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The phase behavior for the very diluted DDAB-NaDHC-water system was investigated at 25◦C. Fluorescence, conductivity, and surface
tension experiments were carried out to determine the cac values. Comparison between experimental and calculated values shows the
suitability of the regular theory to predict the critical aggregation concentrations for the tested systems. The interaction between both
amphiphiles inside aggregates is not ideal, showing a large synergism. Such fact is reflected by the activity of coefficients values. The
aggregates are mainly comprised by DDAB (18–30 % mol NaDHC) regardless of the NaDHC solution molar fraction; these molecules
act as a good solvent of bile salt type molecule. Nevertheless, the gradual inclusion of NaDHC molecules inside DDAB bilayers leads to
structural transformations. These facts are supposed to be due the combination of two effects: (i) the reduction of head groups hydration and
(ii) the increment of chain repulsion.
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Introduction

Unlike conventional surfactant molecules, bile salts (BSs) pos-
sess a rigid steroid backbone having polar hydroxyl groups on
the concave α-face and methyl groups on the convex one. This
arrangement creates a unique facial amphiphilicity for this class
of molecules, causing aggregation in water different from that of
conventional amphiphiles. Because of their biological relevance,
BSs have been studied throughout the years in mixed amphiphilic
systems, with both natural (1–3) and synthetic surfactants (4, 5)
as well as with cholesterol (6). A variety of liquid crystalline
structures is present in these strongly associative mixtures. A par-
ticular type of mixed system is the so-called catanionic surfactant
mixture, a mixture of an anionic and a cationic surfactant
where their respective counterions are also present. These mix-
tures have important technical applications, like those related
with enhanced interfacial performance or control rheological
properties of materials.

In this work, the phase behavior and the aggregate
structure analysis for the sodium dehydrocholate (NaDHC)-
didodecyldimethylammonium bromide (DDAB) system, at low
concentrations, are presented. The DDAB molecule has low
water solubility and its packing parameter, close to unity, dic-
tates a preference to assemble into bilayer-based structures (7, 8).

*Address correspondence to: Paula V. Messina, Departamento de
Química, CONICET-INQUISUR, Universidad Nacional del Sur
(8000) Bahía Blanca, Argentina. Email: pmessina@uns.edu.ar

The sodium dehydrocholate (NaDHC) molecule has three car-
bonyl groups at positions 3, 7, and 12 of the steroid backbone.
We determined that it presents a stepwise aggregation to give rise
to micelles (9, 10). Mixtures of micelle-forming with vesicle-
forming surfactants yield formation of either micelle or vesicle
structures as well as intermediate structures or phase separa-
tion depending on the surfactant architecture and concentration
(11, 12). BSs can thus be used as additive (co-surfactant) to
stabilize or destabilize vesicle structures, as well as to mod-
ify their properties. Both vesicles and micelles are important in
many applications and the capability of forming either vesicles or
micelles from an aqueous mixture of surfactants, by varying only
the surfactant compositions, is a very promising research field.

The aim of this study is, on one hand, to obtain precise infor-
mation of critical concentrations at which the aggregation of
the NaDHC- DDAB aqueous mixture occurs and to evaluate the
aggregates structure transitions. On the other hand, we investigate
the applicability of the different theoretical models (tradition-
ally used with classical surfactants) on mixed micellization.
For this purpose, this paper is organized as follow; initially we
report fluorescence intensities ratios of the first and third pyrene
emission spectra (I1/I3) as a function of the total surfactant con-
centration. Critical concentrations are obtained from such plots
and confirmed by surface tension and conductivity measure-
ments. Following, the aggregate structure is evaluated from TEM
microphotographs, dynamic light scattering, and Zeta poten-
tial measurements. Finally, the existence of synergism and the
interaction parameters based on the different theoretical approx-
imations are investigated.
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DDAB-NaDHC System at Low Concentration 205

Experimental

Materials

Dehydrocholic acid (HDHC) was obtained from Dr.
Theodor Schuchardt (Munich) and was of analytical
grade. Didodecyldimethylammonium bromide (DDAB) was
obtained from Aldrich, 99%, and used as purchased. Pyrene
(Sigma-Aldrich, 99%) was used as fluorescence probe.

Solutions

Dehydrocholic acid sodium salt (NaDHC) solution was pre-
pared by weighing a quantity of HDHC and by dissolution in
an appropriate amount of concentrated NaOH.

Stock NaDHC and DDAB solutions (0.1 mol dm−3) were
prepared and diluted as required for each experiment. The appro-
priate amounts of NaDHC and DDAB stock solutions were
mixed to obtain the different NaDHC-DDAB mixture solutions.

All surfactants and fluorescence probe solution were prepared
using double-distilled water.

Methods

Experimental Techniques

Fluorescence spectra of pyrene were obtained with a
SHIMADZU RF-5301PC Spectrofluorophotometer. All samples
were prepared with saturated solutions of pyrene (3 × 10−7 mol
dm−3). Measurements were performed at 298 ± 2 K and the
fluorescence intensities ratios (I1/I3) of the first (I1, 373 nm)
and third (I3, 384 nm) peaks from the short wavelength in the
spectra of pyrene were obtained with excitation at 335 nm. The
excitation and emission slit widths were set to be 5 and 1.5 nm,
respectively.

Solutions of (0.4–10) mM concentrations for all mixed pro-
portions were treated with a solution of uranyl acetate following
a staining technique to study the aggregates by transmission
electron microscopy as described in literature (13, 14).

Conductivity measurements were performed with an immer-
sion cell and an automatic conductimeter, namely, Antares II
from Instrumentalia. Surface tension was measured with a ring
tensiometer from Krüss. All determinations were performed by
titration of 50 mL of a stock solution (0.1 mol dm−3) of each
pure surfactant and their mixtures with water at 25.0 ± 0.1◦C.

A Malvern Zeta Sizer Nano (ZS90) with a He-Ne laser (λ
= 633nm) was used for dynamic light scattering (DLS) and
Zeta potential (ζ) measurements. For DLS determinations, the
scattering angle was 90◦ and a disposable polystyrene cell was
used. The results were corrected for medium viscosity effect
using 1.330 as the refractive index (RI). Malvern’s software
provides a mean diameter weighed by the scattered intensity (z-
averaged hydrodynamic mean diameter, D). The polydispersity
given by the apparatus is equivalent to the variance of a long-
normal distribution. All measurements were achieved in tripli-
cate. Experimental errors were estimated to be ±1 and ±5%
for diameters lower and larger than 200 nm, respectively. Zeta
potentials of different NaDHC/DDAB systems were made using
a clear disposable zeta cell by taking the average of five measure-
ments at the stationary level. The zeta potential was calculated

from electrophoretic mobilities (μE), using the Henry equation
(15):

ζ = 3μEη

2ε0εr
× 1

f (ka)
(1)

where ε0 is the permittivity of vacuum, εr, and η are the relative
permittivity and viscosity of water, respectively, a the particle
radii and k the Debye length. The function f (ka) depends on the
particle shape and for our systems were determined by:

f (ka) = 2

3
− 9

2ka
+ 75

2k2a2
− 330

k3a3
(2)

valid for ka >1. Equation fitting were done from non-linear
procedures using ORIGIN® computer package (release 7.0).

Theoretical Methods

Micellar behavior was analyzed by the employ of theoreti-
cal models for mixed micellar systems based on the pseudo-
phase separation approach. Such models assume that the mixed
micelles can be treated as a phase separated from monomers in
the solution. The simplified treatment and modeling of such the-
oretical models may be one main reason of their use by most
researchers in the field (16).

Clint’s Model (17). The relationship between the critical
micellar concentration of the mixed system and that of the i pure
components, cmcM, and cmci, respectively, and the total molar
fraction in the surfactant mixture without considering the solvent
αi, is given by the expression:

1

cmcM
=

∑
i

αi

cmci
(3)

Although Clint’s model for the ideal mixed micelle solutions is
appropriate only for very few systems, this development has been
used often as a way of analyzing the deviation of a mixed system
from the ideal behavior (18).

Rubingh’s Model (19). It is based on a regular solution approach
to the treatment of non-ideal mixing and due to its simplicity;
it has been the main model used, even after the development
of more complex models. The non-ideality is introduced with
the inclusion of the activity coefficients γi, into the relationship
between the critical micellar concentration of the mixed system
(cmcM) and of the i pure components (cmci):

1

cmcM
=

∑
i

αi

γi cmci
(4)

For a binary solution, for example, according to this model we
have:

γi = exp
[
βM (1 − Xi)

2
] = exp

[
βM

(
Xj

)2
]

(5)

γj = exp
[
βM (Xi)

2
]

(6)
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206 Fernández-Leyes et al.

Here, Xi is the molar fraction of the ith surfactant in the micelle
and the βM parameter (in kT units, where k is the Boltzmann
constant and T the absolute temperature) can be interpreted in
terms of an energetic parameter that represents the excess Gibbs
free energy of mixing. The βM parameter can be determined from
experimental values of cmcM using the following expressions:

βM =
ln

(
αi cmcM

Xi cmci

)
X 2

j

=
ln

(
αj cmcM

Xj cmcj

)
X 2

i

(7)

The micellar composition Xi and the activity coefficients γi can
be obtained from βM by numerical solving the system formed
by Eqs. 2–5. The βM quantitatively captures the extent of non-
ideality. The larger the negative values of βM, the stronger
the attractive interactions between the two different surfactants
molecules. Repulsive interactions yield a positive βM value,
whereas βM = 0 indicates an ideal mixture.

Motomura’s Model (20). This model is an attempt to overcome
the limitations of Rubingh’s model and improve the predictions
of the phase separation model. Basically, it is a thermodynamic
method which considers the micelles as a macroscopic bulk
phase, the thermodynamic quantities associated with the mixed
micelle formation process being expressed as a function of the
excess thermodynamic quantities. For a mixed system consti-
tuted by two surfactants, 1 and 2, which dissociated into ν1 (ν1, a

and ν1, c) and ν2 (ν2, b and ν2, d) ions, respectively, the micellar
composition is determined from the experimental values of the
monomeric composition and the cmcM, by the expression:

X
mic
2 = α2 −

(
α1α2

cmcM

) (
∂cmcM

∂α2

)
T ,P

[
1 − δc

dν1,cν2,d

ν1,cν2α1 + ν2,dν1α2

]

(8)

where

αi = νiαi∑
νiαi

(i = 1, 2) (9)

(i = 1, 2) (10)

cmcM = cmcM

∑
νiαi (i = 1, 2) (11)

The Kroenecker delta, δc
d , is 1 for c = d and 0 for c �= d.

Results and Discussion

Critical Aggregation Concentration

The critical aggregation concentration (cac) is the most impor-
tant parameter in investigations that concern the self-assemble
of amphiphile type molecules. For surfactants mixtures, the
determination of cac has an added interest, as discussed in the
following. This is because some properties of mixed surfactant
systems, such as the micellar phase composition cannot be
measured directly but must be estimated using the proper mix-
ing thermodynamic models and these models are based on the
knowledge of cac over the whole range of compositions.

Fluorescence experiments were carried out to determine the
cac values of mixed systems. Nevertheless, the critical aggrega-
tion concentration determination is very difficult due to the slow
change, which is characteristic of successive stepwise association
of NaDHC (9, 10). Therefore, to corroborate the obtained values
other techniques (such as conductivity and surface tension) were
necessary.

Pyrene is a polarity-sensitive probe (21) and its vibronic band
intensities (I) in fluorescence yields information on cac and on
the micellar structure (22–24). As Kalyanasundaram and Thomas
(25) proved that the characteristic dependence of the fluorescence
vibrational fine structure of pyrene could be used to determine
the critical micelle concentration (cmc) of a surfactant solution;
the so-called pyrene I1/I3 ratio method has become one of the
most popular procedures for the determination of this important
parameter for both pure and mixed micellar systems (26). This
method is regarded as an invasive technique but since the pyrene
concentration is very low compared to the surfactant concentra-
tion (which is at least a thousand times higher) it can be assumed
that the probe effect was negligible on the micellization process.

As an example of the cac determination, Fig. 1 shows the vari-
ation of I1/I3 ratio of pyrene as a function of total surfactant
concentration (CT) just with the experimental surface tension
(σ) isotherm for the αNaDHC = 0.4 system. The results show
that the polarity of the environment around the pyrene molecules
decreases with surfactant concentration increase. In other words,
pyrene is solubilized into aggregates. However, the plot does not
show (around cac) the typical sigmoidal decrease and the inflec-
tion point that can be used to estimated de cac (27). This fact has
been explained in terms of pyrene partition between aggregates
and bulk phase. In our particular case (low cac values), the vol-
ume of the hydrophobic pseudophase is not voluminous enough
and pyrene partitions between this phases and bulk provide an
average value of the pyrene I1/I3 ratio index corresponding to
a more polar environment. In such conditions, the cac values
can be obtained from the interception of the rapidly varying
part and the nearly horizontal part at high concentration of the
pyrene I1/I3 ratio plots (28). There were two clear transition
points at the pyrene I1/I3 ratio vs CT plot: (i) a sharp decrease
that can be assumed as the beginning of aggregation (cac1) and
(ii) a less pronounced change that was assigned to a variation
in aggregates’ structure (cac2). Two inflection points at similar
concentrations were found from the analysis of σ vs. CT curve.

The cac values can also be determined by the intersection of
two straight lines above and below the inflection point of spe-
cific conductivity (κ) versus total surfactant concentration (CT)
plots. However for the tested systems, the κ vs. CT curves show
an increasingly weaker change in slopes before and after aggre-
gation. To perform a better analysis of conductivity data �κ =
κ− κextrapolated vs. CT method was used (29). The κextrapolated val-
ues were found by extrapolation of pre-cmc specific conductivity
data by fitting them to least-squares straight line. This method
magnifies the slope difference between pre- and post cmc data.
Fig. 2, shows the �κ vs CT for the αNaDHC = 0.4 system, an
inflection point can be seen at CT = 1.25 × 10−4 mol dm−3

which much up with the obtained value of cac1 from I1/I3 vs
CT and σ vs. CT plots. Critical aggregation concentrations of all
tested systems were determined in the same way; the results are
summarized in Table 1.
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DDAB-NaDHC System at Low Concentration 207

Fig. 1. Fluorescence intensities ratios of the first and third vibronic pick of Pyrene emission spectra (I1/I3) as a function of total surfactant
concentration (CT) just with the experimental surface tension (σ) isotherm for the αNaDHC = 0.4 system.

Fig. 2. �κ = κ− κextrapolated vs. CT for the αNaDHC = 0.4 system.

Study of Aggregates Size and Structural Transitions

Taking into account that NaDHC molecules form micelles (9, 10)
and DDAB molecules form vesicles at higher concentrations (30,
31), we presumed that the cac1 corresponded to micelle forma-
tion and cac2 to a structural aggregate transformation (probably
vesicles). The characterization of aggregates’ size and struc-
ture occurring in all mixed systems at CT ≥ cac1 was further
carried out by dynamic light scattering, ζ-potential and TEM
imaging.

Figure 3 shows the transmission electron microphotographs
(TEM) of αNaDHC = 0, 0.2, 0.4, 0.6 and 0.8 mixed system at
different concentrations. The concentration range studied in this
work corresponded to a very dilute DDAB-water phase diagram
region (0.4–6mM). So according by to our findings at CT =
0.4 mM very small aggregates such as micelles would exist,
while at higher concentrations (CT = 6 mM) spheroid droplet-
like aggregates of about 17–20 nm appear. Evidently, they are too
large to be micellar aggregates; it is supposed that they probably
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208 Fernández-Leyes et al.

Table 1. I1/I2 ratio values at cac1 (∗) and cac2 (§) for each system.

αNaDHC cac1 /mM I1/I2
∗ cac2 /mM I1/I2

§

0 0.124 1.50 1.161 1.37
0.1 0.106 1.61 1.173 1.46
0.2 0.087 1.59 0.471 1.53
0.3 0.138 1.62 0.422 1.49
0.4 0.131 1.58 1.010 1.50
0.5 0.111 1.56 1.472 1.47
0.6 0.149 1.58 1.423 1.47
0.7 0.138 1.63 0.428 1.51
0.8 0.159 1.58 0.583 1.52
0.9 0.364 1.53 − −
1 22.80 − − −

consist of a kind of vesicle. Marques et al. (31) obtained similar
results.

The αNaDHC = 0.2 mixed system at low concentration (CT =
0.4 mM) shows that the incorporation of bile salt molecules into
small aggregates do not alter their behavior. At higher concentra-
tions (CT = 8 mM) small nanodroplets previously noted in pure
DDAB system and multilamellar vesicles (onions domains) of
42–136 nm can be seen. Notably, differences are seen with the
increment of NaDHC proportion (αNaDHC = 0.4). Here, at very
low concentrations (CT = 0.4 mM) micellar aggregates coexist
with small vesicles (20 nm). An increment of surfactant con-
centration provokes the disappearance of nanodroplets and the
formation of multi-lamellar vesicles. For the αNaDHC = 0.6 sys-
tem, at CT = 0.4 mM, micellar aggregates and small vesicles
(20 nm) are observed; nevertheless at higher concentrations (CT

= 10 mM) only vesicles of about 200 nm appear.
Vesicles disappear at low concentration (CT = 0.4 mM) for

the αNaDHC = 0.8 mixture. However, small spherical droplet-
like aggregates (260 nm) exist at CT = 8 mM. Pure NaDHC
systems form very small aggregates even at higher surfactant
concentrations (0.1 M) (9, 10).

In this study we made DLS measurements (Fig. 4) to investi-
gate the effect of NaDHC on the apparent size and polydispersity
of DDAB vesicles in water. The diameter measured by DLS
cannot be directly compared to that measured on TEM pictures
because the latter method gives only a snapshot of a specimen,
whereas DLS gives an average measurement of the bulk sample.
Nevertheless, the obtained values were comparable.

At all tested total surfactant concentrations (CT = 10; 16 and
25 mM), the hydrodynamic diameter first decreases and then
increases with the augment of αNaDHC. The minimum vesicle size
appears at αNaDHC = 0.3. This can be explained from the view
point of the ion-complex curvature. The anionic and cationic
surfactants can form ion complexes because of electrostatic inter-
actions. At low NaDHC, the generated ion-complex has a high
curvature and the vesicles form with a small diameter. When
more bile salt type molecules penetrate into the bilayer the cur-
vature of the ion complex gets larger and the vesicles become
smaller. At αNaDHC = 0.3 a surfactant recombination was sup-
posed to occur with the further penetration of NaDHC. In such
conditions, the ion complex has smaller curvature and the vesi-
cle size becomes larger. The vesicle diameter augments from

200 to 500 nm and the polydispersity (P) is strongly dependent
of CT and αNaDHC. Polydispersity is at maximum level at high
CT and DDAB bilayer content, but decreases with the increment
of αNaDHC with the increment of vesicle size. The increment of
the total surfactant concentration can promote vesicle growth.
Generally, two or more distributions peaks are observed in most
spectra that show a much wider size distribution.

The mechanism for the formation of lamellar vesicles is com-
plex due to the interplay of different types of interactions. The
hydration theory and related water structuring effects can explain
it in a simply manner. The size of the vesicles as well as the
presence of large, fused vesicles is dependent on the nature of
counterions of both components of the catanionic system. The
effect of various ions on the formation of vesicles will depend on
the manner in which these ions alter the area per molecule at the
interface (32). According to Isrealachvili (7, 8), the formation of
vesicles is favored when the packing parameter is close to one.
This is mainly due to the decrease of the surface area occupied
by the surfactant headgroups. As the surfactant ions and co-ions
occupy the surface regions of the aggregates, they can effectively
compete with the headgroups for water and that consequently
the headgroups are less and less hydrated with increasing con-
centration of ions. The effects of the nature and type of ion
depend on their cosmotropic or chaotropic nature (33). Due to
the difference in surface charge density and, hence, the hydration
of chaotropes and cosmotropes, chaotropes will form direct ion
pairs with other chaotropes, and cosmotropes will interact more
favorably with other cosmotropes (33, 34). Following Collins
concept (35), chaotropes can form direct ions pairs with other
chaotropes, much as cosmotropes with other cosmotropes, but
chaotropes do not come into close contact with cosmotropes.
Thus, it was concluded that oppositely charged ions in free
solution spontaneously form inner sphere ion pairs only when
they have equal water affinities. Dehydrocholate ion (DHC−)
behaves as a water-structure breaker (chaotrope). The large size
and the stiffness of the steroid backbone and the presence of
the polar groups in different part of the molecule hindered the
formation of a structured water cage surrounding the surfactant
molecule and favored the destruction of the “water icebergs”
(36). In agreement with Collins’ concept (35) the interaction of
DHC− (chaotrope) ion with DDA+ (chaotrope) eliminated the
H-bond formation between water and carboxylate and carbonyl
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DDAB-NaDHC System at Low Concentration 209

Fig. 3. Transmission electron microphotographs of αNaDHC = 0, 0.2, 0.4, 0.6 and 0.8 mixed system at different concentrations. (i) spheroid
droplet-like aggregates; (ii) multilamellar vesicles (onions domains); (iii) vesicles.

groups of bile acid molecule. Thus, this ion pair or dipole would
be much less hydrated than separate ions and headgroups. This
smaller hydration was reflected in reduction of effective head-
groups areas resulting in a higher packing parameters and the
presence of larger structures in mixed systems compared with
pure DDAB and NaDHC aggregates. Furthermore, the presence
of the cosmotrope counterion Na+ promoted the compression of

the electrical bilayer of both molecules in mixed system and,
consequently, the formation of bilayer and multi-lamellar type
structures.

Figure 5 shows the ζ-potential of the mixed vesicles at dif-
ferent total surfactant concentration as a function of αNaDHC

at the temperature of 25◦C. In calculating the ζ-potential of
a small particle, the deformation of the applied field by the
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210 Fernández-Leyes et al.

Fig. 4. Hydrodynamic radius (D) and Polydispersity variation as a function of αNaDHC for different total surfactant concentrations (CT).

Fig. 5. ζ-potential of the mixed vesicles at different total surfactant concentration as a function of αNaDHC at the temperature of 25◦C.

presence of the particle in its neighborhood can be neglected.
It may also be assumed that the electrophoretic retardation
does not affect the particle to any great extent, and the only
retarding force on the particle is the viscous drag from the
water.

The vesicles ζ-potential was not appreciably affected by the
increment of total surfactant concentration. The incorporation of

NaDHC molecules into the bilayer do not change the positive
signal of the vesicles ζ-potential, nevertheless a diminution of it
absolute values can be appreciated confirming the electrostatic
interaction between NaDHC and DDAB. At αNaDHC = 0.95, the
sign of the aggregates ζ-potential changed from positive to nega-
tive (Fig. 5 insert). In such a condition, we were in the presence
of micellar aggregates instead of vesicles.
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DDAB-NaDHC System at Low Concentration 211

The first and third vibronic peaks intensity ratio for pyrene
fluorescence (I1/I3) was used for the evaluation of aggregates’
micropolarity (37, 38). For low I1/I3 values, the microenviron-
ment of the solubilized pyrene is non-polar or hydrophobic as in
hydrocarbon solvents. Then, the values of I1/I3 ratio at cac1 and
cac2 for each system (Table 1) were used as a first approximation
to study the aggregates polarity.

The measured I1/I3 ratio for pyrene in water, ethanol, and
C6H14 were 1.91; 1.40, and 0.66, respectively (similar to those
observed in literature (37, 39). The I1/I3 ratio values reported in
Table 1 for all mixed systems were superior to 1.37, so we ended
that fluorescence probe was placed in a highly polar microenvi-
ronment. Going on again to Table 1, it can be noticed a slightly
decrease of I1/I3 ratio as the aggregates go from micelles to
vesicles. The changes of aggregates’ shape favored the pyrene
dissolution in their hydrophobic interior.

All mixed systems presented a micropolarity higher than that
of pure DDAB aggregates and such fact was more evident as the
aggregates size augment. Such fact suggests that the presence
of bile salt alter notably the aggregates’ palisade layer (where
pyrene solubilization occurs). Such a change, even minor, of
pyrene solubilization site would cause a change of micropolary.
The intercalation of cholesteric ring among hydrocarbon tails
may bring pyrene slightly closer to micelle surface with the con-
sequent augment of micro polarity value; similar results were
found in literature (38).

Micellar Surfactant Interactions

The dependence of the cac1 (CMC) on the surfactant mixture
composition is shown in Fig. 6. The obtained cac1 values for the
pure DDAB system were consistent with literature (≈ 0.1 mM)
(30). The micelle composition was computed with Rubingh and
Motomura’s models (19, 20) and plotted in Fig. 7 together

with the ideal behavior. The CMC values for different DDAB-
NaDHC mixtures show attractive interactions at all composi-
tions. Figure 7 shows that micellar aggregates were comprised
by about 15–30% mol of NaDHC and such value was almost
independent of bulk composition. In a similar system Marques
et al. (31) determined that in the dilute region, DDAB vesicles
are able to incorporate about 20 mol% of bile salt. This compo-
sition is preferential and it interpretation is similar to a saturation
limit. In consideration of our obtained results, we can suppose
that such fact is also applicable to NaDHC-DDAB aggregates.

To gain quantitative understanding of the mixing process is
worth applying the regular solution theory to obtain βM, the
dimensionless intramicellar interaction parameter. The computed
βM values are negative and about constant at all compositions (βM

≈ −7.77 kT). Such high negative is a typical value for catanionic
mixtures (40) and is related to attractive interactions. Such inter-
actions were previously inferred from the analysis of Fig. 6.
Rosen et al. have defined the synergism in mixed micelles when
the cmc of the mixture is smaller than the cmc’s of individual
pure surfactants and two conditions were established to achieve
the synergism (41, 42): (i) βM must be negative (two surfactants
must attract each other in the mixed micelle) and (ii) |βM | > |ln
(cmc1/cmc2)| (this attraction must be greater than the differences
between the natural logs in their cmc values). When these con-
siderations are taken into account, the results indicate that for all
compositions our system presents a large synergism.

The activity coefficients of both surfactants in mixed micelles
(γ) are shown in Fig. 8 as a function of the square root of micelle
composition. At high DDAB micellar content γDDAB remained
near the ideal value (≈1). This infers that the mixed aggre-
gate neighborhoods for these surfactant molecules are not very
different from those in pure DDAB micelles. This behavior is
typical of the activity coefficient in the solvent, since in the phase
separation model γ = 1 for the pure component.

Fig. 6. Critical micelle concentration (CMC) dependence on the molar fraction of NaDHC (αNaDHC) in the mixed surfactant system.

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l U
ni

ve
rs

ity
 o

f 
Su

r]
 a

t 0
5:

35
 0

8 
M

ay
 2

01
3 



212 Fernández-Leyes et al.

Fig. 7. Variation of mole fraction of NaDHC in mixed micelles (XNaDHC) versus surfactant mixture composition (αNaDHC), computed with
Rubingh and Motomura treatments.

Fig. 8. Activity coefficient (γ) of NaDHC and DDAB in micelles vs. the square root of the micelle composition (αNaDHC)1/2 obtained from
the regular solution theory applied to mixed micellization. Dashed lines represent the theoretical adjust based on Rubingh model.

As the micellar content of NaDHC increased, γDDAB

decreased noticing that the intercalation of bile salt molecule
changes the surfactant microenvironment. On the other hand,
γNaDHC is very lower than unity showing a high attraction
of such surfactant to integrate the mixed micelles, which
are majority composed by DDAB. The gradual inclusion of
NaDHC molecules inside DDAB micelles causes a structural
accommodation of steroidal rings among DDAB hydrocarbons
tails favoring the attraction interactions between surfactants. The

γNaDHC << 1 showed that the microenvironment of NaDHC
molecules in the mixed aggregates was very different from
that in pure NaDHC micelles that is the bile salt derivative
surroundings are composed by DDAB. NaDHC acted as a
highly soluble solute. The intercalation of flexible hydrocar-
bon tail chains of DDAB among the rigid cholesteric struc-
tures must minimize the hydrocarbon-water contact of bile salt
molecules in comparison with pure dehydrocholate micelles,
but probably did not affect significantly that between DDAB
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chains and water. Such behavior was evidenced in a previous
work (43, 44).

Conclusion

The phase behavior for the very dilute DDAB-NaDHC–water
system was investigated at 25◦C. Comparisons between experi-
mental and calculated values showed the suitability of the regular
theory to predict CMC values for the tested systems. The inter-
action between both amphiphiles inside aggregates is not ideal
showing a large synergism. Such fact is reflected by the activ-
ity coefficients values. The aggregates are mainly composed by
DDAB (18–30% mol NaDHC) regardless of the NaDHC solution
molar fraction; these molecules act as a good solvent of bile salt
type molecule. Nevertheless, the gradual inclusion of NaDHC
molecules leads to structural transformations. The incorporation
of NaDHC into DDAB bilayers had two effects: (i) the interac-
tion of DHC− and DDA+ (chaotropes) ions form an ion pair
or dipole that would be much less hydrated than separate ions
headgroups, this smaller hydration is reflected in the reduction
of effective headgroups areas; and (ii) in contrast, the intercala-
tion of the rigid ring-based of bile salts between DDAB chains
also causes an increment of chain repulsion due to steric effect.
Accordingly, the XNaDHC = 0.2 and 0.4 systems experimented
a micellar → spheroid droplet-like aggregate → multilamellar
vesicle transitions. For the XNaDHC = 0.6 and 0.8 mixed system,
the droplet-like aggregates transformed into unilamellar vesicles
of about 200–500nm diameter. Finally, the mixed XNaDHC =
0.9 system showed only a micellar aggregates.

Aggregates micropolarity was also studied. All mixed sys-
tems present a higher micropolarity than that of pure DDAB
aggregates and such fact is more evident as the aggregates size
augment. Such facts confirm that the presence of bile salt alters
notably the aggregates’ palisade layer (where pyrene solubiliza-
tion occurs).
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