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Adsorption, association and precipitation
in hexadecyltrimethylammonium
bromide/sodium dodecyl sulfate mixtures

Abstract The phase equilibria of
surfactant aqueous mixtures, hex-
adecyltrimethylammonium bromide
and sodium dodecyl sulfate, have
been studied by polarizing micros-
copy, quasielastic light scattering,
conductivity, potentiometric, elec-
trophoretic, and surface tension
measurements. Adsorption at the
air/solution interface, association
and precipitation in bulk solution
strongly depended on the molar
ratio and the concentration of sur-
factants. Catanionic vesicles coex-
isted with crystalline catanionic salts
in a broad concentration range. The
relative proportions of crystallites
and vesicles varied according to the
concentration and the molar ratio of
the surfactants. The solid crystalline
phase was progressively converted to
catanionic vesicles with increasing

surfactant molar ratio. At the high-
est excess of one of the surfactants
transition from catanionic vesicles to
mixed micelles occurred. The for-
mation and stability of different
phases are discussed in terms of
surfactant molecular packing con-
straints and electrostatic interactions
in the headgroup region. Surfactant
tail-length asymmetry and the
change of electrostatic interactions
in the headgroup region from at-
tractive to repulsive are governing
factors for the transition from pla-
nar to curved bilayers.

Key words Catanionic surfactant —
hexadecyltrimethylammonium
bromide — mixed micelles — mixed
monolayer — sodium dodecyl sulfate
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Introduction

The properties of systems containing oppositely charged
surfactants have been the subject of extensive experi-
mental and theoretical investigations [1-23]. Competi-
tion between various molecular interactions (van der
Waals, hydrophobic, electrostatic, hydration forces, etc.)
may result in a variety of microstructures, catanionic
surfactant salts, mixed micelles, catanionic vesicles, etc.
A catanionic surfactant is an amphiphilic compound
that contains amphiphilic cations and amphiphilic
anions in an equimolar ratio, while a catanionic vesicle
is a vesicle that contains amphiphilic cations and
amphiphilic anions. Recently, a growing body of
literature has confirmed the potential of such investiga-

tions in many applicable aspects (design of efficient
detergents, microemulsions for tertiary oil recovery,
drug carrier systems, etc.).

Spontaneous vesicle formation has rarely been ob-
served in single-tailed chain systems without adequate
chemical or mechanical treatment [23-25], but in
cationic/anionic surfactant mixtures spontaneous for-
mation of vesicles is frequently observed. Recently, we
have described the phase transition from the planar to
the curved lamellar phase and the formation of catan-
ionic vesicles in symmetric mixtures of a cationic and
anionic surfactant [5, 26]. The physical forces driving
this phase transition are mostly of electrostatic origin. It
was found that with increasing mole fraction of one of
the surfactants the phase transition proceeds in several
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stages. In the first stage the surfactant in excess is
incorporated into a planar bilayer of the catanionic salt.
This leads to curving of planar lamellae and finally to
the formation of a closed lamellar structure, i.e. vesicles.
At this stage coexistence of the catanionic crystalline
phase and vesicles was usually observed. At the highest
excess of one of the surfactants only mixed micelles
existed.

The present article deals with the properties of the
monolayer at the air/solution interface, phase behavior
and solution microstructures in asymmetric mixtures of
a cationic and anionic surfactant, hexadecyl-
trimethylammonium bromide (CTAB) and sodium
dodecyl sulfate (NaDS). The sequence of aggregate
structures (planar bilayers—vesicles—micelles) formed by
shifting the composition of mixtures from the equimolar
range may, at least in part, be explained by both
electrostatic interactions in the head-group region and
by chain packing considerations for the asymmetric
hydrophobic tails in the bilayer.

Experimental
Materials and methods

NaDS, especially pure, obtained from BDH Chemical
Ltd. was recrystallized from ethanol. CTAB was pur-
chased from Merck and recrystallized several times from
acetone. The purity of the surfactants was tested by
surface tension measurements. Systems were prepared
with a constant anionic and an increasing cationic
surfactant concentration and vice versa; the cationic
surfactant was always added to the anionic surfactant.
They were equilibrated 1 day before the measurement
was performed. All experiments were carried out at
303 K in order to approach experimental conditions
above the Krafft points of both NaDS and CTAB. The
Krafft point of CTAB is 297 K (determined by measur-
ing the change of specific conductivity of a 0.1%
solution with temperature). The surface tension mea-
surements were performed with an interfacial tensiome-
ter (K8, Kriiss, Hamburg).

Solution microstructures were investigated using a
combination of quasielastic light scattering (QELS) and
light microscopy. A Brookhaven Bi-200SM goniometer,
a BI-2030AT correlator and a 300 mV Ar Lexel laser
were used for light-scattering measurements. A Leitz
Orthoplan microscope was equipped with photographic
apparatus in a bright field and a polarizing mode and
phase contrast. The liquid crystalline phases were
identified by comparison of textures with photomicro-
graphs from the literature [27].

Electrophoretic experiments (Pen Kem, Bedford
Hills) were applied to determine the charge and electro-
phoretic mobility of the particles. The activities of Na ™

and Br~ ions were determined with the corresponding
ion-selective electrode and an Orion Research Inc. digital
pH/mV meter as was previously described [28]. Conduc-
tivity measurements were carried out with a conducto-
meter (conductivity meter MA 5964, Iskra, Kranj).

Interpretation of data

The adsorption of a single surfactant at the air/solution
interface was determined from the slope of the surface
tension 7y, versus In cctap or versus In cnaps With the
concentration of the other surfactant being constant. In
the absence of electrolyte the maximum surface excess of
CTAB, T',.x (CTAB) or NaDS, T',.x (NaDS), surfact-
ant, respectively, is calculated [29] by the following
equations.

[max (CTAB) = —1/2RT(dy/dIn ccra) (1)

and

IMnax(NaDS) = —1/2RT(dy/dIn enaps) (2)
where ¢ denotes concentration, R is the gas constant and
T is the absolute temperature. The minimum area
occupied by a surfactant molecule adsorbed at the air/
solution interface, Ain, (nmz), when I, is expressed in
units of moles per centimeter squared is

Amin = 1014/FmaxNA ’ (3)
where N4 is Avogadro’s number.

Using regular solution theory and the standard-state
surface tension method [30-32] the composition of the
mixed monolayer, the surface activity coefficient of the
components (fctap and fnaps) and the monolayer
interaction parameter, f5,on, Were determined. The value
of the standard surface tension is arbitrarily chosen to
be in the region where the complete monolayer is
formed, but corresponding to concentrations sufficiently
below the critical micelle concentration (cmc). This
method requires only one set of data for thermodynamic
parameter calculations. The molar fraction of NaDS in
the mixed monolayer (Xnaps) was estimated from
solution molar concentrations of the individual surfact-
ants NaDS (¢naps) and CTAB (ccrap) and their
mixture (ccrap+wNaDs), required to obtain the same
value of the surface tension in all three cases. The basic
equation is

2
(XNaps)” In(oaNaDSCCTAB+NaDS ) CNaDSXNaDs )

(1 — Xnaps)” In[(1 — anaps)ceTaBnaps/ (1 — Xnaps)ectan)

(4)

where anaps 18 the mole fraction of NaDS in solution.
The iterative solution of the above equation gives
Xnaps- The surface molecular interaction parameter
(Pmon) and the surface activity coefficients for NaDS
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(fnaps) and CTAB (fcrap) in the mixed monolayer are
calculated according to the following equations:

, (5)

_ In(NapSCCTAB+NaDS /CNaDSANaDS)
ﬁmon 2
(1 — XNaps)

SNaps = €XP Pron (1 — XNaDS)2 (6)

and
(7)

Regular solution theory attributes all nonideality in
mixing to the heat of mixing, represented by an
interaction parameter. Theoretically, the excess enthalpy
of mixing (AHE) is equal to the excess free energy of
mixing (AGEg)

AGg = AHg = BronXNaDsXcTaBRT |

fCTAB = exp ﬁmon (XN&DS)2 :

®)

where Xnaps and Xcrap are the mole fractions of the
two surfactants in the mixed monolayer, R is the gas
constant and 7 is the absolute temperature.

The parameters for mixed micelles, mole fraction of
NaDS in mixed micelles (xnaps), corresponding activity
coefficients and the molecular interaction parameter
(Bmic) are calculated using Egs. (4)—~(7). In the calcula-
tions the cmc’s of the individual surfactants and their
mixture at a mole fraction o, were used instead of ¢naps,
ccrap and cerap+Naps [32]-

The precipitation/solubility boundary was deter-
mined visually (light microscopy). The boundary was
taken as the maximum concentration of reactants that
did not result in the solid phase formation. The
monomer-catanionic surfactant salt equilibrium is

Fig. 1 Surface tension, 7, vs 60
concentration, ¢, [total surfact-

ant concentrations for single

hexadecyltrimethylammonium 55
bromide, CTAB, (OJ), single
sodium dodecyl sulfate, NaDS§,
(O) and their equimolar mix-
ture (@)]. The temperature is
303 K and the aging time is
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C16H33N(CH3)3BI' + C1,H»5SO4Na

C16H33N(CH3)3SO4C12H25 +Nat +Br~ , (9)
where C16H33N(CH3)3SO4C12H25 denotes hexadecyl—
trimtehylammonium dodecyl sulfate (CTADS).

The aggregation properties of CTAB/NaDS mixtures
have been characterized through the cmc and counterion
binding (results are presented as the apparent degree of
counterion dissociation, «, from the micelle/solution
interface) deduced from specific conductivity and po-
tentiometric measurements [28]. To a first approxima-
tion o was taken as the ratio of the slope above and
below breaks in curves of conductivity k, versus ¢ and
concentration of free counterions (counterions not
bound to the mixed micelle) versus the total concentra-
tion of surfactant in excess, respectively.

Light-scattering measurements yield information
about sizes and polydispersities of the particle popula-
tions. The measured autocorrelation functions were
analyzed by two-component analysis [33].

Results
Adsorption at the air/water interface

The surface adsorption studies showed that there exists a
strong synergism between cationic and anionic surfact-
ants due to electrostatic interactions between oppositely
charged headgroups of surfactant molecules [10, 34, 35].
The surface activity of oppositely charged surfactant
mixtures is generally greater than that which would be
expected for other types of mixtures. This synergistic

-5 -4 -3 -2 K]

log c/mol dm’
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effect has also been demonstrated in CTAB/NaDS
equimolar mixtures.

Typical y versus log ¢ curves for NaDS, CTAB and
their mixed solutions at an equimolar ratio are shown in
Fig. 1. It can be seen that a much lower concentration
for the equimolar mixture than that for the cationic or
anionic surfactant alone is required to reach a constant
surface tension value. The break point between a steeply
descending and fairly constant branch of a y versus log ¢
curve for a mixed solution corresponds to the precipi-
tation of the catanionic surfactant, CTADS.

By applying regular solution theory, the composition
of the mixed monolayer, the surface activity coefficients,
the molecular interaction parameter and the change of
standard mixing enthalpy for equimolar mixtures were
calculated using a surface tension value of 40 mN m™'
as the standard state. The results presented in Table 1
show almost equimolar monolayer formation with
activity coefficient values much less than unity indicating
a large deviation from ideality. The formation of an
equimolar adsorption film is in accord with the literature
data [10, 34]. According to its definition, a negative f,on
value is related to attractive molecular interactions in the
mixed monolayer. The relatively high negative value of
Pmon indicates a strong attractive interaction between
adsorbed CTA " and DS~ ions.

The maximum surface excess concentrations of each
surfactant and their equimolar mixtures obtained from
the premicellar slope of the surface tension-concentra-
tion curve are presented in Table 2. The smaller ',
and consequently higher A, for a single NaDS
molecule compared with those for a single CTAB
molecule are due to the smaller surface activity of
NaDS. The addition of an oppositely charged surfactant
increased I'.x, 1.€. packing at the air/water interface was
enhanced.

Changes in the surface tension with surfactant
concentration in the series of mixtures with constant
NaDS and varying CTAB concentrations and vice versa
were used for determination of the premicellar slope.
Addition of a small quantity of an oppositely charged
surfactant shifts the premicellar slope of mixtures
towards higher values. The changes in I',,,, of CTAB
or NaDS are presented in Fig. 2. Both curves, I'jax
(CTAB) and T',,x (NaDS) versus concentration revealed
that the addition of an oppositely charged surfactant
enhanced the maximum concentration which CTAB or
NaDS can attain at the air/solution interface.

Table 1 Surface mole fraction of sodium dodecyl sulfate (NaDS)
in a mixed monolayer, Xnaps, activity coefficients of NaDS, fNaps,
and of hexadecyltrimethylammonium bromide (CTAB), fcrag, the

The maximum adsorption of either surfactant in a
mixed adsorption film is influenced by the effective
headgroup area of each single surfactant and by the
interaction between them at the interface. The increase
of I'max and the decrease of A, are the results of strong
electrostatic attraction between oppositely charged
headgroups. Each component occupies a greater area
per molecule due to electrostatic repulsion, while the
presence of oppositely charged surfactants reduces the
repulsion between headgroups and the area per molecule
decreases.

Bulk properties: association and precipitation

The solution properties of CTAB/NaDS mixtures ex-
hibited complex phase behavior over the entire concen-
tration range. Figure 3 shows the precipitation/
solubility boundary and the decrease of the cmc of both
CTAB and NaDS with the addition of an oppositely
charged surfactant. Inside the precipitation region a
phase transition from turbid to isotropic was observed
when one of the surfactants was continuously added to
the equimolar mixtures.

The phase separation process was observed above the
molar ratio of surfactants >0.01. Examination of
samples from the turbid region by light microscopy
showed heterogeneous mixtures of irregularly shaped
crystals (Fig. 4a) and slightly anisotropic spherical and
ellipsoidal structures (Fig. 4b, ¢). Under polarized light
the appearance of spherulites with Maltese crosses was
observed. The crystalline phase was identified as the
catanionic surfactant salt, CTADS [36]. Microscopic
examination revealed the presence of vesicles, but no
further information could be obtained regarding vesic-
ular morphology, i.e. whether vesicles are unilamellar or
multilamellar. The fraction of the solid crystalline phase
decreases as the sample composition deviates from the
equimolar line.

Two cross-sections were examined by microelectro-
phoretic and QELS measurements; with a constant
¢«(CTAB) = 1 x 107* mol dm™ and varying ¢(NaDS)
or with a constant ¢(NaDS) = 1 x 107 mol dm™> and
varying ¢(CTAB). The results of microelectrophoretic
measurements are illustrated in Fig. 5. The { potential
varied in relation to the surfactant concentration and the
molar ratio. The reversal of particle charge almost
coincided with equimolar mixtures. The particles were

monolayer interaction parameter, .., and the excess enthalpy of
mixing, AHg, in a CTAB/NaDS equimolar mixture at the standard
surface tension y = 40.0 mN m™'. Temperature is 303 K

XNaDs JfNaps Jeras

Bron AHg/kJ mol™

0.48 0.001 0.003

=252 -15.8
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Table 2 Maximum surface excess, I'yax, at the air/solution inter-
face of single surfactants, CTAB and NaDS, and their equimolar
mixture. Temperature is 303 K and the aging time is 1 day

System Tmax X 10%/mol m™>
CTAB 2.48
NaDS 2.10
CTAB + NaDS 2.80

positively charged in the mixtures with CTAB in excess
and vice versa. The charge of the particles and the (
potential depended on the relative amounts of each
surfactant. Microelectrophoretic measurements con-
firmed a surfactant molar ratio-induced change in the
vesicle composition. This difference in composition
resulted in changes of surface charge density and the
degree of the counterion dissociation.

QELS measurements showed a bimodal particle size
distribution for the system from the turbid region.
Table 3 provides representative examples of how turbid
systems were analyzed by two-component analysis. Two
different cross-sections corresponding to the constant
concentration of one surfactant with increasing concen-
tration of the other are shown. At the equimolar
concentration the polydispersity, V, is high (V >
100%) because of two separate populations: vesicles
(di = 620 nm) and crystalline particles (d» =
8000 nm). On both cross-sections, polydispersities of
particle populations increased up to the equimolar range
and then decreased with the increase in concentration of
one of the surfactants. Mixtures with high excess of
either cationic or anionic surfactant appeared to contain
vesicles only. The mean hydrodynamic diameter of
vesicles and the mean crystallite size changed in a similar
way. Vesicles, characterized by relatively large diameters
(ranging from 200 to 700 nm), coexisted with a smaller
population of crystallites (ranging from 4000 to
9500 nm). NaDS-rich vesicles (overall negative charge)
were somewhat smaller than CTAB-rich vesicles (overall
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Fig. 3 Phase boundaries observed in NaDS and CTAB mixtures. The
solid line corresponds to the clear/turbid boundary; dotted lines
correspond to the change of the cmc of the surfactant in excess. The
equimolar line is denoted as dashed line. The temperature is 303 K and
the aging time is 1 day

positive charge). The method cannot give the exact size
of the largest particles, i.e. crystallites. At high excess of
either CTAB or NaDS§, the number of crystallites was so
low (£1) that it was impossible to resolve them in the
number distribution. The relative proportions (by
weight) of the two species vary in relation to the
surfactant molar ratio. The fraction of vesicles increased
gradually as mixtures shifted from the equimolar range,
while the fraction of crystallite decreased suggesting that
crystallites are being progressively converted to vesicles.

The mean hydrodynamic diameters of vesicles for
both cross-sections are shown in Fig. 6. The apparent

Fig. 2 Surface excess concen-
tration, I'ax, at the air/solution
interfaces vs ¢ in mixtures with 4l
constant ¢(NaDS) and increas-
ing ¢(CTAB) (O), or constant
¢(CTAB) and increasing
¢(NaDS) (@). The temperature
is 303 K and the aging time is
1 day

r.
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S ° ~ o) ®
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Fig. 4 Microphotographs of a
crystalline hex-
adecyltrimethylammonium
dodecyl sulfate (CTADS)
formed from an equimolar
mixture [¢(CTAB) =
¢(NaDS) = 0.025 mol dm™],
b vesicles from a mixture with
¢«(CTAB) = 0.015 mol dm™*
and ¢(NaDS) =

0.025 mol dm~3, and ¢ vesicles
from a mixture ¢(CTAB) =
0.025 mol dm™ and

¢(NaDS) = 0.015 mol dm™>.
The temperature is 303 K and
the aging time is 1 day. The bar
represents 100 nm




159

Fig. 5 Zeta potential ({) vs ¢ in 80
CTAB/NaDS mixtures with in-
creasing CTAB concentration
and constant ¢(NaDS) = 60
1 x 107 mol dm™* (O), and
with increasing NaDS concen- 40
tration and constant
¢(CTAB) = 1 x 107* mol
dm™ (@). The temperature is 20
303 K and the aging time is
1 day
>
€ 0
Iy
-20
-40
-60

vesicular size changed with mixture composition. The
mean vesicle size is highest at the equimolar ratio and
decreases on either side of the equimolar line. Micro-
electrophoretic results revealed that vesicles are posi-
tively and negatively charged, respectively. Similar
general changes in the apparent sizes were also observed
with larger particles, i.e. crystallites (Fig. 7).

At a very high excess of one of the surfactants, the
systems became clear due to mixed micelle formation.
The phase boundaries between monomers and mixed
micelles were obtained from specific conductivity mea-

Table 3 Mean hydrodynamic vesicle diameter, d;, mean crystallite
size, d,, corresponding relative proportions % by weight of parti-

Qo0
- o —
F e e——® o
o
O
i .\
- ‘\.
\.
\.
| | |
-4 -3

log ¢c/mol dm?

surements by determining the shift of the cmc (CTAB)
with NaDS addition or the shift of the cmc (NaDS) with
CTAB addition, respectively. Mixed micelles were
formed only with a high excess of one of the surfactants.
For CTAB/NaDS mixed micelles, the cmc decreased in a
linear fashion with increasing concentration of a coun-
terpart surfactant (Fig. 3). It can be seen that the
dependence of the cmc (NaDS) as a function of
¢(CTAB) is linear (slope 0.05) which differs from the
slope of the cmc (CTAB) as a function of ¢(NaDS)
(slope 0.18). The cmc values show a negative deviation

[¢((CTAB) = 1 x 107* mol dm™3] and varying NaDS and b with
constant NaDS [¢(NaDS) = 1 x 10 mol dm™], and varying

cles for systems a with constant concentration of CTAB CTAB. V indicates the polydispersity of particle populations

a [CTAB]/mol dm™ dy/nm % by weight d>/nm % by weight V%
2.5x 1076 320 + 50 >99 6800 + 200 <1 45 + 3
40x107° 500 + 50 95 £ 2 7200 £ 250 5+2 74 £ 4
6.0 x 1073 550 + 50 92 +5 7500 £ 250 8+5 116 £ 9
1.0x 107 620 + 50 9 £ 5 8000 + 200 10 £ 5 142 + 12
1.5x107* 530 + 60 9 £ 5 7700 £ 250 10 £ 5 134 = 10
25%107* 470 £ 50 95 £ 3 7000 £ 200 5+2 125 + 8
4.0x107* 420 + 50 97 £ 2 6400 + 150 3+2 107 £ 5
6.0 x 107* 400 + 50 >99 5400 + 150 <1 9 + 4
1.5%107° 280 + 30 299 4500 + 200 <1 85 +£ 5
1.0 x 1072 170 £ 30 299 4000 £+ 150 <1 67 + 3
b [NaDS]/mol dm™*

25%107° 450 + 30 >99 9200 + 250 <1 44 + 3
40x107° 550 + 50 95 £ 2 8900 + 250 5+2 76 + 4
6.0 x 1073 580 + 60 92 £5 8500 + 200 8 £5 105 £ 6
1.0x107* 620 + 50 90 £ 5 8000 + 200 10 £ 5 142 + 8
25%107* 420 + 50 94 £ 2 7600 + 250 6 +£2 113 £ 7
6.0x 107 300 = 50 97 £ 2 6500 = 200 3+£2 101 £ 11
1.5x107° 250 + 40 >99 6000 + 150 <1 78 + 7
1.0x 1072 200 + 30 >99 4200 + 150 <1 59 +5
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from ideality compared with values calculated from the
ideal mixing model, i.e. the formation of mixed micelles
is enhanced. The nonideal behavior of surfactants in
mixed micelles was evaluated by using the model of
Rubingh [32]. It should be noted that the absolute value
of Pmic was unusually low for CTAB/NaDS surfactant
mixtures (about 5) and not constant as predicted by the
model. The value of f,;. decreased with increasing
concentration of either CTAB or NaDS. Despite a
possible large error in the calculation of f;. (the
accuracy of determination is diminished by high asym-
metry in the mixture composition [36]), low and variable
Pmic values appear to be a consequence of a small
quantity of crystalline particles still remaining in the
micellar region.

Mixed micelles formed in mixtures with a high CTAB
content show a very small increase in op, values
(Table 4) indicating almost no change in the surface
charge density with the addition of NaDS. It can be
easily observed that the tendency of increasing o values
as a function of the concentration of oppositely charged
surfactants differs between bromide and sodium count-
erions; the increase in the oy, value is greater than the
increase in the g, value. This is attributed to either
differences in micellar size or differences in interactions
between headgroups and counterions [5]. The difference
in ionization between NaDS and CTAB pure micelles
must somehow relate to the difference in the nature of
the interacting species -O-SO; and Na ™ on one side,
and —N " (CH); and Br~ on the other. The Br~ and Na "
ions do not bind in the same way due to their difference
in polarizability.

Fig. 6 Mean vesicle hydrody- 700
namic diameter, d;, vs ¢ for
two cross-sections with con-
stant ¢(CTAB) = 1 x 107 600

mol dm™ (@), or ¢(NaDS)
= 1x 107* mol dm™* (O), re-
spectively. The temperature is

Discussion

Surfactant molecules can form various supramolecular
structures in aqueous solution, which are not covalently
bonded, but are stabilized by the weaker hydrophobic
interactions. It has been demonstrated that the molec-
ular structure of a surfactant molecule, i.e. geometrical
factors, primarily determines the most favored structure
of surfactant supramolecules [38]. The geometric con-
siderations are based on the packing parameter, given by
v/al, where v is the volume of the hydrophobic tail(s), a is
the effective area per headgroup, and / is the length of
the hydrophobic tail(s). The packing parameter can be
expressed in terms of interfacial curvatures and vice
versa. It has been demonstrated that aggregates of high
curvature are formed by surfactants with low packing
parameters, whereas aggregates of lower curvature are
formed by surfactants with high packing parameters.
When the spontaneous curvature of the surfactant
interface is of the order of the surfactant molecule size,
micellar aggregates are favored. For small curvatures
planar bilayers or vesicles are more stable than micelles
[39, 40].

It is assumed [41] that the effective headgroup area at
the air/solution interface is the same as on the surfactant
aggregate/solution interface. The effective area of the
polar headgroup at the air/solution interface in the
CTAB/NaDS equimolar mixture is reduced in compar-
ison to that of a single surfactant system due to the
formation of ionic pairs between cationic and anionic
headgroups. Therefore, a mixture of cationic and
anionic surfactants can be considered as a double-tailed
surfactant that is easily able to form bilayers in solution.

/ o
303 K and the aging time is 500 /o \
1 day ° O\
£ o
£ 40 o
°
o
300
)
.
200 (]
o
3 1 I L I
00 ¢ 5 % 3 2
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| | |

Fig. 7 Mean crystallite size, d, 10000
vs ¢ for two cross-sections with
constant ¢((CTAB) = 1 x 107™*
mol dm™ (@), or ¢(NaDS) = 9000}
1 x 107 mol dm™3 (O), respec-
tively. The temperature is
303 K and the aging time is 8000
1 day
7000 —
£
c
©  e000t
$000 T
4000 —
-6

Due to very close packing of the oppositely charged
headgroups the effective hydrophobic volume will also
be larger compared to average volumes of the single
surfactants, i.e. the effective size of the headgroup
decreases but must accommodate roughly twice the
hydrophobic volume. These two effects increase the
effective packing parameter and promote the formation
of a planar lamellar structure. As the surfactant molar
ratio moves away from the equimolar composition, the
unpaired surfactants in the bilayer create a surface
charge density, i.e. the electrostatic repulsion within the

Table 4 a Apparent degree of bromide ion dissociation, og,, from
mixed micelles formed in mixtures with constant ¢(NaDS) and
varying ¢(CTAB) and b apparent degree of sodium ion dissocia-
tion, ong, from mixed micelle formed in mixtures with constant
¢(CTAB) and varying ¢(NaDS) calculated from conductivity (I)
and potentiometric measurements (II). Temperature is 303 K

System I 11

a NaDS/mol dm™> OBy

0 0.29 0.25
2% 107 0.29 0.28
3%x107¢ 0.29 0.28
5%x107¢ 0.29 0.28
1 x 10—2 0.30 0.29
2% 10” 0.30 0.30
b CTAB/mol dm™ UNa

0 0.40 0.32
2x107° 0.42 0.42
3%x107¢ 0.45 0.43
5% 107 0.45 0.48
1x107° 0.48 0.46
2%x107° 0.48 0.48

5 -4 -3

log ¢ /mol dmi®

headgroup region grows. These repulsions favor the
microstructure that best allows larger effective head-
group areas, such as vesicles and mixed micelles. This is
exactly the structural transition that is observed in
CTAB/NaDS mixtures.

Recently, we have found that in cationic/anionic
surfactant mixtures with symmetric alkyl chains a
crystalline catanionic surfactant precipitate is formed
over a wide range of compositions, while the vesicle
phase is formed in a relatively narrow range [3-0].
Vesicles do not form in equimolar mixtures. On the
contrary, in mixtures with an asymmetric alkyl chain the
vesicle phase is considerably enlarged and vesicles were
observed even in equimolar mixtures. This means that
the asymmetric alkyl chains cannot pack so efficiently
into crystalline lattices as symmetric alkyl chains. When
a lamellar structure is composed of surfactants with
different chain lengths, the aggregate properties may be
treated in terms of a certain mean packing parameter
intermediate between those of individual components
[38]. The size of a curved structure may thus be increased
or decreased by adding an appropriate amount of
another component whose packing parameter is larger
or smaller. The spacing between adjacent surfactant
molecules increases proportionally with the difference in
the chain length of the mixed surfactant. Although these
changes are very small, they have a very large effect
upon aggregate properties. A different chain length
results in a looser packing of an aggregate.

Even small deviations from equimolar samples had a
dramatic influence on the system due to the electrostatic
balance disturbance at the aggregate/solution interface
and the packing of hydrophobic tails in the bilayer. In
the nonequimolar samples the attractive forces were
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weaker and less packed supramolecular structures were
mainly found. The fraction of the planar and curved
lamellar phase was altered by the total surfactant
concentration and by the mixing ratio of the two
surfactants. The maximum vesicle and crystallite sizes
were recorded at equimolar conditions. Vesicles de-
creased in size with either increase or decrease of the
surfactant molar ratio.

Yuet and Blankschtein [18] showed that the free
energy of vesicle formation is a sum of several energy
contributions: the transfer free energy, the packing free
energy, the interfacial free energy, the steric free energy,
and the electrostatic free energy. By using the molecular-
thermodynamic approach they have studied the role of
asymmetry between hydrophobic tails in the formation
and stability of vesicles composed of cationic and
anionic surfactants. They found that chain packing in
the vesicle bilayer has an important effect on the free
energy of vesicle formation. A mixed surfactant vesicle
can be stabilized energetically in highly asymmetric
surfactant mixtures, but when the tail-length asymmetry
is small, vesicles are stabilized entropically. Vesicles
which are stabilized energetically have a lower free
energy of vesiculation than planar bilayers, thus making
them more energetically favorable. Surfactant tail-length
asymmetry also affects the optimum composition of a

vesicle by altering the tail-transfer energy contribution.
In highly asymmetric mixtures the optimum vesicle
composition reflects a compromise between entropic and
energetic factors. With decreasing surfactant tail-length
asymmetry, the energetic contribution to the composi-
tion distribution is decreased via a reduction in tail-
transfer energy [18, 19].

In conclusion, the main factors affecting the transi-
tion from a planar to a curved bilayer in asymmetric
cationic/anionic surfactant mixtures comprise electro-
static interactions between the surfactant headgroups
and chain packing. The effective area per headgroup
increases as mixtures shifted from the equimolar range
due to the change in the electrostatic interactions from
attractive to repulsive. The net effect is a decrease in the
packing parameter and the promotion of a curved
lamellar structure. When a curved lamellar structure is
composed of surfactants with different chain lengths, the
spacing between the adjacent surfactant molecules
increases proportionally to the difference in the chain
length of mixed surfactants.
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