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Confinement of Polysoaps in Membrane Lyotropic Phases
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We study the confinement of polysoaps in lyotropic smedtig) (and spongel(;) solutions of the
nonionic surfactant pentaethylene glycol dodecyl ethgsEQs). The polysoap is a hydrophobically
modified polymer withr-tetradecyl sidegroups randomly grafted to a polyacrylate backbone. Without
the hydrophobic side chains the backbone polymer cannot be embedded into the intermembrane space,
but confinement is achieved for a polysoap with as low as 1% of grafted groups. We measure by small
angle x-ray and neutron scattering an increase of the bending rigidity of the lamellar membranes as a
function of polysoap concentration. [S0031-9007(98)05642-7]

PACS numbers: 83.70.Hq, 64.75.+g, 82.65.Dp

Fluid membranes are two-dimensional structures, selfmine, for the first time, the variation of the elastic constant
assembled from surfactant solutions [1]. In the biologicalof the membranes as a function of the concentration of
realm, phospholipid bilayers constitute the walls of lipo-added polymer.
somes and cells, hosting proteins responsible for functions The L, and L3 phases under investigation are com-
as diverse as anchoring the cytoskeleton, providing coatingosed of membranes of the nonionic surfactaptEOs
protection against the body immune response or openin@irom Nikko, Japan) and hexanol in a NaCl brine solution
ionic channels for osmotic compensation [2]. Membranest 0.1M. Pure watefC;EQs mixtures have a widd.,
are also present in many surfactant based industrial fophase region at 6@, spanning membrane volume frac-
mulations. For instance, the processing and delivery ofions ¢ from as low as¢ = 0.005 to ¢ of order unity
detergents or conditioning agents often require at somf]. For a perfectly flat array of ordered membranes of
stage the use of concentrated surfactant solutions whee5 nm thickness, this would correspond to interlamellar
lyotropic liquid crystals are formed [3]. The simplest lig- distances! = 25/¢ nm in the range 0—250 nm. Adding
uid crystalline phase of membranes is the lamellar phaskexanol to the membrane brings the wide lamellar range
L., a smecticA lyotropic liquid crystal [4]. It consists of the phase diagram to room temperature and reduces the
of one-dimensional stacks of surfactant bilayers, separatadembrane rigidity [5]. The surfactafatlcohol mole ra-
by a solvent. Its one-dimensional symmetry allows fortio in our samples is 1:1.43, which reduces the membrane
a relatively straightforward experimental determination ofrigidity to kg7. Under these conditions the, phase is
many properties pertaining not only to the ordered phasstable at 25C from ¢ = 0.04 up to, at leastg = 0.5.
as a collective body of interacting membranes but also tdhe presence of salt in the solution effectively screens the
each individual bilayer with its intrinsic constitutive elas- electrostatic interactions of the added anionic polymers,
ticity [5]. Also of interest for our study is the sponge phasethe Debye lengti, is, for the NaCl solution ab.1M, of
L3, a bicontinuous isotropic phase of multiconnected memthe size of a few monomerép = 1.0 nm. The polymers
branes [6]. The wealth of information collected over theinvestigated in this work were prepared by grafting differ-
past two decades an, andL; phases designates them asent densities of:-tetradecyl sidegroups to a backbone of
convenient tools to investigate interactions between menpoly(acrylic acid), PAA. Details of the reaction [15] and
branes and other components often present in synthetic anaterials will be reported elsewhere [16]. In the brine so-
naturally occurring colloidal suspensions,, phases have lution, the hydrophobically modified PAA can for practi-
for instance been used to host ferromagnetic colloidal parcal purposes be viewed as an almost neutral chain with
ticles [7] and different types of polymers [8—11], both in an average number of 3472 backbone monomers. A frac-
the intermembrane solvent subphase [12,13] and inside th®n o of these backbone monomers is randomly attached
bilayer itself [14]. In this Letter we investigate by small to hydrophobic chains of 14 carbon atoms. Polymers with
angle x-ray and neutron scattering the structuré pfand  such macromolecular architecture are commonly known as
L3 phases with embedded polysoaps, a particular class glysoaps.
macromolecular surfactants. By studying a system of very In the absence of grafted sidegroups the polymer spans
flexible membranes, we were able to quantitatively deteran average dimension of the order of 40 nm. The polymer
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cannot be successfully mixed within the lamellar or In a perfect one-dimensional stack of membranes,
sponge phases even for membrane dilutions of the ordéhe intermembrane distancé is simply related to the

of ¢ = 0.04 corresponding to intermembrane subphasenembrane thicknes8 and volume fractionp by d¢ =
regions as thick ag = 62.5 nm. However, for a mem- §. However, flexible membranes fluctuate around their
brane volume fractionp = 0.20, a hydrophobic levelr  average position, leading to a smaller projected area and
of the order of1.7% is sufficient to successfully incor- to an interlamellar distance which depends also on the
porate the polymer into the lamellar stack. We will re-membrane elastic constan{18]

port elsewhere the details of the complete phase diagrams do 1 s 132k
for polysoagmembrane mixtures with polysoaps of dif- i 1+ Ik In % 37 } 1)
ferent hydrophobic content. Hereafter, we concentrate & &

on polysoaps with a substituted fractian= 3%, in L,  where b is a microscopic cutoff length. The elastic
and L3 phases with membrane volume fractign= 0.2.  constant is measured in unitsif7. For flexible enough
Figure 1 sketches the anticipated structure of the mixedystems it is therefore possible to monitor changes of
system. The polymer is likely to be strongly anchoredthe elastic constant by simply measuring with x-ray
to the bilayers by the hydrophobic groups, exposure obr neutron scattering the variation of the interlamellar
each tetradecyl chain to the water environment havinglistanced.

an associated cost of roughlykzT [17]. There are on Two-dimensional powder x-ray diffraction patterns of
average 33 monomers between each anchored groupsamples were obtained using a Rigaku (Tokyo, Japan)
spanning a distance df.5 nm. The anchored polysoap RU-200 rotating anode x-ray diffractometer equipped
can then be regarded as a two-dimensional chain conwith a microfocus cup and a two-dimensional homebuilt
posed ofN = 104 loops or blobs with sizez = 1.5 nm.  Princeton photomultiplier area detector [19]. Small-angle
Note that the polymer is anchored to a fluid membranepeutron scattering experiments were performed at the
the positions of the anchoring points along the membranéaboratoire Léon-Brillouin (CEN-Saclay, France) on the
are therefore not determined by the anchoring process biseam line PACE. In the samples for neutron scattering
can relax to its most probable distribution. The characterthe water was replaced by,D, any other compound
istic sizeR of a self-avoiding chain in two dimensions fol- being the same.

lows the relationR = N¥*a, with N the polymerization We first determined the evolution of the interlamellar
index anda the monomer size. At low enough concentra-spacingd as a function of the membrane volume fraction
tions the polysoaps are therefore isolated fluffy patches of, from the peak positiog, of small-angle x-ray spectra,
an average siz& = (104)** X 1.5 = 48.8 nm. Above d = 2m/qo. The best fit of the data with Eq. (1) gives
the overlap surface coveragé* = MR™? (M is the a membrane thicknes$ = 2.4 + 0.4 nm and an elastic
mass of the polysoap) different chains will interact. Forconstantk = 0.6 = 0.2, if one fixes the value of the
our polysoapsl'™* is of the order of0.2 mgm 2. This cutoff parameter ab = 0.7 nm. The values of the elastic
corresponds to a polymer concentrationn the water constant and cutoff parameter are comparable to literature
subphase = I'*/(d — §) = 1.6 Wt %, withd = 16 nm  values for similar systems [5]. The value= 0.7 nm

and membrane thickness= 2.5 nm. We were able to for the cutoff parameter leads also to a good agreement
incorporate up tet wt % of polysoap in thel., phase and between the membrane thickne8sobtained from the

up to 2 wt% of polysoap in the sponge phase. Largerprecedent fit, and the value éfextracted from the higly-
polymer concentrations led to phase separation betweergion of the neutron scattering spectra, shown in Fig. 2.
a polymer poorL, or L; phase and a polymer rich The representatiog*I(g) was chosen to highlight the first
isotropic solution. We present below experimental datascillation from which we estimate a bilayer thickness
for polysoap concentrations in the ran@e4 wt %. 6§ =24=%02nm.

The neutron scattering data of the lamellar phase at
fixed membrane volume fractiogp = 0.2 is shown in
Fig. 3 for different polymer concentrations. The data are
shown after renormalizing the intensitigg;) by their re-
spective peak value$(qo) and the wave vectorg by
the peak positionsyy. This representation emphasizes
two important features of the scattering spectra. The first
feature is the reduction of the peak width with increas-
ing polymer concentration. This indicates a decrease of
the exponentp that describes the power-law singularity
[20,21] of the Bragg peak(q) ~ |¢g — qol '*". The ex-
ponenty is a function of the peak positiogy, the elastic
FIG. 1. Sketch of the string of blobs that the polymer formsconstant of the bilayet and B, the compression modulus
when attaching to the membrane. of the smectic phasey = ¢3/(87/kB/d) with k and
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FIG. 2. Largeg behavior ofg*l, in arbitrary units, showing FIG. 4. Scattering data for the sponge phase at fixed

one oscillation from which we extract the bilayer thicknessmembrane volume fractionp = 0.2 for different polymer

8 = 2.4 + 0.2 nm. The fitting line is the function sty /2). concentrations as indicated.

We show data for the lamellat, phase without polymer

and with 4% polymer, and for the spongg;) phase without

polymer and with 2% polymer. where the reduction of the low angle intensity and the cor-
respondent appearance of a correlation peak at intermedi-

B in units of kzT. The observed reduction of the peak ate wave vectors indicates an increase of the membrane

width corresponds therefore to an increase of the produdlastic constant.

kB. The second feature is the variation of the intensity From the variation of the peak positigg in the scatter-

at small wave vectors(q — 0). This intensity is related ing spectra of the lamellar phases, we extract the evolution
to the smectic moduluB, I(¢ — 0) = 1/B. A reduction Of the interlamellar spacind = 27 /qo. Figure 5 shows

of the intensity at low angles corresponds to an increasthe corresponding relative variation of the elastic constant
of B with polymer concentration. A larger smectic modu- k obtained, as explained above, by solving Eq. (1)#or
lus B indicates a stiffening of the intermembrane interac-at fixed ¢ ands. The measured elastic constants an

tion potentialV(d), B = dﬁzV/adzldcq- For a potential increasing function of polymer concentration. The contri-
which is solely due to the steric Helfrich undulation in- bution of the added polymer to the bilayer rigidity appears
teractions, the smectic modulus decreases with membraii@ increase linearly with polymer concentration at small
stiffnessB ~ 1/k. However, as we will show below,is  concentrations, and to slightly level off to a maximum
also, in our case, an increasing function of polymer contelative value ofl.8 at polymer concentrations above the
centration: The undulation contribution to the modulus €xpected two-dimensional overlap concentratitn The
should therefore decrease when polymer is added to tHarge error bars in Fig. 5 are due to a large sensitivity of
system. We conclude that the embedding of polymer ithe & values with respect to variations in the membrane
our system not only modifies the elastic properties of théhicknesss. We discuss now the possible reasons for the
membranes but also induces a new contributiori(d)  observed stiffening of the membrane.

to the intermembrane potenti&l(d). Further confirma- ~ The modification of the membrane rigidity has
tion of the polymer induced stiffening of the surfactantbeen theoretically studied in a number of cases where
bilayers is given by the evolution of the neutron scatterthe membrane interacts with polymers. Adsorbed and

ing spectra of the sponge phase. This is shown in Fig. 41onadsorbed polymers are predicted [22,23] to reduce the
elasticity of the membrane, while end-grafted polymers
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FIG. 3. Scattering data for the lamellar phase at fixed mem- 0 1 5 3 p

brane volume fractionp = 0.2 and different polymer concen-
trations as indicated. The data have been normalized witfIG. 5. Relative variation of the elastic constat)/k(c =
respect to the positions and intensities of the peaks. 0) as a function of polymer concentration
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