PHYSICAL REVIEW E

VOLUME 47, NUMBER 6

JUNE 1993

Phase behavior of dense three-component ionic microemulsions
and electrical conductivity in the lamellar phase

A. Di Biasio

Dipartimento di Matematica e Fisica, Universita di Camerino, I-62032 Camerino, Italy

C. Cametti, P. Codastefano, and P. Tartaglia
Dipartimento di Fisica, Universita di Roma La Sapienza, Piazzale Aldo Moro 2, I-00185 Roma, Italy

J. Rouch
Centre de Physique Moléculaire Optique et Hertzienne, Université Bordeauz I,
851 Cours de la Libération, 38405 Talence CEDEX, France

S. H. Chen
Department of Nuclear Engineering and Center for Materials Science and Engineering,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02189
(Received 11 November 1992)

An extended phase diagram for an ionic microemulsion system made of water, n-decane, and
the ionic surfactant sodium-di-2 ethyl-hexyl sulfosuccinate is deduced from a very extensive set of
electrical-conductivity and neutron-scattering measurements. This diagram shows high-temperature
phase transitions that explain some original features previously not reported. Furthermore we pro-
pose a phenomenological model based on the solution of a Poisson-Boltzmann equation which ac-
counts well for electrical conductivity data we obtain in the lamellar phase.
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I. INTRODUCTION

A three-component ionic microemulsion system made
of an ionic surfactant sodium-di-2 ethyl-hexyl sulfosuc-
cinate (AOT), water, and n-decane has been known to
show a large variety of physical phenomena upon varying
the composition of the mixture and temperature. Among
many of these, we may mention the critical phenomenon,
percolation phenomenon, and nonexponential relaxation
of droplet dynamics in dense microemulsions. The phase
behavior of this ternary microemulsion system is sensi-
tively dependent on the water-to-surfactant molar ratio
X =[H,0]/[AOT]. At room temperature and for X in the
range 10-50, a large one-phase region exists in the phase
diagram, known as a Ly phase, where the microemulsion
consists of water droplets coated by a surfactant mono-
layer dispersed in a continuous medium of decane. In the
L, phase, the radius of the water droplets is directly pro-
portional to X, as has been proven by neutron-scattering
[1] and quasielastic-light-scattering experiments [2]. For
X = 40.8, a consolute critical point has been observed for
a volume fraction ¢ of the droplets around 0.098 at a tem-
perature close to 39.98 °C. The critical dynamics of the
microemulsion can be well accounted for by the standard
mode-coupling theory, provided one makes use of the
renormalized values of the critical indices. However, an
unusual feature of this critical dynamics is the existence
of a large background correction due to the quasimacro-
scopic size of the droplets [2]. Similar effects have also
been observed in nonionic surfactant and water critical
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mixtures [3]. On the other hand, we have recently found
well-defined percolation loci in the temperature—volume-
fraction plane from extensive electrical-conductivity mea-
surements. At a constant value of X, percolation loci
extend from the vicinity of the critical point up to large
volume fractions of the microemulsions (¢ > 0.80) [4].
The percolation line in the T-¢ plane has been well ac-
counted for by the Xu and Stell theory of percolation
in probability [5] and very recently by a Baxter theory
for adhesive hard spheres when an appropriate temper-
ature dependence of the interaction parameters is used
[6]. Above the percolation threshold and at high volume
fractions (¢ > 0.40) a bicontinuous structure has been
evidenced by the analysis of neutron-scattering data [7].
Upon a further increase of the temperature and for values
of the volume fraction of the dispersed phase greater than
0.40, a lamellar phase has been observed and we have
already published preliminary results for the electrical-
conductivity behavior of the microemulsion in this do-
main [8]. Very recently Sheu et al. [9] and Kotlarchyk,
Sheu, and Capel [10] have reported extensive sets of data
obtained mainly from small-angle x-ray-scattering exper-
iments which indicated a new L3 phase existing around
room temperature and volume fractions higher than 0.75.
A strange feature in this microemulsion phase diagram
was, however, the observation of an apparent cusp, for
a volume fraction of the order of 0.42 and temperature
around 50 °C, at the boundary between the one-phase—
two-phase transition and the lamellar domain. The pres-
ence of this cusp was very difficult to understand in terms
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of theories of phase transitions. Owing to this complex-
ity, a more precise determination of the phase diagram
of these microemulsions became necessary in order to
elucidate some of the phenomena described above. The
first aim of this paper is then to provide a more accurate
phase diagram for microemulsions at X = 40.8. It shows
high-temperature phase boundaries, deduced from very
extensive electrical-conductivity measurements. The oc-
curence of a lamellar phase (L, phase) has been observed
in a large domain of the phase diagram at rather high
temperatures and volume fractions. This phase is visual-
ized as made of regularly stacked oil-surfactant bilayers
of a given thickness. The second aim of this paper is to
propose a phenomenological model of conductivity that
accounts rather well for the electrical-conductivity mea-
surements we performed in the lamellar phase. Further-
more, our experimental results are also consistent with
the presence of a multiply connected sponge phase (Lg
phase) very recently observed by Sheu and co-workers [9,
10] and we have been able to measure in this phase the
percolation loci. Some results are also reported for dif-
ferent values of the molar ratio of water to surfactant,
namely X = 20 and X = 50, that support our interpre-
tation.

II. PHASE DIAGRAM

A. Experiment

The experimental techniques we used have already
been reported in the literature [2—4, 8]. The electrical-
conductivity measurements were carried out using a
Hewlett-Packard impedance analyzer HP4192A, with a
conductivity cell consisting of fixed-spacing stainless-
steel plane parallel electrodes. The calibration of the
cell was made by using liquids of known electrical con-
ductivity and permittivity. The temperature of the cell
was varied from 13 to 75°C in steps of 0.25°C and the
overall accuracy of the temperature determination was
0.02 °C. Microemulsion were prepared from pure D20 for
neutron-scattering measurements and very low conduc-
tivity (lower than 104 Q! m™!) freshly prepared H,O
for electrical conductivity measurements. Normal decane
and AOT have been purchased, respectively, from Sigma
(purity > 99% ) and Fluka Chem. A.G. (purity > 98%)
and used without any further purification. We have to
remark that it is rather difficult to prepare samples at
volume fractions greater than 0.75. This is due to the
fact that the surfactant AOT can only be dissolved in
oil which in turn enters at a very low percentage into
the composition of the system. This might explain some
uncertainties in the phase diagram at very high temper-
ature since we cannot be completely sure of a total dis-
solution of AOT. However, the freshly prepared samples
do not show any significant decay even at high tempera-
ture and we have verified that all the measurements were
well reproducible upon heating and upon cooling. Let
us discuss now the main features of the phase diagram
we deduced from our experimental results. The phase
diagram in T — ¢ plane at X = 40.8 is shown in Fig. 1.
In our notation ¢ denotes the sum of volume fractions of
water and AOT.
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FIG. 1. Phase diagram of the water-decane-AOT mi-

croemulsion at X = 40.8.

B. L, water-in-oil droplet phase

Part of the phase diagram that extends from very low
volume fractions (¢ = 0.06) up to volume fractions of the
order of 0.30, has been previously reported in the con-
text of the observation of the critical phenomenon [1, 2].
At least close to the critical point, the coexistence curve
which shows a lower consolute critical point can be well
described by the standard theory of critical phenomena
with a value of the critical exponent 3 = 0.33 [2]. Below
the coexistence curve, very extensive neutron-scattering
experiments [11] clearly showed that the structure of
the microemulsion system is made of water-in-oil (w-0)
quasi-spherical droplets. Oil-in-water (o-w) droplets are
present in a small region of the phase diagram. The ra-
dius of the water core is of the order of 60 A, and the cores
are coated by a monolayer of surfactant molecules. The
droplets have size distribution and the polydispersity of
the order of 30% is well described by a Schultz distribu-
tion [12]. The one-phase domain made of w-o quasispher-
ical droplets is usually denoted by a Lo phase. Above the
phase-separation temperature T},, equal to 39.98°C at
the critical volume fraction ¢. = 0.098, the microemul-
sions separate into two microemulsion phases constituted
by identical quasispherical w-o droplets but having dif-
ferent volume fractions [1]. This feature makes it possible
to consider that the microemulsions behave like a pseu-
dobinary mixture since the molar ratio X which governs
the size of the droplets is a field variable in the sense
of Griffiths and Wheeler theory [13] of critical phenom-
ena in multicomponent systems. At low temperature and
for not too high volume fractions, the electrical conduc-
tivity obeys the Eicke, Borkovec, and Das-Gupta [14]
charge-fluctuation model, recently refined by Hall [15,
8]. Starting from volume fractions close to the critical
one ¢., we observed a characteristic percolative behavior
of the microemulsion system (Fig. 2). The conductivity
of the sample rises by typically six orders of magnitude
upon heating. The percolation temperature, defined by
the inflection point of conductivity versus the tempera-
ture plot, is shown as a function of the volume fraction
by open circles also in Fig. 1. A good agreement be-
tween the percolation loci thus obtained and the contin-
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FIG. 2. Temperature dependence of electrical conductiv- FIG. 3. Electrical conductivity for ¢ = 0.600. The behav-

ity for ¢ = 0.375. Below the maximum one observes the
typical increase of the electrical conductivity with increasing
temperature due to percolation. The conductivity suddenly
changes when the system undergoes a phase separation and,
with our experimental setup, it refers essentially to the oil-rich
phase. The behavior is similar for any ¢ < 0.4.

uum percolation theories has been demonstrated recently
by us [4, 6, 8]. The mechanism of percolation below the
threshold is the hopping of counterions within the frac-
tal clusters formed due to a strong attraction between
the droplets. Above the percolation threshold the mi-
crostructure of the microemulsions gradually transforms
into a bicontinuous structure. This picture is consistent
with the percolation indices we obtained below and above
the percolation threshold [8]. Using the Xu and Stell
theory for percolation in probability [5] and by assum-
ing that the microemulsion droplets were interacting via
a short-range repulsive hard-core potential followed with
an attractive Yukawa tail with temperature-dependent
parameters, we have been able to describe both the per-
colation loci and the coexistence curve qualitatively [4].
However, the experimental observation of the skewness
of the coexistence curve (Fig. 1) was not accounted for
by this model. In the case of binary solution of water
and amphiphile, the skewness of the coexistence curve
was attributed by Blanckstein, Thurston, and Benedek
[16] to a polydispersity effect. However, very recently
we used [6] Baxter’s theory for monodisperse adhesive
hard spheres [17] which gives a good description of both
the percolation loci and of the coexistence curve. The
great improvement of this analysis is the fact that the
skewness of the coexistence curve appears as a natural
consequence of Baxter’s potential [6]. When the vol-
ume fraction is above ¢ = 0.40, and in a temperature
range corresponding to below the percolation threshold,
the microemulsion is still made of w-o interacting quasi-
spherical droplets. This shows a large extension in the
phase diagram of the Ly w-o droplet phase at least at
low temperature.

C. L, bicontinuous structure

Above the percolation threshold and when the volume
fractions of water and oil are not too different, i.e., for

ior is similar for any ¢ above 0.4 and is related to the various
regions of the phase diagram annotated on the curve.

microemulsions whose volume fractions are larger than
0.40, we observe a rapid increase of the electrical conduc-
tivity to the level of conductivity of water upon heating
the sample (Fig. 3). In the same domain of temperatures
and volume fractions, the structure factor S(Q) deduced
from small-angle neutron-scattering experiments and de-
picted in Fig. 4 shows a characteristic broad peak at a
certain value Qs of the magnitude of the scattering vec-
tor. In this regime one can expect the microemulsion sys-
tem to be constituted by interpenetrating water and oil
microdomains. The bicontinuous microemulsion is then
characterized by two length scales d = 27/k and &, the
former one being the average separation between two wa-
ter (or oil) domains and d/£ is a measure of the polydis-
persity of the domain size [7]. A mathematical model
for the structure factor containing the two length scales
was proposed by Teubner and Strey [18] which was based
on the Debye theory for porous media [19]. The struc-
ture factor S(Q) that can be deduced from a small-angle
neutron-scattering or an x-ray scattering experiment is
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FIG. 4. The intensity of scattered neutrons I(Q) =
(n®)S(Q), where (n?) is the scattering length density fluctua-
tions vs amplitude of the scattering vector @ plotted in linear
and logarithmic scales. The solid line is the fitted curve using
the Teubner and Strey model given in Eq. (1).
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given by
8w /€
SQ) = e 1)
where
a=k2+—§13, Qﬁ4=k2—§2—. )

A very good fit to our experimental results is obtained
(full line in Fig. 4) with k¢ ~ 2.70, significantly larger
than 2.0 generally observed for the disordered bicontinu-
ous microemulsions [7]. This can be interpreted as signi-
fying that the microemulsions are in an ordered bicontin-
uous state for temperatures above the percolation thresh-
old approaching the lamellar phase boundary. One can
consider the lamellar structure to be an extreme case of
the ordered bicontinuous structure. The parameters used
to fit the experimental data shown in Fig. 4 are reported
in Table 1.

D. Lamellar phase

Whereas upon heating the sample a continuous rapid
increase of the electrical conductivity was observed in
the bicontinuous phase, a sudden decrease appears, for
instance, at a temperature of 40 °C for a volume fraction
of 0.6 (see Fig. 3). Then, upon a further heating of the
sample, again a slow but linear increase of the conductiv-
ity versus temperature is observed. This feature clearly
indicates a phase transition. As we shall see below, we
can interpret the domain of the phase diagram where
the conductivity increases linearly with temperature as a
lamellar phase. Then we can reasonably conjecture that
the narrow domain of temperature where the conductiv-
ity is decreasing corresponds to a mixed phase consisting
probably of coexisting lamellae and bicontinuous struc-
tures.

E. The two-phase domain.
Does a cusp exist at ¢ = 0.40 7

At high temperature the linear increase in conductivity
previously discussed is no longer observed. The electri-
cal conductivity levels off, then decreases and rises again.
The increase of the conductivity corresponds to the high-
temperature two-phase domain. The boundary of this
domain deduced from the inflection point of a ¢ vs T
curve is shown by open squares in Fig. 1. It is clearly
seen that the cusp previously reported was a result of an
incomplete determination of the phase boundary. The
two-phase boundary which is indicated by open squares
is continuous and extends from low volume fractions to

TABLE 1. Teubner-Strey parameters [Eq. (1)] of the bi-
continuous microemulsions.

¢=0.6 31°C 36°C 41°C
E(AY 0.0502 0.0512 0.0523
¢ (A) 53.85 52.67 51.30
P23 2.70 2.69 2.68
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high volume fractions including the critical point. The
existence of the so-called cusp would imply a junction be-
tween the one-phase-two-phase domain and the lamellar
phase whose extent at this volume fraction is extremely
narrow in temperature.

F. L3 phase

The high-volume-fraction part ( ¢ > 0.75 ) of the phase
diagram very recently explored by Sheu et al. [9] and by
Kotlarchyk, Sheu, and Capel [10] shows evidence of the
occurrence of the L3 phase around room temperature.
The L3 phase, which is optically isotropic at rest and
birefringent upon a gentle stirring, is conjectured to have
the same surfactant bilayer composition as the L, phase
but shows a multiply connected surface, as depicted by
Strey et al. in Fig.2b of Ref. [20]. The results we in-
fer from the electrical-conductivity measurements, which
we have performed in this domain of the phase diagram,
are consistent with the findings of Sheu et al. [9] and of
Kotlarchyk, Sheu, and Capel [10]. We observed in fact
a change of curvature of both the percolation line and of
the boundary of the L, phase. These lines show a sud-
den strong downward curvature. From our experiments
in the highly conducting regime, we can infer the transi-
tion temperature from the L3 to the L, lamellar phase
upon heating the sample as reported in Fig. 1. However,
since the lowest temperature we can measure with our
experimental setup is limited, we cannot deduce accu-
rately the percolative behavior of the L3 phase at very
high volume fraction. Indeed the percolation tempera-
ture appears to be lower than the lower bound of our
experiment.

III. ELECTRICAL CONDUCTIVITY
IN THE LAMELLAR PHASE

Let us recall that at high volume fractions and for
temperatures well above the percolation threshold, a
structure consisting of repeated leaflets of water, sur-
factant, and oil, known as lamellar phases (L, phase),
is formed. Recent small-angle x-ray-scattering experi-
ments have provided additional support for the evidence
of the lamellar region [9, 10]. In this region of the phase
diagram, the electrical-conductivity mechanism is com-
pletely different from that occuring in other molecular ar-
rangements, both below and above the percolation. The
ionic transport in this case is essentially due to the mo-
tion of the Nat ions derived from the ionization of the
surfactant molecules within the water layers. Thus, in
the lamellar-phase microemulsion, the electrical conduc-
tion reduces to a bulk phenomenon within the water re-
gion, the contribution of the other mechanism, i.e., the
hopping of the AOT anions from one droplet to another
or the opening of the surfactant layers to form extended
water microchannels, being negligible. Within the region
of existence of the lamellar phase, the structure of the
microemulsion is made up of the alternate sequence of
oil and water layers of constant thickness coated with a
monomolecular layer of surfactant molecules, whose hy-
drophobic parts are fitted in an oil matrix.
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Within this region, the properties of the water lamellae
are independent of temperature. The thickness d,, of the
water layer depends only on the molar ratio of water-to-
surfactant X and is given by

dy = Qdif[waAOT, (3)

AOTPw

whereas their repeat distance ! depends on the composi-
tion through the fractional volume ¢ = ¢, + daoT ac-
cording to the expression ! = (d, + 2d)/¢. Here d is
the length of an AOT molecule and M and p are the
molecular weights and densities of water and surfactant.
Moreover, each polar group of the surfactant molecule
carries an electronic charge due to its ionization and
consequently contributes one sodium ion to the water
layer. The surface-charge density remains constant at the
value o = 0.025 C/m? corresponding to one charge per
61.8 A2, independent of the microemulsion composition.
At X = 40.8 the water thickness is about d,, = 39.5 A.

In the lamellar structure the polar head groups of
the surfactant molecules are oriented towards the wa-
ter phase and the conductivity is essentially due to ionic
transport in a continuous medium, where the charge car-
riers are Nat ions and the medium is water. Their ion-
ization produces a surface charge and Nat counterions
dissolved in the water, giving rise to the formation of an
electric double layer whose extension within the aqueous
phase influences the electrical conductivity. If the mi-
croemulsion, in this phase region, is considered as a set of
large, randomly oriented multilamellae, the overall con-
ductivity of the system, which must reflect the fact that
the ionic transport is locally anisotropic, can be written,
to a first approximation, as

_ l g0y "
3 o'w(l - d’w) + 010y

o %(01(1 = ¢uw) + owdu),

(4)

where o; and o0, are the conductivities of the oil layer
coated by the surfactant molecule and the water layer,
respectively, and ¢,, the volume fraction of water. The
above equation is a simplified version of the effective-
medium theory, where the system is modeled as a col-
lection of capacitors coupled in series. The conductiv-
ity o, of the water layer, depending on its orientation
in the applied external electric field, must be associated
with the nonuniform spatial ion distribution within the
water layer, which can be calculated with the Poisson-
Boltzmann equation. The most interesting consequence
is that when conduction occurs in a narrow water layer,
only a fraction of counterions contributes to the ionic con-
ductivity, whereas a large fraction is immobilized in the
vicinity of the charged groups by means of strong electro-
static interactions. According to the model we adopted,
the ionic distribution within the water layer can be ob-
tained from the Poisson-Boltzmann equation in planar
geometry

2
a?y _47rz€en°° exp ( zez/)) ’

(5)

where 9 is the electrostatic potential at z, € the dielectric

dr? " kgT
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constant of the water phase, kT the thermal energy, ze
the electric charge, n., = fng the ion concentration when
the potential is set to zero, and ng the unperturbed ion
concentration. Introducing the dimensionless variables

y= _zekBT’ 5 = KkpZ, (6)
where

1 dme2z?ny\ "2 Ko

KD - GkBT

is the Debye screening length, the Poisson-Boltzmann
equation becomes

&y

dg?
whose solution, with the boundary conditions y = 0 and
dy/d¢ =0 at £ =0, is given by

y=In (1 +tan2\/§§) . (9)

The electroneutrality condition within the whole water
layer yields the constant f through the relation

V/2f tan (\/gfsp%ﬂ> = ND%’-{. (10)

Given y, one can then calculate the ion distribution

= fe¥ (8)

n(€) = zefnoe¥® = __zefmo (11)

()

For sufficiently small external applied electric field the
electrical conductivity requires the knowledge of the cur-
rent density passing through the sample, whose general
expression is

I(z,t) = ezi:zmi(a:,t)vi(x, £) + %%, (12)
where v; is the ith ion drift velocity, n; is the ion con-
centration, and D is the electric displacement. The first
term is the true conduction current and the second one
the displacement current.

As we have noted, owing to the local anisotropy of the
sample reflecting the random distribution of the lamellae
orientation, the conductivity must be evaluated in two
extreme limits when the external field is perpendicular
and parallel to the lamellae. In the first case, following
De Lacey and Withe [21], in the low-frequency limit, the
conductivity equation furnishes a contribution given by

oL = zef;—OA)\(T), (13)

where N4 is the Avogadro number and A(T) the
temperature-dependent equivalent conductance of the
ions. When the external electric field is parallel to
the lamellar orientation, the totality of the counterions
present in the water layer should, in principle, contribute
to the conductivity. In this case, however, strong elec-
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trostatic interactions between the charged groups on the
surface of the surfactant layer and ions dissolved in water
reduce the effective concentration of ions which partici-
pate in the conduction. For the sake of simplicity, we
assume that counterions lying in a layer adjacent to the
charged surface are firmly bound thus possessing a negli-
gible mobility. It follows that the average concentration
of the ions that contribute to transport is given by

2 %Nde_"T
n= d
7 /0 £ n(e)

Kpdw
n{ é(%—n}] (14)

2ze+/2fn
and consequently the conductivity is given by

KDy

o= zeNiA)\(T). (15)

Here we have introduced a parameter n to take into ac-
count the hindering effect at the charged surfactant-water
interface on the transport of the ionic charge. The lim-
iting values of , n = 0, and = kpd,,/2 correspond to
the extreme conditions where all the ions within the wa-
ter layer behave as free or bound ions, respectively. In the
limit 0y < 0 and oy, Eq. (4) reduces to o = 20 ¢y /3
and is given by

o) 822227 f (kD dy
dw 380 dy s 2lz Tz T
A(T)
Ii:de’

X

(16)

where Sy = 2/(nod,y) is the average interfacial area oc-
cupied by each surfactant molecule, carrying the ionic
SO3 ~ group.

The experimental values of the electrical conductivity
of the microemulsion at X = 40.8, normalized to the vol-
ume fraction of water ¢,, in the temperature range where
the lamellar structure occurs for ¢ between 0.45 and 0.70,
are shown in Fig. 5. The solid line represents the calcu-

4 X =20 X =50 i
. o ¢ =0725 0 ¢ = 0450
< s ¢ =0750 & ¢ = 0500
E 3 B v ¢ = v ¢ =
=
=
S 2 F
~
o
" -
O L 1 1 L 1 1 1
30 40 50 60 70 80
T(°c)
FIG. 5. The normalized conductivity for X = 20, 40.8,

and 50. Each set of data represents the normalized conduc-
tivity for different values of ¢ where the lamellar phase occurs.
The solid lines are calculated according to Eq. (16).
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lated values according to Eq. (16), assuming that each
surfactant molecule contributes one Na* ion to the water
layer and using for the equivalent conductance \ a value
of 50.2 Q1 cm? equiv~! at 25°C, with the temperature
dependence described by

1dx —20m—1

NaT = 2.44 x 107#°C 17)
quoted in the literature for the Na* ion [22]. As it can
be seen, a good agreement with the experimental data
is found with the parameter 7 corresponding to a thick-
ness of immobilized ions of the surfactant-water interface
equal to 1.7 times the Debye screening length. In the
present case, with X=40.8, we obtain d,, = 39.5 Aand
nE,l ~ 3.6 A. This means that approximately 30% of the
total number of ions must be considered strongly bound
to the charged surface and they do not contribute to the
conductivity. To further investigate this ionic conduction
mechanism in confined structures where strong electro-
static interactions between counterions and fixed charges
at the surfactant-water interface dominate, we have also
measured the electrical conductivity of an AOT-water-
decane microemulsion system with a water-to-surfactant
molar ratio of X = 20 and X = 50, corresponding to the
water-layer thickness of the lamellar phase of 19.4 A and
48.5 A, respectively. It must be noted that at these mi-
croemulsion compositions, especially for X = 20, the re-
gion of existence of the lamellar phase is not very well
defined and it is more questionable to attribute a phase
boundary between different structures to changes in the
shape of the conductivity curve. Figure 5 also shows the
normalized conductivity o/¢,, in the two latter cases.
The full lines represent the calculated value according to
Eq. (16) with n = 3.3 for microemulsions with X = 20
and n = 2.9 for microemulsions with X = 50. These val-
ues give the thickness, in Debye-length units, of the layer
adjacent to the charge surface where ions are immobi-
lized. The agreement with the measured conductivities
is remarkably good, for all the volume fractions we mea-
sured in the lamellar phase, considering the simple model
we are using.

IV. CONCLUSIONS

From an extensive set of electrical-conductivity and
neutron-scattering measurements, we have been able to
deduce an extended phase diagram for a microemulsion
system made of AOT, water, and decane. In particu-
lar, we have shown that the two-phase high-temperature
domain is continuous extending from very low volume
fractions up to high volume fractions, including the crit-
ical point. A bicontinuous structure has been evidenced
for volume fractions greater than 0.40 and temperature
above the percolation threshold. Our results also con-
firm the findings of Sheu et al. [9] showing the existence
of a L3 phase at high volume fraction ( ¢ > 0.75 ) and
low temperature. We have been able to show evidence
of a percolation line in this phase, at least at not too
high volume fractions, where it goes to very low tem-
peratures. Emphasis has been made in this work on the
lamellar L, phase. A theoretical model based on the so-
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lution of the one-dimensional Poisson-Boltzmann equa-
tion gives values of the electrical conductivity in good
quantitative agreement with the experiments. In partic-
ular, the scaling behavior of the electrical conductivity
is very well obeyed for the microemulsion systems made
with various values of the molar ratio X ranging from 20
to 50. As a final comment it is worth noting that these
microemulsion systems which exhibit repeated bilayer-
water structures are of fundamental biophysical interest.
Indeed they serve as a simple model for biomembranes
where the ionic conduction and transport may be investi-
gated without the perturbative influence of proteins and
other biomolecules which are usually embedded in the
cell membrane. Moreover, the accumulation of ions close
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to charged surfaces in confined structures such as those
investigated here can play an important role in determin-
ing functionality of pores and channels which govern the
transport of ionic species through a membrane.
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