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An account is given of the phase diagrams and structure in both binary and ter-
nary systems formed with didodecyldimethylammonium bromide, dodecane and
water. They form L,-phase(microemulsion) and various mesophases very differ-
ent from ternary amphiphilic systems usually studied. Observations include two
lamellar liquid crystalline phases (which can coexist) with very different water
contents, of a liquid crystalline hexagonal phase, a highly variable microemulsion
structure, a cubic phase with compositions intermediate to those of the L,-phase
and the water-rich lamellar phase, and a very stable emulsion. Since the double-
chained quaternary ammonium salts are often insoluble in water and oil, they res-
ide at the oil-water interface, and microstructure is therefore much more easily
elucidated. This is particularly so if phase behaviour and physical properties ad-
duced from NMR diffusion, conductance and viscosity are combined with recent
direct force measurements between bilayers of surfactants adsorbed on mica. The
present system, at one end of the spectrum of solution behaviour, forms a well de-
fined entry point to more complicated systems which can be generated by succes-

sive perturbations induced by other components.

Cationic surfactants like dialkyldimethylammo-
nium halides have important applications inter
alia as antistatic fabric softeners, hair condition-
ers and disinfection agents. In spite of the wide-
spread use of these components, little research
on fundamental aspects of their self-association
behaviour has been carried out. This contrasts
with the situation for double chain anionic sur-
factants, such as Aerosol OT, where phase be-
haviour and microemulsions have been very ex-
tensively studied by many research groups.'™*
Renewed interest in quaternary ammonium
surfactants has been stimulated by the recent dis-

*Permanent address: Dipartimento di Chimica, Uni-
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covery that compounds like and including dido-
decyldimethylammonium salts, and correspond-
ing single chain salts, e.g., pyridinium or hexade-
cyltrimethylammonium surfactants are potent
immunosuppressants.> The latter are widely
used in the pharmaceutical industry in cough
mixtures and other preparations such as bacterio-
cides. The mechanism of immunosuppression is
similar to, and probably identical to, that of cy-
closporin A, used widely as a drug to control or-
gan transplant rejection. They appear to be more
effective immunosuppressants than cyclosporin.
In such applications, which represent the begin-
ning of a new field of immunotoxicology, and in
drug delivery problems, the nature of aggregates
formed is a central issue.

Beyond that, double-chained quaternary am-
monium halides are insoluble in both water and
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Fig. 1. The isothermal phase diagram for the ternary system
didodecyldimethylammonium bromide/dodecane/water at

20°C.

(Concentrations are given in weight percent).

Notation: Lam, and Lam,, liquid crystalline phases with
lamellar bilayer structures.

Hex., liquid crystalline phase with a hexagonal rod
structure, presumably the reversed variant with rods
of water and polar groups in a hexagonal array.

Cub., viscous isotropic, cubic phase, presumably
belonging to the space group Im3M.

“?”, liquid crystalline phase, presumably with
a lamellar structure.

“Emulsion”, region with opaque, white
samples which had a very coarse droplet
structure under the microscope.

L,, isotropic liquid phase,
“microemulsion”.

Sample compositions investigated

by self-diffusion are indicated in

the figure: O, @ in the L, region,

+ in the cubic phase region.

oil, and must therefore reside, in the main, at the
oil-water interface in ternary systems. This cir-
cumstance coupled with the considerable flexibil-
ity in imposed curvature which can be controlled
by a range of oils of different chain lengths, allow
microstructures to be elucidated very much more
easily for these systems than for surfactants like
Aerosol OT, which partitions between oil and
water in a complex manner.

Kunieda and Shinoda®™ have investigated the
phase equilibria in two-component systems of a
number of dialkyldimethylammonium chlorides
and water and also noted the appearence of ex-
tensive isotropic solution phases in ternary sys-
tems with decanol and cyclohexane. In recent
years, Evans, Ninham et al.'*"* have examined in
detail several aspects of double-chained cationic
surfactants. In particular, they have demon-
strated the existence of a large isotropic solution
phase rich in hydrocarbon in the ternary systems
of  didodecyldimethylammonium  bromide/
straight chain alkane/water. This phase (here de-
noted by L,, v. Fig. 1) has the unusual property
that the electrical conductivity decreases with in-
creasing water concentration.” This feature is
accompanied by parallel behaviour in viscosity
and hydrocarbon and water self-diffusion."*™"
These observations confirm the existence of a bi-
continuous structure consisting of water-filled in-
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terconnected conduits at low water content,
while, when the water content is increased, the
structure changes to a water-in-oil droplet sys-
tem. Indeed, many features of the phase dia-
grams, and accompanying microstructure, can be
inferred from straightforward geometric packing
arguments. Other phases have not been exam-
ined in detail and our only comment is that,
when the phase boundary is passed in the direc-
tion of the water corner, then “toward the water
corner the system forms clear viscous gels which
become solid with increasing water content”.”
Further exploration of this area is clearly desir-
able. We present in this paper some preliminary
observations on the equilibria which exist in the
triangular isothermal phase diagram. In addition,
we present some results of self-diffusion studies
that complement those of Blum et al.”” The ex-
tent of the L,-phase is rather similar (Fig. 2) for
systems containing the straight chain alkanes C,
to C,, which give qualitatively similar beha-
viour.'"” We have therefore restricted our study to
a representative system containing dodecane. At
high surfactant content with shorter chained oils
like cyclohexane or 1-hexene, which penetrates
strongly into the surfactant tail region, there may
well emerge some rather different microstruc-
tures.
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Experimental

Didodecyldimethylammonium bromide was ob-
tained from Kodak and purified according to the
description by Evans, Ninham et al.'*'® The do-
decane was obtained from BDH and used as re-
ceived. The water was twice distilled. In some
samples, heavy water was used (Ciba-Geigy,
99.8%).

The samples were prepared by weight in glass
ampoules, which were flame-sealed, heated to
100°C in order to obtain an equilibrium homo-
geneous system, and cooled slowly to room tem-
perature. The samples were subsequently investi-
gated macroscopically for birefringence between
crossed polarizers; possible different phases were
separated in a desk centrifuge and examined in a
polarizing microscope. The structure inferred
from the texture was checked by X-ray diffrac-
tion. 2H NMR spectra were recorded at a reso-
nance frequency of 15.351 MHz with a modified
Varian XL-100-15 pulsed spectrometer.

Self-diffusion coefficients of all the compo-
nents of the microemulsions were obtained by
the Fourier transform NMR pulsed gradient, spin
echo, multicomponent, self-diffusion method
which has been fully described elsewhere.™* A
JEOL FX-60 FT NMR spectrometer operating in
the 'H mode at 60 MHz was employed and the
field frequency lock was provided by internal
D,O. The temperature of the measurements was
controlled to within £0.5°C as determined by a
precalibrated copper-constantan thermocouple.

—
(GH), NICH,) Br Ho (GHyg), NICH,) Be

Ho ( Rz”zs) 2 N(CH:‘)2 Br

Fig. 2. The extent of the L,-regions in the ternary
systems of didodecyldimethylammonium bromide and
water with the alkanes, hexane, octane, decane and
dodecane, respectively. After Ref. 17.

The amplitude of the spin echo signal for each
NMR line was fitted to the equation:

A, = A° exp [-Y’G?D A — 8/3)] (1)

using a nonlinear least squares routine. In this
equation, A° is the value of A for 6 = 0, v is the
magnetogyric ratio of the proton, G is the
strength of the applied field gradient, D, is the
self-diffusion coefficient of the ith species respon-
sible for the NMR signal. The field gradient pulse
duration, 8, was varied over the range 1-99 ms,
and A, the time between the radio frequency
pulses, was kept constant at 140 ms to minimize
the J modulation effect according to a suggestion
of Stilbs.** The magnitude of G was determined
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daily before and after every set of measurements
by calibration experiments taking the self-diffu-
sion coefficient of traces of HDO in D,O at the
experimental temperature from the literature.”
The error limits of D, determined as previously
described,” correspond to 80 % confidence inter-
vals, considering all deviations from eq. (1) as
random errors. In almost all the cases, errors of
less than 5 % in the determined coefficients were
found. Only in a few cases did larger errors exist
but always less than 10 %.

The evaluation of the diffusion coefficients
from overlapping signals was accomplished by a
procedure described before.* Due to short trans-
verse relaxation times, it was not possible to
measure the surfactant diffusion in all cases.

Phase equilibria

The binary system of didodecyldimethylammo-
nium bromide and water at room temperature
(20°C) is dominated by a lamellar liquid crys-
talline phase (Lam,) extending from about 4 to 30
wt % of surfactant (Fig. 1). It is birefringent and
has the typical mosaic texture of a lamellar liquid
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crystalline structure, “coarse mosaic texture”.”
In the surfactant-rich part, this interpretation has
been confirmed by X-ray diffraction which gives
sharp diffraction peaks in the ratio 1:2 in the low-
angle region besides the diffuse maximum in the
wide angle region at 1/4.5 A-'. However, at
lower surfactant content, the spacings are so
large that it is not possible to record any values
with our technique. The amphiphile bilayer
thickness is about 23 A and the cross-sectional
area per hydrocarbon chain is about 34 AZ. In the
high surfactant part of the diagram, there is an-
other lamellar phase (Lam,) which is also bire-
fringent with a “fine mosaic texture” in the polar-
izing microscope. The lamellar amphiphile thick-
ness is about 26 A and the cross-sectional area
per hydrocarbon chain about 30 A2 The two la-
mellar phases are separated from each other by a
wide two-phase zone. Fig. 3 a and b show water
’H NMR spectra of the two lamellar phases and
these show the normal quadrupole splittings. The
splitting is much larger for the water-poor phase
than for the water-rich one because of a differ-
ence in the fraction of water molecules adjacent
to the surfactant surfaces.** In the two-phase re-

b
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Fig. 3. ?H NMR spectra of four binary didodecyldimethylammonium bromide/water samples showing the

quadrupole splittings.

a and b, one-phase samples with the compositions 89.9/10.1 and 30/70 respectively. ¢ and d, two-phase
samples with the compositions 69.95/30.05 and 49.91/50.09 respectively, showing the superposition of the

two spectra from the phases Lam, and Lam,.
250



gion, we observe superimposed spectra of the
two phases and the two doublets give direct evi-
dence of the coexistence of two lamellar phases
(Fig. 3 c,d). For samples in the two-phase region,
the splittings are constant, while the relative in-
tensities change with the total sample composi-
tion.

The existence of two lamellar phases has previ-
ously been observed in some systems with dival-
ent counterions where it can be understood in
terms of attractive double layer forces® as also
predicted by Monte Carlo simulations®” and HNC
calculations.® At low water contents, image
charge forces are responsible for the swelling of
the lamellar phase while for water-rich lamellar
phases, the electrostatic repulsion between
charged surfaces determines the swelling.* The
present study seems to give the first observation
of the coexistence of two lamellar phases, and
thus also of attractive double layer forces, for a
system with monovalent counterions and indi-
cates particular bonding properties and locations
of the bromide ions. At more than 96 wt % of wa-
ter, the samples obtain a bluish tint which has an
optical intensity maximum at about 98 wt % of
water; simultaneously, the samples lose their bi-
refringence.

It was not possible to find a clear two-phase
zone between the liquid crystalline phase and the
isotropic aqueous solutions. The saturation com-
position of the latter must be very low. Many of
our observations for the water-rich part of the
phase diagram parallel those of Ref. 13 for the di-
alkyldimethylammonium chlorides. Observations
via video-enhanced differential interference mi-
croscopy” show that, as surfactant content de-
creases, large liposomes disperse into vesicle-
type structures, polydisperse typically two or
three closed layers which may also contain small
micelles. At very low concentrations, the natural
state of the system is probably a large, ~1000 A,
single layer vesicle, as it is for hydroxides, ace-
tates and other strongly hydrated counterions
which give soluble solutions up to 1 M — because
of the enormous repulsive forces operating in
these systems.”

Density measurements in the water-rich lamel-
lar liquid crystalline phase gave the value 1.0365
ml/g (at 20°C) for the partial specific volume of
the surfactant, while the corresponding value for
water is close to 1.0018 ml/g (CRC Handbook of
Chemistry and Physics, R.C. West, ed., 1982-
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Fig. 4a. The electrical conductivity in binary
didodecyldimethylammonium bromide/water samples
for the region 030 wt % of surfactant.
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Fig. 4b. The equivalent conductivity versus the
square root of the molar concentration in the
concentration region 0-5 wt % of surfactant.
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1983). In this phase, the electrical conductivity
was rather low with constant »-values of about
0.3:107° ohm™ cm™ (unoriented samples). Be-
low about 4 % of surfactant, the values decreased
continuously to extremely low values (Fig. 4a).
The equivalent conductivity increased smoothly
with increasing water content without indication
of any break due to the crossing of a phase
boundary (Fig. 4b). The equivalent conductivity
values were very high (>200 ohm™ cm’ mol™")
and the curve showed no maximum of the type
postulated (and sometimes found) by Ralston et
al.¥ in studies of the electrical conductivity in
aqueous dialkyldimethylammonium chloride sys-
tems.

In the ternary system, one notices the exist-
ence of several different liquid crystalline phases
in that region which was denoted “clear gel” by
Ninham et al."” The binary phase, Lam,, had the
capability of incorporating up to 8 wt % of dode-
cane without losing its structure (Fig. 1). There
was also a phase, (marked Cub), which contained
between 21 to 54 wt % of surfactant, 2 to 11 wt %
of dodecane and 46 to 75 wt % of water. This
phase was optically isotropic; the consistency was
rather stiff, although less rigid than for the cubic
phases encountered in common soap/water sys-
tems. It was not possible to obtain satisfactory
X-ray diffractograms for this phase. However,
the pattern of the corresponding phase in the sys-
tem containing hexane could be indexed based
upon 5 reflections as a primitive cubic structure
with a unit cell parameter of about 93 A . (D.
Anderson, University of Minnesota, private
communication, considers the structure of the
dodecane-containing phase to belong to the
body-centered space group Im3m). The self-dif-
fusion of both water and dodecane in this phase
of the system is rather high, D = 5-9 and 1.5-
2.25x107"* m* s, respectively, indicating a con-
tinuous structure both with respect to oil (lipid)
and water.

Another phase, Hex in Fig. 1, occured be-
tween 14 and 18 wt % of surfactant, 6 to 15 wt %
of dodecane and 64 to 79 wt % of water. This
phase was birefringent and showed a texture
characteristic of a hexagonal structure in the po-
larizing microscope. The structure was confirmed
by X-ray studies; the two-dimensional unit cell
parameter is about 146 A. The structure is obvi-
ously of the reversed type with rods of water and
the polar groups in a hexagonal arrangement in a

252

hydrocarbon matrix. Further towards the water
corner, there is another birefringent phase, ? in
Fig. 1, where texture under the microscope indi-
cated a lamellar structure. The X-ray diffraction
peaks were at such low scattering angles that it
was not possible to confirm this conclusion.
There were indications that this phase was separ-
ated from the lamellar liquid crystalline phase
Lam, by a two-phase zone. Similarly, the hexago-
nal and cubic phases were separated from the la-
mellar phase by two-phase zones. There was also
a three-phase triangle L,—Hex—Cub. The lamel-
lar phase in the high surfactant part of the phase
diagram also had the capability of taking up do-
decane without losing its structure. The borders
of this phase were not located with any accuracy
and the location of the corners situated in this
phase of the three-phase triangles, dodeca-
ne—L,—Lam, and Cub—L,~Lam,, respectively,
not exactly known (v. Fig. 1).

An additional feature of the phase diagram is
the spontaneous formation of white, rather stiff
and opaque samples in a region around 5 wt % of
surfactant, 30 wt % of dodecane and 65 wt % of
water. Under the microscope, the samples
looked like a coarse dispersion. It was not pos-
sible to break this dispersion. The existence of
such an “emulsion” adds further support for the
emerging consensus that the older distinction be-
tween emulsions and microemulsions, the one
metastable, the other thermodynamically stable,
is not subtle enough.

The extension of the hydrocarbon-rich solution
phase L, agrees in general with that reported by
Blum et al.” The borders towards the water cor-
ner were ill-defined as these authors have re-
ported. A peculiar feature is the finger that ex-
tended between the hexagonal and cubic phases

(Fig. 1).

Self-diffusion in the microemulsion
(L,) phase

In order to characterize the microscopic structure
of the L, phase, we performed multicomponent
self-diffusion studies. Sample compositions inves-
tigated are indicated in Fig. 1 and self-diffusion
coefficients are reported in Table 1. The self-dif-
fusion behaviour of the different components can
be summarized as follows.
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Table 1. Self-diffusion coefficients in the L,-phase of the system didodecyldimethylammonium bromide-
dodecane-water at 26 °C (the samples were made up with D,O containing traces of H,0; the compositions are

recalculated on molar basis)

Molar ratio Composition (% wt.) D, (100" m?s™") D,(107°"m?2s™") D, (107" m?2s™")
surfactant
surfactant + oil DDAB n-dodecane water
0.047 10.0 75.0 15.0 0.52+0.02 6.90+0.06
0.054 9.8 63.6 26.6 0.07+0.01 6.43+0.16
0.085 16.0 67.0 17.0 2.50+0.03 5.81+0.04
15.0 60.0 25.0 0.541+0.02 6.20+0.09
15.8 55.0 29.2 0.341+0.02 5.79+0.06
12.0 51.0 37.0 0.051+0.01 5.49+0.07
12.7 443 43.0 0.0510.01 5.52+0.06
10.7 43.0 46.3 0.05+0.01 5.65+0.03
10.0 35.0 55.0 0.06+0.01 4.991+0.09
0.156 26.1 54.3 19.6 3.63+£0.06 4.69+0.02 0.31+0.03
25.0 49.9 25.1 3.11+0.04 4.84+0.03 0.47+0.05
21.0 44.0 35.0 1.01+£0.04 5.25+0.04
18.0 37.0 45.0 0.18+0.01 5.02+0.03
16.0 34.0 50.0 0.10+0.02 5.12+0.05
13.0 27.0 60.0 0.02+0.01 4.38+0.06
0.250 379 420 20.1 3.65+0.06 3.73+0.04 0.25*
34.2 39.1 26.7 3.51+0.06 3.96+0.04 0.36*
30.3 34.7 35.0 2.70+0.07 3.99+0.03 0.28*
26.9 30.7 42.3 2.04+0.08 4.58+0.09 0.36+0.03
24.9 273 47.8 1.21+0.08 4.13+0.09
21.0 24.0 55.0 0.31£0.02 4.01+0.14
0.306 40.1 35.1 248 3.95+0.09 3.78+0.03
38.6 33.8 27.6 3.56+0.07 3.721+0.02
35.7 31.2 33.1 3.46+0.04 3.80+0.03 0.7810.10
32.7 28.6 38.7 3.16+0.03 3.85+0.07
30.2 25.7 441 2.89+0.11 3.71+0.02
28.4 24.2 47.4 1.13+0.07 3.70+0.01
25.2 22.4 52.4 1.09+0.01 3.61+0.02
22.9 19.5 57.6 0.33+0.01 3.72+0.05
0.468 449 20.2 34.9 4.321+0.10 2.721+0.06
38.0 17.0 45.0 3.63+0.13 2.30+0.07 0.73+0.07
329 14.6 52.5 4.02+0.03 2.58+0.02
30.0 10.0 60.0 5.86+0.13 2.32+0.03
27.9 12.0 60.1 5.75+0.13 2.541+0.16
25.9 11.0 63.1 4.97+0.11 2.30+0.12

*Graphically determined.

Diffusion of the oil. The values of the diffusion
coefficient of n-dodecane are in the range 2.3-
6.9-107° m? s™* for all L,-samples. This means
that the diffusion of oil is rather invariant even
for large changes in microemulsion composition.
The diffusion of pure n-dodecane was calculated
from Ref. 41 to be 8.8 107" m? s at 26°C.

17"

Diffusion of the surfactant. Only in some sam-
ples, was it possible to measure the self-diffusion
coeffient of the didodecyldimethylammonium
ions. The D value was in the range between 0.25
and 0.78 - 107 m? s™!, thus an order of magnitude
below that of the hydrocarbon.
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Fig. 5. Division of the L, region into 3 subareas on
the basis of the values for the water self-diffusion
coefficient.

Region 1, 2 and 3, D,, values of about 5- 102,
5-10"" and 1-4-10""" m? s, respectively.

Diffusion of water. The L,-region can be divided
into 3 areas on the basis of the magnitude of their
water self-diffusion coefficients. For region 1, the
D, values are about 5-10"2 m? s, in region 2,
about 5- 107" m*s™! and region 3, in the range 1-
4-107" m* s~ (Fig. 5).

Molecular self-diffusion coefficients for motion
over long distances can be interpreted in terms of
microemulsion structure, since they are very sen-
sitive to confinement into closed domains.*** On
the other hand, the D values of molecules of a
continuous medium are relatively less dependent
on the shape of obstructing particles.* The prin-
ciples of the self-diffusion approach and micro-
emulsion structure have recently been reviewed
in some detail.” Besides Fig. 5, the discussion is
preferably based on plots of D versus water con-
tent for different ratios between surfactant and
hydrocarbons (v. Fig. 6).

First of all, we note that D,_is high throughout,
so that over the entire range, the microemulsion
phase is oil-continuous. D, is highly concentra-
tion-dependent and we have regions which are

< oo
-t
=0.250 opr0306  s-0468
| IR S
L 10 5
L 1o .5
L 170 .5
ln \5
0 S5
WEIGHT FRACTION WATER

Fig. 6. Plot of water and oil self-diffusion coefficients, respectively versus water content for 5 series with almost
constant molar ratios surfactant to surfactant + oil. The molar ratios are 0.085, 0.156, 0.250, 0.306 and 0.468.

The locations of the individual points are given in Fig. 1.

O, water self-diffusion; and +, oil self-diffusion.

@, water self-diffusion miscellaneous points, marked in Fig. 1 with the compositions: s 9.8 %, 0 63.6 %,

w26.6% s 10.0%, 0 75.0%, w 15.0 %.
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distinctly water-continuous and other regions
where water molecules are confined to closed do-
mains. Measured values of D are low and at no
stage do we encounter situations with molecu-
larly dissolved surfactant (Table 1). As would be
expected for a balanced surfactant like didode-
cyldimethylammonium bromide and as already
remarked, the surfactant molecules should have
a strong tendency to occur at the oil-water inter-
faces. The solubility of the surfactant in isotropic
solution is very low in both water and hydrocar-
bon [<1 % by weight].

In Fig. 6, we note that at low water content and
not too high surfactant concentration, both D,
and D,, are high, corresponding to a bicontinuous
structure. (This is supported by values of D,
which approach 1-107 m*s™', a value found for
bicontinuous structures in a number of different
surfactant systems.”) A very striking observa-
tion'" is the transition from bicontinuous to
water-in-oil droplet structure as water content in-
creases. This occurs in series with surfactant to
oil + surfactant molar ratios of 0.085, 0.16 and
0.25. At the ratio 0.31, the water diffusion drops
only at the highest water contents while at the ra-
tio 0.47, water diffusion is rapid throughout. In
the latter case, the microemulsions are bicontinu-
ous for all water contents.

It is instructive to correlate the changes in self-
diffusion behaviour with water content with the
phase diagrams. In particular, we note that the
microemulsions are of the water-in-oil type for
the case where the microemulsion is transformed
to a reversed hexagonal phase at higher water
contents. At high surfactant content, the micro-
emulsions remain bicontinuous and are transfor-
med into a bicontinuous cubic liquid crystalline
phase on further increase of the water content.
Almost certainly this system has zero net curva-
ture.

Summary

The picture which emerges for the L, phase of
this ternary system is unambiguous and devoid of
those uncertainties which afflict anionic systems
studied previously. The surfactant, being insol-
uble in oil and water, resides at the oil-water in-
terface. Oil uptake into the surfactant hydrocar-
bon, which varies systematically with alkane
chain length and can be accounted for quantita-
tively by NMR and theories of chain packing,

OBSERVATIONS ON PHASE DIAGRAMS

tends to impose on the system a curvature appro-
priate to that of a reversed micellar phase. This is
opposed by head group interactions. With in-
creasing water and fixed S/O at the boundary of
the L, phase, it is possible to strike a free ener-
getic balance, and the system forms a bicontin-
uous network of tubular nature. With further wa-
ter increase, corresponding to counterion dilu-
tion and more head group repulsion, the net
reverse curvature set by the balance of forces de-
creases. At sufficiently high water and less sur-
factant, a situation is reached where, because the
interface is now fairly flexible, the system breaks
off into more stable water-in-oil droplets. With
even more water, and low surfactant, the system
rearranges to form surfactant-oil multilamellae
surrounding large macroscopic droplets of water.
At higher surfactant/oil ratios, oil uptake en-
forces a high rigidity on the interface. Water up-
take can eventually be accommodated here by
formation of a (eventual) zero net curvature sys-
tem which is the cubic phase. At intermediate
S/O ratio, with increasing water, head group re-
pulsion can oppose oil uptake to squeeze out ex-
cess oil. The hexagonal phase forms because of
packing constraints. Fine details and the equili-
brium between different phases depend on inter-
actions, as is evident from the coexistence of two
lamellar phases in the binary system. The role of
interactions can properly be resolved only by
studies of phase diagrams with different coun-
terions, binary and ternary, coupled with further
direct force measurements.

The usefulness of such studies is clear. These
systems provide a well defined entry point to the
complex problem of solubility in multicomponent
systems which is at one end of the spectrum of
possibilities encompassed by Ekwall’s work. By
introducing further components, like cosurfac-
tants of single-chained surfactants, it is possible
to perturb the curvature of the system, and gain a
more general insight into microstructure.
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