sum of the water layer thick-
ness and the lipid bilayer thickness remain fixed,
nonuniform heating induces nonuniform thickness
for the lipid bilayer with water flowing from re-
gions of lower to higher local temperature. The
index of refraction of bulk water is less than that
of pure hydrocarbon so that the water Qow causes
the index of refraction in the hotter region to de-
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FIG. 3. Temperature dependence of 5) for samples
containing varying amounts of water. Error bars are
indicated for representative points.

a=5 '(n*&p, /bn*), (2)

where 6 is a phenomenological coefficient, n* is
the number of water molecules per unit area in
the lipid, and p, is the chemical potential for wa-
ter in the lipid. Elworthy has measured p, versus
water concentration for both egg lecithin and
DPPC. At 40'C and 20/o water, he obtains n*& p, /
an*- 9~10 "erg with little temperature depen-
dence for either lipid. " Using a different tech-
nique LeNeveau et al. , obtained values of similar
magnitude for egg lecithin. " The coefficient 5
can be obtained from the data in Fig. 3 and these
chemical potentials. The assumptions about the
water Qow made by Brochard and de Gennes
yield 5 '= (12qv) 'd„' where g is the viscosity of

crease relative to the cooler. Even without water
flow the hotter region should have a lower index
of refraction than the cooler because normal ther-
mal expansion would make the hotter region less
dense. Consistent with this we observe that at
high water content the thermal decay and the wa-
ter decay signals have the same relative sign.
For lower water content (less than 10/o) this is
not always true.

Brochard and de Gennes" developed a theox eti-
cal prediction for the value of S based on the as-
sumption that elastic pressure caused by the de-
formed lipid bilayer forces water to flow. Unfor-
tunately this model involves elastic parameters
that are not known. Starting from the general hy-
drodynamic formalism" and without making any
assumptions about water flow one can obtain
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water, ~ is its molecular volume, and d„ is the
water thickness. Taking $ = 0.4 cp and 5 = 3 x10 "
cm', the data in Fig. 3 for 21% water and 70'C
yield d„=4.4 A using Elworthy's results and d
=1.7 A using Rand's.

Small's analysis of x-ray diffraction results for
egg lecithin gives a value of 23.8 A for the full
thickness of a water layer at 20% water; how-
ever, since a fraction of the water is "bound to
the lipid" he argued that only 1.8 A of this should
correspond to "free water. "' The agreement
with our result supports his interpretation. For
lower water concentrations the above analysis of
our data indicates d - 0 at 10%%uo water. This is
consistent with theoretical models for the num-
ber of water molecules required to fully hydrate
the DPPC polar head group. '

The values of x) shown in Fig. 3 can be fitted to
an Arrhenius law with activation energies of 0.25
to 0.45 eV, decreasing with increasing n . This
can be compared to the activation energy for the
viscosity of water, 0.17 eV. Both the absolute
values and the trend with increasing n* are con-
sistent with some degree of binding between wa-
ter and the polar head group.

With the deductions that (1) d is considerably
smaller than the approximately 20 A that may be
considered the water layer and (2) the activation
energy is twice that in bulk water, we conclude
that much of the mater is relatively bound and is
significantly less mobile than free water.
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