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Résumé. 2014 Le coin riche en eau des diagrammes de phases des systèmes quasi ternaires tensioactif/alcool/eau
salée fait apparaître les zones de stabilité de trois phases distinctes : la phase micellaire classique
L1, la phase lamellaire gonflée La, et une phase isotrope aux propriétés physiques assez particulières notée ici
L2* . Les transformations de phase successives sont contrôlées par la valeur du rapport alcool/tensioactif. On
rapporte ici une étude détaillée en diffusion des neutrons aux petits angles des transformations de forme des
agrégats qui accompagnent les changements de phases. La séquence de formes suivante a été mise en évidence
sans ambiguïté : globules, cylindres allongés, et finalement bicouches larges. Les structures primaires ont la
même morphologie (larges bicouches) à l’echelle locale dans les deux phases L03B1 et L2*. Seul l’arrangement à
grande échelle change de L03B1 à L2*. Les profils de diffusion à très petits q de L2* suggèrent que cette phase a une
structure de topologie bicontinue ou une bicouche infinie sépare deux milieux eau salée identiques imbriqués
l’un dans l’autre.

Abstract. 2014 The brine rich corner of the phase diagrams of quasitemary (surfactant/alcohol/brine) systems
shows the domains of stability of three different phases : the classical micellar phase L1, the highly swollen
lamellar phase L03B1 and an isotropic phase with quite special physical properties herein denoted L2*. The
successive phase transformations are triggered by increasing values of the alcohol/surfactant ratio. We here
report an extensive small angle neutron scattering investigation of the morphological transformations of the
aggregates all along the phase sequence. The following shape sequence is unambiguously evidenced : globules,
rods and finally wide bilayers. The primary structures have the same morphology at a local scale (bilayers) in
both the L03B1 and L2* phases. Only the large scale arrangement of this elementary object changes from
L03B1 to L2*. The very low q scattering patterns of L2* suggest that the structure of this phase has a bicontinuous
topology where the infinite bilayer separates two infinite interwoven equivalent self-connected brine domains.
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1. Introduction.

The polymorphism of the primary surfactant struc-
tures in binary (surfactant/water) or ternary (surfac-
tant/alcohol/water) systems is well admitted : it is

clearly indicated by the wide variety of ordered
phases (lamellar, hexagonal, rectangular, nematic,
cubic...) which usually appear in concentrated mix-
tures of such systems [1, 2]. In these well ordered
concentrated phases, the long range orientational
and positional orders can be characterized by X-ray
scattering experiments. Then it is usually possible to
derive the main features of the shape of the primary

objects that are compatible with the measured

positional periodicities.
The situation is not so clear in the dilute range.

One still expects that morphological transformations
also occur under these conditions but unambiguous
evidences of these are far more difficult to obtain. In
dilute mixtures, the aggregates are loosely packed
and the intermicellar interactions are usually not
strong enough to induce long-range positional order.
But still, they are not weak enough to be neglected
in the analysis of the scattering pattern of the studied
mixture. To derive the micellar size and shape one
has to treat both the form factor and the interference
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function in a self-consistent procedure (such as in the
Hayter-Penfold data treatment [3]). This is a very
tough problem which has been solved only in the
case of an interaction potential with spherical sym-
metry. The approach is useless in the case of a wide
micellar polymorphism. The other way to reach the
micellar morphology is to extrapolate the scattering
data down to zero concentration. The problem is
then that often the micellar shape changes with the
dilution and sometimes turns back to the minimum

globular shape at very high dilution.
One meets a much more favorable situation with

common ternary ionic surfactant-alcohol aqueous
mixtures when brine rather than pure water is used
as the aqueous solvent. The most striking property
of the obtained systems is that, even at very large
dilutions, three different phases are successively
stable for increasing relative alcohol contents [4].
Quite generally the phase sequence (Figs. 1 and 2) is
the following. The isotropic micellar phase L1 takes
place at lower alcohol to surfactant ratio (OA/OS)-
At higher OA/OS, one meets the domain of stability
of the swollen La lamellar phase. Very close to the
domain of La, one finds along the alcohol rich side a
very thin region of existence for an isotropic phase
which is here denoted L2 like in [5].
Such phase transformations at a macroscopic scale

most probably correspond to strong morphological
transformations for the surfactant aggregates. We
therefore expect for these systems a wide micellar
polymorphism even at high dilution where inter-
micellar interactions are presumed to be very weak.
Moreover, the radial geometry of the brine rich
corner of the diagrams (Figs. 1, 2) indicates that the
phase transformations occur for given values of

P AI P s (where 0 A and 0 s are the respective volume
fractions of the alcohol and of the surfactant) which
do not depend on the dilution ow (where ow is the
volume fraction of the brine). One therefore expects
that the shape transformations of the primary struc-
tures are also mainly determined by OA/Os and

Fig. 1. - Brine rich corner of the phase diagram of the

system CPCllhexanollbrine.

Fig. 2. - Brine rich corner of the phase diagram of the
system CPBr/hexanol/brine.

almost insensitive to the dilution CPw. Under these
conditions structural information obtained at any

given dilution in the dilute range should remain valid
on a wide range of 0,, (0.8  Q W  0.99 ).
Here we take advantage of these opportunities to

investigate the shape transformations of the aggre-
gates in brine-rich mixture of quasi-ternary systems
alcohol/surfactant/brine (we here consider the brine
as a single component). Two similar systems are
studied, namely cetylpyridinium chloride (CPCI)/n-
hexanollbrine (0.2 M NaCI) and cetylpyridinium
bromide (CPBr)In-hexanollbrine (0.2 M NaBr).
Since we deal with structural information, small-

angle neutron and X-ray scattering are the main
techniques of investigation. But also some viscosity
and conductivity data are presented when they help
to discriminate between alternative plausible models.

2. Experimental procedures.

The used chemical species (surfactant, hexanol,
salts) are the same as in [5]. The brines are obtained
by dissolution of the adequate amount of the salts in
D20 (99.8 % deuterium).
The phase behaviours (Figs. 1, 2) for the two

systems are determined at 30 °C with the same

observation methods as in [5]. The phase boundaries
are found exactly identical when going from proto-
nated brine [5] to deuterated brine once the compo-
sitions are expressed in mole fractions. So there is no
noticeable isotopic effect at this level. A similar

phase sequence is indeed found for the two systems,
the only difference being that the phase transfor-
mations are triggered at lower OA/OS for the CPBr
system than for the CPCI system. This special
counterion effect is discussed in [6].
The structures of the L 1 and L2 isotropic phases

were investigated using neutron scattering. The

experiments were performed at the camera D11 of
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the Institut Laue Langevin in Grenoble. Most scat-
tering patterns were collected for dilute samples
(Ow:::. 0.96) in the medium q-range which is

adequate to investigate typical micellar dimensions.
The quartz sample cells (Hellma) had a pathway

of 2 mm. An area of 1 cm2 was illuminated by the
neutron beam. The measured intensities were ob-
tained on an absolute scale by adequate subtraction
of the solvent and empty cell contributions, and by
direct comparison with the intensity scattered in-

coherently under the same conditions by a 1 mm
thick cell filled with H2O [7]. Within the investigated
q range (q  1.5 x 10- 1 A- 1) the maximum relevant
spatial resolution is about 10 A and it is not necessary
to specify the scattering length density distribution in
the object at the finer scale. The data treatment is
then based on only one contrast factor between the
active matter and the deuterated brine solvent. In
order to estimate the contrast factor consistently, the
densities of the surfactant and of the hexanol are
needed. The density of the hexanol in the micelles is
assumed to be the same as in the pure liquid phase
(= 82) and the density of the micellized surfactant
is derived from the evolution of the density of the
binary surfactant brine mixture as a function of

Qw (linear dependence). It is assumed to be indepen-
dent of the effective alcohol to surfactant ratio in the
micelles. Lastly, the fast exchange between the
initial protonated OH groups of the hexanol and the
deuteriums of the heavy brine solvent is taken into
account (this effect is certainly not negligible in the
estimation of the mass of the micellar object).

In order to get some insight into the L2 large scale
arrangement some scattering patterns were collected
for more concentrated samples (0.8 : 4&#x3E;w : 0.98 )
on a much wider q range (3 x 10- 3 A-1  q 
1 x 10-1 A-I). These data were obtained on the
same instrument using successively various sample-
to-detector distances : 2.5 m, 5.5 m and 10.5 m.
The more concentrated La mixtures (with average

periodicities d in the range 50 A  d  200 A) were
studied using the standard X-ray scattering set up of
our laboratory. The sample consists of a cylindrical
Lindemann capillary tube (diameter 1 mm) filled
with the investigated mixture. The capillary walls are
treated in sulfochromic acid in order to obtain the

cylindrically symmetrical alignment of the bilayers
[8]. The scattering set up here works in point
collimation. Complementary data (photographs)
were obtained on line D16 at the synchrotron light
source in LURE. The more diluted La samples (with
average periodicities in the range 200 A  d --
1100 A) are studied on Dll at the ILL. Here the
requirement is to reach the scattering profile at very
low q (large d) 10- 3 A-1  q  5 x 10- 2 A-I, and
sample-to-detector distances of 5.5 m, 10.5 m and
20.5 m are used depending on the dilution Ow
(0.8 : 4&#x3E;w  0.97). In order to achieve a good cylin-

drically symmetrical alignment of the lamellar stack-
ing, a parallel bundle of quartz cylindrical tubes
(about 10 tubes-1 mm diameter) are introduced into
the cell and imbedded into the L a mixture.

3. Globules to rods transformation in the Iq phase.

The physical property of the L1 phase which varies
most sensitively with the alcohol-to-surfactant ratio
OA/OS is the viscosity of the mixture. The points
denoted by full circles in figure 3 represent the

relative viscosities of binary CPCllbrine mixtures at
different concentrations. The points align nicely
along a straight line with a moderate slope
(A71,/Aos = 3 ) which is consistent with a nearly
spherical shape for globular micelles.

Fig. 3. - Relative viscosity ’YI of the Ll phase of the
CPCI system versus (1 - q, W). Full circles : binary mixtures
(CPCllbrine). Full triangles ; progressive addition of

hexanol.

The Guinier (In I (q) vs. q 2) plot of the scattering
profile of a 0.01 glcm3 CPCI brine mixture is used to
check this structural model (Fig. 4). For a random

Fig. 4. - Guinier plot of I (q) (neutrons) for globular
CPCI micelles (sample composition : Cw = 0.99,
0 A/ 0 S = 0, where cw is the mass fraction of the brine).
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distribution of globular objects one expects the

scattered intensity to scale as [9] :

at small q (qRG ,1 ) where RG is the radius of

gyration of the particle, c is the concentration of the
sample (g/cm 3), M is the mass of the particle (g) and
(bm - Vm po) is the contrast difference between the
particle and the solvent (cm/g). Neglecting inter-
micellar interactions (diluted sample, high salt

brine) we treat the data of figure 4 according to (1).
Doing so we obtain : RG = 19.6 --t 1 A and M =
6.6 ± 0.5 x 10-20 g. Assuming that the micelles are
perfect homogeneous spheres, we can deduce from
the RG and M values two different estimate ro g and
r° m of the radius of the equivalent sphere. We obtain
TO g = 26 ± 1 A and TO m = 25.5 ± 1 A. These two

very similar values should be compared to the

average hydrodynamic radius RH of CPCI micelles as
measured under similar conditions by quasi elastic
light scattering : RH =-= 29 A ± 1 A. The difference is
small (about 3 A) and is most probably related to the
fact that RH is a measure of the radius of the

hydrated micelle while rog and TO m are the radius of
the dry equavalent sphere (the bound D20 molecules
have no contrast with the free solvent and do not
contribute to the scattering pattern).
As shown in figure 3 (full triangles) addition of

hexanol induces at all concentrations a very steep
increase of the relative viscosity of the mixture which
is not consistent with the globular description. The
viscosities of CPBr/brine binary mixtures are also
much too large to be consistent with a globular shape
for the micelles even when no alcohol is added. In all

these cases, the Guinier plot used above fails to

exhibit the straight decay expected for globules. On
the other hand, the plot of In (q I (q)) versus

q2 does exhibit a linear decay over a large q range
(Fig. 5). Such q-1 dependence for I (q ) is character-
istic of rod-like objects [10]. More precisely, for a
random distribution of rod-like particles one expects
I (q ) to vary as :

Fig. 5. - ln [ql (q ) ] versus q2for CPBr cylindrical micel-
les (sample composition Cw = 0.99, cP AI CPs = 0).

in the range qR,  1 and q 1) &#x3E; 1 where Rc is the
radius of gyration of the normal section of the rod
and (l ) is the persistence length i.e. the average
length below which the linear object can be con-
sidered as straight and rigid. In [2] ML is the mass
per unit length of the object. From the I (q ) depen-
dence in the range 3 x 10- 2 A-1  q  1.5 x

10-1 1 A- 1 we deduce Rc and ML for different high
viscosity L1 samples of both CPBr and CPCI systems
(Tab. I). From Rc and ML we derive two separate
estimates of the radius of the equivalent circular
cylinder ro g and ro m. We obtain ro g = rom - 20 A for
the CPCI samples and ro g = ro m = 22 A for the
CPBr samples.

Table I. - Characteristic sizes of the cylinder normal
section of the elongated CPBr and CPCI micelles. For
the CPBR 0,, = 0.99 sample a failure of the preset
counter occurred and the absolute scale data treatment
could not be achieved.

In order to make significative comparisons, we
have also measured by X-ray scattering the average
periodicities in the hexagonal phases which appear
in much more concentrated regions of the phase
diagrams of the two systems (Tab. II). From these
data we derive ro, hex the dry radius of the cross-

Table II. - Periodicities d and cylinder normal sec-
tion ro, hex in the hexagonal phase of the CPCI and
CPBr systems at high concentration.
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section of the equivalent circular cylinders in these
concentrated phases. Significantly, for all samples
the value of ro, hex ( = 22 A ; Tab. II) is similar to

ro, g and ro, m indicating that the long micelles in the
diluted L1 phase and in the concentrated hexagonal
phase have the same local structure.
The occurrence of cylindrical micelles rather than

lamellar micelles (disks) while approaching a « com-
pact » lamellar phase (see next section) is quite
surprising and deserves further examination. Data at
much lower q (5 x 10-3 A-1  q  5 x 10- 2 A-1 )
have been collected. At very low q the effect of the
finite radius of the cylinders or the finite thickness of
the eventual lamellae on the I (q ) profile is negligible
and one expects simply I (q) - q - 1 for rods and

I(q) - q -2 for disks. We obtained an exact q -1
dependence down to q - 1.5 X 10- 2 A- 1 with a

slight upward deviation at lower q (5 x 10- 3 A-1 
q -- 1.5 x 10-2 A-1). The deviation is classically
interpreted in polymer science [9] as related to the
finite rigidity of the rods. So finally, the rod model
with some flexibility [11] fits the data in absolute units
in the entire 5 x 10- 3 A-1  q  1.5 x 10-1 A’
range and we verify easily that the disk model is

totally inapropriate.

4. Compact bilayers in the La phase.

The most enigmatic property of the La phase of both
systems is certainly the exceptional stability of its
long range order at high dilution. It remains defi-

nitely birefringent up to q5 w = 0.995 (orientational
order) and exhibits focal conics textures up to at
least 0 w =-= 0.96. We do not discuss here this point
which is now the field of intense theoretical and

experimental investigations [8, 12-15]. We rather use
the regularity of the lamellar stacking in order to
derive the essential features of the morphology of
the individual bilayers.

Figure 6 represents the 2D-photographic recording
of the scattering pattern of a moderately swollen
CPCI La sample (d = 98 A). It essentially consists
of two symmetrical well defined spots corresponding

Fig. 6. - 2D photographic recording of the scattering
pattern of a CPCI La mixture with cw = 0.75.

to the first Bragg singularity associated with the

regularity of the stacking. The important point to
note is the fact that these Bragg patches have a very
small extention in the direction q normal to the
director of the phase. This pattern is the direct
indication [16] that the individual lamellae are

homogeneous, compact and do not present a notice-
able density of structural defects such as pores or
fractures. More precisely, the average in plane
distance between possible structural defects or

heterogeneities is certainly larger than several
103 A. This homogeneous and regular structure of
the individual bilayers has been further confirmed
for the CPCI La phase using ESR technique on well
oriented homeotropic samples [17].
We derive the average thickness do of the bilayers

from the evolution of the Bragg peak position
qB as a function of 0,,. For constant do we expect the
linear relation :

Figure 7 shows the scattering patterns of CPCI
La sample at various dilutions. Even for very large
interlamellar distances d (Fig. 7b ; d == 970 A) the
Bragg maximum remains well defined. The expected
linear dependence (3) is very well confirmed on an

Fig. 7. - a) 2D scattering pattern of a CPCI La mixture
with d : 200 A (neutrons) sample to detector distance :
2.5 m. b) 2D scattering pattern of a CPCI La mixture with
d : 970 A (neutrons) ; sample to detector distance :

10.5 m.
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exceptionally large range of dilution (Fig. 8) and
do of CPCI La bilayers :

is found.

Fig. 8. - Bragg peak position qB versus 0w for the

La phase.

The same treatment of a smaller set of data on the
CPBr system (50 A , d  200 A) gives a quite simi-
lar value [6] :

5. L2 * large bilayers with no long range order.

L2 is an isotropic phase with quite special physical
properties. In particular it shows a very noticeable
transient optical birefringence upon gentle stirring
[4]. This property is not so unique in itself [18], but
very surprising is the fact that it becomes stronger
and stronger when the dilution ow increases. In the
same manner, the intensity of the light scattered by
the phase increases with ow and diverges at

Qw -&#x3E; 1. (Quantitative data on these two properties
will be reported in a forthcoming paper.)

Figure 9 shows the variations of the conductivity a
of L2 with Qw. Very remarkably, the extrapolation
of a to zero concentration in active matter is

significantly different from u 0’ the conductivity of
the pure brine solvent. We have approximately:

which means that the L2 surfactant structure

opposes a constant finite obstruction to the mobility
of the free ions at high dilution.
We investigate the structure on dilute samples

( Qw = 0. 96 and 0w =- 0 .98) using again neutron

scattering in the medium q range. As a matter of

Fig. 9. - The conductivity 0" as function of (1- Qw), full
triangles : Li phase, full circles : L 2 * phase.

fact, the Guinier plots, which were found efficient in
the different specific situations in L1 (globules,
rods), here both fail to exhibit a straight decay
within this q-range. On the other hand the plot
In (q 21 (q ) ) versus q2(Fig. 10) shows a nicely linear

Fig. 10. - ln (q 2 1 (q )) versus q2for the L2 CPCI mixture
with the composition cW = 0.977 ; CA/cs = 1.25 (CA and
cs are the mass fractions of the alcohol and of the

surfactant).

decay. The situation is nevertheless not as clear as in
L1 since the q- 2 dependence of I (q ) is not specific of
one only local structure [10]. In the present case, it
could correspond to any of the three following
different structural models : i) Gaussian coils built
up with elementary units of about 20 Å size ; ii) criti-
cal fluctuations in a dispersion of micelles of about
16 A radius and iii) large flat bilayers of about 25 A
thickness randomly oriented within the sample. The
situation is specially confusing since all three possibi-
lities involve sizes equally plausible for the self-

aggregation of surfactant molecules. The particular
behaviour of the conductivity helps to discriminate
between them. For Gaussian coils or critical disper-
sion of micelles we indeed expect cr to reach

u 0 asymptotically at high dilution. On the other
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hand Jonsson et al. have explicitly computed the
obstruction factor for randomly oriented infinite flat
aggregates [19] and they found that it is precisely
equal to 2/3. And the variation of a with 0,, is a

strong indication for the third structural description.
To check this local structure further, we have

treated the neutron data in absolute units. For a

random dispersion of large flat platelets one expects
I (q ) in the medium q-range to vary according to [9] :

where MA is the mass per unit area of the bilayer and
dO*g is its apparent dry thickness (as derived from the
one-dimensional radius of gyration of the scattering
length density along the normal to the layer [9]).
This expression in principle allows for two seperate
determinations of do : namely dO*g from the slope of
the log plot in figure 10 and dO*m from the value of
MA which is obtained by extrapolation of q 21 (q ) to
zero-q. The obtained values (d(*g, MA and dO*m) for
different samples are given in table III. For each
sample, dO*g and dO*m are similar within an accuracy
better than 10 %.

Table III. - Characteristic sizes of the thickness of
the bilayers in the L2 phase. A phase separation
occurred in the CPBr sample (L2* / L1) during the
experiment which made impossible the absolute scale
data treatment.

Here we have not investigated in detail the effect
of the concentration on the effective values of

do*g. However, clearly for the CPCI system, do*g is
smaller for the 0 w =- 0.96 sample than for the

cfJ w =::: 0.98 sample. The positional correlations be-
tween the primary flat structures are thus not

completely negligible even at this rather high dilu-
tion. A straight forward extrapolation of these two
values down to zero concentration in active matter
indicates an actual value for the thickness of the

layer in this system between 25 and 26 A. So

do in the L2 phase is comparable to do in the

La phase suggesting that, at a local scale, the bilayer
has the same structure in both phases.

6. Discussion.

Here we present a clear experimental evidence that
the aggregates in dilute solutions transform from

globules into long cylinders and finally into large
bilayers upon progressive addition of alcohol. Inter-
estingly this shape sequence corresponds to a smaller
and smaller total curvature for the surfactant alcohol
film and agrees with the now well admitted empirical
principle stating that addition of alcohol decreases
the spontaneous curvature of the surfactant alcohol
film [20].
But although unambiguous, the obtained shape

descriptions remain quite coarse. They are derived
from low q scattering data (q  1.5 x 10-2 A- 1) and
details of the structure involving lengths smaller than
a few nm will be smeared out by the low spatial
resolution of the data. At the present time we cannot
state anything about the eventual anisometry and
the polydispersity of the globules or the eventual
ellipticity of the orthogonal section of the cylinders
for instance.

An important result of our study is to show that, at
a local scale, the surfactant aggregates have a similar
morphology in La and in L 2 *. So between these two
phases only the large scale arrangement of a common
local scale structure changes. There are at least four
different large scale arrangements for bilayers that
could correspond to the Lf isotropic phase. What
differs from one to the other is mainly the topology
of the structure. The first one is derived from

La assuming that addition of hexanol results in

disrupting the infinite layers into finite-size, disk-

shape micelles. The corresponding topology is that
of a direct micellar phase. The second model is
based on the idea that bilayers connect to each other
along junction lines generating a « foam like arrange-
ment ». The corresponding topology is that of the
inverse micellar phase : the brine microdomains are
entrapped within the « bubbles » of the « foam »
while the walls consist of the surfactant bilayer which
is self connected throughout the sample [5]. The
third model has the same topology as the La lamellar
phase. It is derived from the La structure assuming
that addition of hexanol results in the spontaneous
formation of a large density of defects such as

dislocations and disclinations. The long-range
orientational and positional orders could then col-
lapse into short-range orders with finite correlation
lengths as proposed by Parodi in [21]. We refer to
this model as to the « locally lamellar » model. The
last topology is suggested by the extensive literature
on bicontinuous microemulsions. In these mixtures
the water and the oil media are assumed to be self-

connected throughout the sample and separated by
the surfactant film [22, 23]. By analogy, we assume
in this model that the bilayer in L2 has the same
topology as the surfactant film in bicontinuous
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microemulsions : it separates two identical - self
connected and mutually disconnected - brine
medias. We refer to this model as to the « bicontinu-
ous model ».
Neutron scattering data have been collected for

four L2 samples with the dilutions : c, = 0.80, 0.86,
0.91 and 0.96 (where Cw is the mass fraction of the
brine) in the q-range 3 x 10- 3 A-1  q  1.5 x
10-1 1 A-’. For all samples, the scattering profiles
show (Fig. 11) an abrupt slope variation at a certain
value qc of q (Tab. IV). For the two most concen-
trated samples a maximum of I(q) is observed

Fig. 11. -In I (q) versus ln q in the range 3x10-3 A-1 
q  1 x 10-1 1 A-’ for the L2 CPCI sample with cw = 0.91
and CAICS = 1.05.

Table IV. - Variation of the position qc of the
maximum o f 1 (q) in L2 as function of (1 - CPw) and
corresponding values of d *.

(Fig. 12) at qr. Comparing qc in L 2 * with the Bragg
wave vector qB in the La phase at the same dilution
shows that they are of the same order at all dilutions.
It is then reasonable to interpret qc as the signature
of the average distance d* between bilayers in the
L2 structure and to assume that qc = 2 ’IT /d *.

Plotting qc as a function of 0,,, we obtain a straight
line. With do* = 25 A as measured in a preceding
section the corresponding relation between d * and
cp w can be written :

with a = 1.4 ± 0.1.

Fig. 12. - I (q) for the (cW = 0.86 ; CAICS = 1.03) sample.
A broad hump is easily observed.

For disk micelles, (6) would imply that the size of
the disks increases with Ow, an expectation which is
unrealistic within the frame work of self-aggregation
thermodynamics. And we discard firmly a direct

topology for the L2 structure.
The other three topologies considered involve

bilayers connected over very large distances. d * is
then expected to be proportional to (1 - cp w )- 1 in
all three cases. But each topology corresponds to a
typical value of the constant a in relation (6). In
order to estimate the different a values we have
found it convenient to use the following procedure.
First we draw a simple cubic lattice with unit cell of
size d *. Then we force the bilayer to lie on the
surface of the cubic cells [23]. Depending on the
particular topology an average number N out of the
six faces of each unit cubic cell will be covered by the
bilayers. One easily verifies that a is then simply :
a = N /2. Apart from its convenience, this pro-
cedure enlightens the intimate relation between the
value of a and the average degree of connection
between adjacent small brine domains of size
d * in the structure.
For the foam-like structure each cell is totally

disconnected from its neighbours. Then N = 6 and
a = 3. In the locally lamellar structure the bilayers
are stacked parallel to each other at a distance
d *. This corresponds on the cubic lattice to N = 2
and indeed a =1 (as in relation (3)). To illustrate
what could be expected in the case of a bicontinuous
topology we have drawn on the cubic lattice the
particular structure represented in figure 13. For this
structure, one counts out N = 3 ; so a =1.5.
The experimentally determined value of a for

L2 (a -- 1. 4 ) is significantly different from the
values expected for the foam (a = 3 ) and for the
locally lamellar structure (a =1 ). On the other
hand the agreement with the value calculated for the
bicontinuous model seems quite good. Indeed this
does not mean that figure 13 actually represents the
structure of L2 . But this means that the average
degree of connection between brine cells of size
d * in L2 and in the bicontinuous model is about the
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Fig. 13. - An example of bicontinuous structure drawn
on the simple cubic lattice with unit cells of size
d*.

same, suggesting that both structures have the same
topology. One also verifies easily that the conductivi-
ty at high dilution of the model is in between
0.5 x o-o and 0.75 x cro in agreement with the
measured value 0.6 x oo. Here again, we guess that
any other structural model having the same topologi-
cal properties should have a similar conductivity.
To sum up the discussion, we conclude that the

direct topology (disk micelles), the inverse topology
(foam) and the lamellar topology (locally lamellar
structure) all seem to be improbable for the structure
of the Lf phase. On the other hand, a bicontinuous
topology where the bilayer separates two interwoven
equivalent self-connected brine domains seems to be
more plausible in view of our present results.
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