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We investigate the effect of the incorporation of a neutral water-soluble nonadsorbing polymer polyvinylpyr-
rolidone (PVP) on the bilayer bending moduk and « of the lamellar phask, composed of cetylpiridinium-
chloride (CPCL/hexanol/HO. The mean bending modulusis obtained from the measurement of quadrupo-
lar splittings of perdeuterated hexanol by deuterium solid state NMR. It is foundctigainsensitive to the
amount of polymer in the lamellar phase, in agreement with the theoretical predictions. Observations with the
polarizing microscope of topological defects in the lamellar phase allow a qualitative study of the Gaussian
bending modulus. Addition of a small amount of polymer in the lamellar phase induces a large proliferation
of focal conic domains of second specipssitive Gaussian curvatyreCryo-TEM confirms that the polymer
drastically modify the texture of the lamellar phase. These results indicate clearly that the presence of the
nonadsorbing polymer strongly decreases, in contradiction with theoretical predictions.
[S1063-651%98)06901-3

PACS numbg(s): 83.70.Jr, 68.10-m, 82.65.Dp, 61.25.Hq

. INTRODUCTION stants: the layer compression modulBs related to the
o o bilayer-bilayer interactions, and the two smectic curvature
An increasing interest is directed today towattisee-  moduli K and K related to the smectic periodicity and
components$yotropic L , lamellar phaseEl]: they consist of respectively to the bilayer mean bending modutuand to
surfactantbilayers (often involving surfactant and cosurfac- e bilayer Gaussian bending modulasaccording toK
tany periodically_stacked in space, separa'Fed by a solvent «x/d andK =x7d. An important issue in surfactant physics
(that is an effective two-components smea@i@hase, into  ig the monitoring of the elastic smectic moduli. In a previous
which aguest componen{protein[2], colloidal particleq3] paper[12], some of us have calculated the nonadsorbing-

or polymers[4-13) is incorporated. Previous studies on polymer contribution to the layer compression moduis
macromolecules solubilized into a surfactant lamellar phasg;ney have shown that this contribution depends both on the
have shown that the polymer molecules can occupy a varietymectic periodicityd and on the polymer concentration in

_Of locations in such systems. They can be confined in th"f"ne solvent®d, reflecting the four different regimes of poly-
interlayer solven{5,6,12,13 and do not adsorb onto or in- mer confinement within infinite slits. In all cases this contri-

corporate into the surfactant bilayers, entirely localized in thg, ;tion is negative, meaning that the polymer-mediated inter-
membrang 7], localized both in the bilayers and in the sol- action tends to destabilize the smectic order. These
vent[9-11] or adsorb onto the bilayef$]. The experimen- predictions allowed a quantitative interpretation of several
tal system we have studied consists of thephase obtained | /L, critical polymer induced phase separations, which
from the system CPCl(cetyl pyridinium chlorid¢/hexanol/  were observed in two different surfactant systdii2,13.
water (for which we have the most extensive set of structural The shift in the bending moduli of a surfactant bilayer
data[14]) in which we incorporate a large water-soluble upon addition of adsorbing homopolymer to the external
polymer PVP (polyvinylpyrrolidong. In the absence of phase has been theoretically considered by several authors
added salt, the smectic order is stabilized by strong longf15—-18. The effect ofnonadsorbingoolymer on the elastic
range electrostatic interactiof€PCL is a cationic surfac- moduli of a bilayer has been addressed by Brddk§ using
tan), and we have several experimental evidences that thihe same formalism as [116]. A simple functional approach
polymer is effectively located in between the bilayers, doeswvas adopted and provided the following results: depletion of
not penetrate through the bilayers, and shows no specifithe polymer, like adsorption, leads to a reductioiand an
affinity with the membrane, so that the confinement is effecincrease inc. In mixed polymer-surfactant systems, the re-
tive and the adsorption regime is avoidég12]. duction in k would increase the flexibility of the bilayers,
The elastic properties of a lyotropic lamellar phisecan  whereas the increase inwould tend to favor the formation

be characterized by three fundamental smectic elastic corsf more handles. Both mean field theory and scaling theory

were used and predicted the following contributidns and

Ak on the elastic moduli of a bilayer due to nonadsorbing

* Author to whom correspondence should be addressed. polymer[17]:
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very small in comparison with thermal energies, and conse

quently §hould b,e eXperimenta”y difﬁCl_JIt to mea,sure . FIG. 1. Conductivity fuem cm’l) vs molar concentration of
The aim of this paper is to check this theoretical predic-heyanol/CPCL in water. The weight ratig,o,/mepe,=0.2 is fixed.

tion on the experimental system we have studied: the megy): no pvp;(2): 2.5% PVP in weight. The slope’s breaks corre-
surement of the bilayer mean bending modukisias per-  gpond to the cmc.

formed using a recent NMR techniq{i#9]; it resides in the

measurement of quadrupolar splittings by deuterium solid ) . .
state NMR of a deuterium-labeled molecule embedded in th¥/ith an oily streak texturg20]. Polyvinylpyrrolidone(PVP)

membrane. The measurement of the Gaussian bendify@S used as the polymer. This a commercial product re-
modulus is much more difficult. To our knowledge, the ceived from Aldrich and used without further purification.
only way to get arestimateof , is to study the texture of Water is a good solvent for PVR22]. The reportgd number
the lamellar phase, by observation with the polarizing micro-2verage molecular weight =360 000 g/mole; we mea-
scope of defects in this phase, as proposed byniteet al. _sured its weight average molecular weight by_ light scatter-
[20,21]. The observation of focal conic domains of positive iNG: My =750 000+10% g/mole, so the polydispersity in-

Gaussian curvature, like spherulites, leads to an estimate §€X iS about 2. The radius of gyration as determined by light
the ratiox/x [21]. scattering is about 60 nm in water and the overlapping

The outline of the paper is as follows. In Sec. Il we weight concentratiorp* is found close to 0.15%. We have

present the polymer-surfactant system we have studied arﬂ!s_o mvestlgate_d the texture of some lamellar samples, into
emphasize the experimental evidences that allow us to assélich PVP with much smaller molecular weighty

that the polymer does not show any specific affinity with the=10 000 g/mole was incorporated. _

surfactant, is effectively located in between the bilayers, and ©One crucial point was to check that PVP imanadsorb-
does not penetrate through the bilayers, so that the confind?d polymer for the fluid membranes we consider. It is well
ment is effective and the adsorption regime is avoided. Irknown that nonionic polymersuch as PVPdo not interact
Sec. Il we present experimental data for the mean bendin{P! Very weakly with cationicsurfactantgsuch as CPCLin
modulus of the membrane obtained from the measurement dficellar solution[23]. However, the bilayers of the present
quadrupolar splitting by deuterium solid state NME&]. system are made from a mixture of CPCL anq .he.xanol. So,
The cosurfactanthexano) was replaced by perdeurated hex- ©© be sure that PVP does not show any specific interaction
anol with the same cosurfactant-surfactant molecular ratioith either CPCL or hexanol, we have performed conductiv-
We first measurec along a dilution path for the lamellar ity measurements to study the effect (_)f PVP on the critical
systemwithoutpolymer. Second, we study the variationsof ~Micellar concentratiofCMC) of a solution of hexanol and
as a function of polymer concentration for the different CPCL in water with a fixed weight ratione,/mepe =0.2
lamellar spacings. In Sec. IV we report the effect of polymer(located in thel; domain of the hexanol/CPCL/water phase
addition on the nature and density of the topological defectéliagram. In Fig. 1, the conductivity of a CPCL/hexanol so-
of the L, phase, observed by polarizing light microscopy,'Ut'O” with the above weight ratio is plotted along a dilution

which allows an estimate o/« [20,21]. Cryo-TEM confirm  Path in two different solvents: the first one is simply water,
the change of the lamellar texture, induced by polymer in-&nd the second one is a semidilute solution of PVP in water

corporation. (with a weight concentrationb=2.5%). There is a small

difference between the two corresponding critical micellar

concentrationsc* =181+ 0.1x 103 mol I without poly-

mer, andc* =193+ 0.1x 102 mol I"* with polymer. Note
The experimental system was presented elsewlieig].  that we have made the same measurements without hexanol

We incorporated a large water-soluble polymer intd.a and we have obtained a similar shift in the critical micellar

phase made of charged bilayers. Thephases are obtained concentration, i.e.,c* =123+0.1x10 3 mol I"* without

from the system CPCl(cetylpyridinium chlorid&hexanol/  polymer andc* =1.34+0.1x10 3 molI"! with polymer.

water, at room temperature, for which we have the mosthese shifts of the cmc are very small and do not seem to be

extensive set of structural data4]. In all samples the alco- sensitive to the presence of hexanol: we believe that they are

hol to surfactant weight ratio is fixethy,e,/Mepc=0.9, and  not significant.

corresponds to an alcohol rich domain of the lamellar phase We have also investigated two series of lamellar phases

Il. EXPERIMENTAL SYSTEM
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FIG. 2. Intensity vay(A ~1) for a series of samples of constant membrane volume fragtiod.212, but with several concentrations of
polymer in pure watefP. Inset: lamellar periodicity vs polymer volume fraction in pure water, for two series of lamellar phases with the
same membrane volume fraction: open circi¢s:0.212; solid circlesyy=0.323. The lamellar periodicities remain unchanged whatever is
the polymer concentration.

(Mpex/Mepe =0.9) of constant volume fractiony (¢ ~ mMembrane by deuterium solid state NMR. By separating the
=0.328 for the first series angl=0.212 for the second se- different motional contributions accounting for the reorienta-
ries) in an aqueous solution of PVP. The volume fraction oftion of the C-D bonds with respect to the magnetic field,
polymerin the solventhas been varied from 0 to 0.44. All Augusteet al.[19] have calculated within a simple Gaussian
samples remained monophasic, transparent, and birefringerifieory the effect of thermal fluctuations of the film upon the
Figure 2 shows the x-ray scattering patterns for the secongecorded quadrupolar splittingv :

series (#=0.212), at several polymer concentrations. All

samples exhibit the first and second order harmonics of the = 3 _
structure factor of a lamellar phase. The first Bragg peak Q 1+ (kgT/8mk)In(1+ k(1r/a)*d/B)
positionqgy remains remarkably constant whatever the poly-

mer concentration as inferred from the inset of Fig. 2 whereyvhere « is a constant that depends strongly on the internal
the lamellar periodicityd=2/qq is plotted as a function of properties of the film, i.e., bilayer thickness, the area per
polymer concentration in the solvent, for two different mem-polar head, and microscopic cutaff(which is a molecular
brane concentrations. We interpret quantitativyin terms  size parallel to the film of a few angstromsindd is the

of the dry thickness of the bilayes qo=2m/5. The first  smectic period.

Bragg peak positiorg, is in agreement with the picture  Thus,Avg is directly related to the bending modulus of
where the polymer is distributed into water only and leaveghe membrana but also to the intermembranous interactions
the bilayer dry thickness constafi#=2.60+0.05nm[12]).  yja the smectic compression modulsNote, however, that

In conclusion, we have obtained several experimental eVifhis B dependence of v, appears only as a logarithmic
dences that PVP does not show any specific affinity Withcorrection of thex depenc?ence.

self-assemblies of CPCL/hexanol mixtures in water: the
polymer is effectively located in between the bilayers of the
lamellar phase, does not penetrate through the bilayers, and
shows no specific affinity with the membrane so that the We have made two series of lamellar samples. The first
adsorption regime is avoided. Our experimental systenone corresponds to a dilution line of the ternary system
therefore pictures a nonadsorbing polymer confined into inhexanol/CPCL/water; i.e., we have measured the quadrupo-

1, ®

B. Experiment

finite soft slits made of fluid membranes. lar splitting as a function of the layer spacidg in order to
obtain the value of the bending moduldf the membrane
IIl. POLYMER CONTRIBUTION TO THE BILAYERS' without polymer. Iq the second series of sample; the mem-
MEAN BENDING MODULUS brane volum_e f_ra_ctlon was kept consténvrresponding to a
lamellar periodicityd= 8.6 nm but the polymer concentra-
A. Theoretical background tion in the solventb varied from 0 to 20%. We have mea-

A recent technique has been reported for the measuremestired the quadrupolar splitting as a functiondaf
of the bilayer bending modulus in the lamellar phase of a All samples were prepared with 50 mg of perdeuterated
lyotropic systen{19]. It resides in the measurement of qua- hexanol mixed with the appropriate quantity of protonated
drupolar splitting of a deuterated molecule embedded in théiexanol and other components: in all cases, ifwecular
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o) FIG. 4. Plot of the three different quadrupolar splittingsq, ,

Avqgp, Avg of the lamellar system hexanol/CPCL/water as a func-
(a) tion of the smectic period(A). Theopen circles correspond to the
experimental points. The plain lines are the best fits obtained from
Egs.(3) and(4). The corresponding mean bending modulus of the
bilayer isk=1.7+=0.5gT.

has the maximum freedom. The three other splittings
Avgp-g Can be associated to the €Broups of the hexanol
molecule. The central isotropic peak is related to the natural
abundance of deuterium in the agqueous solvent. It should be
noticed that the traces of these spectra are typical of ran-
domly oriented sample@owder spectrum[26]. In Fig. 4,
measurements of th&vg,, Avg,, and Avg. quadrupolar
splittings are plotted versus the repeat distashoé the stack
of lamellae (which was independently measured by x-ray
diffraction).

(b) For these samples, the smectic order is stabilized by long-

range electrostatic interaction in pure water, and the corre-
FIG. 3. NMR spectra of perdeuterated he@ol in the Water-sponding smectic Compression modu|u$2§]

hexanol/CPCL lamellar system for two dilutiof@ d=2.5 nm, (b):
d=9.5 nm. For the more concentrated san{plig. 3a)], one can B — wkgT  d )
distinguish four different quadrupolar splittings corresponding to elec 2lg (d— 5)3’
the four nonequivalent C-D bounds in the hexanol molecule.

15000 10000 5000 0 -5000 -10000  -15000
(Hz)

wherelg=e?/(4mekgT)~0.72 nm is the Bjeerum length at
. . t t 6=2.6 is the bil thick .
ratio hexanol/CPCL is constant and corresponds to ther}oom <_ampera ure an . _n.m 'S the |ay(_ar IcKNess

) . - Putting the expression & given by Eq.(4) in Eq. (3), we
weightratio Mhe,/Mcpcy=0.9 of the nondeuterated lamellar - “gied the experimental results of Fig. 3. One firds

phases. Each sampietal weight of abou1 g of lamellar =1.7£0.5%gT. This indicates that the naked membrane is

phaseis sealed in order to prevent solvent or alcohol EVaPOy a1y flexible. This result is in good agreement with previous

ration and centrifuged. Measurements were performed afte nes on the same system, obtained with a different experi-
three weeks at rest for the samples at a temperature of 333

Experiments were carried out on a Bruker MSL 200 spec- ental techniqué28].

trometer, operating at 30.7 MHz for deuterium. The tempera- 2. Addition of polymer
ture was regulated to 2981 K. NMR signals were recorded . .
with either a quadrupole echo techniq(@4] (/2 pulse For the sgc.ond series of samples, the varlat|on_ of the qua-
width of 6 us, pulse spacing 25S) or a composite quadru- drupolqr spllttlngsA Vqa-c Versus the polymer weight con-
polar echo pulse sequenf25]. The experimental resolution centration in water (6:®<0.2) for a lamellar phase of

is about =50 Hz. Data treatment was accomplished on aSMectic periodicityd=8.6 nm is plotted in Fig. 4. The qua-
VAX/VMS 4000 computerDEC, USA. drupolar splitting remains remarkably constant whatever is
the polymer concentration. In these samples, the layer com-

pression modulu8 is the sum of two term§l12]: the first
one is the electrostatic contribution, given by E8); it is

1. Dilution line of the lamellar phase without polymer constant for all samples of this series, since the smectic pe-

Figure 3 shows the experimental NMR spectra of perdeutiodicity is fixed. The second term is the polymer contribu-

terated hexanol in the water-hexanol-CPCL lamellar systentjon to B, which varies ag> and is always negatiid 2]. For
for the two extreme dilutionéd=1.5 and 9.5 nh For the  all polymer concentrations we have investigatedcept for
more concentrated samylEig. 3@)] one can distinguish up the less concentrated ore=0.1%) the polymer is in the
to four different quadrupolar splittings. The most intensethree-dimensional semidilute regime of confinement and its
Avq, is that of the terminal CPbound in hexanol, which contribution toB reads[12]

C. Results
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are found; these spherulites are dispersed in a lamellar ma-

7
Avc,(ksz3 . . trix. At high alcohol to surfactant ratio, i.e., in the vicinity of
L © oo 6 o o o the L; phase, only few defects, referred to as oily streaks
5 ) . . [focal conic domains of first speci€6CD-I)] are observed
s 20 % e often dispersed in a so-called marbled texture. FCD-I and
sl FCD-II differ by the nature of their singularities, and conse-
quently by the sign of their Gaussian curvat@eG<0 for
2T @ . FCD-1 andG>0 for FCD-II. Their different stabilities are
1F @oo o0%o ©° o related tox differing in magnitude and also in sigr>0 for
Y P S I ST S FCD-I, whereasc<0 for FCD-II, so that the Gaussian bend-
0 005 01 015 02 o ing energyxG is negative. For a spherulite of radiBs the
bending energy reads
FIG. 5. Plot of the quadrupolar splittingvq,— of the lamellar R[ 1 4K K_ R
phase of the system hexanol/CPCL/water/PVP as a function of the Wy= fo (E 7z + 2 Aarldr=4m(2k+ k) R (6)

polymer weight fraction in wate®. Open circles: smectic period-
icity d=112 A; solid circlesd=61 A.
From Eq.(6), it is clear that spherulites are energetically
B aD3/4 favored with respect to a flat texture as soonkas—2«.
Bpo=—1.5KgT b(d—6)3 > (5) Boltenhageret al. [29] have given a simple model for the
formation of a thermodynamically stable set of spherulites;
where b~0.3 nm is the monomer length of the polymer. in particular, they have shown that the bending enéhyis
Note that this contribution is always smaller than the electhe single relevant term in the case where the density of
trostatic contribution. The effective layer compression moduspherulites is high, i.e., wheR<I<R?\, wherel is the
lus is thenB=Bgect Bpo. Using the set of experimental mean distance between spherulites ard\/K/B.
values, it is easy to check that the variation of the logarith-
mic term in Eq.(3) as a function of polymer concentration is _
negligible in the entire range of polymer concentration we B. Experiment
have studied. This means that the expected variatiods/gf We have investigated thie, phase of the mixed system
with respect to the polymer concentration dueBt@re less CPCL/hexanol/water/PVP. The membrane volume fraction
than the experimental resolutigb0 Hz) and consequently was kept constan21%) for all the samples corresponding to
cannot be observed. As a result, the hypothetical variationa smectic periodicity of about 12.6 nm. In all samples the
of Avg as a function of polymer concentration, would only alcohol to surfactant weight ratio is fixedn,e,/Mepcr
result from the polymer contribution to the bending modulus=0.9. This value corresponds to alcohol-rich side of the
of the bilayers. lamellar phase. The volume fraction of polymiarthe sol-
However, no variation of the quadrupolar splitting versusventhas been varied from 0 to 0.20. PVP with two different
the polymer concentration is observeste Fig. ¥ it shows  number average molecular weighty= 360 000 g/mole and
evidence that, the contribution of a nonadsorbing polymer taM =10 000 g/mole, was used. The samples were intro-
the mean bending modulus of a bilayer is completely negliduced by capillarity in flat cells (20 mm20 mm). The glass
gible (much less than the thermal eneygyn agreement with  slides were separated by Mylar bands resulting to a con-

Brooks prediction$17] [see Eqgs(1) and(2)]. trolled thickness of 75um. The cells were immediately
sealed with an UV polymerizable resin. The samples were
IV. POLYMER CONTRIBUTION TO THE GAUSSIAN kept two weeks at rest at room temperature2Q °C). Ob-
BENDING MODULUS servations were conducted by polarizing microscopy, at

room temperature. Two different lamellar samples were also
checked by cryotransmission electron microscopy: one is
The Gaussian bilayer bending moduludsis responsible polymer free, with a membrane volume fraction of 0.212,
for the changes of layer topology. Whenis sufficiently — and the other one has the same membrane volume fraction,
negative, the bilayers form many disconnected aggregatdyit the solvent consists now of an aqueous solution of PVP
such as vesicles; conversely whenis positive, the layers (polymer volume fraction in the solvedt=1%, molecular
form a bicontinuous phase like the sponge phase. It has besveight: 360 000. The samples were prepared in two differ-
found, in several surfactant-cosurfactant-brine systems, th&nt ways, which gave exactly the same results on all the
theL , phase can be divided into two distinguishable regionsdifferent preparations: either it was blotted facetaich is
where the bilayers have different textures. In these mixtureknown to be more direct and cause less gradient than the side
the change in bilayer organization is governed by theblotting usually used for negative staining samples the
alcohol-surfactant ratio. Observations by optical polarizingspecimen was deposited as a very thin layer and vitrified as
microscopy have revealed two types of focal conic domainsfast as possible after deposition. We cannot assure that there
at low alcohol to surfactant ratio i.e., in the vicinity of thg  is no gradient at all, but as the two methods gave the same
phase, Maltese crossffecal conic domains of second spe- results, we are quite confident that it has been limited as
cies (FCD-II)] corresponding to large multilamellar vesicles much as possible. The grids were mounted on a gatan cold
with a positive Gaussian curvature referred to as spherulitestage (- 184 °C) and observed on a Philips CM12Q operat-

A. Theoretical background



57 BENDING MODULI OF A NONADSORBING-POLYMER. .. 839

FIG. 6. Polarization micrograph of the lamellar phase in the
ternary system hexanol/CPCL/watemy,/Mcpc=0.9). Mem-
brane volume fractiony=21%. The micrograph was taken be-
tween crossed polarizers at room temperature. Bar: 40 Note
the typical marbled texture for this sampléthout polymer

(a)

ing at 120 kV. The electron micrographs were recorded at
low magnification in order to see the macroscopic organiza-
tion of the samples.

C. Results

In Fig. 6, a typical marbled birefringent texture is ob-
served for the sampleithoutpolymer. Note that no FCD-I
is observed. The corresponding TEM micrograph is shown in
Fig. 7: it is also a typical image of a lamellar phase. The
gradual change of grey indicates the staking of bilayers in (b)
the lamellar phase: the darker the grey color is, the larger the
number of stacked bilayers; the small white circles are holesjg
in the membrane. As soon as some polymer is added, th
texture of the samples is strongly modified, even at very low
polymer concentratiofiFigs. 8 and @ In all cases, one ob-
serves a dense and polydisperse distribution of circular mal-f

(c)

quaternary system hexanol/CPCL/water/PMR,d/Mcpc =0.9).
Membrane volume fractiony=21%. Number average molecular
weight of the polymerM =360 000.®: weight fraction of poly-
mer in water:(a) ®=0.1%; (b) $=1%; (c) $=8%. The micro-

FIG. 8. Polarization micrograph of the lamellar phase in the

graph were taken between crossed polarizers at room temperature.
bar: 100um.

tese crosses located at different levels of the sample thick-
ness, surrounded by a birefringent matrix. The corresponding
TEM micrograph is shown in Fig. 10: the change of grey
reveals the stacked bilayer structure as in the absence of
polymer; however, the white closed lines delineate polydis-

FIG. 7. TEM micrograph of the lamellar phase of the ternary Perse ovoid objects embedded in the lamellar matrix. The

system hexanol/CPCL/water.
=0.212.

Membrane volume fractign

egg-shaped spherulites could correspond to spherical objects
having been stretched during the deposition; the lapse of
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FIG. 10. TEM micrograph of the lamellar phase of the mixed
system CPCL/hexanol/PVP/water. Volume fraction of membrane
=0.212. Volume fraction of polymer in the solvard:=0.01.

ever, that the volume fraction of spherulites seems to de-
crease at very high polymer concentration. Note also that
TEM reveals the existence of very small spherulites.

(i) The mean radiuR of the FCD-II (corresponding to
the radius of the spheruliteseems to depend on the polymer
molecular weight, at low polymer concentration. This is par-
ticularly evident for the lower polymer molecular weight
(Fig. 9 below the overlap concentratiofiR~50 um for
10M PVP andR~20 um for 36(M PVP.

Recall that all lamellar samples we have studied are made
at fixed membrane composition, i.@,e,/Mcpc=0.9. For
the sample without polymer, this composition corresponds to
a domain of the lamellar phase very close to the sponge
phase in the case where water is replaced by brine as solvent.
As shown in Refs[28, 20 the increase ofne,/ Mcpc, leads
to the increase ok from negative values up to positive ones.
Boltenhageret al. [20] have given an experimental estima-
(c) tion of the ratiox/« for a lamellar phase made from a mix-
ture of hexanol, CPCL, and brin&% by weight of NaCl as

FIG. 9. Polarization micrograph of the lamellar phase in theSOIVeﬂalnd close to tHe“._L3 phase boundary. They found
quaternary system hexanol/CPCL/water/PMR,&/Mcpc=0.9). +6SK/_KS+1_O’ depent_dlng (_)n the cosurfaCtLW[ t_o surfac-
Membrane volume fractiony=21%. Number average molecular (&Nt weight ratio. Assuming this value for the raiitx in the
weight of the polymerM =10 000.®: weight fraction of polymer salt fre_e system and using the value ;pfneasured In .the
in water: (a) d=1%: (b) O=8%: (c) d=20%. The micrographs preceding section{=1.7gT) one obtains a rough estima-
were taken between crossed polarizers at room temperature. B4fon ©f the Gaussian bending modulus of our membrane
100 wm. without polymer: k~+14+3kgT. Note the positive sign,

which implies that FCD-Il(with positive Gaussian curva-

ture) are not expected and indeed are not obsefsed Fig.
time between deposition and freezing is too short to allow6). The effect on the phase behavior upon addition of water
the relaxation of the deformation constraint. The main opti-soluble nonadsorbing polymer to the external solvent of the
cal observations are as follows: lamellar phase is to fill this phase with FCD-II. From E6)

(i) Addition of polymer in the solvent leads to the forma- and Ref.[29], we can conclude that<—2«. On the other
tion of a dense polydisperse distribution of large spherulite$iand we have demonstrated in the previous sectionxthst
whatever the polymer concentration (0.¥9® <20%) and not changed upon addition of polymer. It can be inferred that
polymer molecular weigh¢10 000 or 360 000 Note, how- in our system the shift in the Gaussian bending modulus of a
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surfactant bilayer upon addition abnadsorbing polymer is This polymer effect on the Gaussian bending modulus of
strongly negativeWe estimate this shift to be at lead  the bilayer seems to be quite general. It has been also ob-
~ —15kgT. This experimental resuttisagrees qualitatively served 30] for the same polymer but with another membrane
and quantitativelywith the theoretical work of BrookgL7].  (Tritonx100/Tritorx 35/decane)13].
The shift we observe seems to be negative rather than posi-
tive as predicted, and its valuseveralkgT units) is about V. CONCLUSION
two orders of magnitude larger than predicfede Eqs(1)
and(2)]. This surprising result raises the question of whether The aim of this paper was to provide experimental results
some experimental artifact is not responsible for this discrepfor the effects of the mean and Gaussian bending moduli of
ancy. We have anticipated the following possibilities: a surfactant bilayer due to nonadsorbing homopolymer. Re-
(i) The spherulites might be not stable: However, thecent theoretical works predict that the polymer contribution
FCD-Il we observe are spherical ones and should correspontd the mean bending modulus is always negative and the
to thermodynamically stable domaif&1]. Moreover, we polymer contribution to the Gaussian bending modulus is
never succeeded in obtaining oriented samples for thgways positive, whatever is the polymer-surfactant interac-
polymer-containing lamellar phases contrarily to the lamellatjon (depletion or adsorption For the case of nonadsorbing
phases without polymer. We believe then that the spherulitgolymer, the polymeric shifts in the elastic moduli are ex-
texture is thermodynamically stable. pected to be very smaltnuch smaller thakgT) in compari-
(ii) It is well known that the Gaussian bending modulus ofson to the bare surfactant bending moduli, and therefore non-
a bilayer is very sensitive to the alcohol-surfactant ratio ofmeasurable. Our results indicate that the polymer
the membrang28,21]. One can imagine that PVP interact contribution to the mean bending modulus is very weak, in
with hexanol, leading to a decrease of alcohol in the memagreement with theoretical predictions. The experimental re-
brane and therefore to the formation of spherulites. Howevelgyits concerning the polymeric shift to the Gaussian bending
all eXperimental results reported in Sec. | show that PVP haﬁ']odu|us are much more Surprising_ We have reported clear
no specific interaction with hexanol. Furthermore, in Fig. 8 itexperimental evidence that the polymer shift in the Gaussian
appears clearly that the density of FCD-II decreases at higBending modulus of the surfactant membrane is strongly

polymer concentrationd>12%). This result is inconsistent negative. This experimental fact disagrees qualitatively and
with a hypothetical interaction between the alcohol and theyuantitatively with theoretical predictions.

polymer. In this case, one should observe an increase of the

spherulite density by increasing the polymer concentration in

the surr_ounding solvent, ar_1d even finally the disappearance ACKNOWLEDGMENTS

of the bilayer topology, which should be replaced by a mi-

cellar structure. This is not the case: the smectic order is We thank G. Raffard and F. Auguste. This work was sup-
preserved at all polymer concentration, provided that no salported in part by the GDR CNRS-CEA 1082 “Systes

is added. Colloidaux mixtes.”
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