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Abstract. — The interactions between two macroscopic walls immersed in an isotropic sym-
metric sponge phase (L3) at different volume fractions, ®, were studied with a surface force
apparatus At temperatures well below the lamellar (L, )/L3s bulk transition, the force-distance
profile is weakly oscillatory with a period that is twice the correlation length (£) of the La
phase measured from SAXS. The oscillations are superimposed on an exponentially attractive
background with an order correlation length of 2-4 cell sizes of the sponge structure. When
the temperature is raised, a first-order phase transition to a lamellar structure can be induced
for separations below a threshold. Another oscillatory interaction results which has a period
that is twice the reticular distance for an L, phase of similar ®. In addition, the thickness of
the induced lamellar film increases (reversibly) with temperature. The compressibility modulus
extracted from the oscillatory interaction is consistent with that expected for lamellae stabilized
by undulation forces.

Recently both experimental and theoretical effort has been devoted to the physics of confined
fluids. The phase equilibria of a confined fluid may be richer than that of a bulk fluid given
that the free energy receives additional contributions [1]. For a confined fluid at a given
temperature, the separation between the walls, D, can be used as the tuning variable to drive
a phase transition in the same way as the temperature is used in bulk for the same fluid.
For walls interacting with the fluid only »a an ordering potential, pretransitional effects can
be induced under confinement on approaching the corresponding ordered phase domain [2-6].
When the bulk phase transition is second- order, the thickness of the pre-ordered film wetting
the walls grows continuously and diverges at the bulk transition [3] (critical wetting [7]). On
the other hand when it is first- order, the pretransitional regime is abruptly lost at a threshold
separation, D*. The preordered fluid transits discontinuously over its whole thickness towards
the ordered state (first-order wetting [7]) whereas the bulk phase remains in the original state
[8]. When the walls are preferentially wetted by the high-temperature disordered phase, the
transition in the confined medium is then delayed [9].

© Les Editions de Physique 1995
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Experimentally, there has been a great deal of work concerning thin films in the vicinity
of both second- and first-order phase transitions in flat geometries (ordering of the film) [3].
More recently an extension to porous media has been carried out [10]. In this situation there
is an interplay between the ordering of the complex fluid (liquid crystals for example) wa its
interactions with the substrate, and a tendency towards disorder via the induced defects needed
to fill out the tortuous topology.

A less explored issue is the pretransitional effect on the interactions between the confining
walls. Consider the case where two similar walls that impose symmetric boundary conditions
interact with a fluid 1a a contact potential (zero range). The macroscopic surfaces are attracted
to each other, since the thinner the confined film becomes the closer the film approaches
a uniform state which is the thermodynamic steady state. The range of the attraction is
related to the correlation length of the order parameter of the induced phase. The theory
was first addressed by Mar&elja and Radié [11] for a second-order transition and recently
extended to a smectic transition by de Gennes [12]. First-order transitions have also been
considered by Poniewierski and Sluckin [9]. To our knowledge, only a few studies have dealt
with the measurement of the force between the walls near a phase transition. Horn et al. [13]
measured interactions between mica surfaces confining a droplet thermotropic liquid crystal.
They discussed their results in terms of pretransitional effects although the study was carried
out at fixed temperature. Such a study was provided recently in the case of a second-order
phase transition in a lyotropic system [14]. The present work completes the latter study as
it investigates the case of a first-order isotropic/smectic phase transition for fluid membranes
comprised of self-assembled surfactant molecules.

Here the chosen system offers additional interest to theory as it is an experimentally realized
system of fluctuating surfaces. In a dilute lamellar phase (L,) the bilayers are stacked with
a smectic order, while in an isotropic ‘sponge” phase (L3) they form a multiply connected
dividing surface. The present work investigates the sodium bis(2- ethyl hexyl) sulfosuccinate
(AOT) / brine system which has an L3 and an L, phase located adjacent to each other in
the phase diagram [15, 16]. Previous studies have shown that in both phases the AOT bilayer
has a similar thickness, § = 1.9 nm [17]. The salinity can be used as the tuning variable
to induce the phase transition. Alternatively at fixed composition, one may go from Lg to
Lo by increasing the temperature (T°), so the temperature difference from the bulk lamellar
transition, AT =T —Ty,_, can be used as the control parameter.

By varying the separation between two macroscopic surfaces using a surface force apparatus
(SFA) [18], not only can one measure the force-distance profile, but also the affect on the
interaction when the walls favour one phase (L, in this case) over the other. Insights on the
structural characteristics of the two phases can be extracted from the force curve measured
in each of the two regimes where only one phase exists. Note that a recent study [19} has
dealt with the same experimental system, but the variation of temperature was not carried
out and the influence of the phase transition could not be identified. Some gross experimental
features reported agree with our own observations but several important differences are noted
for the two oscillatory regimes. In particular, our observations show that contrary to the work
of Petrov et al. [19], the oscillatory force profile at small separations (whose extent depends
on temperature) has a periodicity depending on ®. Furthermore, at large separations, an
attractive background is observed, which was not pointed out by Petrov et al. [19].

Experimental

One must be aware of various experimental difficulties and artefacts when force measurements
on surfactant systems are carried out with the SFA. First, AOT is known to degrade with time
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and the location of phase boundaries may be shifted by the presence of impurities (especially
important for phases with a narrow extent in concentration) [20]. To ensure reproducibility in
the samples, AOT (Fluka AG purum) was purified following a procedure described previously
[21]. It is also known that halide ions (in particular Cl7) at high concentrations lead to
degradation of the silver layers that are evaporated onto the back of each mica sheet to form
the optical cavity in the SFA [18]. Although NaCl has been the more common salt used in
studies of the AOT system, to avoid degradation of the silver/substrate interface, NaNO; (BDH
Anal R; dried in vacuo) was used in preference [22]. Samples were prepared simply by weighing
each component into a flask which was sealed and allowed to equilibrate for several days with
frequent shaking. Prior to injection into the SFA and at the completion of the experiment the
sample was checked by optical microscopy under crossed polarisers and by SAXS. The bulk
L3/L, transition temperature was determined within +0.5 °C and this set the upper limit for
the force runs so that the bulk phase inside the SFA was always in the sponge state.

An additional problem often encountered when working with aqueous solutions of anionic
surfactants is the degradation of the mica/silver interface. This can be monitored by observing
the occurrence of coloured interference bands in the mica under magnification. This effect could
be seen within a few hours after injection of the AOT /brine system. So to avoid impairment
of the experiment, silica surfaces were used instead of mica. Thin silica (Suprasil, Heraeus)
sheets were prepared following the method of Horn et al. [23]. Immediately prior to installation
into the SFA, the silica surfaces were treated with a water plasma (18 MHz, 10 W for 30 s,
Py,0 = 0.065 Torr, Pa, = 0.022 Torr) to remove any organic contaminants. The procedure
developed by Horn and Smith for the asymmetric interferometer [24] was used to calculate
the surface separation. By using silica surfaces the problems of degradation were avoided and
experiments could be carried out over days or weeks allowing time to investigate the effects of
varying temperature (from 16 °C up to 30 °C). The temperature in the enclosure surrounding
the SFA was controlled to £0.03 °C resulting in minimal thermal drift of the surfaces during
runs that lasted several hours. Reproducibilty between runs was excellent and the effects of
temperature changes were reversible.

Comparison of the contact position at equilibrium in surfactant solutions with that of bare
silica indicates that each silica surface is coated with a water layer followed by an AOT bilayer.
For example, at & = 0.135 analysis of the refractive index obtained from the fringes of equal
chromatic order indicates that below 20 nm two AOT bilayers exist, each separated from the
silica wall by a 4-5 nm water layer. This forms a hard wall that can only be disrupted under
high applied loads.

Results

The force-distance profiles exhibit similar features over the range of membrane fraction (& =
0.09 — 0.18) studied. For all volume fractions, a change in temperature induces similar effects
and trends. The overall results can be illustrated by the data at ® = 0.135 (Figs. 1-3).

For any @, at temperatures well below the bulk transition to the L, phase (AT ~ -8 °C},
spatially decaying oscillatory forces superimposed on a weak attractive background are observed
down to the hard wall (see above). Three main features characterize the oscillations of this
regime, hereafter called the “Lz regime” (Fig.1):

(i) the peak-to-peak magnitude is always weak (< 0.05 mN/m) and decreases as the mem-
brane fraction is diluted;

(ii) the periodicity (separation between adjacent minima or maxima), dr,, remains quite
constant at large separations and is equal to about twice the characteristic length, £ (as mea-
sured for bulk samples from SAXS): d, = (2.0 £ 0.2)¢, but may show a reduction at smaller
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Fig. 1. — Forces F (normalized by the mean radius of curvature R of the surfaces) as a function
of separation between two silica surfaces immersed in an AOT /brine sponge phase (& = 0.135) at
T =20 °C (AT = —8 °C below the L3/Lo bulk transition temperature). The confined film remains
in the Lz phase over the whole range of separation. The oscillations measured on compression ()
or on separation (o) have a periodicity dr, = 40 + 4 nm = 2¢ (¢, characteristic length from SAXS).
The minima are superimposed on an exponentially attractive background (dashed-line) with an order
correlation length £¢ = 2 — 3£ (inset).

separations (for the last oscillation). Note that for the weakest oscillations, the shape can be
described continuously, as the gradient of the force remains smaller than the spring constant
(stiffness K'). However, when dF/8D > K, intrinsic unstable regimes occur [18] and the sur-
faces jump from one stable position to the next with a duration that can last up to a few
minutes;

(iii) compression or dilation of the confined thin film between walls is not always fully
reversible. Despite the fact that both the periodicity and the magnitudes of the oscillations
are the same, independent of the direction of movement of the surfaces, the force-distance
profiles obtained on approach or on separation can be shifted by a fraction of period.

When AT is reduced, a new regime appears for films thinner than a threshold separation,
Dz (Fig. 2). The transition to this new regime is signalled by the occurrence of a large
repulsive force on compression. However, for a given temperature, if the separation is never
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Fig 2. — a) AT = ~6 °C (I = 22 °C). Upon reducing the surface separation (o), the L3 regime is
interrupted at D}, where the confined system transits to an L, structure. However, 1f the separation
1s not reduced below D, the force profile for the outwards movement (o) shows that the confined
fluid remains in the sponge state. Note that the L3 regime 1s quite independent of T' (compare with
Fig 1) b) AT = —4 °C (T = 24 °C): having reduced the separation (solid symbols: m, e) below D,
the induced Lo structure will transit back to the L3 only if the surfaces are separated (empty symbols:
0, o) beyond Dj,;. The figure shows two experiments where the surfaces were separated after having
described two (m,0) or only one (e, 0) of the L. oscillations. The periodicity measured between two
consecutive minima of the oscillations indicates a Burgers vector b = 2. Note the reversibilty of D}, /.,
and the overall force profiles by comparing the curves obtained after increasing the temperature (mw,0)
from 20 °C (Fig 1) or after lowering (e,0) from 26 °C (Fig 2c). In addition, the data for (m,0)
were measured using a different contact position on the silica to show the reproducibility between
surface positions. ¢) AT = —2 °C (T = 26 °C): As the bulk transition 1s approached (28 °C), the
Lo film thickens at the expense of the L3 structure in the confined gap (D], ~ 50,65,130 nm at
AT = —6,—4, -2 °C respectively). The return to the L3 regime 1s increasingly delayed as JATY| 1s
reduced indicating the first-order nature of the phase transition (D}, = Dj, at AT = —6 °C, but
Dy, < D3, = 130,240 nm at AT = —4,—2 °C). The inwards run is shown with solid symbols (e) and

the outwards run is shown with empty symbols (o).

reduced below the threshold D} (T'), the force profile exhibits the same features (i) to (iii) seen
at the lowest temperature (Fig. 2a). Note that the oscillations have both their magnitude and
periodicity, dy,,, independent of T'. In other words the L3 regime is totally independent of the
threshold D (T') provided that the separation between the surfaces has never decreased below
Dy,

Below D7 (T), a different oscillatory behaviour is experienced with the minima of the oscil-
lations located at an integral multiple of the reticular distance, d (obtained from SAXS) for a
bulk lamellar sample having a similar volume fraction. Hence this regime is referred to as the
“Lqo regime”. Remarkably, the distance between two consecutive minima is twice the reticular
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Fig. 2 — (Continued )

distance: dy, = b-d, with b = 2. Note that for this surfactant system, no periodicity can
be extracted from the measurement of the mnward jump distances due to the non-equilibrium
elastic behaviour involved in the nucleation of edge dislocations upon compression (a complete
discussion is given 1 [25]). The period, dr, is therefore obtained from the minima of the
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Fig. 3 — The compressibility modulus 1s extracted from the slope of (F —~ Fy,) D2, /7R vs. (D2, ~ D)*
using the Derjaguin approximation where F(D)/2nR 1s the elastic energy density of the n*® parabola
centered at (Dan, Fo,/27R) (2n bilayers at zero stress confined in the gap). Data extracted from
Figure 2c¢ for the 5th (O0), 6th (e), Tth (o), 8th (#), and 9th () oscillations {from contact)

oscillations measured during an outwards force run (Figs. 2b-c).

Once initiated, the L, regime will disappear only when the surfaces are separated beyond
Dz, > Dy (Figs. 2b-c). Remarkably, not only are both onsets, D% (T'), D¥,.(T}, a monotonic
increasing function of temperature (and are reversible), but the hysteresis range D¥ . (T) —
D7 (T) also increases with temperature. Because the oscillations appear at locations virtually
independent of T', their increasing number with T 1s the signature of a thickening film with L,
structure,

All the above features suggest a first-order phase transition induced by the walls where the
L, structure is the preferred wetting phase. The first-order nature is confirmed by the lag in
the transformation back to the Lg isotropic phase upon separating the surfaces (Figs. 2b-c).

Analysis

The discussion of the data falls into three parts: the Lg regime, the L3 /L, phase transition,
and the L, regime induced by the walls.

As its name indicates the sponge phase may be seen as a porous medium built of multicon-
nected bilayers having a uniform spatial distribution without any positional or orientational
ordering. The sponge phase has a characteristic length scale (pore size), £, which depends
on the membrane volume fraction as £ ~ §/®. The preceding description has lead to the
suggestion that the sponge phase can be seen as a melted cubic bilayer structure [26]. How-
ever, to interpret the scattering pattern, a more powerful description of the sponge phase has
been proposed [27]. A continuous bilayer film partitions the solvent into two disjoint regions,
referred to arbitrarily as “inside” (I) and “outside” (O). The difference in volume fractions of
these regions is associated with an order parameter (¥) of Ising-like symmetry. In a symmetric
sponge phase, ¥ = 0 whereas in an asymmetric sponge, ¥ # 0. As far as we know from
existing systems, the transition between a lamellar phase and a symmetric sponge phase is the
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usual behaviour. In addition to the symmetric nature of the system used in this study, sponge
phases are only found in the vicinity of swollen lamellar phases stabilized by undulation forces
[28].

Now consider the results, it can be assumed that the silica surfaces induce locally, a layered
order or prelamellar film adjacent to each wall comprised of thin slabs of alternate I and O
solvent cells. Because a non-zero amplitude modulation 1s associated with this order, the
wavenumber of the order parameter ¥ far from the walls must be ¢ =~ 27/2f « @ In
the vicinity of the walls, however, longer wavenumbers are expected for the first presmectic
layers due to the nature of the membrane interaction, as hard walls have a screening effect on
the undulation interaction [29, 30]. Symmetric boundary conditions impose an exponentially
decaying order parameter ¥ (decay-length, £g), from the ordering walls down to the midplane.
According to Margelja and Radié [11], the order parameter distribution leads to an attraction
with the same decay-length, the so-called order parameter correlation length. Figure 1 shows
that the weak oscillations of the L3 regime superimpose on such an attraction. The typical
decay-length &g found is of the order of two to four times the characteristic length £ of the
sponge phase (£y =~ 51 nm at ® = 0.135; Fig. 1 inset). This is comparable to the value for
correlations between membranes measured by light scattering for systems far away from the
symmetric-asymmetric transition [31]. Now, the oscillatory behaviour can be understood as
a packing effect induced under confinement when the separation between the walls is not an
integer multiple of £, that is, elementary cells or presmectic layers confined in the gap. The
periodicity = 2¢ indicates that the system responds by moving a pair of basic units of the L3
structure. No microscopic model (the Lj structure being three-dimensional) is at our disposal
to explain such a behaviour, but the symmetric nature (¥ = 0) of the sponge phase can be
invoked. The periodicity of 2¢, in order to protect the symmetry, would also be expected for
an equivalent symmetric bicontinuous microemulsion comprised of oil and water in identical
proportions

Phase transitions induced by walls are processes that are now well established both theoret-
ically [8] and experimentally [2-6]. Here, the dramatic change in the force- distance profile for
well defined threshold separations, D*(T'), suggests such a transition between the Lz and the L,
phases where the walls favour the L, over the L. The hysteresis between DX, (T) and D} (T)
is evidence for a first-order phase transition, and arises from the finite area of the walls [1]. The
effect is likely to be enhanced by both the peculiar topology of the walls (crossed-cylinders)
in addition to the smectic nature of the confined structures (edge dislocations are induced).
To first approximation, a linear attractive potential is expected between two parallel plates as
soon as the phase transition is triggered off [25]. When the new phase is condensed between
the plates, with a uniform distribution of the order parameter, the gradient terms vanish in a
classical Landau-Ginzburg free energy. Unfortunately correspondence with the experimental
crossed-cylinder geometry is not straightforward. Indeed, the usual Derjaguin approximation
[32] is not expected to hold since the attraction is long-range Although, our data do not allow
us to speculate on the precise shape of this interaction between the walls, the attractive nature
of the L, regime is well-established on the runs obtained when the walls are moved apart (Fig.
2). A more difficult contribution to evaluate is the effect of the confinement topology as the
crossed-cylinder geometry imposes a varying separation. The L, phase is induced only in a
central droplet surrounded by a L3 medium. Film tension effects may then be expected to
contribute to the net interaction. Finally, the one-dimensional order of the lamellar structure
would also contribute to the net interaction [25].

The elastic response of the stack of layered membranes to any applied strain resulting from
surface separations different from an integral multiple of layer thickness gives rise to an oscilla-
tory interaction [33]. Because of the crossed-cylinder configuration the lamellae have to contour
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the slightly curved surfaces and a network of edge dislocations is formed. The measured peri-
odicity of the oscillations indicates that the edge dislocations have a Burgers vector b = 2. The
topology of this defect (handle joining two neighbouring bilayers) is not surprising as it arises
naturally from the bicontinuous structure of the sponge phase. The compressibility modulus,
B, can be extracted from the parabolic shape of the oscillations [33]. The analysis carried out
at any temperature within the studied range (about 10 °C) gives almost the same result. Be-
cause of the attractive background contribution, the fit is applied to the difference (F— F3,)/R,
where F,, is the non-zero force at the minima D, of the nt" oscillation (2n bilayers confined
in the gap). At large separations, B is not dependent on n and the experimental data follow
Don(F — Fy,)/7R = BADZ, (Fig. 3 for n = 5 —9). Data from each oscillation lie along a
straight line of slope B = (4.5 +0.5) x 10° J/m? at ® = 0.135 for n > 5 (Fig. 3). Note that
in the above relation, b does not appear explicitly but affects the locations of the intersection
of two adjacent parabolae: the larger b, the wider the parabolae are. The obtained estimate
for B is comparable with that measured from high-resolution X-ray scattering in other similar
systems [34] A direct comparison with theory is also possible. For AOT in brine, the lamellae
have been shown to be stabilized by undulation forces and B = 972 /(64x) (kg T)?d/(d — 6)*
[28]. Assuming & of the order kg7, the Helfrich formula gives B = 5.7 x 10 J/m® at & = 0.135
in agreement with the measured value [35]. Furthermore, our data confirm a decrease of B as
1/d® when the lamellar phase is swollen; B = 14.4, 4.5, 1.38, x10% J/m?, at & = 0.183, 0.135,
and 0.091A0T respectively, where the reticular distance is 9.5, 12.5, 20.0 nm.
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However, taking £ = 3kgT according to Skouri el al (Skouri M , Marignan J., Appell J., Porte G.,

J. Phys II France 1 (1991) 1121), the measured value for the compressibility modulus is larger
than that predicted by the Helfrich formula



