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Effect of polymer on the elasticity of surfactant membranes: A light scattering study
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We have performed a dynamic light-scattering (DLS) investigation of the effect of a water-soluble polymer,
polyethylene glycol (PEG), on the bending elastic modulus « of surfactant membranes. The polymer, in
concentrations ranging from 0 to 8 g/L (0 to 0.4 mM), was incorporated into the solvent of sponge phases of
the sodium dodecyl sulfate (SDS)-hexanol-brine system. PEG adsorbs into the SDS membranes. The correlation
functions of the polymer-doped sponge phases displayed a stretched-exponential decay, appropriately described
by the Zilman-Granek (Z-G) theory for fluctuating membranes. The dynamics of the surfactant bilayers was
slowed down by the addition of the polymer: Increasing PEG concentrations increase the DLS relaxation times.
From the Z-G model we extracted the membrane-bending elastic modulus, as a function of polymer concentration,
Cpeg = Kk increases with Cpgg, a behavior opposite to that expected from available models for the interaction
between fluid membranes and adsorbing polymers. Our results suggest that the polymer penetrates to some extent

the surfactant bilayers.
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I. INTRODUCTION

Surfactants in solution give rise to different equilibrium
phases [1], depending on the values of the physicochem-
ical variables (concentration, temperature, concentration of
additives, etc.). There are two basic local structures: mi-
celles (spherical or cylindrical) and bilayers (membranes). In
both cases the hydrophobic tail of the surfactant molecule
avoids water contact by hiding in the interior of the
structure.

Bilayers in aqueous solutions are formed by two surfactant
monolayers facing each other through their hydrophobic
moieties. At a larger scale, surfactant bilayers can adopt
several configurations. Two of the most common are the
so-called lamellar [2] and sponge phases [3]. In the first
case, the membranes arrange in a parallel stack of fluctuating
bilayers separated by solvent; the system is characterized by
the interbilayer distance d and the bilayer thickness §, related
through the surfactant volume fraction ¢ by the classical
dilution law ¢ = é/d.

On the other hand, the sponge phase (Fig. 1) is a disordered
array of bilayers continually connected in the three dimen-
sions; this phase can be pictured as a structure containing
pores or passages separating two equivalent volumes of
solvent. A characteristic distance d is measured in appropriate
static scattering experiments; it can be interpreted as a mean
interbilayer distance or as the mean diameter of the pores in
the structure. In the sponge phase, d is also related to the
bilayer thickness by the dilution law: ¢ = «é/d, where «
depends on the topology of the phase and has a value near
to 1.5.

It is interesting to study and understand the properties
of lamellar or sponge phases doped with polymers of dif-
ferent chemical characteristics: water-soluble, nonadsorbing
polymers, adsorbing polymers, or amphiphilic polymers. The
interaction between surfactant structures and polymers is of
interest because of the applications of the mixed systems.
Surfactants are relevant in detergency, wetting, foaming, or
emulsification, while polymers are usually added to control
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the viscosity of the solutions. The phase behavior as well
as the physical properties of these systems strongly depend
on the polymer-membrane interactions. In the literature there
are several reports, both experimental [4-20] and theoretical
[21-25], on the effect of polymers on lamellar or sponge
phases.

For instance, in a previous work, it has been shown that
the addition of polyethylene glycol (PEG) to the lamellar or
sponge phase of the sodium dodecyl sulfate (SDS)-hexanol-
brine system produces the appearance of a vesicular phase in
coexistence with excess solvent [20]. The actual mechanism
of this transformation is not completely understood so far,
but one can argue that the polymer modifies the Gaussian
elastic constant of the surfactant bilayers and thus triggers a
topological phase transformation. In order to obtain a better
insight into the mechanism of the reported lamellar (sponge)-
vesicular transformation, it is interesting to study the elastic
properties of the membranes of this system, as a function of
polymer concentration.

In this context, we have carried out a systematic light-
scattering study of the effect of increasing concentrations of
PEG on the bending elastic modulus of SDS-hexanol-brine
sponge phases. The experimental results are reported in this
paper. The aim is to understand the effect of the polymer on
the elastic properties of the surfactant membranes.

The paper is organized as follows. In the next section we
provide a brief theoretical as well as experimental background
to our work. In Sec. III we give the details of our experiments.
In Sec. IV we present and discuss our results. Finally, in Sec. V
we draw conclusions of our investigation. In the supplementary
material, we present related experimental results obtained for
our system [40].

II. BACKGROUND

A. Bilayer elastic constants

The elastic properties of surfactant membranes can be
described by the bending elastic modulus x and the Gaussian
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FIG. 1. (Color online) Schematic representation of a sponge
phase. The local structure is a surfactant bilayer. This bilayer
is connected in space in a complex three-dimensional structure,
separating two equivalent volumes of solvent.

elastic modulus #, defined in the Helfrich elastic energy [26]
(per unit area):

e 1 2\ 1 X
_2K(R1+R2 Ro) +KR1R27 M
where R and R, are the principal curvature radii in each point
of the membrane, and Ry is the spontaneous curvature radius.
The bending modulus « determines the amplitude of thermal
bending fluctuations of the membrane. Flexible membranes
have low k values (of the order of kzT); rigid membranes,
like those formed with phospholipids, have higher « values,
of the order of tens of kzT. This elastic modulus has thus
a direct influence on the dynamics of surfactant bilayers. On
the other hand, the Gaussian modulus & controls topology
tranformations. Depending on its value, flat (lamellar phase),
saddlelike (sponge phase), or closed (vesicles) topologies can
be stable. However, for a fixed topology the Gaussian term of
the elastic energy is a constant and can be neglected.

When a polymer interacts with the membranes of a surfac-
tant system, it modifies their physical properties. Theoretical
studies have predicted that an adsorbing polymer modifies the
bending elastic modulus of the bilayers. For instance, Brooks
et al. have shown that x decreases in the cases of both weak
and strong adsorption [21]. From an experimental point of
view, the most studied system is the one where bilayers of the
anionic surfactant SDS interact with the water-soluble, neutral
polymer PEG. Several groups have shown that PEG binds to
the SDS bilayers and micelles [14,27-29].

Maugey and Bellocq have studied the effect of both
adsorbed and anchored polymers on the SDS-hexanol-brine
sponge phases [4]. As adsorbing polymer, they have used
PEG of molecular weight 20,000. The solvent is an aqueous
solution with 30% of glycerol. This additive is commonly
used as a cryoprotectant in freeze-fracture experiments in
order to prevent the formation of ice crystals. Under these
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conditions, they find that it is possible to solubilize up to
50 g/L of PEG without changing the sponge bilayer structure.
Furthermore, the modifications of the phase diagram in this
system suggest that PEG increases the Gaussian curvature
modulus of the membranes, an opposite effect to that observed
in the SDS-hexanol-brine system without glycerol [20].

The effect of adding PEG to SDS bilayer phases depends
on physicochemical variables such as the salt concentration in
the solvent. For instance, it has been shown that in the absence
of salt it is possible to solubilize large amounts of PEG in
SDS lamellar phases, without disturbing the bilayer structure
[4]. However, if the electrostatic interactions are screened by
adding salt to the system, the lamellar and sponge phases are
no longer stable after a relatively moderate PEG concentration;
instead, a phase separation occurs, where the bilayers adopt
a vesicular structure and expel excess solvent [20]. This
transition is not observed if the electrostatic interactions
are not screened. The actual mechanism of the lamellar (or
sponge)-vesicular transformation is not fully understood so
far. However, one can argue that the polymer modifies the
elastic moduli of the membranes, thus triggering the observed
topological modification. This is one reason why it is relevant
to measure the elastic constants of polymer-doped membrane
phases.

B. Zilman-Granek theory

There are several ways to assess the elastic properties of
surfactant bilayers. In the case of dilute lamellar or sponge
phases, dynamic light scattering (DLS) is a well-suited tool to
measure the bending elastic modulus «. In a DLS experiment,
one measures the normalized autocorrelation function of light
scattered by the sample at a certain angle:

(1(g.0)1(q,1)
(I*(q,0))
The corresponding correlation function of the scat-

tered electric field E(q.1), g"(g.t) = (E*(q.0)E(q.1))/

(|E(g,0)|?), is obtained via the Siegert relation: g®(q,t) =

1 + b|gV(g,1)|%, where b is an experimental constant of the

order of unity and the angular brackets mean an equilibrium

ensemble average that is obtained as a time average from the
experimental data. In this equations I(q, ?) is the light intensity

arriving at the detector. Here g = 4T gin % is the wave number,

n the refractive index of the mediu)\m, A the wavelength of the
light, and @ the scattering angle; g (g,¢) is proportional to the
dynamic structure factor, g(g,t) ~ S(q.1).

The correlation of the scattered light decays with time
accordingly to the dynamics of the sample. In most diluted
colloidal systems the decay of g!(¢,¢) is described by expo-
nential functions. However, in the case of dilute sponge phases,
the correlation functions differ from single exponentials. In
fact, they are well described by stretched exponentials [4,30]:

gV(g.t)~exp —(T't)’]. )

In this equation I' = % is the relaxation frequency, t the
relaxation time, and S the stretching exponent.

Zilman and Granek have developed a theory [31,32] that
has been successful in describing DLS experiments in dilute
sponge [4,30] and lamellar [5-7,33] phases, as well as in

§@q.1) = 2)

011604-2



EFFECT OF POLYMER ON THE ELASTICITY OF ...

microemulsions [34] and even in vesicular structures [35].
In their theory they consider the scattering of light by pieces
of membrane of size £. These membranes undergo thermal
fluctuations whose amplitude is related to the bending modulus
of the bilayer: «. After doing some approximations and taking
an angle average to take into account the isotropy of the
phase, they found that gV(q,) decays in time as a stretched
exponential [Eq. (3)]. The stretching exponent is found to
be B = 2/3. Moreover, the relaxation frequency scales with
the third power of the wave number: I' = mg>. The slope
in this equation contains the bending elastic modulus of the
membrane:

l—

KT
—

m = 0.025y; (KBT) )
K

In this equation, y; is a constant approaching unity, K g the
Boltzmann constant, T temperature, and 1 the solvent viscosity.

These equations are the basis for the measurement of
k in sponge phases with the DLS technique. In a typical
experiment, the correlation functions for several scattering
angles are measured and fitted to stretched exponentials
[Eq. (3)]. Then, the relaxation frequency I'" is plotted as a
function of ¢3. The bending elastic modulus is obtained from
the slopes [Eq. (4)] resulting from linear fits to the " versus
g curves.

III. MATERIALS AND METHODS

The sponge phases were prepared in the system SDS-
hexanol-brine. The solvent was a 170 mM NaCl solution. SDS
(99% purity), hexanol (99% purity), and NaCl were purchased
from Sigma-Aldrich and used as received. Ultrapure water
from a Milli Q system (Millipore) was used to prepare the
brine solutions. To the solvent of the samples, polyethylene
glycol (PEG, Mw = 20 000) was added in concentrations
ranging from 0 to 0.4 mM (8 g/L). PEG was purchased from
Sigma-Aldrich and used as received.

The samples were prepared by weighing appropriate
amounts of the components. The membrane volume fraction
in the samples was ~0.02. The surfactant/cosurfactant mass
ratio was mgps/Mmnpex = 0.455. The cosurfactant (hexanol)
penetrates the surfactant membrane; its concentration deter-
mines whether the lamellar (lower hexanol contents) or the
sponge phase (higher hexanol contents) are stable. PEG was
incorporated in the brine solutions in the appropriate con-
centrations. The samples (50 ml total volume) were prepared
in pyrex bottles. They were homogenized with a magnetic
stirrer for 1 hour, while observing them between crossed
polarizers in order to look for flow birefringence (Fig. 2).
The samples were allowed to stabilize for several months.
Some experiments were also performed with “fresh” samples
(2 weeks after sample preparation) in order to test for repro-
ducibility. For the sake of comparison, some experiments were
also performed with lamellar phases, where the SDS/hexanol
mass ratio was 0.55. However, these experiments did not
produce reproducible results, probably due to local alignment
inside the samples. The bilayer thickness of the membranes
8 was determined by small-angle x-ray scattering (SAXS)
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FIG. 2. (Color online) Illustration of flow birefringence in our
system. (a) At rest, the sponge phase is isotropic, and thus no light is
transmitted. (b) When a shear stress is applied (with a magnetic
stirrer), the bilayers are locally aligned, and the phase becomes
birefringent. For the sake of comparison, we show the birefringence
of a lamellar phase at rest (c). All samples are observed between
crossed polarizers. A white light source illuminates the samples from
behind the first polarizer.

experiments in the lamellar phase: § ~20A (Fig. S1 in
Ref. [40]).

The DLS experiments were performed with a BI-9OO0AT
Digital Brookhaven correlator. The used laser has a 25 mW
power at 633 nm. Correlation functions were collected for nine
equally spaced angles, from 40° to 120°. This range is equiv-
alent to wave numbers g from 9.06 x 10° to 2.29 x 10" m~!.
All the experiments were carried out at room temperature
(24°C). The experimental correlation functions were fitted
to the Zilman-Granek theory. From the fits, the parameters I"
(inverse of relaxation time) and § (stretching exponent) were
obtained. I" was plotted as a function of ¢3; from the slopes
of these curves, the mean elastic modulus of the membranes
was obtained, using Eq. (4). In addition, we have performed
a CONTIN analysis of the DLS data in order to know the
distribution functions of relaxation times and compare the
results with those of the Zilman-Granek theory.

The viscosity of the brine and polymer solutions were
measured using an Ubbelohde viscosity meter immersed in a
thermal, circulating water bath. The measurements were made
at 24 °C; eight repetitions were made in order to obtain the
average viscosity for each concentration.

IV. RESULTS AND DISCUSSION

All the samples prepared with PEG/brine solutions have
the macroscopic characteristics of a sponge phase. They have
low viscosity and are isotropic, as observed between crossed
polarizers. Furthermore, when sheared, flow birefringence is
clearly observed (Fig. 2), indicating that under flow the orig-
inally disordered membranes locally align in an anisotropic
structure. This behavior is typical of a sponge phase.

The scattering correlation functions cannot be fitted with
single exponential functions like most of diluted colloidal
suspensions. In fact, the measured correlation functions are
very well fitted by stretched exponential functions, in excellent
agreement with the Zilman-Granek prediction for dilute
membrane phases [31,32] and with previous experimental
results for sponge phases [4,30]. For illustrative purposes,
in Fig. 3 we present three correlation functions, with their
corresponding theoretical fits [Eq. (3)], for sponge phases with
polymer concentration Cpgg = 1 g/L; the scattering angles
for these curves are 40°, 80°, and 120°. Similar, qualitative
results have been obtained for the other angles and polymer
concentrations. Furthermore, the stretching exponential for all
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FIG. 3. Light-scattering correlation functions for a sponge phase
with a PEG concentration Cpgg = 1 g/L, for three scattering angles:
(1) 120°, (2) 80°, and (3) 40°. The curves are the best fits to the
Zilman-Granek theory.

our samples is in the range 0.7-0.8, slightly higher than the
theoretical predicted value (8 = 2/3) but in ful agreement
with previous experimental results [4,30]. This is a further
indication that our phases have the sponge structure.

From the fits to the electric field correlation functions,
g(l)(t), we have obtained the relaxation times. Our results show
that for a given angle this time increases when the polymer
concentration increases. In Fig. 4 we show this behavior
for some scattering angles. The increase in the relaxation
times means that the addition of PEG slows the microscopic
dynamics of the membrane phases.

In the framework of the Zilman-Granek theory, the inverse
of the relaxation time, 1/7, also called the relaxation frequency,
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FIG. 4. Scattering relaxation times at 70° (circles), 80° (squares),

90° (triangles), 100° (diamonds), and 110° (stars) for the sponge

phases, as a function of polymer concentration. Increasing the
polymer concentration increases the relaxation time.
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FIG. 5. T vs ¢> curves for sponge phases with different polymer
content: 0 g/L (circles), 2 g/L (squares), 4 g/L (triangles), and 8 g/L
(diamonds). The lines are fits to linear equations. Note that the slope
decreases with polymer concentration.

scales as ¢>. This behavior is observed for all the scattering
angles and polymer concentrations, as shown in Fig. 5.

Before proceeding further in the discussion of the Zilman-
Granek results, it is worth mentioning that we have performed
a CONTIN analysis of the DLS data. This procedure is well
suited for samples presenting polydispersity or multiple decay
times. In fact, the structure of the sponge phase is so complex
that one could expect additional modes, such as a collective
“breathing” mode of the phase; the decay time of this mode
would be larger than that predicted by the Zilman-Granek
theory. However, the distribution functions of decay times
revealed by the CONTIN analysis (Fig. S5 in Ref. [40]) reveal
no slow mode in either of our samples. In fact, the main peak
found by the CONTIN procedure agrees remarkably well with
the decay times obtained with a fit to Eq. (3).

There is a systematic behavior of the slopes of the
experimental curves obtained from the Zilman-Granek theory
(Fig. 5): The more concentrated the polymer in the solvent, the
smaller the slope in the 1/7 vs g* curve. This is expected if the
polymer slows down the dynamics of the membranes. We have
fitted the 1/ versus ¢ curves for all polymer concentrations.
As observed in Fig. 5, the first two points, corresponding to
the scattering angles 40° and 50°, slightly deviate from the
expected linear behavior. We attribute this deviation to the
fact that these points are the most separated from the range of
validity of the Zilman-Granek theory, i.e., £g > 1. However,
we have taken into account all the points in the theoretical fits
to the data of Fig. 5. We have estimated the experimental error
associated with neglecting these points to be of the order of 5%
(Fig. S2 in Ref. [40]). This error slightly modifies the obtained
values of « but does not change the qualitative behavior with
increasing polymer concentrations.

From the fitted slopes of the curves of Fig. 5, we can obtain
the membrane mean bending modulus «. The results are shown
in Fig. 6. For the calculation, we have used a constant viscosity:
that of the brine solution, 0.98 £ 0.008 cp. We use this value
because, as we explain in the following paragraphs, PEG binds
to the surfactant bilayers, and thus we consider the solvent as
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FIG. 6. Bending elastic modulus of the sponge phases, as a
function of polymer concentration. « systematically increases with
polymer concentration, indicating that PEG stiffens the surfactant
bilayers.

the brine solution. This choice is very important. Since « scales
as 1/n?, the bending modulus is very sensitive to the value of
the solvent viscosity. We discuss this point below.

In Fig. 6 we see that the polymer increases the rigidity
of the membranes, thus reducing their thermal fluctuations.
For a polymer-free sponge phase, we obtain a value of
k =3.13 £ 0.22KT, in very good agreement with previous
results on similar systems [4,30,36]. When polymer is added to
the sponge phase, the bending modulus increases and reaches
a value of x =5.68 £0.42KT, for the highest polymer
concentration. The slower dynamics (with polymer addition)
in the relaxation times of Fig. 4 is due to this increase in the
membrane rigidity.

It is interesting to compare our results to those reported
in Ref. [4]. The system studied there is very similar to
ours, except for the fact that the brine solution is prepared
with a water (70%)-glycerol (30%) mixture. In that case,
the DLS experiments also show that the reduced relaxation
frequency I'* =T, /q® decreases by the addition of PEG. This
behavior qualitatively agrees with our measurements, depicted
in Fig. 5. However, the obtained bending modulus decreases
from 3.1kgT (for a polymer-free sponge phase) to 1.7kgT
(Cpeg = 50 g/L) [4]. The reasons for the discrepancy with our
results could be related to the presence of glycerol in the system
of reference [4]. In fact, several physical properties of the ly-
otropic phases are modified by the addition of this alcohol. For
instance, we have found that this additive slightly modifies the
phase boundaries in our system. Furthermore, PEG solubility
is also affected by the presence of glycerol. In a previous work,
we have found that, in the absence of glycerol, only relatively
small amounts of PEG (<9 g/L) can be solubilized in the
sponge phases [20]. However, in the presence of glycerol,
larger quantities of PEG (at least up to Cpgg = 50 g/L) can
be solubilized [4]. Finally, PEG increases the Gaussian elastic
modulus of glycerol-containing sponge phases [4], while it
decreases the same modulus when no glycerol is added to
the solvent [20]. Thus, glycerol might be responsible for the
quantitative differences between or results (Fig. 6) and those

PHYSICAL REVIEW E 84, 011604 (2011)

of Ref. [4]. Note that another source of difference could be
the value used in Eq. (4) for the solvent viscosity. In fact, the
relaxation frequency is related to n and « by

r 11 5)
@ vk

The decrease in I'* depicted in Fig. 5 (and observed in
Ref. [4]) can be due either to an increase in « or to an increase
in the solvent viscosity (or both). In our case we used a constant
solvent viscosity, assuming that the polymer completely binds
to the surfactant bilayers.

The choice of a constant viscosity for the calculation of the
elastic modulus is based on the plausible assumption that the
polymer adsorbs onto the surfactant bilayers. The adsorption
of PEG to SDS bilayers or monolayers has been reported
several times in the literature [14,27-29]. So, one expects
that the increasing amount of PEG in our system incorporates
into the membranes of the SDS sponge phases, leaving as
solvent the brine solution. Thus, the value of 1 in Eq. (4)
is that of the brine solution. If this were not the case, the vis-
cosity used to calculate k should be that of a PEG-containing
brine solution. We have measured that viscosity, as a function
of polymer concentration (Fig. S3 in Ref. [40]). If we take into
account the viscosity of brine solutions with increasing PEG
concentrations (no adsorbed polymer), the calculated « values
depend only slightly on polymer concentration (see Fig. S4
in Ref. [40]). However, we can rule out this effect since, as
we have pointed out, the adsorption of PEG to SDS has been
established in the literature [14,27-29].

Finally, note that the measured increase in x (Fig. 6) is not
expected from the available theories on the effect of adsorbing
polymers on the elasticity of surfactant bilayers [21]. Indeed,
the theoretical prediction is a decrease in the bending modulus
when polymer is adsorbed onto the surfactant membrane [21].
This fact seems to indicate that our experimental system
does not meet the theoretical assumptions of the model. The
strongest assumption in the theory of reference [21] is the
homogeneous, nonpenetrating adsorption of the polymer onto
the surfactant membranes. However, different experimental
techniques show that PEG has a nonnegligible degree of
penetration in surfactant micelles and membranes [28,37-39].
This might lead to an internal rearrangement in the membrane
structure and to additional contributions to the adsorption
energy, not taken into account in the theory. On the other hand,
the adsorption of PEG could also lead to a local disturbance of
the membrane composition. Indeed, with the used surfactant-
to-cosurfactant mass ratio (msps/mnex = 0.455), there are
approximately six hexanol molecules per SDS molecule in
the bilayer. The homogeneous distribution of these species
in the membrane surface gives rise to the properties of the
polymer-free sponge phase. When PEG is adsorbed into the
bilayers, it might interact in different ways with hexanol
and SDS. This could lead to a local redistribution of these
molecules around the PEG binding sites, locally changing the
SDS/hexanol molar ratio. As the properties of the sponge phase
depend on this ratio, this effect could lead to a modification of
parameters such as observed variation of the elastic bending
constant of the membrane. However, further experiments are
required to clarify this point.

1—1*
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V. CONCLUSIONS

The adsorbing polymer PEG has been solubilized in the
sponge phases of the SDS-hexanol-brine system. Polymer
concentrations of up to 0.4 mM can be added to the phases
without modification of their macroscopic characteristics. In
order to study the elastic properties of polymer-containing
sponge phases, we have performed DLS experiments. The
decay of the DLS correlation functions is well described by
the Zilman-Granek theory for all polymer concentrations, as
expected for dilute membrane phases.

The decay times agree with the main peak of a CONTIN
analysis of the DLS data. The main effect of the polymer is to
increase the DLS relaxation times of the sponge phases, due to
an increase in the bending elastic modulus « of the membranes.
The observed behavior is not predicted by available theories
for the effect of adsorbing polymers on the elastic properties
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of surfactant bilayers. This discrepancy is probably due to a
complex adsorption mechanism, involving penetration of the
polymer into the membrane and a possible local redistribution
of the molecular species (SDS and hexanol) in the bilayer.
Neither effect is taken into account by the available theories.
Further experiments and computer simulations are needed in
order to have a better insight into these effects.

ACKNOWLEDGMENTS

This work has been partially funded by Conacyt-Mexico
(grants 90001 and 91704). RI-P acknowledges support from
Conacyt-Mexico. AM thanks Prof. M. Tirrell and the MRL
(UCSB) for their hospitality during a sabbatical leave, as well
as Conacyt-Mexico and Universidad de Sonora for financial
support.

[1] W. M. Gelbart, A. Ben-Shaul, and D. Roux, eds., Mi-
celles, Membranes, Microemulsions, and Monolayers (Springer,
New York, 1994).

[2] W. Helfrich, J. Phys. Condens. Mat. 6, A79 (1994).

[3] J. Daicic, U. Olsson, H. Wennerstrom, G. Jerke, and P.
Schurtenberger, J. Phys. II (France) 5, 199 (1995).

[4] M. Maugey and A. M. Bellocq, Langmuir 17, 6740 (2001).

[5] G. Bouglet, C. Ligoure, A. M. Bellocq, E. Dufourc, and G.
Mosser, Phys. Rev. E 57, 834 (1998).

[6] B.-S. Yang, J. Lal, M. Mihailescu, M. Monkenbusch, D. Richter,
J. S. Huang, W. B. Russel, and R. K. Prud’homme, in Neutron
Spin Echo Spectroscopy: Basics, Trends and Applications, edited
by F. Mezei, C. Pappas, and T. Gutberlet (Springer, New York,
2003), p. 312.

[7] T. Mausi, M. Imai, K. Nakaya, and T. Taniguchi, J. Chem. Phys.
124, 074904 (2006).

[8] E. Z. Radlinska, T. Gulik-Krzywicki, F. Lafuma, D. Langevin,
W. Urbach, C. E. Williams, and R. Ober, Phys. Rev. Lett. 74,
4237 (1995).

[9] M.-E. Ficheux, A.-M. Bellocq, and F. Nallet, Colloid Surface A
123, 253 (1997).

[10] L. Yang, R. Prudhomme, K. McGrath, P. Richetti, and C. M.
Marques, Phys. Rev. Lett. 80, 2729 (1998).

[11] E. Freyssingeas, D. Antelmi, P. Kékicheff, P. Richetti, and
A. M. Bellocq, Eur. Phys. J. B9, 123 (1999).

[12] F. Castro-Roman, G. Porte, and C. Ligoure, Phys. Rev. Lett. 82,
109 (1999).

[13] F. Castro-Roman, G. Porte, and C. Ligoure, Langmuir 17, 5045
(2001).

[14] M. F. Ficheux, A. M. Bellocq, and F. Nallet, Eur. Phys. J. E, 4,
315 (2001).

[15] S. Y. Kang, M. K. Park, and H.-T. Jung, J. Ind. Eng. Chem. 9,
45 (2003).

[16] S.-Y. Kang, B.-S. Seong, Y. S. Han, and H.-T. Jung,
Biomacromolecules 4, 360 (2003).

[17] M. Imai, R. Mawatari, K. Nakaya, and S. Komura, Eur. Phys. J.
E 13, 391 (2004).

[18] A. Maldonado, R. Lopez-Esparza, R. Ober, T. Gulik-Krzywicki,
W. Urbach, and C. E. Williams, J. Colloid Interface Sci. 296,
365 (2006).

[19] L. Ge, R. Guo, and X. Zhang, J. Phys. Chem. B 113, 1993
(2009).

[20] R. Ifiguez-Palomares and A. Maldonado, Colloid Polymer Sci.
287, 1435 (2009).

[21] J. T. Brooks, C. M. Marques, and M. E. Cates, Europhys. Lett.
14, 713 (1991).

[22] J. T. Brooks and M. E. Cates, J. Chem. Phys. 99, 5467
(1993).

[23] R. Lipowsky, Europhys. Lett. 30, 197 (1995).

[24] D. Marsh, Biophys. J. 81, 2154 (2001).

[25] T. Bickel and C. M. Marques, Euro. Phys. J. E 9, 349
(2002).

[26] W. Helfrich, Z. Naturforsh. 28¢, 693 (1973).

[27] B. Cabane, J. Phys. Chem. 81, 1639 (1977).

[28] S. Dai and K. C. Tam, J. Phys. Chem. B 105, 10759 (2001).

[29] L. Bernazzani, S. Borsacchi, D. Catalano, P. Gianni, V. Mollica,
M. Vitelli, F. Asaro, and L. Feruglio, J. Phys. Chem. 108, 8960
(2004).

[30] E. Freyssingeas, D. Roux, and F. Nallet, J. Phys. II (France) 7,
913 (1997).

[31] A. G. Zilman and R. Granek, Phys. Rev. Lett. 77, 4788
(1996).

[32] A. G. Zilman and R. Granek, Chem. Phys. 284, 195 (2002).

[33] N. L. Yamada, T. Takeda, K. Kato, M. Nagao, and H. Seto, J.
Phys. Soc. Jpn. 74, 875 (2005).

[34] T. Hellweg, Curr. Opin. Colloid Interface Sci. 7, 50 (2002).

[35] L. R. Arriaga, I. Lépez-Montero, G. Orts-Gil, B. Farago,
T. Hellweg, and F. Monroy, Phys. Rev. E 80, 031908
(2009).

[36] E. Freyssingeas, D. Roux, and F. Nallet, J. Phys. II (France) 7,
913 (1997).

[37] Z. Gao, R. E. Wasylichen, and J. C. T. Kwak, J. Phys. Chem. 95,
462 (1991).

[38] M. L. Gjerdee, W. Nerdal, and H. Hgiland, J. Colloid Interface
Sci. 183, 285 (1996).

[39] H. Z. Yuan, L. Luo, L. Zhang, S. Zhao, S. Z. Mao, J. Y.
Yu, L. F. Shen, and Y. R. Du, Colloid Polym. Sci. 280, 479
(2002).

[40] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevE.84.011604 for additional figures.

011604-6


http://dx.doi.org/10.1088/0953-8984/6/23A/009
http://dx.doi.org/10.1051/jp2:1995123
http://dx.doi.org/10.1021/la010534t
http://dx.doi.org/10.1103/PhysRevE.57.834
http://dx.doi.org/10.1063/1.2168452
http://dx.doi.org/10.1063/1.2168452
http://dx.doi.org/10.1103/PhysRevLett.74.4237
http://dx.doi.org/10.1103/PhysRevLett.74.4237
http://dx.doi.org/10.1016/S0927-7757(96)03802-2
http://dx.doi.org/10.1016/S0927-7757(96)03802-2
http://dx.doi.org/10.1103/PhysRevLett.80.2729
http://dx.doi.org/10.1007/s100510050748
http://dx.doi.org/10.1103/PhysRevLett.82.109
http://dx.doi.org/10.1103/PhysRevLett.82.109
http://dx.doi.org/10.1021/la0101447
http://dx.doi.org/10.1021/la0101447
http://dx.doi.org/10.1007/s101890170114
http://dx.doi.org/10.1007/s101890170114
http://dx.doi.org/10.1021/bm025704a
http://dx.doi.org/10.1140/epje/i2003-10085-7
http://dx.doi.org/10.1140/epje/i2003-10085-7
http://dx.doi.org/10.1016/j.jcis.2005.08.071
http://dx.doi.org/10.1016/j.jcis.2005.08.071
http://dx.doi.org/10.1021/jp808218j
http://dx.doi.org/10.1021/jp808218j
http://dx.doi.org/10.1007/s00396-009-2110-4
http://dx.doi.org/10.1007/s00396-009-2110-4
http://dx.doi.org/10.1209/0295-5075/14/7/018
http://dx.doi.org/10.1209/0295-5075/14/7/018
http://dx.doi.org/10.1063/1.465964
http://dx.doi.org/10.1063/1.465964
http://dx.doi.org/10.1209/0295-5075/30/4/002
http://dx.doi.org/10.1016/S0006-3495(01)75863-8
http://dx.doi.org/10.1140/epje/i2001-10113-8
http://dx.doi.org/10.1140/epje/i2001-10113-8
http://dx.doi.org/10.1021/j100532a008
http://dx.doi.org/10.1021/jp0110354
http://dx.doi.org/10.1051/jp2:1997162
http://dx.doi.org/10.1051/jp2:1997162
http://dx.doi.org/10.1103/PhysRevLett.77.4788
http://dx.doi.org/10.1103/PhysRevLett.77.4788
http://dx.doi.org/10.1016/S0301-0104(02)00548-7
http://dx.doi.org/10.1143/JPSJ.74.875
http://dx.doi.org/10.1143/JPSJ.74.875
http://dx.doi.org/10.1016/S1359-0294(02)00004-3
http://dx.doi.org/10.1103/PhysRevE.80.031908
http://dx.doi.org/10.1103/PhysRevE.80.031908
http://dx.doi.org/10.1051/jp2:1997162
http://dx.doi.org/10.1051/jp2:1997162
http://dx.doi.org/10.1021/j100154a081
http://dx.doi.org/10.1021/j100154a081
http://dx.doi.org/10.1006/jcis.1996.0545
http://dx.doi.org/10.1006/jcis.1996.0545
http://dx.doi.org/10.1007/s00396-001-0640-5
http://dx.doi.org/10.1007/s00396-001-0640-5
http://link.aps.org/supplemental/10.1103/PhysRevE.84.011604
http://link.aps.org/supplemental/10.1103/PhysRevE.84.011604

