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Dynamic light scattering from lyotropic lamellar phases subjected to a flow field
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Dynamic light scattering experiments on lyotropic lamellar phases of brine and surfactant subjected to a flow
field have been realized. The obtained results reveal that the relaxation times measured depend strongly on the
velocity of the flow. This dependence is indicative of an increase of the effective elasticity médalus a
decrease of the effective compressibility moduBusf the lamellar phase with the flow velocity. This leads to
the conclusion that the shear can induce a suppression of the undulation fluctuations of the bilayers of the
lamellar phase. Our results show also that the rigidity of the membranes decreases as the salt concentration of
the sample increases.
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[. INTRODUCTION to probe the hydrodynamics of these lamellar phases. A pri-
mary aim of this paper is to investigate the possible effects of
The physics of complex fluids made up of surfactants inshear flow on the hydrodynamics of lyotropic lamellar
an agueous solvent is of interest for both fundamental issugghases; in particular, we focus on the undulation and the
in condensed matter physics as well as for applicationsbaroclinic modes and the effect of flow on their relaxation
Among such phases are lyotropic lamellar phades) (of  times. Light scattering is well suited to the study of the hy-
surfactant and brine which have attracted considerable atterodynamics of these phases as was shown previgdsly
tion from both theorists and experimentalists. These phaseBhe scattering of light is due to both the undulation fluctua-
are composed of bilayers of surfactant parallel to each othdions of the bilayers and to the surfactant concentration fluc-
and intercalated by water layers. They are models of systentgations. One can select the observed mode by both a choice
of interacting flexible surfaces or membranes. The stabilityof the scattering wave vector and by controling the polariza-
of these phases is directly related to the interactions betwedion of the light. A difficulty with such experiments stems
the bilayers which are due to electrostatic repulsions, steritrom the fact that lamellar phases are host to a variety of
forces, repulsive undulation forces, and to the elastic propettopological defects; however, these defects can be annealed
ties of the bilayers themselvg4,2]. The thickness of the either by thermal treatmenfd] or by shearing the solutions
water layer can be varied by changing the concentration oih capillaries[10]. The exact nature of these defects is inter-
surfactant giving much control over their properties. Diluteesting on its own and can be related to the different elastic
lamellar phases can sustain different types of thermal flucmoduli of the membranes composing the phigsH.
tuations, namely concentration fluctuations associated with In dynamic light scattering experiments, depending on the
bilayer compressibility or to changes of the solvent layerscattering geometry, the measured relaxation time of the in-
thickness, and fluctuations associated with the undulations dénsity autocorrelation function for oriented lamellar phases
the bilayers due to their flexibility. The hydrodynamic modescan be due to the relaxation of the undulation fluctuations
of such phases are well known both experimentally and theowundulation modg to the relaxation of the concentration
retically [3,4]. From measurements of the dispersion rela-fluctuations (baroclinic mod¢ or to the two fluctuation
tions of the different hydrodynamic modes of thg phase, modes coupled to each oth&,4,12—-18. Following Sigaud
the two elastic moduli characterizing this phase can be obet al.[16], the characteristic relaxation frequency which cor-
tained. These moduli are the elasticity modukisand the responds to the undulation fluctuations coupled to the con-
compressibility modulug®. While K is related to the bilayer centration fluctuations is given by the dispersion relation
flexibility, B is the product of the interactions among the
bilayers. While there are a few measurements of these B2 4
. . I Bg;+Kq|
moduli for certain lamellar phases at equilibrium there are no w= 4—2_qf, (1)
measurements fdr, phases subjected to shear flow. Several 79"+ aqzu
recent studies have shown the extreme sensitivity of these
phases to shear: these lamellar phases can be transforma&tiereq, and q, are, respectively, the components of the
into a system of monodisperse spherulites or onions at evemave vectoiq perpendicular and parallel to the direction nor-
low shears for examplé¢5,6]. These phases also presentmal to the plane of the bilayerk; is the smectic elasticity of
some intriguing rheological properties as demonstrated byhe lamellar phase given by/d, where « is the bending
different studie§7-9]. elastic modulus of the bilayers anldis the layer spacing®
Here we report a dynamic light scattering study on thesés the compressibility modulus of the phase at constant
microstructured soft materials, namely the lyotropic lamellarchemical potentialy is the viscosity, andk is a dissipative
phases subjected to shear flow in flat rectangular capillariesarameter and it is estimated for a large lamellar spatiag
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d?/127 with 7 the shear viscosity of the solvefit7]. In the  with previous results by Yamamoto and Tan#&h Also, by

case of a lamellar phase where it is supposed that the onktudying these phases with variable salt concentrations we

dominant interaction is a long-range repulsive interactiorfind a systematic decrease of the effective bending elasticity

(Helfrich interaction, there is a relation established by Hel- of the bilayers with increasing salt content in qualitative

frich [1] betweenk and B, agreement with theories which predict a decrease wfith
decreasing Debye lengf21-23.

5 972(kgT)?d @
= Sa(d—8)"
64x(d—9) Il. STUDIED SYSTEMS
where § is the thickness of the membrarig, is the Boltz- In this present study we have used two different systems.
man constant, andl is the temperature. The first one is composed of pure water, an ionic surfactant

Now, when the wave vector is paraIIeI to the plane of theAOT (bis-ethy|hexy|-su|fosuccinate sodium galand vary-
bilayers, the only mode observed is the undulation mode anghg amounts of saNaCl). The phase diagram of this system
the characteristic relaxation frequency is directly related tqyas extensively studied by Gosh and Mil[@4]. At a con-
the smectic elasticity of the lamellar phase. In this case, thetant concentration of ionic surfactant and for variable con-
dispersion relation is reduced = (K/7)qf(3). In the centrations of salt, this phase diagram shows a transition
other case where, is close to zero, the characteristic fre- from a sponge phase to a lamellar phase and to a phase of
quency is due to the relaxation of the baroclinic mode and ispherulites. The phase of spherulites is presumably meta-
is given by w~uBq?(4). In light scattering experiments, stable although some recent work tends to support the idea
one can observe the baroclinic mode due to concentratiothat these phases are equilibrium phag®s. Let us first
fluctuations, or equivalently to the dielectric constant fluc-briefly describe the phase diagram obtained at a temperature
tuations in the case where the polarizations of the incidenef 22 °C for a concentration of 7% of surfactant in watiey
and the scattered beams are parallel. When, on the oth&reight and for salt concentrations ranging from 0% to 3%
hand, these two polarizations are crossed, the scattered intdpy weight. At high salt concentrationsabove 1.75% a
sity is sensitive to the fluctuations of the anisotropy of thesponge phase dr; phase is obtained. This phase occupies
dielectric constant and one can observe the undulation modbe whole volume of the tube; it is an optically isotropic
[4]. bluish phase of low viscosity. The structure of this disor-

A few studies have shown the validity of this view and its dered phase is bicontinuous with a surfactant bilayer separat-
relevance for measuring the elasticity and compressibilityng the solvent into two interconnected and continuous re-
moduli of oriented lamellar phases at equilibrifh18—20.  gions[26,27]. At higher salt concentrations this phase rejects
In a subsequent study of the hydrodynamics of lamellawater and becomes more viscous and its volume decreases.
phases and the possible couplings to a hydrodynamic fieldht low salt concentrations below the one-phaseregion, a
Bruinsma and Rabifil 3] have shown that the expression for coexistence region betwedn, and L, phases is seen be-
the dispersion relations stated above, which is applicable daween 1.475% and 1.75% salt. The volume of the lamellar
equilibrium, is still valid for solutions subjected to flow in phase increases as the salt concentration decreases. Below
the case where the scattering vector is taken perpendicular ©0475% a one-phase lamellar region is observed; the lamellar
the flow direction. This is the case of the present study. Wespacing for this surfactant concentration is about 40 nm. The
actually measure the dispersion relations directly in our flowlamellar phases are birefringent and therefore easily distin-
cell on these phases subjected to flow and show that they agriished from the.; phases which are isotropic. As the sa-
in reasonable agreement with the theoretical expressions. Winity decreases the lamellar phase becomes slightly more
then use such expressions in our data analysis to extract terbid. At salt concentrations below 0.9% a phase of spheru-
effective elastic constants but it should be emphasized thdites is obtained: these are liquid-crystalline particles consti-
flow can affect the undulations of the bilayers significantly.tuted of several concentric bilayers separated by water.

We assume that the effects of the flow on the undulations The second system we have studied is composed of a
will be manifested as an apparent change in the elasticity andonionic surfactant (GEs: penta-ethyleneglycol mono
the compressibility of the phases studied. We will thereforen-dodecyl ether, a cosurfactanthexano), and pure water.
refer to the elastic constants measured as effective constanst a cosurfactant to surfactant mass ratio of 0.27 in a solu-
The variation of the effective constants measured as a fundion of pure water containing a 0.3% mass fraction of hex-
tion of the flow velocity is then interpreted as an effect of theanol, a lamellar phase is obtained for an interval of cosurfac-
flow on the fluctuations or undulations of the bilayers com-tant and surfactant concentration varying between 1% and
posing the system. 10% volume fraction. One can then obtain a lamellar phase

We here focus on the dependence of the relaxation time ofith lamellar spacing varying from a few hundred to a few
both undulation fluctuations and concentration fluctuationghousand angstroni&8]. In our study we have used a lamel-
of the lamellar phases on the applied shear rate and the st phase with a lamellar spacing of 3300 A. The lamellar
linity. Our findings point to the possibility that the effective spacing was estimated abk= /¢ where § is the bilayer
smectic elasticity of these lamellar phases increases withthickness(33 A for the G,Es) and ¢ is the volume fraction
increasing flow velocity, indicating that flow suppresses un-of cosurfactant and surfactalit8,28. Due to the very dilute
dulation fluctuations of the bilayers. As a consequence, theature of this lamellar phase, the defects are difficult to vi-
effective compressibility moduluB decreases in agreement sualize.
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There are marked differences between the two systems 7 0
studied. These differences stem from the dilute nature of the >
C,,E5 lamellar phase used compared to the lamellar phases Laser [} 0

based on the AOT surfactant. Thg,Es lamellar phase has —_—
shown experimentally a viscosity of 2 mPas and is Newton-
ian in the sense that the shear viscosity is independent of the y 5
shear rate in the range between 4 and 200 leasurements
at lower shear rates than 4*swere difficult to carry out and
showed quite a bit of noise. The AOT lamellar phases used
are more concentrated and have a lamellar spacing about an Helima Cell
order of magnitude smaller than the nonionic lamellar phase.
The AOT phases have viscosities which are much higher
than the solvent viscositywatep and show marked shear
thinning behavior. The viscosity of all the AOT lamellar ~ FIG. 1. Optical arrangement for dynamic light scattering mea-
phases used depends strongly on the shear rate and decresgsgments. The cell is oriented vertically while the optical plane is
as the shear rate increases. The AOT lamellar phases haberizontal. The scattering wave vectqris perpendicular to the
been shown in previous studies of their rheology to presenelocity vector. Whenp=26, q,=0, and the wave vector is paral-
some peculiar features. A bistability was found for pre-lel to the cell walls.
sheared samples of these phd§@sAlso, if these phases are
sheared at a constant shear rate for long periods of time, this way the flow was in the vertical direction allowing us to
very large increase of the viscosity has been obsef6&d avoid the effect of Doppler shift. The scattering vector was
This increase is associated with the formation of onionlikePerpendicular to the velocity vector and it could be chosen
objects in the lamellar phase. parallel or perpendicular to the cell wallsee Fig. 1 for
We stress these differences here since as it turns out, ti@tical arrangement
viscosity of the lamellar phase needs to be taken into account The intensity autocorrelation functions were measured in
in the analysis of the data. The dilutg £5 lamellar phase two different optical configurations. In the first one, we mea-
which is of low viscosity and Newtoniaffor shear rates sure the autocorrelation function with an incident beam po-
above 4 s which is roughly the range used hgserves as larized vertically and an analyzer in front of the photomulti-
a test system where the rheology is simple. In addition, thiglier oriented horizontally (VH configuration. In  this
|atter system has a|ready been characterized by dynamic |ig|€;pnfiguration and in the case where the lamellars are oriented
scatteringthe method we use heralbeit at equilibrium, and ~parallel to the cell walls, the correlation time measured for

allows us to compare our data with the results of such studscattering wave vectors taken parallel to the cell wesltsat-
ies. tering wave vectors in the plane of the layers with the com-

ponent parallel to the layer normal being very close to kero
is due to the undulation fluctuatiof4]. For this case the cell
1. EXPERIMENTAL SETUP is actually slightly tilted with respect to the vertical direction
%0 ensure coupling to anisotropic dielectric constant fluctua-

Correlator

The dynamic light scattering measurements are carrie
out using an argon lasek &514.3 nm) operating at a power
between about 100 and 300 mW, a photomultiplier to collec
the scattered light, and a logarithmic correlatat.\V5000).

In order to produce flow we have used flat capillariigem
Hellma) with a length of 3 cm, a width of 1 cm and a gap
size of 0.1 cm. The liquid was pumped with a motorized
syringe that guarantees a constant volumetric flow rate of th
liquid. This volumetric flow rate can be varied from 0.2 to 5
cm®/min. In this paper we will refer to a velocity rather than
to a volumetric flow rate; this velocity is the mean velocity IV. EXPERIMENTAL RESULTS

of the flow calculated from the volumetric flow rate divided . . .

by the cell section. The fluid was injected into the capillary -6t uS now describe the results we have obtained in the

through a 0.4-cm-diam plastic flexible tube: the diameter of WO different optical configurationéVH and VV) corre-
this tube was chosen to be larger than the gap of the flziponding to the undulation mode and to the baroclinic mode,

capillary to minimize the effect of shearing the solution in F€SPectively.

the tube. The length of this tube had no effect on the mea-

sured autocorrelation functions. The capillaries used are of A. Undulation mode
good optical quality and because they are flat allowed us to
choose a scattering wave vector parallel or oblique to the
membranes once the lamellar phase is oriented with its bi- As can be seen in Fig. 2 for a lamellar sample at 1.4 wt %
layers parallel to the cell walls. The geometry of our opticalsalt concentration, the shape of the obtained autocorrelation
set up is horizontal while the cell was oriented vertically. Infunction in the VH configuration depends on the flow veloc-

t In the second configuration the polarization of the inci-

dent beam and the analyzer are both oriented verti¢siNy

configuration. This last configuration allows us to measure

the relaxation time of the baroclinic mode in the case where

the component of the scattering wave vector in the plane of
e layers becomes small compared to that perpendicular to
e membranef].

1. Autocorrelation functions
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FIG. 2. Autocorrelation functiongG@(t)=g@(t)—1 for a
lamellar phase at 1.4 wt % salt concentration in the VH configura- g, 3. Relaxation time as a function of the flow velocity for
tion for different flow velocities. Squares are for an equilibrated gitferent salt concentrations in the VH configuration. Squares,
phase. Circles and triangles are for flow velocities of 0.83 and 2-%ircles, and triangles correspond, respectively, to 1.4, 1.15, and 1
mm/s, respectively. The autocorrelation function is a stretched exXyt o4 salt concentrations. Note that the flow velocity,,, corre-

ponential at equilibrium with a stretching exponent of 0.56, thissponding to the maximum of the relaxation time increases with salt
stretching exponent increases with the velocity and reaches valug$)ncentration.

close to 1 for flow velocities greater or equal to a velocity we call
Vmax- The stretching exponent is 0.6 for 0.83 and 0.97 for 2.5

e ration is shown for the AOT lamellar phases at different salt

concentrations within the one-phase lamellar region and for
the G,E5 lamellar phase in Figs. 3 and 4, respectively. The
ity. This function is a stretched exponential at rest and at lowhehavior observed is relatively similar in the two cases: the
velocities with a stretching exponent around 0.65. At highercharacteristic time first increases, reaches a maximum at a
velocities, the stretching exponent increases and reaches valell-defined velocity ¥,,.0), and decreases as the flow ve-
ues close to 1 near a certain velocity that we 84lL,. At locity increases. As stated aboWg,,, corresponds to the
velocities aboveV ., the autocorrelation function is a velocity for which the autocorrelation function of the scat-
single exponential. This indicates that the lamellar phase atred light becomes a single exponential. Note that the ve-
rest or flowing at small velocities is full of defects and there-locity V., corresponding to the maximum of the character-
fore the lamellae have different orientations in the scatteringstic relaxation time increases with the salinity. As the salt
volume, and that the flow helps orient the lamellar phase asoncentration increases, the position of the peak shifts to
shown by the single exponential behavior at higher flowhigher flow rates, indicating that for the higher salt concen-
rates. This observation is in agreement with previous resultgations the transition to an oriented state occurs at higher
on the effect of shear flow oh, phaseq10]. This is con-  velocities. This shift in the position of the peak may be re-
firmed by visual observations of the phases in polarized mitated to the proximity of the sponge phase which is the equi-
croscopy where defects are seen belgy, and the solution librium phase at higher salinities. It is probable that the na-
becomes dark with few defects at velocities abdXg,y.

Defects are, however, observed near the lateral boundaries ¢~ 1.9x10°
the cell. As we will see below, the veloci¥,,,, depends on
the salinity of the phase and increases with the salt concen
tration. Similar behavior for the shape of the autocorrelation
function was observed for the lamellar phase of the
Ci,Es/hexanol/water system. Here again, the obtained auto- - .
correlation function is a stretched exponential at rest and a~= ,
low velocities with a stretching exponent around 0.7. The © 80x10°F .
stretching exponent increases then with the velocity to react A .
values close to 1 near a certain velocity,,,. At velocities ol
aboveV,,.y, the autocorrelation function obtained is a single 4.0x10°
exponential. Again, flow helps to orient the lamellar phase. , ) L
As stated earlier, however, the defects are more difficult to 0 1 2 3 4
visualize in this system as it is very dilute. V (mm/s)

8.0x10% |

FIG. 4. Relaxation time as a function of the flow velocity for a
C,.Es/hexanol/water lamellar phase at 0.27 hexanggmass ra-

A typical dependence of the relaxation time on the flowtio and 1% volume fraction of surfactant and cosurfacteamellar
velocity atq,=0 (¢= /2 andd= ¢/2) and in VH configu-  spacing of 3300 A

2. Characteristic relaxation time
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FIG. 5. Inverse of the relaxation time7lds a function ofﬁ for qZ/q
a lamellar phase at 1.0 wt % salt concentration in the VH configu-
ration for different flow velocities abové,,,. Circles, squares, and FIG. 6. Relaxation frequency in VH configuration negr=0 as
triangles are, respectively, for 1.67, 0.83, and 0.50 mm/s flow vea function ofqg,/q. The dispersion relation of the undulation and/or
locities. baroclinic mode is well verified. The peak frequency corresponds to

the undulation mode and allows us to estimate the value dhe

f the def in the | I h I experimental plot is for an AOT lamellar sample at 1.15% salt
ture of the defects present in the lamellar phase as we ncentration and for a flow of 1.66 mm/sec. The theoretical fit

their change upon approaching the sponge phase affect hoyes a value of 4.8 10~ 2m? s* for K/7.
the lamellar phase orients with the flow. Another manifesta-

tion of the effects of salt, as we will show below, is that the jyoge of the lamellar phase which was stated above. An ad-
elasticity of the bilayers decreases as the salinity increasggional test showing this agreement comes from Fig. 6
and therefore as the sponge phase is approached. Also tigiere we present the VH relaxation frequency measured
decrease of the relaxation time with the flow velocity 0b-pearg.—0 and for a flow velocity abov¥,,, as a function
served aftel 4« iS Not as important fqr the hlgher sal|n|t|_es._ of g,/q. Figure 6 shows that the dispersion relatid is

This decrease of the characteristic time with the velocity iSye|| verified and that the characteristic frequency presents a
more pronounced for the low salinity AOT phases than forpeak atq,=0 (¢=26). The peak frequency allows us to
the G;Es lamellar phases as well. The decrease of the corggtimate the bending elasticiky Figure 6 was obtained for a
relation time aboveV, Will be interpreted below and re- |ameljar phase sample at 1.1 wt % salt concentration and for
lated in part to an increase of the effective bending elasticity, fiow velocity of 1.66 mm/sec. We will return later to the
of the membranes with an increasing velocity. The increasga|yes of the physical parameters used for this fit. As it turns

of the correlation time between the no-flow situatiovf (' oyt this fit is sensitive to the rati§/ 5 but not very sensitive
=0) and the velocity . is, on the other hand, more diffi- {5 the value ofB.

cult to interpret. The main reason for this is the absence of a
single exponential for the autocorrelation function of the

scattered light. The relaxation times of the autocorrelation
function can be related to the viscous and elastic response 1. Autocorrelation functions

only when the autocorrelation function is a single exponen- . .

tial.)/There is no direct predictions for the nogexpoﬁential The obse_rved b autocorrelatlpn functions present the

case for which the presence of defects complicates the h)g._ame behavior as those observed n the .VH conflguratlon. A

; gretched exponential at low velocities with a stretching ex-

ponent around 0.65. The stretching exponent increases then
ith the velocity to reach values close to one for velocities

qual or larger thaw 4.

B. Baroclinic mode

about such an increase.

Let us now describe the dependence on the scatterin
wave vector of the measured characteristic frequeficy
verse of the characteristic time:7l/at q,~0 for the VH
configuration. Here we will only be concerned with flow
velocities aboveV,, since the theoretical dispersion rela-  To observe the characteristic relaxation time of the baro-
tions apply only to oriented lamellar phases for which theclinic mode, we follow the same procedure as in Réf. For
autocorrelation functions are necessarily exponential. In Figa flow velocity above the velocity ., we measure the re-

5 we plot the relaxation frequendgt q,~0 and for the VH  laxation time in VV configuration for different fixed values
configuration as a function oqu for an AOT lamellar of the wave vectorq with scans ing, and g, for eachq
sample of 1 wt % salt concentration and for different veloci-value. The scan iq, andq, is obtained by varying the angle
ties aboveV .. Note that the higher the velocity, the 6between the cell normal and the incident be@ee Fig. 1
smaller the decay time is for af] values studied. The fact Theq value is fixed by the scattering angte The relaxation
that the measured characteristic frequency is Iinezqfiris frequencies in VV configuration as a function qf for a

in agreement with the dispersion relation of the undulationamellar sample of 1.3 wt % salinity and for a flow velocity

2. Characteristic relaxation time
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FIG. 7. Relaxation frequency in VV configuration as a function ) ) )
of Qi for an AOT lamellar sample of 1.3 wt % salinity and for a FIG. 9. Bending elastic modulus as a function of the flow

flow velocity of 2.5 mm/s. The different results are obtained by Velocity for the GoEs lamellar phase at 3300 A lamellar spacing.
fixing the value of the wave vectorand doing a scan ig, andq, . These values were extracted from the measured undulation relax-

The solid lines are the theoretical fits obtained by the general dis@tion times using either the viscosity of the solvéatver curve or
persion relation. The fits give aboutx20® s> and about the viscosity of the phaseipper curvgé Note that the values ob-
1072 m2 s~ L for E/n andK/ 7, respectively. tained for k are more important when using the viscosity of the

phase but the variation versus the velocity remains the same.

of 2.5 mm/s is shown in Fig. 7. The results in Fig. 7 are

reasonably well fit by the general dispersion relatibhand  scattering vector is taken perpendicular to the flow direction,
one can estimate the value of the compressibility parametenherefore the time measured cannot be due to a Doppler shift.
B. Note that the relaxation frequency increasegjfotiose to  Recall that the Doppler shift introduces a relaxation time
zero and it is linear irg? far from q,=0. In the latter case, given by (V-q) 1. The dependence we find is quadratic in
the corresponding relaxation frequency can be approximateithe scattering vector which was set perpendicular to the ve-
by w~Mqu(4) as was stated above. Figure 8 shows thdocity direction and which should not couple to the velocity.
characteristic relaxation frequency in the VV configurationSecond, different salt concentrations give different decay
far from g,=0 for the 1.3 wt % salt concentration lamellar times for the same velocity, again indicating that the mea-
phase at two different flow velocitied.66 and 2.5 mmjs  sured times are not due to a Doppler shift. Also, similar
Note that the observed relaxation frequency dependencexperiments performed dry phases show that the measured

seems to be linear ig?. correlation tim(_a depends little on the velocity of the flow .for
these phases in contrast to the lamellar phases. For similar
V. DISCUSSION reasons the decay time we measure is not due to a transit

time of inhomogeneities going through the scattering vol-

Let us now comment on the dependence of the relaxatiogme.
time as a function of velocity. First, as specified earlier, the  Furthermore, many studies have shown that for an ori-
ented lamellar phase and when the scattering wave vector is
in the plane of the layers, the measured VH relaxation time is
due to the undulation mod@&,4]. Then, the correlation time
@ we measure afl,=0 in the VH configuration for velocities
aboveV ., can be attributed to the relaxation of the undula-
tion fluctuations of the bilayers of the lamellar phase. This is
in agreement with the fact that the VH measured character-
istic frequency is linear imﬁ and that the dependence of this
frequency org,/q nearg,=0 can be well fit by the general
dispersion relationFig. 6). On the other hand, the mode
observed at),q, #0 far fromq,=0 corresponds to the baro-
clinic mode (as verified by a test of the dispersion relation
0 5x10™ 1x10™ 2x10™ 2x10™ 3x10™ 3x10" for this mode and the corresponding relaxation frequency
allows us to estimate the compressibility moduRi®f the
phas€/4,18].

FIG. 8. Relaxation frequency in VV configuration as a function ~ Let us now try to estimate the effective bending_elastic
of g? far from g,=0 for an AOT lamellar sample of 1.3 wt% modulus« and the effective compressibility moduli&s of
salinity and for two different flow velocities. Squares and circlesthe lamellar phases used and their dependence on the flow
are, respectively, for 1.66 and 2.5 mm/s. velocity. Figure 9 shows the dependence of the bending elas-

6x10°
e 1.66 mm/s

5x10°7 o 2.50 mm/s

4x10%
3x10°
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1x10° 7
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tic modulus « on the flow velocity for the GEs lamellar 103E

phase with a lamellar spacing of 3300 A. Thealues were ] -

extracted from the measured relaxation frequency of the un- ,\'\-\ N

dulation mode using Eq.3) and taking the viscosity of the -~ —e '\.\_

interstitial solventwater,7=1 mPas in our cageNote that g 10°3 x§v§‘\ e eas

the bending elasticity tends to increase with the velocity and g ] \Ziv:;A\Ajo\,\

the obtainedx values vary between k3T and 0.7%gT, ol 1 —a—1.00% ’\oi'\‘“\‘:‘\-\.‘.
which is in rough agreement with the values obtained até 1 1'050/ ‘\,:v\':‘\khk‘
equilibrium for the same systefi8,19. On the other hand, < 10'+ o ety
the estimation in the same way of the effective bending elas- ] A 115% p
tic modulusx for the AOT lamellar samples leads toval- I —v—120%

ues which are too small compared to the thermal energy 1 —+—1.40%

kgT(0.005-0.0%gT). Moreover, the results would indicate 10° ————rrry —————rrrry
a very large, and difficult to explain, increase mofvith the 1 10 100
flow velocity. If we now extract the effective compressibility Shear rate (5'1)

modulusB from the measured relaxation frequency of the

baroclinic mode using expressiéf) and taking the viscosity FIG. 10. Shear viscosity as a function of the shear rasefor

of the interstitial fluid(watey), once again we find very small samples in the lamellar region and for different salt concentrations
values for the AOT lamellar phases compared with what wags indicated in the figure. The viscosity decreases considerably with
obtained in[18,19 for a C,,E5 lamellar phase of a compa- the shear rate. For a fixed shear rate, the viscosity decreases with
rable lamellar spacing. The values obtained for a lamellathe salinity.
phase of 1.3 wt% salt concentration are 28 and 22 Pa for,
respectively, 1.66 and 2.5 mm/s. All this leads to the conclushear rate as flow can introduce local variations of the sur-
sion that there should be another parameter to consider ifactant concentration. What we suggest to do here is to esti-
addition to the bending elasticity and to the compressibilitymate the bending elasticity using the viscosity of the phase
of the phase. This additional parameter could be the viscosneasured at the corresponding velocities or shear rates in the
ity. In fact, many dynamic light scattering studies on concen-dispersion relation of the undulation mofgg. (3)]. For the
trated colloidal suspensions have proposed the use of th@,,Es lamellar phase at 3300 A, the dependence of the rigid-
viscosity of the sample at zero shear rg#9]. We must ity « on the flow velocity remains the same because this
stress here that the use of a zero shear rate viscosity f@ample is Newtonian in the range of shear rates studied here
lyotropic lamellar phases is problematic since defects ar¢above 4 s which corresponds roughly V., for this
present in such solutions at rest. As we show below the relsystem and its viscosity does not vary with the shear rate.
evant viscosity to use in our case is the shear viscosity of the The situation is quite different for the AOT system, mea-
phase as well as its dependence on the shear rate used. Barements of the shear viscosity as a function of the shear
the sake of completeness we extracted the zero shear ratate realized on the lamellar phases of this systasing a
viscosity by extrapolation to the zero shear rate and use@ouette geometry with a gap of 1 mm on a Stress Tech
them in the dispersion relations measured. The values of thdneometer from Reologica Instrumenthow a strong de-
bending elastic modulug we obtain from the undulation pendence of the viscosity on the shear rate. Viscosity as a
relaxation frequency are more reasonable, (0.7-kgBYor  function of the shear rate for samples of different salinities in
the C.Es lamellar phasgFig. 9 upper curveand of the the lamellar region are shown in Fig. 10. Note that the vis-
order ofkgT for the AOT samples. However, the increase of cosity of these samples is considerably higher than the vis-
the rigidity « with the flow velocity for the AOT phases cosity of the solvenfwaten. As the shear rate increases the
remains very difficult to explaink increases by approxi- viscosity decreases considerably. The viscosity also de-
mately a factor 10 in this case. Using the viscosity of thecreases with salinity for a fixed shear rate. As a note of
phase at zero shear leads to more reasonable values of tbaution, let us stress that the viscosity of the solution de-
compressibility modulu® as well (for example, we obtain pends on the history of the sample. If the sample is sheared
for a 1.3 wt% salt concentration AOT lamellar pha&, at a constant shear rate for long periods of tifh@—20 min
values of 5056 and 3926 Pa for, respectively, 1.66 and 2.the viscosity shows a large increase as time elapses and the
mm/9. These values are, however, an order of magnitudesolution becomes gel-like with viscosities of order 1 Pa]s
larger than the values found ji8,19. Our measurements were carried out on fresh samples that
The other possibility now is to use the shear viscosity ofwere left at rest for periods of a few hours before the mea-
the lamellar phase. In the study of the hydrodynamics of thesurements; in addition to that we subject the sample to small
lamellar phase, it is the viscosity of the solvent which wasshear rates and for times much shorter than the time for
usually considered4,17]. However, Bruinsma and Rabin which a viscosity increase is observed. This experimental
[13] who have studied the effect of shear flow on the lamelprotocol was followed for the correlation measurements as
lar phase have considered a surfactant concentratiowell to minimize the sensitivity to the history of the sample.
dependent viscosity. The dependence of the measured undlihe dependence of the measured undulation relaxation fre-
lation and baroclinic relaxation frequencies on the flowquency on the flow velocity can then be interpreted by an
velocity may be due to the variation of the viscosity with theincrease of the rigidity of the bilayers but also by a decrease
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FIG. 12. The bending elastic modulesand the compressibility
FIG. 11. Penetration length as a function of the flow velocity modulusB as a function of the flow velocity for an AOT lamellar
for an AOT lamellar sample of 1.25 wt% salinity. Note that sample of 1.25 wt % salinity.
increases with the velocity indicating the suppression of undulation
fluctuations of the bilayers of the phase. the lamellar phase increasdsvhile the compressibility
) ) __modulus decreaspas the flow velocity increases. This is
of the viscosity of the phase. However, because of the diffij,gjcative of the suppression of undulation fluctuations of the
culty in determining the velocity profile in the cell and con- pjjayers composing the phase. Furthermore, we can estimate
sequently the shear rate and the corresponding viscosity §@e variation of the viscosity as a function of the flow veloc-
use, the estimation of the bending elasticity is still difficult to ity using theK/7 and « or theB/5 andB values. Comparing
do especially for the AOT lamellar phases. the obtained values for the viscosity with the measured vis-
_ This problem could be solved, as we WI|| see, by measUrgosity values using a rheomet@ig. 10, we can also have
ing for the same sample, both the relaxation frequency of thg, estimate of the average shear rate in the cell. The result
VH mode atq,=0 (undulation modeand that of the VV' e gptain is that the shear rate is given.5v/b (V is the
mode atq,q, #0 with q,>q, (baroclinic modg We then  mean flow velocity and is the cell gap which is slightly
estimateK/# andB/7 separately for the same sample. Onepigher than ¥/b obtained supposing a Poiseuille profile.
can then estimate the penetration length \VK/B [30]. Us-  The shear rates found fall in the range 3 to 5&.s
ing the Helfrich relation betweer andB [Eq. (2)], we can Once the average shear rate in the cell is estimated, we
now estimate the rigidityc and the compressibilit of the  can extract the variation of the bending elasticity directly
phase without supposing any condition on the viscosity. Defrom the characteristic relaxation frequency of the undulation
spite the fact the membranes are charged in our case, the saibde using the corresponding viscosity measured experi-
addition reduces the Debye length and the Helfrich sterianentally. Figure 13 shows the dependence of the estimated
interaction dominates over the repulsive electrostatic interaceffective elasticity on the flow velocity obtained for different
tions. The thickness of the membrafiés about 21 A in our  salt concentrations. The trends we noted is an increase of
case[28]. as a function of velocity and a decrease as a function of salt
To test this proposition, we measured the two relaxatiorconcentration. The increase of the bending elasticity is im-
frequencies (undulation mode and baroclinic mgdeas  portant for low salinities, but becomes less important as the
shown before for a lamellar phase at 7 wt% AOT and 1.25salinity increases. For the lamellar sample of 1 wt% salt
wt % salt concentration and for different flow velocities concentrationk increases by roughly a factor of 2 as the
aboveV,,.. We then estimated the variation of the penetra-speed increases. The increase of the effective elastic bending
tion length\ with the velocity using thé&/» andB/#7 values  modulus with the velocity has not been observed before and
extracted from the measured undulation and baroclinic relaxthe effect is indicative of a suppression of undulation fluc-
ation frequencies. Figure 11 shows the dependence of theations of the bilayers. However, the decrease of the com-
penetration lengthh on the velocity for the 1.25 wt% salt pressibility modulus with the shear indicative also of the
concentration lamellar phase. Note that the penetratiosuppression of undulation fluctuations has been observed be-
length increases with the flow velocity. This can indicate anfore by Yamamoto and Tanak8]. Although the fact thai
increase of the bending elasticity, a decrease of the condecreases with increasing salt concentration is in qualitative
pressibility modulus, or the two together. The increase of thegreement with theorig21-23, this prediction could not
penetration length with the flow velocity is indicative of a explain the large variation we find. Our study puts forth the
suppression of undulation fluctuations of the bilayers. Usingpossibility that both the ionic strength of the solution and the
the Helfrich relation(2), we can obtain the variation afas  flow velocity affect the bending elasticity modulus of the
a function of the flow velocity as shown in Fig. 12 for the bilayers and therefore the smectic elasticity of the lyotropic
1.25 wt% _salt concentration lamellar phagee can also lamellar phases. Our findings can have significant conse-
obtain theB values which are inversely proportional o quences on understanding the effects of hydrodynamic flow
[Eq. (2)]). This result shows that the effective elasticity of on such complex phases.
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10 ¢ found previouslyf 10] allowing us to deduce the values of the

1 = 1.00% effective bending elastic modulus of the hilayers composing
1.15% the phases as well as the effective cpmpressibility_modulus
. B ® ) of the lamellar phase. We use dynamic light scattering and a

" s 1.2% formalism introduced in Ref4] to relate the decay time of
. v 1.4% the undulation fluctuations as well as the concentration fluc-
tuations of the lamellar phase to the bending elasticity of the

®  ua a4 A A bilayers and to the compressibility of the phase. We find that

.o the effective bending elasticity modulus depends on the salt
content of the lamellar phase which has been predicted theo-
M retically. Also this modulus depends on the velocity of the
flow as this modulus increases as the flow velocity increases
pointing to the possibility that flow suppresses undulation
fluctuations in lyotropic lamellar phases. As a consequence
of this supression, the effective compressibility modulus de-
creases in agreement with previous observations. The shear
flow suppresses the fluctuations in these systems giving rise

FIG. 13. Bending elastic modulus as a function of the flow 1, an enhanced apparent elasticity and a reduced apparent
velocity for different salt concentrations. Squares, circles, up t”'compressibility

angles, and down triangles are, respectively, for 1, 1.15, 1.2, and 1.4
wt %. These values were extracted from the measured relaxation
times and using the viscosity of the phase measured at the corre-
sponding shear rate.

i/ kgT
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