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Abstract

Mixed surfactant systems have been, for a long time, one of the favorite areas for experimental studies on interfacial and
bulk properties of surfactants. Beyond the well-known synergistic properties, with relevance to technical applications, recent
studies increasingly focus on the bulk aggregation behavior. As more systematic and detailed experimental data is collected
(for example, by use of scattering and direct imaging techniques), increasingly refined theoretical models are developed. Most
references reviewed here clearly show both the trends. Topics such as micellar growth, micelle-to-vesicle transition and
equilibrium vesicle formation in dilute systems (in particular in catanionic systems) continue to expand and sometimes pose
challenges to conventional notions of surfactant self-organization. As the rich polymorphism of mixed aggregates is unraveled,
the possibilities of using them for broader goals also increase (e.g. mesoporous materials and polymer-aggregate gels). © 2000

Elsevier Science Ltd. All rights reserved.
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1. Introduction

When surfactants are added together in water, sev-
eral physicochemical properties of the mixed system
compared to those of the single surfactant system are
changed due to the fact that there is a net interaction
between the amphiphiles, i.e. due to non-ideal mixing.
It is well known that many amphiphilic self-assemblies
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cyldimethylammonium bromide; C,TAB(C), n-alkyltrimethylam-
monium bromide(chloride); C,s PyC, cetylpyridinium chloride; C;E;,
j-ethylene glycol mono-i-alkyl ether; POPC, 1-palmitoyl-2-oleoyl-
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neutron scattering; SLS, static light scattering; DLS, dynamic light
scattering

*Corresponding author. Tel.: +46-46-222-3247; fax: +46-46-
222-4413.

E-mail addresses: alikhan@fkeml.luse (A. Khan), eduardo.
marques@fkem1.lu.se (E.F. Marques).

and interfaces, biological or synthetic-based, consist
of surfactant mixtures. The molecular structure of the
surfactant (headgroups and tails), the presence of
additives (salt, cosurfactant) and experimental vari-
ables (pH, temperature) can be manipulated in order
to induce changes in interfacial activity and in intra-
and inter-aggregate forces. The mixed system almost
invariably yields enhanced interfacial properties (e.g.
decreased CMC, higher surface activity) with respect
to the individual surfactants, in what is termed syner-
gism. However, it is the rich polymorphism in bulk
that has, in recent years, attracted increasing interest
in experimental investigations and theoretical model-
ing.

This review deals with work in the field of mixed
surfactant systems between 1998 to present date, in-
cluding mostly non-ionic—ionic and cationic—anionic
(catanionic) mixtures. Particularly active is the field of
dilute catanionic systems, in which the strong interac-
tions between headgroups, mediated by tail—tail inter-
actions, leads to strong association and high degree of
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non-ideality. Often the two factors translate into a
rich equilibria between different aggregated struc-
tures, such as non-classical micelles, equilibrium vesi-
cles, several lyotropic liquid-crystalline phases and
crystalline solids with thermotropic behavior.

2. Mixed micelles
2.1. Catanionic systems

It is now established that most of the mixed
cationic—anionic surfactant systems, commonly known
as catanionic systems, precipitate at equimolar con-
centrations at very high water content. At non-
equimolar concentration, the mixture forms micelles
with different sizes and shapes, closed bilayer vesicles
and dilute lamellar phases (for a review on catanionic
systems between 1943 and early 1996, see Khan and
Marques [1]. The formation of aggregates and their
transformation are rationalized in terms of interac-
tion forces and surfactant geometry. These features
are illustrated in the recently investigated system
C,,TAB-SDS [2]. However, the cationic C,(,TAB does
not give any precipitation by mixing with C,,PO;Na,
(disodium dodecane phosphonate) in water over a
wide concentration range [3], showing that the ion-pair
interaction is much weaker in this system compared
to C,,TAB-SDS system. The plots of y-log C and
A4—C, (where vy is the surface tension, A, is the
differential conductivity and C is the total concentra-
tion) detect four transitions for C in the range
0.005-0.04 mol dm™>. The first transition is ascribed
to a monolayer condensation at the air/water inter-
face, the second one, to ion-pair formation and the
third, to CMC. The fourth transition, at concentra-
tions higher than CMC is explained in terms of micel-
lar growth, but the existence of vesicles cannot be
excluded. The enhanced hydrolysis of the phosphate
surfactant in the mixture also complicates the charac-
terization of phase behavior. Interesting interfacial
properties are also reported for the aqueous
SDS-C,,PyC system [4]. At a total concentration of
1x 1073 mol kg™!, the interfacial properties are re-
ported to change abruptly at surfactant molar ratio
[SDS]/[CcPyC] = 1:3 and 3:1. The observation is at-
tributed to a closest hexagonal arrangement (due to
strong ion-pair interactions) of the surfactant
molecules at the air /water interface.

If, instead of anionic surfactant, a cationic one is
added to another cationic surfactant, synergism is still
observed. Addition of C,TAB to similarly charged
C,TAB (n = 8-16) decreases the CMC of the mixed
systems, thus promoting micellization [5]. The molecu-
lar interaction parameter 8 calculated from the regu-

lar solution theory is found to become more negative
with increased chain length.

2.2. Ionic—non-ionic systems

CMC is a fundamental physicochemical property of
a surfactant, often determined by measuring the sur-
face tension, v, as a function of surfactant concentra-
tion, C. The presence of hydrophobic impurities in a
surfactant is shown by a minimum in the y-logC
plot. In a recent study [6] comprising either single
surfactants, mixed surfactants or surfactant admixed
with another surface-active component, it is shown
that the existence of a minimum or a negative peak in
the y-log C profile may imply that the amphiphile is
a mixture, but the absence of the negative peak does
not imply the absence of impurity or that the surfac-
tant consists of only one component. The addition of
very small amounts of the ionic SDS to the non-ionics
Triton X-114 and Igepal CO-30 [7] causes a significant
increase of the cloud temperature due to strong in-
termicellar repulsion. It is detected that within a
range of solution composition, the clouding proceeds
in distinct stages [7]. Prior to the conventional cloud-
ing, there is a colloidal phase also displaying a strong
Tyndall scattering. Although this observation was first
made in 1956 (see ref. 30 in McCarroll et al. [7]), the
mechanism behind the existence of this preclouding
state is yet to be understood.

Measurements on the fluorescence anisotropy of
perylene indicate that the inclusion of SDS into Tri-
ton X-114 micelles leads to a partial dislodging of
perylene from the micellar palisade layer into the
interior of the micellar aggregate [8]. Moreover, the
monomers and aggregate species of the system are
spectroscopically isolated and a hindered probe
rotation is measured in the micellar environment.
Mixtures of SDS with dodecylmalono-bis-N-methyl-
glucomide (MEGA-12) [9] or with the sodium salt of
a-sulphonatomyristic acid methyl ester-decanoyl-N-
methylglucomide (MEGA-10) [10] show non-ideal
mixing in water, reflected in lower CMCs than those
predicted for ideal mixtures. The formation of mixed
micelles is particularly synergistic for non-ionic-rich
compositions. However, the mixed micelle has a size
and shape very similar to the two single surfactants
and there is no local ordering within the mixed mi-
celles. The mixture of the short chain cationic
NaC¢SO, (sodium hexylsulphonate) and non-ionic
C¢E; shows miscibility gap in water. At very low
concentration, no aggregation behavior is observed
for the single or the mixed systems, but small micellar
aggregates are characterized for the mixture at high
concentration [11]. The micellization process of the
mixed sodium deoxycholate and non-ionic Tween 80
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[12] is comparable to that of the system SDS—non-ionic
surfactant, namely in that the addition of the ionic
surfactant decreases CMC and polar headgroup area
and increases counterion binding. The aqueous solu-
tions of the pairs HCI-C4,E, and NaCl-C,E, are
studied in the adsorbed film as well as in the micellar
solution phase [13]. Analysis of the adsorbed film in
equilibrium with bulk solution as well as the surfac-
tant micelles in the presence of HCl and NaCl, re-
spectively, shows that the Na* but not the Cl~ ion
interacts electrostatically with the ethylene oxide
group. This finding strongly suggests that the surfac-
tant cation and not the counterion plays a critical role
in the attractive interaction causing a deviation from
ideal mixing for the mixed system C;,NH; CI"-C4E,
[13].

3. Vesicle-forming systems

The geometry of vesicles as closed bilayer aggre-
gates of flexible colloidal size allows their use as in
vitro cell models for biochemical studies, as agents for
the transport of substrates (drug and gene delivery)
and as nano-reactors for specialized chemistry,
amongst other uses. There is a great demand for truly
stable vesicle systems, strictly for thermodynamically
stable vesicles. Since the early 1990s, experimental
investigations on the phase behavior and aggregated
structures of several mixed surfactant systems, in par-
ticular catanionic systems, have revealed that equilib-
rium vesicle formation is a relatively common pheno-
menon. Several theoretical models have also been put
forth.

3.1. Catanionic vesicles

For mixtures of cationic and anionic surfactants,
strong associative behavior occurs. A gradual addition
of one of the surfactants to a solution of the other
leads to formation and growth of mixed micelles,
vesicle formation and eventually precipitation at
equimolarity. The release of the counterions from the
aggregate surface implies a high entropy of mixing,
the major thermodynamic driving force for the associ-
ation. The formation of a catanionic ion-pair (in pres-
ence of equimolar amount of salt) means that, in
general, non-equimolar compositions are to be strictly
treated as four-component systems, according to the
phase rule. Thus, any ternary representation of phase
behavior is only an approximation, often used for
such pseudo-ternary systems.

For equimolar compositions, a crystalline lattice
usually forms upon counterion release, as observed in
several single—single-chained systems [2,14,16,17] and
single—double-chained systems [18,19]. If the solid is

depleted from counterions a neutral swelling-type sur-
factant is obtained, catanionic surfactant [1]. A series
of asymmetric catanionic surfactants have been syn-
thesized and shown to yield rich thermotropic meso-
morphism [20]. However, the 1:1 bulk composition
may not always render insoluble catanionic pair, if the
solid is not at the lowest energy state. This is the case
for the system myristic acid [CH4(CH,),,COOH]-
cetyltrimethylammonium hydroxide (C,;;TAOH),
where the acid-base reaction between the two am-
phiphiles leads to the formation of closed, flattened
bilayer aggregates (nanodiscs) of micrometer size [21].
Another example is shown by the equimolar system
C,,TAB-sodium para-toluene sulfate (SpTS), in
which worm-like micelles are detected [22]. When the
amphiphilic anion in C,;TApTS is replaced with
sodium dodecylbenzensulfonate (SDBS) or SDS, the
1:1 catanionic pair is no longer soluble. Furthermore,
in non-equimolar mixtures of C,,TApTS—-SDBS vesi-
cles are formed, whereas they are absent in the
C,cTApDS-SDS system. Molecular modeling through
the semi-empirical quantum-mechanical method,
PM3, shows differences in chain packing for the ion-
pair between C,;TA:DS and C,,TA:DBS. In the mix-
ture of C;;TAOH with 3-hydroxy-2-naphtoic acid
(HNO), a lamellar phase built up by stacked planar
bilayers forms at 1:1 ratio [22]. If HNC is replaced
with the corresponding sodium salt, densely packed
onion-like vesicles are formed [23]. These studies
globally illustrate that a suitable manipulation of
headgroup and tail interactions can be done in order
to design a specific type of aggregation feature. If the
tail-tail interactions are made weaker (short alkyl
chains, aromatic rings instead of alkyl chains), the
catanionic may not precipitate and instead large mi-
celles or vesicles are formed.

For mixtures with slight excess of the anionic or
cationic surfactant, the precipitate is usually in equi-
librium with vesicles at low surfactant volume frac-
tion; and with dilute lamellar phases, at high volume
fraction. In most systems, a region with only vesicles
is observed. Detailed phase diagram studies illustrate
these observations [14,16,18,19]. The presence of ex-
cess ionic surfactant is thought to break the symmetry
of the monolayers and through different mechanisms
(of entropic or energetic origin) to stabilize the vesicle
bilayer with respect to competing geometries, in par-
ticular the planar bilayer. In general, the vesicles have
properties that correlate with thermodynamic stability
and show a relatively high degree of polydispersity
(from tens of nanometers to a few micrometers). In
the system SDS-DDAB, the average vesicle size and
the presence of large micrometer-sized vesicles in the
anionic- and cationic-rich side are detected by pulsed
field gradient NMR self-diffusion for water [18,19]. In
the cationic-rich area, a non-monotonic variation of
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vesicle size upon addition of SDS occurs, indicating
the complex interplay between geometric packing and
electrostatic interactions [19]. The dimensions of ag-
gregate core and headgroup regions in mixed micelles
and vesicles for the system C;;TAB-sodium octyl
sulfate (SOS) are obtained from SAXS and SANS
data [24]. Comparisons with the predicted values from
thermodynamic cell models, seem to suggest that out-
of-phase fluctuations of headgroups occur in the
catanionic interface, an effect that has to be taken
into account in the free energy calculations for vesicle
formation.

The possibility of catanionic vesicle formation in
non-aqueous polar solvents has also been investi-
gated. The phase behavior of equimolar mixtures of
sodium alkylcarboxylates and alkyltrimethylam-
monium bromides in alcoholic solvents (ethanol, 1-
propanol and iso-propanol), dimethylsulfoxide
(DMSO)-water and formamide—water mixed solvents
has been studied [25]. While electron microscopy
imaging and DSC methods may suggest aggregate
formation in alcohols, alcohol mixtures and
DMSO-water mixture (but not in the formamide—
water mixed solvent), in another study electrical con-
ductivity, SLS and DSC measurements failed to pro-
duce evidence for vesicle formation in the system
C,,TAB-sodium dodecanoate in neat ethanol [26].

3.2. Other vesicle-forming systems

Formation of equilibrium vesicles can also occur in
mixed systems other than the catanionic type, as
shown by studies on systems of the type ionic surfac-
tant—cosurfactant and weakly charged systems of the
type non-ionic surfactant—ionic surfactant—cosurfac-
tant—-water (or brine). In the mixture formed by
tetradecyldimethylaminoxide (TDMAQ, a single-
chained zwitterionic) and calcium dodecylsulfate
(CDS), a birefringent lamellar phase composed of
densely packed onion-like vesicles has been detected
with an excess TDMAO, at constant 100 mM of total
amphiphile concentration [27]. In the mixed system
formed by non-ionic surfactant (Triton X-100) and
ionic surfactant (C,;,PyC) at low charge concentra-
tion, the addition of octanol can induce the formation
of an equilibrium vesicle phase [28]. On the basis of
SANS and direct cryo-TEM imaging fairly monodis-
perse vesicles with mean sizes much smaller (radii of
the order of 8—10 nm) than the usually observed ones
are reported [28]. In the cationic—cationic system
formed by DDAB-C,TAC [29], in which the optimal
chain packing determines aggregation behavior, vesi-
cles are seen to form in the single-chain rich area of
the phase diagram. One less conventional system
where small monodisperse vesicles are suggested to
form consists of the ternary system non-ionic surfac-

tant C,E,—sodium cholate—water [30]. Upon addition
of bile acid salt to the binary system C;E,-water, the
miscibility gap is decreased. The vesicle size appears
to increase as the temperature approaches the cloud-
ing point. Small monodisperse vesicles are also formed
in the mixture formed by phospholipid POPC and
sodium oleate /oleic acid and a so-called matrix effect
is proposed to interpret the results [31].

3.3. Micelle-to-vesicle transition

The transition from micelles to vesicles, or vice-
versa, in surfactant mixtures, either by variation of
the amphiphile mixing ratio or total volume fraction,
has been a topic of long-standing interest. The origi-
nal interest stems from the problem of protein recon-
stitution in lipid vesicles, whereby the latter are
formed by surfactant depletion from mixed lipid—syn-
thetic surfactant micelles. However, experimental
studies have extended to include many surfactant
mixtures of non-biological origin, in an attempt to
model the effects of surfactant geometry and interac-
tion forces. Recent studies have shown micellar shapes
which go beyond the classical types, such as the
spherical, rod-like and worm-like micelles. In catan-
ionic systems, as the composition of the mixture is
changed toward equimolarity, mixed micelles trans-
form into vesicles. The shape and size of the mixed
micelles and the thermodynamic nature of the transi-
tion vary with the characteristics of the system (geom-
etry of surfactants, salt, temperature, etc.). The highly
symmetric C;,TAB-SDS system has been re-investi-
gated in “H,O in a series of papers, by SANS and
SLS [15°,16]. For a certain composition range, models
for SANS data yield the presence of tablet-shaped
monodisperse micelles (triaxial ellipsoids with axis
a < b < ¢), for both anionic- and cationic-rich areas. A
first-order phase transition occurs from micelles to
uni- or oligo-lamellar vesicles in coexistence with
catanionic crystallites [15*]. Upon addition of NaBr,
the vesicles are either destabilized into lamellar sheets
(closer to equimolarity) or into micelles. The micelles
coexist with vesicles in a single thermodynamic phase
for some compositions. Besides tablet-like micelles,
self-avoiding worm-like ribbons with elliptical cross-
section are also proposed, on the basis of SANS data.
The salt-free C,TAB-SDS vesicles are described
within a SANS model of sticky hard spheres for the
structure factor [16] and it is shown that upon increas-
ing surfactant concentration, the vesicles transform
into planar lamellar sheets. In the system SDS-
DDAB, addition of the double-chained amphiphile
into SDS micelles induces moderate growth to globu-
lar micelles, initially, followed by a region of coexis-
tence of micelle and small vesicles in the same phase
[18]. The micelles change upon DDAB addition from
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globular to disk-like micelles, as imaged by the cryo-
TEM method. The influence of headgroup—tail inter-
actions is demonstrated by the mixtures of C;;TAB
and aromatic-based headgroup amphiphiles [22]. The
catanionic pair C,,TA:pTS forms worm-like micelles,
but addition of SDBS (i.e. replacement of the CH,
group by a dodecyl chain) induces vesicle formation.

The micelle-to-vesicle transition can also be in-
duced by dilution. Surface tension studies by the drop
volume method performed on the system C,,TAB-
SDeS show several break points in the y—log C, which
are correlated with changes in aggregation behavior
[17]. At several fixed values of the molar fraction of
anionic surfactant in the mixture, three equilibrium
regions seem to be identified in the y—log C curve: (i)
micelle—monomer; (ii) micelle—vesicle—-monomer; and
(iii) vesicle—monomer equilibrium. The experimen-
tally obtained curves are in good qualitative agree-
ment with a theoretical diagram based on a thermo-
dynamic theory of micelle formation [17]. Another
system in which a micelle-to-vesicle transition is in-
duced by dilution is illustrated by the lecithin—bile
salt system, which has received considerable attention
throughout the years. A structural and kinetic study
of the transition in the system egg yolk lecithin—
sodium taurochenodeoxycholate (STCDC) has been
performed by combined SLS, DLS and SANS meth-
ods [32]. The transition from the polymer-like mixed
micelles to vesicles, upon dilution, takes place via the
formation of non-equilibrium disk-like structures.
While the first step (worms — disks) is characterized
by very fast kinetics, the second one (disks — vesicles)
has a much slower rate constant. In the weakly charged
system Triton X-100-C,, PyCl-octanol-water [28], it
is observed that upon octanol addition, at fixed amount
of charge, transitions from spherical micelles to
worm-like micelles and, ultimately, to microvesicles
are induced.

4, Mixed aggregates in use
4.1. Mixed vesicles and synthetic macromolecules

The interactions between vesicles based on mixed
amphiphiles and polymers of synthetic nature, in par-
ticular polyelectrolytes, are of great interest. The use
of vesicles coated with specifically designed water-
soluble polymers can be of importance for drug deliv-
ery. The vesicle—polymer systems can also mimic to
some extent the interactions between macromolecules
and the cell membrane. In a few investigated systems,
the interactions are especially pronounced since at
least one of the vesicle components is oppositely
charged to the polymer [33®,34-36°]. The latter may
consist of a homopolymer or a graft co-polymer with

hydrophobic moieties. In the reviewed studies, the
aim has been to investigate the effect of the macro-
molecule on the stability and shape of the vesicle
membrane, or at the possibility of forming
polymer—vesicle networks with rheological interest.

Net negatively charged vesicles prepared from the
catanionic system SDS-DDAB have been mixed with
cationic polyelectrolytes, either a homopolymer or a
polymer modified with hydrophobic sites, where the
charge is placed [33°®]. Regions of solution, phase
separation (with solid-like precipitate) and weak phys-
ical gel formation are identified in the phase maps. At
low polymer concentrations, cryo-TEM imaging (Fig.
1) shows that the main effect of the homopolymer is
to induce the formation of facet-shaped vesicles and,
ultimately, disintegration of the vesicles into polydis-
perse disk-like structures. The hydrophobically modi-
fied polycation preferentially induces the formation of
vesicle clusters, due to intervesicle bridging by the
polymer chains [33®]. The formation of segregated
domains in vesicles formed by mixed zwitterionic
(POPC) and anionic (POPG) lipids, due to interaction
with the polycation poly(vinylbenzyltrimethylam-
monium chloride) (PVTA), is demonstrated by *H
quadrupolar splitting NMR [36*]. The polycation is
able to segregate laterally the anionic lipid into do-
mains and, furthermore, it is demonstrated that the
conformation of the adsorbed polymer into a col-
lapsed or a random coil is dependent on the charge
density of the bilayer. The anionic hydrophobically
modified co-polymer PNIPAM-Py-Gly is seen to in-
teract strongly with positively charged multilamellar
vesicles formed by neutral lipids and cationic surfac-
tants [35]. The interactions are dominated by the
electrostatic attractions between the cationic lipid and
the glycine residues of the polymer and, at high
binding levels, regions of high local curvature are
formed in the lipid bilayer. In mixtures of cardiolipin
(an anionic lipid)-phosphatidylcholine vesicles and
the cationic polyelectrolyte poly( N-ethyl-4-vinylpyri-
dinium bromide (PEVP) [34], it is seen that the in-
tegrity of the vesicles is dependent on the mole frac-
tion of negative charge in the mixed vesicle. Beyond a
certain charge density of the vesicle, the polymer
induces a disruption of the structure into non-vesicu-
lar PEVP-lipid complexes. Polycations adsorbed to
negatively charged vesicles are shown to be desorbed
by addition of anionic polyelectrolyte, which thus acts
as a competitor with the vesicle aggregate [37]. If the
polycation is made hydrophobically modified, the ad-
dition of the polyanion is much less effective in the
desorption process. The thermosensitive anionic poly-
mer PNIPAM-Py-Gly, also containing octadecyl side-
chains, can bind to different types of mixed am-
phiphilic vesicles through electrostatic, hydrophobic
and hydrogen-bonding interactions [38].



A. Khan, E.F. Marques / Current Opinion in Colloid & Interface Science 4 (2000) 402410

407

32

§ f -
§ "
IC 01 ¢

= E

: 5

i *

°

o

001

o
o
on
o
*
.
aanl

precipitate

bluish
solution

il i
10 100

SDS/DDAB concentration / mmolal

Fig. 1. Cryo-TEM images of faceted vesicles recorded in mixed solution and gel for the system polymer JR400-catanionic vesicles at 25°C.

Bar = 100 nm (for details, see Marques et al. [33®]).

4.2. Miscellaneous systems

It is demonstrated that mixed surfactant aggregates
are emerging as a new useful strategy for the synthe-
sis of mesoporous particles [39]. The mixed systems
also find their use in the determination of the dehy-
dration coefficient of ethylene oxide groups of non-
ionic surfactants in mixed micelles [40]. An example
of the potentialities of catanionic vesicles for techni-
cal applications is provided by the use of these aggre-
gates in the electrokinetic chromatography (EKC)
technique [41°]. Tt is demonstrated that the stable
SDS-C,,TAB catanionic vesicles have different selec-
tivity and elution window from either SDS micelles or
SDS-C,,TAB mixed micelles. Thus, catanionic vesi-
cles have a great potential as aggregates for the
pseudo-stationary phase in EKC.

5. Phase behavior for concentrated systems

The phase equilibria of mixed surfactant systems at
high concentrations also exhibit interesting features
which depend on the mixing ratio and self-assembly
properties of the individual surfactants. Catanionic,
cationic—non-ionic and cationic—cationic mixtures

have been investigated at high surfactant concentra-
tions. The triangular phase diagram for the catanionic
system C,,TAOH-C,,PA shows a number of liquid-
crystalline phases [42], in particular a cubic phase
which is not present in the binary system. The addi-
tion of saccharose (LS), a neutral glycolipid, to the
DDAB-rich dilute lamellar phases induces a decrease
in the maximum swelling of that phase. At high dilu-
tion, it also induces a vesicle-to-micelle transition.
The rationalization of these two facts is based on
calculations of the osmotic pressure in lamellar and
micellar phases through the Poisson—Boltzmann
equation [43]. In another paper, the same authors
investigate the phase behavior of the system
DDAB-glycolipid, showing the existence of two dis-
tinct critical points, each for a different lamellar—
lamellar biphasic region, at room temperature [44°].
A partial phase diagram is presented for the quater-
nary system DDAB-C, ,TAB-water—xylene, in which
the volume fraction of the alkyl chain of the am-
phiphile is kept constant at 0.2 and the mixing ratio
between surfactants is varied [45]. It is shown that
upon oil addition to the DDAB-C,,TAB-water mix-
ture, micellar, lamellar, cubic liquid crystalline phases
and micro-emulsions are formed. The lamellar phase
region, formed at a high DDAB/C,,TAB ratio in the
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absence of oil, shifts to higher C,,TAB content when
xylene is added. The degree of oil penetration is
enhanced with increasing C,,TAB fraction and de-
creasing molecular size of the oil.

6. Theoretical models

Experimental findings in combination with theoreti-
cal predictions lead to a better understanding of the
self-assembly processes of the mixed surfactant sys-
tems. Several models that have been published in the
last 2 years are briefly reviewed here. Essentially, the
models deal with the rationalization and prediction of
mixed micelle properties (shape, size, CMC) or with
the question of the thermodynamic stability of catan-
ionic vesicles.

For systems consisting of mixed ionic—non-ionic
surfactants, the composition of the ionic species in
solution and aggregates can be accurately determined
by ion selective clectrodes. It is proposed that by
using properties of cross-differentiation relations, the
non-ionic surfactant activity can be obtained from
variations of the ionic surfactant activity with differ-
ent solution composition. This approach is used for
the C,,TAB-Brij 35 system and provides a descrip-
tion of the behavior of each solution component as a
function of composition [46]. A detailed molecular
thermodynamic model, in which the free energy of
micellization is decomposed into five terms (transfer,
interfacial, packing, steric and electrostatic contribu-
tions), is applied to predict experimental results
concerning the systems SDS-C,,E, and SDE,S-
C,E¢ [47°]. The electrostatic and steric free energy
terms play a major role for these mixed systems. The
model is able to capture several features of the sys-
tem such as the mixture CMCs, variation of micellar
growth in the presence of electrolyte, hydration num-
ber, intermicellar interactions and other thermody-
namic properties. Several experimental studies on
catanionic micelles are also combined with theoretical
modeling. A free energy expression for the formation
of tablet-shaped micelles from the free monomers is
presented, in terms of geometrical parameters (width
and length of the aggregate) [15°].

Based on droplet deformation and the van der
Waals and long-range electrostatic interactions
between droplets, an equation of state for osmotic
pressure is proposed for micelles, emulsions and mi-
croemulsions [48]. The model is applied for the sys-
tems C,Es-C,,H,,~H,O0 and C,,E;—SDS-C,,
H,,—H,0 and it not only has correlation ability but
also good prediction capability. The deswelling of the
lamellar phase formed in the water-rich part for the
DDAB, as well as the vesicle-to-micelle transition, on
addition of an uncharged glycolipid is rationalized by

osmotic pressure calculations based on Poisson—
Boltzmann equation [43].

In past years several models have been proposed to
account for vesicle stability in catanionic systems, with
respect to competing planar bilayer and micellar
geometries (see for instance, refs [49-51]). A self-con-
sistent microscopic model is developed to study the
stability and phase equilibria of the catanionic vesi-
cles [52]. Using a semiempirical Landau theory, the
model shows that the catanionic mixture can stabilize
spherical vesicles with respect to planar membranes.
Furthermore, this model departs from a previous one
by Safran and co-workers [49] in that it assumes that
the physical basis for the breaking of the bilayer
symmetry is interlayer interactions between the an-
ionic and cationic molecules, rather than intralayer
ones. Phase diagrams calculated are in qualitative
agreement with experimental results on the previously
studied SDBS-CTAT vesicles and are to reproduce
non-monotonic effects on the vesicle radius along
dilution paths observed for this system [52]. A model
based on Monte Carlo simulations is also developed
to study the influence of electrostatic interactions on
the structure of the lipid headgroups in lipid—surfac-
tant membranes [53]. In this model, the lipid molecules
are treated as dipolar hard disks. The variation of
2H-NMR quadrupolar splittings measured at the a-
and B-CH, segments of phospholipid in POPC-C,,E,
mixtures are correlated with model prediction. The
model is able to account for the experimentally
observed effect of non-ionic surfactant in the lateral
orientation order of the lipid headgroups [53].

7. Conclusions

The synergistic properties of mixed surfactant sys-
tems, of the type reviewed in this article, have been
under investigation for the last five decades. However,
with improved experimental techniques and more so-
phisticated modeling, the mixed systems are better
characterized today. The discovery of stable vesicles
and of the complex nature of the vesicle-to-micelle
transition are of recent origin, drawing great interest
to this area. Spontancously formed vesicles (in the
sense that they do not require strongly energetic
methods to be formed) show many features that re-
late to thermodynamic stability. However, controversy
between thermodynamically vs. kinetically stabilized
vesicles still exists. More studies, especially of highly
fundamental type, are essential to resolve the contro-
versy. Mixed charged vesicles are shown to interact
strongly with polyelectrolytes. Lateral domain forma-
tion in membranes, changes in vesicle shape and
formation of networks are phenomena that have been
reported, drawing increasing interest to such type of
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polymer—surfactant systems. Stable vesicles described
in this review are mostly of synthetic origin. There is a
great demand to search for environmentally friendly
surfactants for the production of both stable vesicles
and other surfactant aggregates.
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