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Abstract. — The structures of the AOT-rich phases obtained in mixtures of AOT-alkane-brine at
low AOT concentrations and close to the optimal salinity (i.e. the salinity at which the spontaneous
curvature of the AOT monolayer is zero) have been investigated by neutron scattering together
with a precise study of the phase diagrams. In the case of octane and decane, the phases are
lamellar. A detailed study of the local structure of the film shows that for octane, the lamellar phase
is constituted of AOT monolayers separated by thick oil and brine films. In the case of decane, it is
constituted of AOT bilayers swollen by decane. The thickness of these bilayers has large
fluctuations due to fluctuations of the oil film. For dodecane, a succession of three phases was
observed with increasing the salinity. At a low salinity it is probably an L; phase. As for decane,
the film is a bilayer swollen by dodecane. The thickness of the oil film is smaller than that obtained
with decane but also exhibits large fluctuations. The other two phases are viscous. At the highest
salinity it is probably an oil/brine bicontinuous phase. This difference in phase structure and type
correlates well with values of the monolayer bending elastic modulus K and of the saddle-splay

modulus K.

Introduction.

The properties of an AOT monolayer at the alkane-water interface are strongly dependent on
the number N of carbon atoms in the alkane chain. First, the bending elastic modulus X of the
monolayer is independent of the salinity ; it is large (K = 1 k5 T') for short chain alkanes
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(N <11) but small (K~0.145T) for long chain alkanes [1]. Second, the saddle-splay
modulus is larger for long chain alkanes than for short chain alkanes [2]. These differences
between the properties of the monolayers obtained with short and long alkane chains have been
explained by a difference in penetration of the alkane between the tails of the surfactant
molecules in the film. The short chain alkanes probably penetrate the AOT monolayer,
increase its thickness and its stiffness and consequently its bending elastic modulus. while long
chain alkanes, being bad solvents for the surfactant tails, do not penetrate the monolayer. A
first test of this hypothesis was the study of the wetting of an AOT monolayer at the brine-air
interface [3]. It was found that long chain alkanes (N = 11 ) do not wet this AOT monolayer
while a pseudo-partial wetting was observed in the case of short chain alkanes (6 <N < 11).

The phase diagrams of AOT-brine-n-alkane mixtures are also dependent on the alkane chain
length. reflecting the differences in the properties of the monolayer. They were observed
before the properties of the AOT monolayers at the alkane-brine interfaces were measured [4].
The most significant differences are observed for low AOT concentrations close to the optimal
salinities, which are the salinities at which the spontaneous curvature of the monolayer
vanishes (the optimal salinity increases with the alkane chain length). For short alkane chains,
the phases rich in AOT are birefringent : they are lamellar phases, while for long alkane chains
the phases rich in AQT are not birefringent and are probably bicontinuous phases. These
observations are in agreement with the large bending elastic modulus and the negative
Gaussian elastic modulus measured on AOT monolayers at oil-brine interfaces when the
alkane chain is shert, and with small values of the bending elastic modulus and positive values
for the Gaussian elastic modulus when the alkane chain is long.

The hypothesis of penetration of the alkanes into the AOT film depending on the length of
the alkane chain can be confirmed by a local study of the AOT film : neutron scattering
experiments and NMR [5].

In this paper, we present a neutron scattering study of the AOT-rich phases obtained at
salinities close to the optimal salinity for octane, decane and dodecane. We have deduced
information about the structures of the different phases and about the surfactant film. A precise
phase diagram study was required for this work, particularly with dodecane which gives a
more complicated phase diagram than the shorter alkanes. Enhanced film contrast in the
neutron scattering experiments was obtained using deuterated water, and, in some cases
deuterated oil. This allows the observation of the AOT film alone (deuterated oil and water) or
the AOT film plus the oil domains (protonated oil and deuterated water). The use of deuterated
water in place of regular water has large effects on the extension in salinity of the different
phases in the phase diagram and requires a study of the new phase diagram.

Phase diagrams.

A detailed study of the phase diagram of AOT-alkane-brine mixtures has already been carried
out by Ghosh and Miller [4]. Our study is limited to the region of the phase diagram where the
atkane and the brine are approximately of equal volume initially and the quantity of AOT is
low. Corresponding studies of the phase diagram in deuterated water has been made. The
phases in equilibrium are obtained by mixing equal volumes of brine and a low concentration
solution of AOT in the n-alkane (in the following, the salt and the AOT concentrations of a
mixture are relative respectively to the brine and the alkane solution and are twice the true
concentration in the mixture). The mixtures are studied at 20 = 0.1 °C. Just after mixing, the
mixture is a white and opaque emulsion. This emuision breaks more or less quickly depending
on the salinity giving rise to different phases in equilibrium. At low salinities the emulsion is
very stable and. at least for short chain alkanes, does not break in a reasonable time. The
succession of phases in equilibrium is very similar to the ones described by Winsor [6] in the
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case of microemulsions. At high salinity a water-in-oil microemulsion (droplets of brine
surrounded with an AOT film dispersed in a continuous oil phase) is in equilibrium with an
excess of brine. It is a Winsor II (WII) equilibrium. At low salinity an aqueous phase rich in
AOT is in equilibrium with an excess of oil. We have called this equilibrium Winsor I (W) but
we have not analysed its structure because the study of this part of the phase diagram is very
difficult, at least for short chain alkanes. At intermediate salinities, the behaviour is strongly
dependent on the length N of the alkane chain. In most cases, a three phase equilibrium is
obtained ; we call this region of salinities Winsor III (WIII) by analogy with the Winsor III
equilibria obtained in the case of bicontinuous microemulsions. However. the phase rich in
AQOT is not necessarily a microemulsion in these equilibria. The Winsor I1I region is obtained,
as for microemulsions, close to the « optimal » salinity. i.e. when the spontaneous curvature of
the AOT monolayer is close to zero.

(i) Heprane, octane, nonane. — For N = 7, 8 and 9 in the Winsor III region, a lamellar phase
is in equilibrium with an excess of brine and an excess of alkane. The lamellar phase is
birefringent and incorporates similar quantities of brine and alkane (Fig. 1). It is constituted of
monolayers of AOT alternately separated by an alkane and a brine film.

(it) Decane. — A winsor III lamellar phase is also obtained for N = 10, but with a different
structure. This phase incorporates only a small amount of alkane. Close to the Winsor II (at the
highest salinities), it is in equilibrium with an excess of oil and water, but close to the Winsor I
(at the lowest salinities) it incorporates all the brine (Fig. 2). The quantity of decane in the
lamellar phase at a salinity S = 0.07 M is determined by slowly adding small volumes of
decane to a solution of AOT (150 mM) in brine (0.07M of NaCl). Approximately
97 + 3 cm® of decane can be added to 1 000 cm? of AOT solution before an excess oil phase
appears. The lamellar phase contains approximately 3.3 molecules of decane per AOT
molecule.

(iif) Undecane-tetradecane. — For N = 11-14, the phase rich in AOT in the Winsor III region
is not birefringent and the phase diagram is more complex. It is given for N = 12 (Fig. 3) for
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Fig. 1. Fig. 2.
Fig. 1. — Volume fraction versus the salinity S of the brine for the different phases obtained when equal

volumes of protonated brine and a solution of AOT in octane at 30 mM are mixed. T = 20+ 0.1 °C.

Fig. 2. — Volume fraction versus the salinity S of the brine for the different phases obtained when equal
volumes of protonated brine and a solution of AOT in decanc at 20 mM are mixed. 7 = 20 = 0.1 °C.
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different AOT concentrations. There are three parts in this Winsor III region. At the Winsor I-
Winsor III transition, there is no jump in the volume of the phase rich in AOT. When the
salinity increases, the volume of this phase decreases. This is followed by the appearance of
two successive jumps in the volume of the AOT-rich phase before the Winsor III-Winsor 11
transition (these changes can be observed easily at low AOT concentration, Fig. 3a). These
discontinuities in the volume versus the salinity indicate that the phase rich in AOT is probably
a succession of three different phases that we have called B,, B, and Bj;, respectively. The
first one, B, is probably an L; phase. Neutron scattering experiments have been performed on
two samples of this phase ; one made with deuterated water and protonated alkane, the other
with deuterated water and deuterated alkane. The AOT concentration is equal to 15 mM and
the salinity S = 0.13 M. The results indicate that the scattering objects are flat (Fig. 4), as can
be deduced from the slope (at large g) of the plots of the scattered intensity / (g) versus g on a
log-log scale. This slope is ~ 2 : phase B, consists of bilayers of AOT incorporating small
amounts of dodecane.
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. = B
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Fig. 3. — Volume fraction versus the salinity S of the brine for the different phases obtained when equal
volumes of brine and a solution of AOT in dodecane are mixed. a) 15 mM of AOT in the dodecane,
protonated water. b) 15 mM of AOT in the dodecane, deuterated water. c) 30 mM of AOT in the
dodecane, protonated water. A birefringent phase appears in this phase diagram. d) 150 mM of AOT in
the dodecane, (o and W) protonated and (O and 0O) deuterated water. On this last phase diagram the
anisotropic phase at low salinity is not represented.
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Fig. 4. — Scattered neutron intensity / versus the wave vector ¢ in a log-log scale for the AOT-rich phase
(B, phase) obtained by adding an excess of protonated (®) or deuterated (O) dodecane to a solution of
AQT in deuterated brine. The AOT concentration is 15 mM in brine and § = 0.13 M. T = 20 °C. The
slope 2 at large ¢ indicates that the scattering objects are flat.

The two other phases (B, and Bj;) obtained at higher salinities than the salinities giving
phase B, are more concentrated in AOT. Their volumes are independent of the salinity and
they are viscous. Phase B, incorporates more oil than phases B; and B, but has the smallest
volume ; the volume of brine and that of dodecane in this phase are similar. This explains the
difference in the density of these two phases. B, has a higher density compared to that of brine
and appears at the bottom of the vessel, while B; has a lower density and appears in the middle
of the vessel (between the brine and the oil phases). These phases are obtained in the case of
non deuterated water. This density difference allows the observation of a domain of
coexistence between phases B, and B; in a very small range of salinities (Fig. 3) and renders
the observation of the phase transition relatively easy. With deuterated water, phases B, and
B; appear in the middle of the vessel (between oil phase and aqueous phase) and their
transition with salinity is more difficult to observe. Another difference between phases B, and
B; is that B, coexists with an excess of pure alkane (without AOT) while B; coexists with an
excess of alkane containing a small amount of dissolved surfactant. The oil incorporated in By,
B, and B; phases made with protonated water was determined as before from the oil volume
which could be added to an AOT solution (15 mM for B, and 150 mM for B, and B;) in brine
before saturation. It was found to be 0.8 molecules of dodecane per AOT molecule in the B,
phase at a salinity § = 0.19 M and in the B, phase at a salinity § = 0.13. In the B; phase, at a
salinity § = 0.21 M, it was found to be 1.2 molecules of oil per AOT molecule.

Neutron scattering experiments performed on a sample of phase B; made with both
deuterated water and alkane indicate that the scattering objects (AOT monolayer) are flat
(dimension 2) while the same experiments performed on a sample made with deuterated water
and protonated alkane indicate that the scattering objects (oil + surfactant film) are 3-
dimensional one (Fig. 5). The oil domain is not a film in this phase. Phase B is probably a
bicontinuous phase in which the oil and the brine domains are separated by an AOT
monolayer. Another peculiarity of the B3 phase is the appearance of an ordered structure with
time. The plots of the neutron scattered intensity / (g) versus g on a log-log scale obtained at
the LLB a few hours after the cells were filled (Fig. 5a) and the one obtained a few months later
at ISIS (Fig. 5b) on the same samples show this evolution. They are similar for the sample
made with deuterated water and oil showing only the film. However, the plots obtained with
the sample made with protonated dodecane are very different ; a narrow peak appears on the
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Fig. 5. — Scattered neutron 1ntensity / versus the wave vector ¢ on a log-log scale for the AOT-rich phase

(« By » phase) obtained by adding an excess of protonated () or deuterated (O) dodecane to a solution of
AOT in deuterated brine. The AOT concentration is 150 mM in brineand § = 0.152 M. T = 20 = 0.1 °C.
a) spectra obtained a few hours after the cell was filled. b) spectra obtained a few months latter. The
slopes 2 and 3 at large ¢ indicate that the scattering objects are flat and 3D. respectively.

spectrum obtained at ISIS while no peak is observed on the spectrum obtained at the LLB. No
neutron scattering experiment has been performed on the phase B, because it is very difficult
to extract from a mixture with deuterated water, as explained earlier. On the one hand, the
Winsor 11l region of the phase diagram obtained with deuterated water appears at lower
salinities and extend over a smaller range of salinities than with protonated water. On the other
hand the two phases B; and B, obtained in deuterated water, appear in the middle of the tube
(between the aqueous phase and the oil phase).

It must be remarked that at low AOT concentration, the Winsor I region is optically isotropic
but at a larger concentration, a birefringent phase coexists with the isotropic phase (see Fig. 3¢
for 30 mM AOT). This phase is not indicated on the phase diagram at 150 mM AOT (Fig. 3d).
The quantity of oil incorporated in the birefringent phase is very small, about 0.3 molecules of
dodecane per molecule of AOT.

The information obtained with this short study of the phase structures of brine-0il-AOT
mixtures at low AOT concentrations and close to the optimal salinities are in agreement with
the values of the bending elastic modulus and the saddle-splay modulus measured on an AOT
monolayer at the oil-water interface for different alkanes [1, 2]. For short alkane chains, the
bending elastic modulus is large (K ~ kg 7') and the saddle-splay modulus is negative. The
AOT-rich phases are lamellar. For long alkane chains, the bending elastic modulus is small
(~ 0.1 kg T) and the saddle-splay modulus is positive or close to zero. The AOT-rich phase is
probably bicontinuous (B; phase). These results are in agreement with the theoretical
predictions concerning the role of these two moduli [10, 11]. A large K modulus induces a
large persistence length £ ~ exp (4 wK/AT) of the monolayer : the surfactant film is flat at a
scale of order £, which is large. A negative value for K is disfavourable for saddle shapes. In

this case lamellar phases are observed. A small K modulus induces a small persistence length
of the monolayer : the surfactant film is crumbled by the thermal fluctuations. A positive value

for K is favourable for saddle shapes. In this case bicontinuous phases are observed.

Film structure.

The neutron scattered intensity / (¢) is measured on different samples of the Winsor III region
over a large g range. When the slope at high ¢ of the curve I (¢) versus ¢ on a log-log plot is
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two, the scattering objects are flat, i.e. a surfactant film which is flat at the scale of
observation. This film can be a monolayer or a bilayer of AOT incorporating oil, the thickness
of which is measured by using two different methods.

At large g, oscillations reflecting the form factor are observed in the plot of g* 1(q) versus q.
For plane layers of thickness d, if /.(g) is the coherent scattering intensity, the theoretical
spectrum is [7] :

I.(q) ~ (1/g*)[sin(qd/2) (qdi2)V = F (g, d) .

The oscillations are damped because there are fluctuations in the thickness d of the layer. To
take this into account, a superposition of functions F(g, d) with different d values was used for
the fit :

1(g)~2xF(q, d)+ F(g.d — Ad)+ F(q, d + Ad)

where d is the mean thickness of the layer and Ad is related to the mean square amplitude of the
fluctuations of the thickness.
At lower g we expect for planar structures [8, 9] :

Loglg®I(q)] ~ — d, 4*/12

where d, is the apparent dry thickness. d, is deduced from a log-log plot of q* 1(q) versus q.

The neutron scattering experiments were performed on PAXE at the Laboratoire Léon
Brillouin (France) and on LOQ at the Rutherford Appleton Laboratory (England). On PAXE,
when the wavelength of the neutron beam is A =4.5 A and the distance from the cell to the
detector D ~ 1 m or 5 m, the g range is 0.02-0.6 A~ or 0.004-0.15 A", respectively. When
A =13 A and D ~ 5 m, the g range is 0.001-0.05 A~' On LOQ, the spectra are obtained with
a polychromatic beam and the g range extends from 0.06 to 0.2 A-'. The thickness of the
samples studied is 1 mm. All the samples are studied at 20 °C. The control of the temperature
is more difficult on PAXE than on LOQ.

The film thickness is deduced from the measurement of the scattered intensity /(g) in
samples rich in AOT of the Winsor III domain for octane, decane and dodecane. In each case.
the water is deuterated and for decane and dodecane, two samples are studied : one with
deuterated alkane in order to observe the AOT monolayer, and the other one with protonated
alkane in order to observe the film constituted of an oil film and two AOT monolayers. For
octane, only a sample made with deuterated water and oil has been studied because the oil film
is too thick to be observed by neutron scattering. First, d and Ad are deduced from the fit of the
experimental values of /¢* at large ¢ with the theoretical curve 7.(g)¢* In fact, the
experimental values [ are the sum of the coherent and the incoherent scattering. The
measurement of the incoherent scattering /,,. to a good accuracy is difficult but it is
independent of g. A better accuracy is obtained if /,,. is used as a parameter of the fit in
addition to 4 and Ad (3 parameters). The best fits are given in figure 6 for octane
(JAOT] = 150 mM, S = 0.03 M). figure 7a for deuterated and figure 7b for protonated
decane ([AOT] = 30 mM, § = 0.05 M) and figure 8a deuterated and figure 8b for protonated
dodecane ([AOT] = 15mM, S = 0.13 M, phase B)).

In a second step, a second value for the film thickness is deduced from the slope of the
straight line obtained by plotting In [(I — 1 ,,.) ¢°] versus g* for values of ¢ smaller than before
(Figs. 9-11). In this plot the value /. for the incoherent scattered intensity is that deduced from
the previous fit. The thicknesses of the scattering films in the different phases studied obtained
by the two methods are given in table 1. The two methods give similar values, the maximum
difference between the thicknesses d and d, obtained from the two methods is 1.5 A. In one
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Fig. 10. — [ ¢? versus g° on a semi-logarithmic scale in the intermediate ¢ range. Same sample as those of
figure 7. (O) deuterated decane, (e) protonated decane.

Fig. 11. — [4* versus ¢* on a semi-logarithmic scale in the intermediate ¢ range. Same sample as those of
figure 8. (O) deuterated dodecane, (®) protonated dodecane.

case (protonated decane) the plot In (/g”) versus g* is not possible ; the experimental points are
not on a straight line. We think that this results from a precipitation of the phase studied during
the experiment, due to an inadequate thermostating. A rough estimation of d, in this case gives
26 A, a value significantly different from the 31 A obtained by the first method.

When both the oil and water are deuterated and the oil film is thicker than the wavelength of
the neutron beam, the measured thickness is that of the AOT monolayer. This is the case with
octane and decane and the thickness is d = 10 A. The fluctuations of the thickness of this
monolayer are small (Ad ~ 1 A). In both cases, d, is larger than but close to 4. With protonated
oils the film observed by neutron scattering is the bilayer of AOT swollen with oil (Fig. 12). It
has been measured only with decane and dodecane. With octane, the thickness of the oil film is
too large to be measured. It must be remarked that the fluctuations of the thickness of the
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Table I. — Thickness of the surfactant film deduced from the plot of 1q* versus q and that of
log(14%) versus q° for the different samples. It is not possible to measure d, on the sample with
the protonated decane. This is due to an inadequate temperature regulation on PAXE.

Deuterated Deuterated Protonated Deuterated Protonated

octane decane decane dodecane dodecane

B, phase B, phase

iq* d=104 d=104A d=314 d=225A d=21A
Ad=1A Ad=1A Ad =12 A Ad=65A Ad =5 A

lg% |d,=1085A d, =114 A d=225+1A | d=225A

(a)

77 7L G

Deuterated Oll

77777 7 T

(b)

Fig. 12. — Schematic structure of the film observed in a neutron scattering experiment depending on
wether the alkane is a) protonated b) deuterated.

swollen bilayers are large (~ 12 A for a bilayer thickness of ~31 A and ~ 5 A for a bilayer
thickness of ~ 22 A, with decane and dodecane respectively). They are larger than twice those
of the monolayer. The thickness of the incorporated oil film fluctuates approximately between
0 and 6 A for dodecane, and between 0 and 20 A for decane (Fig. 12). In the case of the sample
with deuterated dodecane, the measured thickness is the same as with protonated dodecane.
i.e. that of the bilayer. In this case the deuterated oil film is not observed because its thickness
is smaller than the wavelength of the neutrom beam used for these experiments (4.5 A). It is
not possible to measure the thickness of the monolayer at the dodecane-brine interface.
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Conclusions.

The results presented on the phase structures of brine-oil-AOT mixtures at low AOT
concentrations and close to the optimal salinities are in agreement with the values of the
bending elastic modulus and the saddle-splay modulus measured on an AOT monolayer at the
oil-water interface for different alkanes [1, 2]. For short alkane chains, the bending elastic
modulus is large (K ~ &y T) and the saddle-splay modulus is negative, and the AOT-rich
phases are lamellar. For long alkane chains, the bending elastic modulus is small
(~ 0.1 kg T) and the saddle-splay modulus is positive or close to zero, and the AOT-rich phase
is probably bicontinuous (B3 phase). These results agree with the theoretical predictions on the
role of these two moduli [10, 11]. The lamellar phase with decane and the L; phase with
dodecane are constituted of bilayers having incorporated alkane. Large thermal fluctuations are
observed in the thickness of the alkane film between the two AOT-monolayers. The thickness
of the alkane film, which increases with decreasing alkane chain length, is controlled by
entropic forces together with van der Waals forces and the short range forces as in the case of
an oil film at the AOT-air interface [3].
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