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Abstract. The compressibility modulus of a lamellar phase containing a neutral polymer guest molecule
was measured directly using a surface force apparatus. The system studied consisted of sodium dodecyl
sulphate (SDS), pentanol, water and polyethylene glycol (PEG) (My = 22600 g/mol). The lamellar
phase was induced from a micellar phase in situ via a confinement induced isotropic to lamellar phase
transition. This avoided problems resulting from the viscosity and turbidity normally characteristic of
these lamellar phase samples. Increasing the amount of PEG resulted in a marked decrease in the layer
compressibility modulus B indicating a decrease in the repulsive forces between the lamellae. The origin of
such a phenomenon is discussed in terms of different mechanisms including depletion interactions, bridging
interactions and modification of the electrostatic interaction between the lamellae by the polymer.

PACS. 82.70.-y Disperse systems — 64.70.Md Transitions in liquid crystals — 61.25.Hq Macromolecular

and polymer solutions; polymer melts; swelling

1 Introduction

Macromolecules such as polymers or proteins may alter
significantly the properties of self- assembled structures
of amphiphilic molecules in solution [1-6]. Examples in-
clude the enhanced stability of red blood cell membranes
by their cytoskeleton, the adhesion of vesicles induced
by polymers and the rigidification of droplet interfaces
in emulsions by proteins [3-6]. Many industrial processes
take advantage of these modified properties in the pres-
ence of macromolecules, e.g. to get colloidal stabilisation,
to favour a particular state of surfactant organisation (e.g.
fabric conditioners), to enhance the purification of pro-
teins (by phase separation) or to affect the rheological re-
sponse (lubricants) [1,2]. From the fundamental research
point of view, most of the surfactant-polymer investiga-
tions have focused on dilute systems of surfactant [1].
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In particular the conformation of polymeric chains in an
isotropic environment of mixed micellar solutions is now
firmly established. However, in recent years an interest has
been increasingly directed towards the study of polymers
effects on more concentrate surfactant solutions, especially
on the lamellar phases (L, phase) [7-20]. The lamellar
phases are Liquid-Crystal Smectic A phases which con-
sist in planar stacks of bilayers, containing surfactant and
cosurfactant molecules, separated by a solvent. The prop-
erties of these phases are now fairly well-known [21]. Such
surfactant lamellar phase-polymer systems are very inter-
esting to study since a diverse set of physical situations
can be realised. Different properties and behaviours can
be achieved by playing with the inter-membrane inter-
actions and the surfactants (and/or solvent)/polymer in-
teractions. Depending on the polymer interactions with
the surfactants (and/or the solvent), the polymer can be
localised entirely in the membrane [9,20], both in the
membrane and in the solvent [8], adsorbed onto the bi-
layer surface [13,16,17], or localised entirely in the solvent
[11,12,19]. Therefore, the addition of a polymer to a lamel-
lar phase can influence the inter-membrane interactions
by altering the structure of the bilayers (i.e. the bilayer
thickness and the area per surfactant head group) and the
elastic constants of the membranes. Moreover, the poly-
mer can induce an additional inter-membrane interaction
via depletion [11,12] or bridging [17]. The inter-membrane
interactions can be tuned by the choice of the surfactant
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and solvent. Electrostatic interactions will be favoured for
ionic surfactants when the solvent will be low in salt, but
undulation interactions will be dominant for non-ionic sur-
factants or systems containing high levels of salt or if
an oil is used as the swelling agent. Thus, the study of
such systems has recently developed both theoretically
[12,22-24] and experimentally [7-20] with most of the
studies concentrating on systems composed of water-
soluble uncharged polymers and ionic surfactants.

In this article we present an experimental study on
such a system which aims to characterise the effect of
polymer addition on the inter-membrane interactions, and
hence the overall influence of the polymer on the phase be-
haviour. The origin of the present study comes from the
work done by Ficheux et al. [13,14] on lamellar phases
made up of: sodium dodecyl sulfate (SDS), octanol, water-
polyethylene glycol (PEG) mixture. One important ob-
servation made by Ficheux and co-workers [13,14] was
that an increase in the PEG concentration destabilised the
lamellar phase. The overall mechanism for this is thought
to be a softening of the repulsive interactions between
the bilayers which stabilises the lamellar phase due to the
presence of PEG. Furthermore, they observed that the
decrease in the bilayer-bilayer repulsive interactions was
more pronounced as the size of the PEG macromolecule
approached the characteristic distance between two neigh-
bouring membranes.

Nevertheless, the way PEG decreases the inter-
bilayers repulsive interaction is not understood yet. In
absence of PEG in water, such lamellar phases (from
SDS/alcohol /water systems) are simply stabilised by elec-
trostatic repulsive interaction whose the interaction po-
tential per unit area V' (d) is given by:
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where d is the lamellar period, ¢ is the bilayer thickness,
Lp = me? /ekgT is the Bjerrum length of the solvent and
X is the area per charge. Thus, addition of PEG could
induce an attractive contribution that would come to su-
perimpose to the natural electrostatic repulsion given by
equation (1) (such depletion or bridging). Or, on the other
hand, the addition of PEG could modify the classical elec-
trostatic interaction which, then, would be no longer de-
scribed by equation (1).

To understand the mechanism leading to this decrease
in the repulsion more quantitative information about
PEG concentration effects on the interactions between the
SDS/alcohol bilayers in the L, phase are required. Such
information may be obtained experimentally by measure-
ments of the compressibility modulus B as function of
the polymer concentration. The compressibility modulus
is directly related to the interactions between the mem-
branes [21,25] and therefore gives useful insights into sta-
bility of lamellar phase. The value of B can be measured
using various techniques [21], but most of them lead to
a combination of B with the other smectic elastic con-
stants K [21]. Direct measurements of B are possible
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via three techniques namely: the study of the baroclinic
mode relaxation using dynamic light scattering [25,26],
the response of a stack of layered membranes confined be-
tween two rigid surfaces using a Surface Force Apparatus
(SFA) [27-30], and the osmotic stress technique [31,32].
The baroclinic mode relaxation technique requires very
well oriented samples which are difficult to obtain with
the SDS/Octanol/water-PEG system and so Ficheux et al.
were not able to measure the evolution of B as a func-
tion of the PEG concentration in their light scattering
study [13,14]. Therefore, the aim of this work was to mea-
sure the value of B as a function of the PEG concentration
using the Surface Force Apparatus technique.

The compressibility modulus of a lamellar phase can
be measured using the SFA since these layered systems
have a well defined elastic response when confined between
two rigid surfaces. The technique has been extensively
described in literature for a number of different lamel-
lar phases [27-30]. In brief, the elastic response of a lay-
ered system, when properly aligned between the two sur-
faces of the SFA, gives rise to a force-distance profile with
parabolic oscillations. The parabolic shape originates from
the elastic response of the confined stack of lamellae. In a
simple view, the stack of lamellae can be seen as a series of
identical springs joined lengthwise. The springs each have
the same spring constant and so the deformation is uni-
form across all of the springs. Therefore, the shape of the
parabolic branches depends on the value of the compress-
ibility modulus B of the lamellar phase. The oscillations
themselves arise as edge dislocations are induced (or an-
nihilated) to retain the lowest energy configuration when-
ever surface separation, D, is not commensurate with the
equilibrium periodicity of the lamellar phase [29]. It has
been shown that, neglecting the energy associated with
the dislocations themselves, the elastic free energy of a
confined membrane stack can be related to the measured
force F(D) as follows [29]:

TR

= B(D —d,)? (2)
where d,, is the position of the oscillation minimum and R
the surfaces mean radius of curvature. The force-distance
profile, therefore, allows the measurement of the layer
compressibility modulus of the lamellar phase from the
shape of the oscillations [27-30]. The experimental data
from each oscillation plotted as; d,(F (D) — F(dy))/nR
versus (D — d,)?, lie on a straight line the slope of which
representing the compressibility modulus, B.
Unfortunately, due to some technical reasons explained
further below, the lamellar phases of SDS/alcohol/water-
PEG mixture systems could not directly be measured with
the SFA used for this study. The problem has been over-
come by working with a bulk micellar phase (L; phase)
close to the micellar to lamellar phase transition. Confine-
ment of such a fluid between two smooth rigid walls results
in a phase transition to a lamellar phase that is stable as
long as the confining field is maintained. In this way, the
elastic properties of the induced lamellar phase could in-
deed be measured and the influence of the incorporation
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of a polymer into the system could be evaluated. Since
the procedure relies on the confinement induced micellar
to lamellar phase transition, some tuning of the system
was required in order to reach this transition at a rea-
sonable temperature. This was simply achieved by swap-
ping the octanol cosurfactant for pentanol. Such a replace-
ment deviates slightly from the system studied by Ficheux
et al. but still provides some useful insight into the mech-
anism by which the PEG macromolecule can destabilise
the lamellar phase. Here, the study has been narrowed to
lamellar phases with an interlamellar spacing of the order
of the size of the PEG macromolecule.

The interest of working with such systems
(SDS/alcohol/water-PEG mixture) is that SDS/PEG
interactions are already well-known. Several previ-
ous studies have shown that PEG and SDS interact
strongly [7,33,34]. In aqueous micellar solutions of
SDS, the polymer chains wind around the SDS micelles
forming a necklace-type structure [33,34]. In this picture,
some PEG segments adsorb at the interface between
the water and the hydrophobic tails of the SDS without
penetrating into the aliphatic core of the micelle, most
of the PEG segments exist in the water phase. A similar
polymer /surfactant conformation has also been seen in
the case of mixed micelles of SDS and a co-surfactant [35].
Following these results Ficheux et al. [13,14] describe
their system as a stack of SDS/octanol bilayers carrying
adsorbed PEG macromolecules on the bilayer surface.
Their experimental data seem to confirm this picture.
Once again only a few segments of each PEG chain adsorb
at the interface between water and the hydrophobic part
of the bilayer, and most of the polymer chain forms a
mushroom-like structure or a brush (depending on the
concentration) extending into the water layer.

2 Experimental
2.1 Sample preparation

The experimental solutions were prepared by first dissolv-
ing dry PEG in Milli-Q water to obtain the required com-
position. This mixture was then heated and held at 50 °C
for two hours, allowed to cool to room temperature, and
filtered through a 0.2 pm filter to remove any insoluble
material. The water-PEG mixtures formed clear homo-
geneous solutions at all temperatures and for all compo-
sitions investigated. The SFA samples were then simply
prepared by weighing SDS, pentanol, and the water-PEG
mixture into a flask and stirring thoroughly. The differ-
ent samples studied always had the following composi-
tion; 7.15% (by weight) SDS, 17.35% pentanol, and 75.5%
water-PEG mixture. Only the polymer concentration in
water was varied from 0 to 20 g/1. The SDS (BDH-special
pure) and the polymer (Fluka) were used as received.
The pentanol (Sigma-AR) was double-distilled before use.
The molecular weight (M,,) and the polydispersity index
(My, /My) of the PEG were measured by Ficheux using gel
permeation chromatography and found to be 22 600 g/mol
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Fig. 1. ©Phase behaviour of the SDS/pentanol/
water/polyethylene glycol (PEG) system containing (by
weight) 7.15% SDS, 17.35% pentanol, and 75.5% PEG/water
mixture as function of temperature and PEG concentration
in water (¢p). Lo is the lamellar phase and L; is the micellar
phase and 2 phases means the solutions appear as 2 separate
phases: L, and L. The SFA experiments were all performed at
T = 23.5 °C (dashed line); ¢, =2 g/1, AT =2 °C; ¢, =6 g/,
AT = 6.5 °C; ¢, = 12 g/l, AT = 10 °C; ¢, = 18 g/l,
AT =12 °C.

and 1.1 respectively [13,14]. The radius of gyration of iso-
lated PEG macromolecules in water, R, was 29 A and the
overlap concentration ¢* was 35 g/1 deduced from neutron
and light scattering experiments by Ficheux et al. [13,14].

2.2 Phase equilibria

A phase behaviour of the experimental system described
above was determined by observations in bulk and by
cross polarising microscopy for a series of samples differ-
ing in PEG concentration and temperature. This phase
behaviour is shown in Figure 1. All experiments were per-
formed at the same temperature of 23.5 °C, which main-
tained the solutions in the micellar phase over all the poly-
mer compositions studied. We define AT = Ty, —T™(cp),
where Teyp is the temperature at which the experiments
were performed (Texp = 23.5 °C) and T™*(cp) is the mi-
cellar to lamellar bulk phase transition temperature at a
given PEG concentration. Over the different values of ¢,
studied, AT varied between 2 and 12 °C.

2.3 X-ray scattering

The smectic periodicity of three solutions of the exper-
imental system in their lamellar state was measured by
mean of small angle X-ray scattering (SAXS). The PEG
concentrations in water for these solutions (c,) were:
¢p = 0, 5, and 10 g/1 respectively. The X-ray spectrome-
ter (located in Centre de Recherche Paul Pascal, CNRS,
Pessac) used CuK,; radiation (Ag = 1.54 A) that was
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selected with a germanium monocrystal monochromator
from a copper rotating anode source. The resolution of
the experiment was set by a series of slits in front of the
detector giving a good in-plane resolution function with a
half width at half maximum of the order of 1072 A%,

2.4 Force measurements

The force-distance profiles were measured between two
macroscopic surfaces immersed in the micellar solutions
using a Mark IV surface force apparatus (SFA). This tech-
nique allows the direct measurement of the interaction
force F(D) between two molecularly smooth surfaces as a
function of their separation D. The experimental proce-
dure has been well established and documented over the
years and is fully described elsewhere [36,37]. The force
measurements were carried out on four solutions having
the following polymer concentrations in water; ¢, = 2, 6,
12, and 18 g/1.

Above it was noted that the lamellar phase of this
system could not be directly examined with the SFA.
Such lamellar phases are optically turbid and the white
light beam that traverses the SFA chamber (through the
L, phase surrounding the surfaces — portion of few mm
thick —, the surfaces and the confined fluid between the
surfaces) is scattered by the lamellar solution surround-
ing the surfaces. The interferometric technique (fringes of
equal chromatic order, FECO) used to measure the sur-
face separation in the SFA experiments [38] is thereby
severely impaired. The micellar phase is however optically
clear and, most importantly, transforms into the lamellar
phase upon confinement (to be shown below). This con-
finement induced phase transition, in the gap between the
surfaces, therefore allows the properties of the lamellar
phase to be studied in the SFA since the bulk phase in
the SFA chamber is always in the micellar state. The tur-
bidity due to the layer of induced lamellar phase is not
significant since it is very thin (< 500 nm) and further-
more, the lamellae align homeotropically with respect to
the SFA surfaces over the whole volume of the induced
phase.

Compared to more classical SFA experiments, two
major technical problems were encountered in this work
due to restrictions imposed by the experimental solu-
tions used. The first one was the degradation of the
mica/silver interface often encountered when working with
aqueous solutions containing certain anions or anionic sur-
factants [39,40] including SDS in the present case. To over-
come this problem, silica surfaces were used instead of
mica since the silver/silica interface is less susceptible to
degradation. Thin silica sheets were prepared following the
method of Horn et al. [41,42] using high purity, synthetic
silica (Suprasil, Heraeus). The second problem was the
dissolution of the resin (Epikot 1004, Shell) used to stick
the surfaces onto the cylindrical lenses of the SFA due to
the solvent properties of the samples. Dissolution of the
glue was prevented by adding a cross linking agent to the
Epikot resin to render it insoluble. The resin used for this
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work was prepared by mixing Epikot 1004 and the cross-
linking agent (EPF108, Shell) in acetone and di-methyl
sulfoxide in the ratio 47:6:30:7 by weight. A thin layer of
this mixture was spread onto the lenses after which all
the solvent was removed in vacuo (at 2 x 10~3 Torr for
30 hours). The lenses were then heated to approximately
100 °C to melt the resin at which time the thin silica sheets
were glued, silver side down, onto the lenses. The tempera-
ture was increased to =z 160 °C for 1 h to allow the resin to
completely polymerise. Immediately prior to installation
into the SFA, the silica surfaces were treated with a water
plasma (125 kHz, at 10 W for 30 s, Py,0 = 0.065 Torr,
Pa, = 0.02 Torr) to remove any organic contaminants.

The procedure developed by Horn and Smith for the
asymmetric interferometer [42] was used to calculate the
surface separation. By using silica surfaces and a cross
linked resin, the SFA experiments could be carried out
over several days (typically one week) allowing time to
check the reproducibility of the force runs.

3 Results

Displayed in Figure 1 is the phase behaviour of these
particular solutions (with the composition; 7.15% SDS,
17.35% pentanol, and 75.5% water-PEG mixture), both
as function of the polymer concentration in water, cp, and
temperature, T'. The first qualitative observation is that
an increase in the polymer concentration in water favours
the micellar phase rather than the lamellar phase. That
is, the temperature of the micellar (L;) to lamellar (L)
transition is pulled down as the PEG concentration in-
creases (T™* = 23.5 °C and 12.5 °C at 0 g/l and 20 g/1 of
PEG respectively). Above 20 g/l of PEG in water, what-
ever the temperature, the lamellar phase could never be
observed. Bellow T* (i.e. for T < 12 °C), the solutions
always appeared as two separate phases; L; and L.
Figure 2 shows the X-ray scattering curves obtained
for the three different solutions in their lamellar state.
The X-ray spectrometer resolution was good enough to
allow an accurate measurement of the lamellar period of
these solutions (Ad ~ 1 A) and see any significant poly-
mer effect on the lamellar structure. The smectic period-
icity d of the lamellar structure was extracted from the
position of the first-order Bragg diffraction peak ¢y us-
ing; d = 27/qp. Furthermore, the SDS/pentanol bilayer
thickness could be estimated for each PEG concentration
since § = d/(1 — ¢so1). The parameter ¢so) is the solvent
volume fraction taking into account the small amount of
pentanol dissolved in the water-PEG component. We as-
sume that this amount was equal to the amount of pen-
tanol soluble in pure water and so, ¢so1 ~ 76% [43]. The
measured values of d and estimated values of d, displayed
in Table 1, show that an increase in PEG concentration in
water does not have any significant effect on neither the
lamellar structure nor the bilayer thickness. This result
is in agreement with the results obtained by Ficheux and
co-workers on the SDS/octanol/water-PEG system [13,
14]. The estimated values for ¢ are also in agreement with
the values previously reported in the literature for such
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Fig. 2. Small angles X-ray scattering curves (I(q)/I(go) vs. the wave vector ¢) obtained for samples with the following compo-
sition (by weight); 7.156% SDS, 17.35% pentanol and 75.5% water-PEG mixture, in their lamellar state. The PEG concentration

in water were; 0 (o), 5 (o) and 10 (+) g/1 respectively.

Table 1. Periodicity of the lamellar phase d and bilayer thick-
ness ¢ of; 7.15% SDS, 17.35% pentanol and 75.5% water-PEG
mixture solutions in their lamellar state for the different PEG
concentrations studied. These values are deduced from the
scattering curves displayed in Figure 2. d is extracted from
the position of the first-order Bragg diffraction peak go us-
ing d = 2w /qo while the bilayer thickness is estimated using
0 =d/(1 — ¢sol)- ¢sol is the solvent volume fraction taking into
account the small amount of pentanol soluble in the water-
PEG mixture, that is ¢so1 = 76%.

¢ [g/l]  d [nm] § [nm]
0  84+01 202+005
5 84+0.1 2.02+0.05
10 83+0.1 1.99+0.05

bilayers [44]. However, the resolution of the SAXS camera
was unfortunately, not good enough to allow a shape anal-
ysis of the scattering curves (i.e. scattering at very small
angles and scattering around the Bragg diffraction posi-
tion). Therefore, no qualitative information about a PEG
effect on the interactions between SDS/pentanol bilayers
in lamellar phase could be deduced from these data in the
same way as Ficheux et al. [13,14].

Figure 3 shows the force-distance profiles upon ap-
proach and separation of the two surfaces confining each
of the four samples studied. The force-distance profiles
exhibit similar features whatever the PEG concentration.

On approach of the surfaces (filled circles) an attrac-
tive background force is seen over which regular oscilla-
tions are superimposed until a strong repulsive barrier
is reached. The range and the magnitude of the attrac-
tive background decreases as the polymer concentration
in water increases. The position of the steep repulsion
near contact remains independent of the polymer concen-

tration and was always found at a surface separation of
about 9.0 nm with respect to the bare silica-silica con-
tact measured in dry nitrogen. The magnitude of the os-
cillations increases as the separation between the walls
decreases. The magnitude and hence the number of oscil-
lations measurable within the sensitivity of the technique
(AF = £1072 mN/m) decreases as the polymer concen-
tration in water increases. Note that the surfaces remain
at stable separations only in regions where the slope of the
force OF/OD is less than or equal to the SFA spring con-
stant k. When this slope is larger than the spring constant
the surfaces are seen to jump from one stable position to
another. The inward “jump” from one stable position to
the next occurred quite quickly (typically 1 s) for the solu-
tion with 2 g/1 of PEG and somewhat slower (of the order
of 10 s) for the solution with 18 g/1 of PEG.

Upon separation of the surfaces (open circles) after
reaching the steep repulsion near contact, an adhesive
minimum was seen from which the surfaces jumped apart
and came to rest at some large separation, where no oscil-
lation can be observed. Whatever the polymer concentra-
tion, several minutes were required to allow the surfaces to
stabilise at this new position. For surface separation larger
than this distance, the forces measured upon further sep-
aration showed similar behaviours as the forces measured
during the inward force runs.

Although the oscillations appear to occur at regular
intervals during the approach of the surfaces, the best
measure of the periodicity of the oscillatory profile is ob-
tained from the distance between adjacent force minima.
Due to the above mentioned spring instability, the force
minima of the oscillations generally need to be measured
upon separation of the surfaces [27-30]. However, pulling
the surfaces out of the adhesive minima located at around
9.0 nm causes a jump to large surface separation, missing
the oscillations seen during the approach of the surfaces.



128

P
o&¢¢4W&#.u
wf““‘

F/R [mN/m]
o

cp=2dl

0 100 200 300 400
Distance [nm]

(a)

F/R [mN/m]
o
<

cp=124gll

-0.2 L 4
0 100 200 300 400

Distance [nm]

(c)

The European Physical Journal B

0.2~ 8|

F/R [mN/m]
o

cp =64/

0 100 200 300 400
Distance [nm]

(b)

F/R [mN/m]

0 100 200 300 400

Distance [nm]

(d)

Fig. 3. Forces F' (normalised by the surfaces mean radius of curvature, R) as a function of the separation between two silica
surfaces immersed in SDS/pentanol/water and PEG micellar phases. Measurements recorded at 7' = 23.5 °C: (a) ¢, = 2 g/],
(b) ep =6 g/, (c) ¢p =12 g/, (d) ¢, = 18 g/1. The filled circles (o) correspond to the force-distance profiles measured upon
reducing the surface separation. The open circles (o) correspond to the force-distance profiles measured upon separation of the
surfaces. The dashed straight lines in Figure 3 define the attractive background used to estimate the Lo /L1 interfacial tension.

Hence, specific measurements were carried out at each
composition to recover the information lost in this un-
stable regime by performing several approach/separation
cycles. Each oscillation was first located during the ap-
proach of the surfaces. Once located, the surfaces were
moved apart to measure the force profile of the oscilla-
tion down to the force minimum. This was repeated for
as many oscillations as possible without pushing the sur-
faces all the way down to contact, thus avoiding inter-
ference from the primary adhesive minimum. Even so, as
the magnitudes of the oscillations are weak and decrease
quickly with their rank, due to the sensitivity limit of the
technique (AF = #1072 mN/m), only some of the oscil-
lations seen upon compression were able to be accurately
measured upon separation to allow a shape analysis. Typ-
ically up to six oscillations could be measured as shown
in Figure 4. For each measured oscillation, both the shape

and the force magnitude obtained during different cycles
were always very similar (except for the one closest to
zero separation). In Figure 4 the oscillations are plotted
as (F(D) — F(d,))/R as a function of D, where F(d,)
is the non-zero force at the minimum of the oscillation,
since the absolute force with respect to the original base-
line is lost during the forwards and backwards cycling. As
a consequence the envelope that delimits the minima of
the force oscillations, and hence the overall magnitude of
the attractive background, was not known precisely.

4 Analysis and discussion

For such isotropic solutions of micelles, one would expect
the force-distance profiles to be constant and around zero,
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Fig. 4. Force-distance profile of each oscillation measured upon separation of the surfaces for each sample studied; ¢, = 2 g/1
(8), cp =6g/1 (D), cp =12 g/1 (x), ¢p = 18 g/1 (+). In each case the overall background force has been set to zero by plotting
(F(D) — F(dn))/R, where F(d,) is the non-zero force of the oscillation minimum, since the absolute force with respect to the
original baseline is lost during the forwards and backwards cycling. Whatever the PEG concentration the oscillation periodicity

is; d = 8.4+ 0.3 nm.

with a depletion attraction between the surfaces occur-
ring at about 20-30 nm from the silica-silica contact po-
sition [45]. Thus the onset of an attraction between the
surfaces at separations larger than 100 nm is an indication
that the confined micellar film has undergone a transfor-
mation. The oscillatory behaviour superimposed on the
attractive background gives information about this trans-
formation. Indeed, this oscillatory behaviour indicates the
presence of strong correlations inside the confined liquid
film. By comparing the distance between adjacent minima
it can be seen that the oscillations are periodic (Fig. 4).
Whatever the PEG concentration in water, the periodicity
was equal to 8.4 + 0.3 nm which is in excellent agreement
with the measured smectic periods by means of SAXS ex-
periments (see Tab. 1). This is the first indication that
the bulk micellar solutions undergo a phase transforma-
tion to an induced lamellar structure upon confinement.
This claim is further supported by observing that all the
oscillations have a parabolic shape (Figs. 4, 5 and 6) aris-
ing from the elastic response of a confined lamellar phase
upon compression or decompression [27-30]. (It should be
notted that in the present work, even with values of AT
equal to 12 °C, the L /L, transformation could always be
reached by means of confinement.)

Similar  confinement induced ordering transi-
tions have previously been observed for several
other isotropic surfactant phases including the

sponge phase and microemulsion phases [40,46-49].
Milner et al. have studied isotropic to lamellar phase
transitions of this kind theoretically [50]. In the present
case, the transition of the micellar phase to the lamellar
structure can be seen as a surface induced ordering of
an isotropic fluid to a layered structure that is more
compatible with the topology of flat rigid surfaces. When

the surfaces have large curvature radii capillary conden-
sation phenomenon is monitored by the balance between
an unfavorable volume contribution and a favorable
interfacial contribution.

Note that in the present system, the measured peri-
odicity of the oscillations indicates that the characteristic
defect observed in the induced lamellar phase was an edge
dislocation of Burgers vector b = 1. That is, each of the
force discontinuities in Figure 3 corresponds to an edge
dislocation being created in the center of the confined film
and the number of layers being reduced from n to n — 1.

4.1 The attractive background

As soon as the lamellar phase has condensed, an attraction
between the surfaces arises because the lamellar structure
is induced only in a central droplet in the gap and re-
mains surrounded by bulk liquid which is still in the mi-
cellar state. Such a behaviour has already been observed
when a lamellar phase was induced by confinement of a
sponge phase [40,46,47] or a bicontinuous microemulsion
phase [48,49] and is a general feature of capillary conden-
sation phenomena [51-54].

To begin a more quantitative analysis of the back-
ground attraction we assume that before the micellar to
lamellar transformation a thin lamellar film wets each
silica surface. The lamellar film thickness on each sur-
face is h and the L,/L; interface area is 2A, where A
is the silica surface area. This interface has an associate
surface tension 7 (i.e. the smectic layers are parallel
to the lamellar-micellar interface). After the transition,
the induced droplet of L, phase has a volume V, cov-
ers the former L,/L; interface over a surface area A;
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Fig. 5. Plot of each oscillation observed in Figure 4 for the sample with ¢,

2 g/l as: (F(D) — F(dn))dn/7R

versus (D —d,)?. The slope of the curves represents B as shown by equation (2) where F(D)/2r R is the elastic energy density of
the nth parabola centred at d,, (n smectic layers at zero stress confined in the gap). The data give: () Bana = 65400 + 3500 Pa,
(+) Bsra = 48400 £ 3000 Pa, (A) Basn = 52200 + 3000 Pa, (o) Bsi, = 49700 4+ 3000 Pa, (A) Bgiy, = 48500 + 3000 Pa, for the
2nd, 3rd, 4th, 5th, and 6th oscillation from contact respectively. The value of B for this sample is taken as the average of all the
slopes (Bnin) and the uncertainty is the largest deviation from the mean value. Thus, here B is equal to (5.3 & 1.2) x 10* Pa.
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Fig. 6. Plot of d,(F(D)— F(dy,))/mR versus (D —dx)? for each of the samples studied; cp =2g/l(e),cp =6g/l(0),cp =12 g/l
(+), cp =18 g/1 (A). The slope of each straight line corresponds to the mean value of B obtained for the considered sample as
explained in the text (and in Fig. 5 caption). These values are also summarised in Table 3.

and creates an additional L, /L; interface surrounding the
condensed droplet. This new L, /Ly interface of surface
area As has an associate surface tension v, (i.e. the smec-
tic layers are perpendicular to the lamellar-micellar inter-
face). Following the results obtained by Quillet et al. for
the lamellar-sponge interfacial tension [55], in what follows
we will assume; ) > 71 . The free energy variation associ-
ated with the capillary condensation of the lamellar phase,
AG, will therefore contain three competing contributions.

i) The free energy gain of the confined system by anni-
hilating some of the interface between the thin lamellar
film prewetting each silica surface and the “bulk” micellar
phase. This lost of L, /Ly interface gives: AG; = —v) A1.
ii) The free energy increase due to the new created L, /L,
interface, that is: AGy = 7, As. iii) Finally, transform-
ing a droplet of the equilibrium bulk micellar phase to
the metastable confined phase represents an increase in
the free energy: AGs = pV, where p is the difference
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in density of free energy between the two phases. Thus
the total change in free energy upon capillary condensa-
tion of a L, phase is: AG = —vy A1 +y1 A2 +pV. (It is
clear that AG; provides the only favourable contribution
to the total free energy of forming a capillary conden-
sate of lamellar phase and therefore describes the driving
force for the micellar to lamellar transition.) Since the sur-
faces have large curvature radii, the parameters V, A; and
Ay can be related to the surface separation D as follows:
V ~7RZ ((D —2h) + R2,/4R), A1 ~ wR2,(2+ RZ% /AR?)
and Ay ~ 27R,, ((D — 2h) + R2,/2R) [48,54,56]. R is the
surfaces mean radius of curvature and R,, is the radius of
the induced L, phase droplet that is given by minimising
the free energy AG with respect to R,,. The typical opera-
tional distances in such SFA experiments are: R ~ 1072 m,
R, ~10°m, D~ 0-10"% m and 2h ~ 107°—10"% m.
Thus, since R > R, > D — 2h and vy > 7.1, the AG»
contribution to the total free energy variation can be ne-
glected and the minimisation of AG with respect to R,
gives Ry, ~ \/2R[2Ry, — (D — 2h)], where Ry, = ~y/p is
the Kelvin radius. 2Ry, gives the largest surface separa-
tion at which the capillary condensation can occur. Thus,
when D — 2h > 2Ry, the induced droplet cannot exist
between the surfaces and F(D) = 0 [48,54,56]. When
D — 2h < 2Ry, in first approximation, the resulting in-
teraction between two crossed cylinders having large cur-
vature radii can be written as;

e (59 (59)

(3a)

Experimentally 2Ry is found of the order of 10~7 m
(Fig. 3), thus h/Rx < 1. Hence, equation (3a) becomes:

F(D) D
T ~ —47T’y|| (1 - Q—Rk> .

Clearly, the force-distance profile is attractive and linear
the slope of which being proportional to the free energy
density difference between the “bulk” phase and the con-
densed phase while the intercept is related to the interfa-
cial tension between these two phases. It should be noted
that if the L, /Ly surface tension anisotropy is ignored,
then, it is found the force already derived by different au-
thors for capillary condensation phenomena in different
systems [48,54,56].

Since in the present study the induced phase is a lamel-
lar phase, a second contribution, that takes into account
the classical elastic response of a lamellar phase under
confinement [29] must be added to the total free energy.
Thus, the overall storing force between the macroscopic
crossed-cylinder surfaces is given by [49,57]:

F(D) D - (D —dn)?

(3b)

(4)

Equation (4) indicates that the force-distance profile for
a confined droplet of lamellar phase surrounded by a bulk
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phase will be a set of regularly spaced parabolic oscil-
lations whose minima fall on a linear attractive back-
ground. Such force-distance profiles were indeed observed
in references [40,46-49,57]. An important property of
equation (4) is that it allows the interfacial tension of
the interface separating the two phases, 7, and the dif-
ference of free energy density between the “bulk” and
the condensed phases, p to be measured. In practice a
line of best fit is defined for the data and p is given by
the slope while v is given by the intercept at D = 0
where F(D)/R = —4my. In this way, the interfacial ten-
sion and the free energy density difference between bicon-
tinuous microemulsion phases and lamellar phases have
been measured in the case of sodium bis(2-ethylhexyl)
sulfosuccinate (AOT)/decane/brine system [48] and
tetra~ethyleneglycol mono-n-decylether (CioE4)/octane/
water system [49]. The interfacial tension and the free en-
ergy density difference between the lamellar phase and
the sponge phase has also been measured experimentally
in the system AOT /brine [57].

In the present study, only an estimate of 7|, u and 2Ry
can be obtained since the position of the oscillation min-
ima were not measured on an absolute scale (see Fig. 4).
Nevertheless, the minima seen in the force-distance pro-
files presented in Figure 3 measured upon approach of the
surfaces fall on a reasonably linear envelope (it must be
kept in mind that these will not be the true minima of each
parabola). The onset of the attraction gives an estimate of
2Ry while the dashed lines in Figure 3 give an estimation
of the background attraction from which 7| and u can be
obtained. The resulting values of ), u and 2Ry as func-
tion of the PEG concentration are summarised in Table 2
and show a decrease of | and Ry and a slight increase in
1 as the polymer concentration increases. The variations
of Ry and p were expected since AT (AT = Texp—T*(cp))
increases with PEG concentration [49,57]. The decrease in
the interfacial tension between the L, and L; phases as the
PEG concentration increases is, to our knowledge, not pre-
dicted by any theoretical model and was never observed
before. Nevertheless, we cannot draw any conclusion on
the effect of PEG on the interfacial tension between such
micellar and lamellar phases since we do not know the
effect of AT on the L,/L; interfacial tension. Therefore,
both more experimental data and theoretical models are
required to confirm and understand such a behaviour.

4.2 Measurement of B from the experimental data

Once the lamellar phase is condensed between the surfaces
it is possible to measure its elastic properties. The layer
compressibility modulus of the lamellar phase, B, is de-
duced from the shape of the oscillations measured upon
separation (except from the 1st oscillation since it corre-
sponds to only one confined bilayer between the surfaces).
Some limits are imposed since it was never possible to ac-
curately measure the shape of the oscillations beyond the
6th oscillation due to the sensitivity limits of the tech-
nique. With only few bilayers in the confined region there
is a danger that the measured oscillations lead to a slightly
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Table 2. Estimation of 2Ry, the interfacial tension, v, and the difference of free energy density, i, between the micellar phase
and the lamellar phase for the different PEG concentrations studied. Results were extracted from Figure 3. Note the obtained
values of 7 are of the same order as those obtained values for the microemulsion or sponge phases and the lamellar phases

(48,49, 57)].
¢p [g/1] estimation of 2Ry straight line estimation of v  estimation of u
[nm)] intercept at D =0;  [mN/m x 1073 [J/m?]
—4my) [mN/m]
2 340 £ 10 —0.18 £ 0.01 15 £ 0.7 93 £ 9
6 210 £ 10 —0.15 £ 0.01 12 £ 0.7 114 + 15
12 165 + 10 —-0.11 £ 0.01 9.5 £ 0.7 115 £ 15
18 135 £ 10 —0.095 £ 0.01 8 £ 0.6 118 £ 18

Table 3. Summary of the mean layer compressibility modulus
measured for each PEG concentration (see Fig. 6). Since the
data set was small the uncertainy in B, AB, was taken as the
largest deviation from the mean value.

cp [g/]] B [Pa] AB [Pa]
2 5.3 x 10*  +1.2 x 10*
6 2.1 x 10* + 5 x 10®
12 8.2 x 10> =+ 2.5 x 10®
18 7.5 x 100 £ 25 x 103

overestimated value of B due to the influence of the nearby
rigid walls. Indeed, it has been shown experimentally that
the first few oscillations measured at small separations
do not always give the true bulk compressibility modulus
[27,28,30,49]. This is particularly important for lamellar
systems stabilised by undulation forces [30,49]. The hard
walls restrict the bilayer fluctuations and lamellae appear
less compressible than the same lamellae in a (thick) bulk
lamellar sample. Nevertheless, for systems stabilised by
electrostatic forces, as in this case, the values of B ex-
tracted from the oscillations close to the contact position
give a fairly good estimation of B [27,28]. (Although the
2nd oscillation from contact always gives a slightly over-
estimated value of B — Bopg— by about 20% since there
are only two bilayers confined between the surfaces). To
illustrate that, Figure 5 shows the oscillations, measured
upon separation, for the sample with 2 g/l of PEG. The
oscillations are plotted as d,(F(D) — F(dy))/mR versus
(D —d,)?. In agreement with equation (2) the data lie on
straight lines the slopes of which representing the values
of B for each oscillation (By1). As expected the value of
Bayq is slightly higher than the others that are all within
the experimental uncertainty (see Fig. 5 caption).

When each measured oscillation has been analysed, the
value of the layers compressibility modulus of an investi-
gated lamellar phase is taken as the average of the differ-
ent B, and the uncertainty as the largest deviation from
the mean value. In Figure 6 the data for all of the sam-
ples studied are shown in a plot of d,,(F(D) — F(dy))/7R
versus (D — d,,)?. The slope of the displayed straight lines
corresponds to the obtained mean values of B for each
sample, which have also been summarised in Table 3. By
comparison, Ficheux et al. [13], using dynamic light scat-
tering, have investigated the relaxation of the baroclinic

mode of a lamellar phase of the SDS, octanol, water and
PEG (M,, = 22600 g/mol) system, with a reticular spac-
ing of 9 nm and a PEG concentration of 50 g/l. From
these data they deduced B = 1.9 x 10 Pa, which is of the
same order of magnitude as the value obtained here for
the sample with a PEG concentration of 18 g/1.

4.3 Relation between the induced L, phase
and the bulk L, phase

Having measured the effects of the PEG concentration
on B in an induced lamellar phase, it is now necessary to
decide if these effects are valid for the pure (bulk) lamellar
phase. Indeed, two problems arise.

i) First of all, one should question the influence of
AT (AT = Texp — T*(cp)) on the measured values of
B. In the present work AT varies from 2 °C (at 2 g/l
of PEG) to 11 °C (at 18 g/l of PEG) and it has been
observed, in some systems, that the effect of AT on the
value of B could be not negligible [49]. Indeed, Moreau
et al. [49] have observed that the value of B in the in-
duced lamellar phase from a bicontinuous microemulsion
of the CypE4/octane/water system, decreased with in-
creasing AT. However, at the same time an increase in
the lamellar periodicity d of the induced lamellar phase
was observed. On the other hand, values of B measured
for the lamellar phase induced from the sponge phase of
the AOT /brine system, did not show any significant de-
pendence on AT nor did the measured periodicity [30,
40]. Both the compressibility modulus and the periodic-
ity remained constant with AT and were in agreement
with the corresponding measurements made in the pure
lamellar phases [30,40]. In the classical description of B
[12,25,58], B = d(9*V (d)/dd?)eq, where V(d) is the in-
teraction potential between the bilayers per unit area. No
effect of AT is expected to modify the electrostatic inter-
action between SDS/pentanol bilayers. Thus, as long as
AT does not have any effect on the lamellar structure B
should remain constant with AT and equal to the layer
compressibility modulus of the pure lamellar phase. In the
present work the lamellar periods of the induced lamel-
lar phases are always simillar to those of the pure lamel-
lar phases. Therefore, whatever AT, we can assume B is
the same in the induced lamellar phase and in the pure
lamellar phase.
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ii) The second problem to consider is the PEG concen-
tration in the induced L, phase. The micellar to lamellar
transition implies that the chemical potentials of the in-
duced lamellar phase and the “bulk” micellar phase are
equal, but this does not necessarily ensure equality of the
PEG concentration in each phase. However, since the mea-
sured periods of the induced lamellar phases correspond
to those of pure lamellar phases having the same solvent
concentration as the micellar phase used for the experi-
ment, solvent concentration in both phases must be sim-
ilar. Hence, it is most likely that PEG concentration is
always similar in the L; and induced L, phase since the
chemical potential of water must be equal in both phases.
Therefore, in the following discussion we will assume that
each obtained value for B corresponds to the layer com-
pressibility modulus of the pure lamellar phase with the
same PEG concentration as the “bulk” micellar phase
presents in the SFA chamber.

4.4 PEG effects on the interactions between
SDS/pentanol bilayers

Table 3 shows that the compressibility modulus of the
lamellar phase rapidly decreases as the PEG concentration
in water increases. This result is indeed in agreement with
the observations made by Ficheux et al. on the L, phases
of the SDS/octanol/water-PEG mixture system [13,14].
Therefore the presence of PEG in such lamellar phases
causes either a significant enhancement of an attractive
contribution which superimposes to the natural electro-
static repulsion between the bilayers or a decrease in this
inter-bilayer interaction.

1) In order to discover the origin of the influence of the
PEG on the inter-bilayer interactions, we can first consider
the overall interaction potential per unit area between bi-
layers of a system containing PEG that can be written:

V;sz - ‘/elec(d7 Cp) + Vpol(d7 Cp)‘ (5)

Here, Veec(d,cp) is the classical electrostatic interac-
tion potential per unit area between the bilayers while
Vpol(d, ¢p) is the interaction potential between the bilay-
ers (per unit area) of the attractive contribution induced
by the presence of PEG in the lamellar phase. At this
stage the origin of the polymer contribution is not spec-
ified. We assume that in presence of PEG the repulsive
electrostatic interaction between SDS/pentanol bilayers,
Velec(d, ¢p), is still given by equation (1). The parameters
d, 0 and X of equation (1) are assumed to be constants
within the range of PEG concentration used as shown by
SAXS measurements. However, the dielectric constant of
the solution, €, changes as the polymer concentration in-
creases. (For pure water e = 80 C? m~! J~! and for pure
PEG ¢ = 3 C2 m~! J~1.) Thus, for PEG concentrations
between 0 g/1 and 18 g/l in water, the decrease in ¢ leads
to a slight increase in Ly and hence to a slight decrease in
Velec(d, ¢p). This small PEG effect on Velec(d, ¢p) will be
taken into account in the following discussion.

From equation (5), an expression of the layer com-
pressibility modulus at fixed chemical potential of “bilayer
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components” and polymers can be derived for this ternary
lamellar system as follows [12,59]:

B(Cp) = BLam(Cp) + BPO](Cp)' (6)

Bam(c ) describes the contribution of the classical elec-
trostatic repulsive interaction between the bilayers, given
by equation (1), to the total compressibility of the lamel-
lar phase. This is the layer compressibility modulus of the
binary lamellar phase (i.e. bilayers/solvent) at constant
chemical potential of “bilayer components” [25]:

BLam(cp) =d <82‘/e1ec(dv Cp))
eq

d2
_ wkpTd [ 35, o6
2Lp(cp)d® [ Le(ep)d  (Ln(cp)d)?

(7)

where Lg(cp) takes into account the variation of Ly with
the PEG concentration and d = d — §. Assuming that
¢ decreases linearly with the PEG concentration (which
seems reasonable at low PEG concentration such as those
used in this work), from equation (7), it can be shown that
within the range of PEG concentrations studied:

BY™(¢,) &~ BY™(0)[1 — 0.0009625 c,] Pa.  (8)

Here BY2m(0) is the value of B in the case of the lamellar
phase without polymer. Note that in equation (8), ¢, is
the PEG concentration in g/1. The value of BX#™(0) for
the lamellar phase containing; 7.15% SDS, 17.35% pen-
tanol and 75.5% water, has previously been measured by
Richetti and co-workers using similar SFA experiments
and found to be equal to 1.7 x 105 Pa [27].

BP°l(c,) describes the polymer contribution to B(cp)
and hence describes the effect of PEG on the bilayer-
bilayer interactions. An expression of BF°!(c,) can be de-
rived as function of Vj01(d, ¢p) as follows [12,59]:

82 Vpol .
ddocy ) o

BPO](Cp)

:d2 82Vp01 .
o ),

Q=
VS
S
< |8
N———
2
| I
[V

The contribution of BF°!(c,) to the total (measured) com-
pressibility modulus B(cp) is easy to estimate from the
experimental data, simply by subtracting the part due to
the electrostatic interaction between the bilayers to the
measured compressibility modulus, that is:

BPOI(Cp) = B(Cp) - BLam(cp)~ (10)
Taking the value of Bram(c)) calculated from equation (8)
with Ba™(0) = 1.7 x 10° Pa, the estimated values of
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Fig. 7. Polymer contribution BF*" (Eq. (10)) to the total layer
compressibility modulus of the lamellar phase B as a function
of PEG concentration. B is the experimentally measured value
whereas B¥*™ is calculated using equation (8) with B**™(0) =
1.7 x 10° Pa. The dashed line corresponds to the behaviour
expected for depletion of non-adsorbing polymer according to
Ligoure and co-workers [12], when ¢, < ¢* and d = d — § >

- TN'%d -
Rg; BPel = 74@7&3‘%). The plain line corresponds to the
a
behaviour expected in the case of depletion of non-adsorbing
polymer with ¢, < ¢ and d = d — § < R,. According to
_ 1/3 _
Ligoure et al. [12], in that case; BY! = —25 kBQI:Zin (g_)
a is the monomer length (a=5 A)7 N is the polymerisation
index (N ~ 510), ¢ is the polymer volume fraction in the
solvent (with PEG density taken equal to 1 g/cm?®). Values of
parameters a, N and the density are from reference [14].

BF°l(¢,) are shown in Figure 7 as a function of PEG con-
centration in water. At first, the attractive contribution to
the interactions between the bilayers is dramatically en-
hanced as the PEG concentration increases up to a concen-
tration of 6 g/1 as evidenced by a drop from BY°! =0 Pa
to BP°l ~ —1.5 x 10° Pa. Above 6 g/l the strength of
this attractive interaction increases much more smoothly
(cp = 18 g/1 giving rise to BY°! ~ —1.6 x 10° Pa). Follow-
ing this evolution, it can be expected that for PEG con-
centrations greater than about 20 g/l the attractive part
of the bilayer-bilayer interactions will be greater than the
repulsive electrostatic interaction stabilising the lamellar
phase. The lamellar phase should therefore no longer exist
at PEG concentrations above about ¢, = 20 g/1 which is
consistent with the experimentally determined phase be-
haviour shown in Figure 1.

An enhanced attractive contribution to the interac-
tions between the bilayers induced by the polymer could
have two possible origins. If the polymer does not adsorb
onto the bilayers a depletion interaction could result. On
the other hand, a bridging interaction would be possible
if the polymer adsorbs onto the bilayers and d — 6 ~ R,.

The former case has been studied by Ligoure et al.
who derived an expression for the effect of depletion of
non-adsorbing polymer on the layer compressibility mod-
ulus BY°! [12]. It should also be noted that depletion at-
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traction between two coated surfaces with lipid bilayers
(DPPE/DMPC) interacting across a water-PEG mixture
has been observed by Kuhl et al. [60]. However, in Figure 7
the dashed and plain lines correspond both to the expected
behaviours in the case of depletion of non-adsorbing poly-
mer according to Ligoure and co-workers [12] (the dashed
line for; ¢, < ¢* and d — § > R,, the plain line when:
¢p < ¢* and d — § < Rg). Clearly, the depletion model
does not describe the experimental results. A possible dis-
crepancy may come about since, in the present work,
2R, ~ d — § which is outside the asymptotic limits,
d—0 > Rg or d—6 < Ry, studied by Ligoure et al. Then a
straightforward comparison between Ligoure’s model and
a depletion mechanism in such a regime may not be valid.
Moreover, the ion concentration in the vicinity of the bi-
layer surface should be very high (about 1 M) which may,
in turn, affect the PEG solubility close to the membranes
enhancing the depletion effect.

Nevertheless, depletion mechanism seems to be un-
likely. According to Ficheux et al. [13,14], PEG macro-
molecules adsorb on SDS/octanol bilayer surface. It is
most likely that PEG behaves similarly in the present
SDS/pentanol system, differing, perhaps, in the total
amount of PEG monomers adsorbed. Therefore no deple-
tion interaction can act between the bilayers. The lamel-
lar phase of the SDS/pentanol /water-PEG system can be
pictured as a stack of SDS/pentanol bilayers separated by
water, with PEG macromolecules weakly anchored on the
surface of the membranes. In this case a bridging mecha-
nism could act since the distance between two neighboring
bilayers in the lamellar phase (63-60 A) is very similar to
the size of the polymer macromolecules (2R, ~ 60 A).
One can imagine that different segments of a single PEG
macromolecule are anchored onto the surface of adjacent
SDS/pentanol bilayers leading to their bridging. Unfor-
tunately, there is no model available to describe the evo-
lution of a bridging interaction between two plates as a
function of the bulk polymer concentration and hence no
quantitative comparison to the experimental data is pos-
sible for now.

2) The discussion above assumes that the PEG con-
centration does not have a strong effect on the nature of
the repulsive electrostatic interaction between the bilay-
ers. That is the electrostatic interaction between the bilay-
ers is always given by equation (1). However, PEG might
influence the total inter-membrane interaction by altering
this classical electrostatic interaction. For instance, when
PEG adsorbs to the membrane surface the charge dis-
tribution could change giving rise to an inhomogeneous
surface charge distribution. This, in turn, might modify
the electrostatic interactions between SDS/pentanol bi-
layers that should no longer be described by equation (1).
Indeed, independent measurements (to be published else-
where [61]) show that the double layer repulsion between
adsorbed SDS layers onto two opposite hydrophobically
modified macroscopic surfaces was decreased upon addi-
tion of PEG polymers in water. Comparison between the
latter observation and the effect of PEG on electrostatic
interaction between bilayers in a lamellar phase is not
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straightforward; nevertheless, this could provide another
mechanism by which the presence of PEG induces a de-
crease in B. However, any theoretical model does not de-
scribe such an effect. Hence, no quantitative comparison
to the experimental data was possible.

5 Conclusion

The SFA has been shown to be a useful tool for the char-
acterisation of the elastic properties of lamellar phases in
several detailed studies [27,28,30]. Some technical diffi-
culties are associated with these measurements with the
consequence that only lamellar phases that are not too vis-
cous nor optically turbid can be investigated. In this study,
such problems were overcome by working with a bulk mi-
cellar phase close to the micellar to lamellar phase tran-
sition. Confinement of such a fluid between two smooth
rigid walls resulted in a phase transition to a lamellar
phase that was stable as long as the confining field was
maintained.

The elastic properties of the induced lamellar phase
were therefore accessible by direct force measurement al-
lowing an investigation of the effect of added PEG on
this system. The measurement of the modulus of layers
compression clearly indicated a softening of the repulsive
inter-bilayer interactions as the amount of PEG in sol-
vent increased. The SFA results therefore agreed with the
bulk phase observations which showed that the addition of
PEG favours the micellar phase over the lamellar phase.
Ficheux et al. arrived at the same conclusions for a sim-
ilar system [13,14]. The underlying mechanism responsi-
ble for the enhancement of the softening of the repulsive
inter-membrane interaction was discussed in terms of de-
pletion, bridging effects and modification of the natural
electrostatic interaction between bilayers. Although the
depletion model of Ligoure et al. did not fit the experimen-
tal results, the depletion mechanism could not be entirely
ruled out since the system used here (2R, ~ d — 0) falls
outside the limits of validity of the model. Some improve-
ments to the theoretical model for systems outside the
asymptotic regimes would allow for more definitive conclu-
sions. Nevertheless, depletion mechanism is most unlikely
since PEG, probably, adsorbs at SDS/pentanol interface.
Rather, a bridging mechanism would be more likely since
the used polymer is comparable in size to the reticular
spacing of the lamellar phase, d. Unfortunately, there is as
yet no model to describe the evolution of a bridging inter-
action between two plates as a function of the bulk poly-
mer concentration. A further test of the bridging mech-
anism would however be possible by performing similar
experiments with polymers of smaller size compared to
the distance between two bilayers, d —d. Finally, the effect
of PEG on the electrostatic repulsive interaction between
SDS/pentanol bilayers in lamellar phases was considered.
Some preliminary measurements, which will be published
elsewhere, indicate that this may indeed be significant [61]
but, unfortunately, we could not conclude due to the lack
of theoretical models. A superimposition of this effect with
the bridging mechanism could indeed be operating.

135

As a final comment we note that the confinement
induced micellar to lamellar transition observed in this
study, although interesting in itself, was not studied sys-
tematically since the main interest here was to determine
the effect of a polymer in the lamellar phase. The tran-
sition is yet another example of a confinement induced
ordering transition and outlines the general importance of
the perturbation of a fluid’s bulk state by the introduc-
tion of an interface of different symmetry. The transition
allowed the evolution of the interfacial tension between the
micellar phase and the lamellar phase as function of PEG
concentration to be estimated. According to these results,
it seems that the interfacial tension between the micellar
phase and the lamellar phase decreases as the PEG con-
centration in solvent increases. Nevertheless, both more
experimental data and theoretical models are required to
confirm and understand this behaviour.
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