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The transition from vesicles to micelles by adding octane into the dodecyl-pyridinium chloride (DPCl)/sodium
laurate (SL), and dodecyltrimethylammonium bromide (DTAB)/SL aqueous two-phase systems has been
studied. The two-phase systems were transformed into single-phase isotropic solutions with the addition of
a certain amount of octane. The results of dynamic light scattering (DLS) demonstrate the decrease of large
aggregates (vesicles) and the increase of the small aggregates (spherical micelles) upon octane addition. Such
transformation of the surfactant aggregates was also corroborated by the results of time-resolved fluorescence
quenching (TRFQ) and viscometry. The change of the phase behavior was discussed on the basis of the
interaggregate interactions influenced by the variation of organized assemblies.

Introduction

Various kinds of organized assemblies, such as vesicles,
micelles, etc., and the peculiar phase behavior in mixed cationic
and anionic surfactant systems have attracted great attention in
the past decade.1-6 In some catanionic mixtures, a novel
phenomenon is the coexistence of two dilute aqueous surfactant
phases (ASTP), which would have applications in the partition-
ing and analysis of biomaterials.5 According to the main form
of organized assemblies in mixed systems, ASTP can be divided
into two categories. One is induced by the entanglement of rod-
like micelles,3,5 and the other is composed of vesicles which
packed densely and sparsely in the upper and bottom phase,
respectively.7 Compared with the former that was under more
investigation, the mechanism of the latter is still not clear.
However, the interactions between the vesicles should play a
key role in this case.

It is well known that the structure transformation of surfactant
aggregates surely induces the change of interaggregate interac-
tions.8 The extensive research on the transitions between
micelles and vesicles in catanionic mixtures has been investi-
gated by various techniques.9-15 However, in contrast to the
numerous works on the aggregate transformation induced by
the addition of salts and the variation of mixing ratio or
surfactant concentration, the effects of hydrocarbon addition on
the aggregate transformation in catanionic mixtures are less
studied.16

In this work we present a study on the organized microstruc-
tures and the subsequent change of the phase behavior in the
second kind of ASTP upon the solubilization of hydrocarbons.
In two catanionic surfactant systems, freeze-fracture electron
microscopy (FF-TEM), dynamic light scattering (DLS), time-
resolved fluorescence quenching (TRFQ), and viscometry were
used to characterize the formation and transformation of
microstructures in ASTP with different octane concentration.
A new phenomenon was found that catanionic vesicles could
be transformed into rod-like micelles and eventually to spherical
micelles by octane addition, which would shed some light on
the mechanism of this peculiar kind of phase separation and be
important to open a vista of the practical uses of ASTP.

Experimental Section

Materials. Sodium laurate (SL) and sodium 10-undecanoate
(UNDA) were prepared by neutralizing the corresponding
carboxylic acid with NaOH in ethanol, then the solvent was
removed and sodium alkylcarboxylates were vacuum dried.
Lauric acid was recrystallized five times from an ethanol-water
mixture. 10-Undecanoate was recrystallized three times from
ethanol. Sodium dodecylbenzenesulfonate (SDBS) was used as
received from Acros. Decyltrimethylammonium bromide
(DeTAB), dodecyltrimethylammonium bromide (DTAB), and
dodecyl-pyridinium chloride (DPCl) were synthesized from
n-alkyl bromide and trimethylamine or pyridine. The crude
products were recrystallized five times from the mixed solvents
of ethanol-acetone or ether-acetone. The purity of all the
surfactants was examined and no surface tension minimum was
found in the surface tension curve. Pyrene obtained from Sigma
and dibutylaniline (DBA) obtained from Aldrich were used as
received. The other reagents were products of Beijing Chemical
Co., A. R. grade.

Methods. Sample Preparation. The aqueous two-phase
systems were prepared by weighing cationic surfactant and water
first into the sample vial (allowing the cationic surfactant to
dissolve), and then adding anionic surfactant stock solution of
desired concentration. After sealing, samples were vortex mixed
and then equilibrated in a thermostated bath controlled to 30
°C. The formation of DPCl/SL aqueous two-phase system
usually takes several hours, and the formation of DTAB/SL
aqueous two-phase system would take more time, about twenty
hours. The prepared samples were stable even after one year.
The desired amount of octane was added to the samples using
a syringe. The sealed samples were equilibrated in a thermostatic
bath for at least one month before investigations.

Electron Microscopy. Samples for electron microscopy were
prepared by freeze-fracture replication according to standard
techniques. Fracturing and replication were carried out in a high
vacuum freeze-etching system (Balzers BAF-400D). Replicas
were examined in a JEM-100CX electron microscope.

Dynamic Light Scattering (DLS). Dynamic light scattering
measurements were made using a spectrometer of standard
design (ALV-5000/E/WIN Multiple Tau Digital Correlator) and
a Spectra-Physics 2017 200 mW Ar laser (514.5 nm wave-
length). The scattering angle was of 90°, and the intensity
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autocorrelation functions were analyzed using the methods of
Cumulant and Contin. The solutions were centrifuged at a speed
of 12000 rpm/min for 30 min to remove the dust before the
experiment. The experimental temperature was controlled to 30
°C.

Time-ResolVed Fluorescence Quenching (TRFQ). Pyrene was
added to the surfactant solutions by the following method. The
appropriate amount of pyrene/ethanol stock solution was added
to a flask. Ethanol was evaporated by letting nitrogen gas gently
flow over the solution. Then the desired amount of surfactant
solution was added to the flask and was stirred overnight. The
concentration of pyrene was kept low (1× 10-5 M) to prevent
excimer formation. The quencher dibutylaniline (DBA) in
ethanol was added to the surfactant solution directly (the amount
of ethanol in each sample< 1 vol %; usually the effect of
ethanol at this concentration on the surfactant aggregates is
insignificant9,10). All of the solutions were degassed by high-
pure nitrogen for 15 min before measurements to eliminate the
effect of oxygen.

Time-resolved fluorescence decay of pyrene was performed
on a Horiba NAES 1100 nanosecond fluorometer. The excitation
wavelength was 337 nm and the emission was collected at 400
nm. The fluorescence decays of pyrene were fitted according
to eq 1 by using DECAN 1.0 software. Thex2 of these fittings
were from 0.978 to 1.607.

Viscometry. Viscosity measurements were performed on a
low-shear 30 rheoanalyzer. All samples equilibrated for 30 min
before any measurement. Each result was the average of five
runs. The temperature was controlled to 30( 0.1 °C during
the experiment.

Results and Discussion

Formation and Microstructures in the Aqueous Surfactant
Two-phase Systems.The phenomena of surfactant aqueous
two-phase systems were observed at DPCl/ SL mixed system
(molar ratio 1.3:1,Ctotal ) 0.1 M) and DTAB/SL system (molar
ratio 1.4:1,Ctotal ) 0.08 M). The interface between the two
transparent phases is clear (Figure 1) and the volume ratio of
the upper and bottom phases is very sensitive to the mixing
ratio. It is common that the LR phase can separate from the

bulk solution;6 however, the two phases in these systems studied
were not birefringent, indicating no typical LR texture formation.
In fact, similar phase separation phenomena were also observed
in many mixtures of cationic surfactants and sodium alkylcar-
boxylates. TEM observation demonstrated that these mixed
systems were of the second kind of ASTP. Figure 2 clearly
shows the vesicle formation in the upper phase. However,
vesicles may not be the only existing organized assemblies since
it is difficult to determine the existence of micelles by FF-TEM.

Dynamic light scattering can be used to measure the
translational diffusion coefficientD() Γ/q2, with q being the

Figure 1. Photographs of the aqueous surfactant two-phase systems (ASTP) (a) DTAB/SL (1.4:1,Ctotal ) 0.08 M); (b) DPCl/SL (1.3:1,Ctotal )
0.1 M).

Figure 2. FF-TEM micrographs of upper phases in (a) DPCl/SL ASTP;
(b) DTAB/SL ASTP. Vesicle-vesicle aggregation is clearly shown (see
the arrows).
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magnitude of the momentum transfer vector and theΓ the
characteristic line width). With the Stokes-Einstein relation

we can determine the equivalent hydrodynamic radiusRh.
CONTIN analysis of the field correlation functiong(1)(τ), with
g(1)(τ) ) ∫G(Γ) e-Γt dΓ, yields the normalized characteristic
line width distribution functionG(Γ), whereΓG(Γ) is defined
as the intensity distribution function is proportional to the
scattered intensity withRh in the logarithmic scale. Figure 3
shows the hydrodynamics radiusRh distribution of the surfactant
aggregates in the upper phases of ASTP. As the polydispersity
is an inherent feature of mixed cationic and anionic surfactant
systems, the polydispersity index (PI) of the upper phases is
also fairly large (Table 1). CONTIN analysis (Figure 3) shows
that there are various kinds of the surfactant aggregates
coexisting in the upper phases of ASTP. Combining the results
of FF-TEM, there are still micelles coexisting with vesicles in
the upper phases of ASTP. The size discrepancies of the vesicles
between the result of EM and DLS may be attributed to the
aggregation of vesicles in the upper phases of the two systems
(as showed in the Figure 2). Since DLS would take the
aggregated vesicles as a single particle, the equivalent hydro-
dynamic radius of vesicles from DLS would be much larger
than that EM would show.

Phase Behavior and the Organized Microstructure Tran-
sition in Mixed Cationic-Anionic Surfactant Systems with
Octane Addition. A. Phase BehaVior. When hydrophobic
molecules are solubilized in surfactant aggregates, the balance
of various intra-aggregate interactions will be influenced, thus
the shape and size of the aggregates are also changed. The
structure transitions of surfactant aggregates upon the solubi-
lization of hydrocarbons have been investigated extensively
using many experimental techniques in the micellar systems.17-20

However, there were only a few investigations on the morphol-
ogy change of vesicles upon the addition of aliphatic hydro-
carbons.16,21

In DPCl/SL aqueous two-phase systems, the volume of the
upper phase decreased with the increase of the octane concen-

Figure 3. The hydrodynamic radius (Rh) distribution of the surfactant
aggregates in the upper phases of (a) the DTAB/SL ASTP; (b) the DPCl/
SL ASTP.

Figure 4. The hydrodynamic radius (Rh) distributions of the surfactant aggregates in the DPCl/SL ASTP upon the solubilization of octane. (a)
[octane]) 0.02 M; (b) [octane]) 0.04 M; (c) [octane]) 0.08 M; (d) [octane]) 0.13 M.

TABLE 1: The Polydispersity Index (PI) of the Upper
Phases

system DTAB/SL DPCl/SL

PI 0.444 0.416

Rh ) kBT/6πηD
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tration. When the concentration of octane increased to 0.02 M,
the interface between the two phases gradually became indistinct
and disappeared after two weeks. The maximum octane
concentration in this study was 0.13 M, above which it was
very difficult to dissolve the octane. A similar phenomenon was
also observed in DTAB/SL ASTP system.

The effect of octane on the upper phase is more obvious than
that on the bottom phase in ASTP, since surfactants are usually
rich in the upper phase and poor in the bottom phase.5,23 In the
DTAB/SL aqueous two-phase system, the upper phase was
separated to investigate the structure transition of surfactant
aggregates with the solubilization of octane. It was interesting
to find that the upper phase separated into two phases again
when the octane concentration is below 0.02 M. However, the
upper phase transformed back into an isotropic solution when
the concentration of octane increasing to 0.02 M. Mixing such
isotropic solution with the original bottom phase, no phase
separation was observed but a homogeneous solution was
obtained. All the above results draw the conclusion: the
disappearance of the phase separation is mainly due to the
change of surfactant aggregates in the upper phase.

B. Structure Transition of the Surfactant Aggregates in
Solution. The disappearance of the phase separation can be
attributed to the structure change of the surfactant aggregates
in solution. Figure 4 shows the hydrodynamics radiusRh

distribution of surfactant aggregates in DPCl/SL ASTP system
upon the addition of octane. The size distribution of surfactant
aggregates at different octane concentration is shown in four
separate panels. At a low octane concentration (0.02 M), a
number of vesicles still exist (Figure 4a). With the octane
concentration increasing to 0.04 M, the number of vesicles
decreases drastically (Figure 4b). When the octane concentration
reaching 0.08 M or more, the vesicles almost disappear in the
system (Figure 4c,d). These clearly show that the number of
vesicles gradually decreases with the increase of octane
concentration. Finally the micelles become the predominant
aggregates in the solution when the octane concentration
approaches the maximum. The similar transition from vesicles
to micelles was also observed in DTAB/SL ASTP system. The
transition from vesicles to micelles was more obvious in

Figure 5. The hydrodynamic radius (Rh) distribution of the surfactant
aggregates in the DeTAB/UNDA ASTP upon the solubilization of 0.09
M octane.

Figure 7. The hydrodynamic radius (Rh) distribution of the surfactant aggregates in the upper phase of the DTAB/SL ASTP upon the solubilization
of octane. (a) [octane]) 0.02 M; (b) [octane]) 0.04 M; (c) [octane]) 0.07 M; (d) [octane]) 0.11 M.

Figure 6. The variation of A4 as a function of quencher concentration
for different octane concentration.
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DeTAB/UNDA (molar ratio of 1:1,Ctotal ) 0.13 M) aqueous
two-phase system, in which vesicles also existed in both phases.
When solubilized octane reaches 0.09 M in the whole system,
this ASTP system turns to be a narrow-dispersed micellar
solution (PI) 0.044,R ) 3.5 nm) (see Figure 5).

The results of TRFQ also confirm the process of transition
from vesicles to micelles by octane addition. The time dependent
fluorescence intensity of a probe in the micelle at the presence
of a quencher is thought to obey the following Infelta-Tachiya
equation:24

where I0 is the intensity of fluorescence att ) 0, A2 is the
fluorescence decay rate constant of the probe without quencher,
andA4 is the quenching rate constant of the probe by a quencher
in the micelle. A2 and A4 are independent of quencher
concentration.A3 represents the average number of quenchers
per micelle. Assuming a monodispersed micelle solution, the
micelle aggregation numberN can be obtained from

whereC is the concentration of the surfactant and [Q] is the
concentration of quencher. From eq 1, the fluorescence decay
curves of micelle solution appear to be of a double-exponential
form.

In vesicles and other large aggregates, the time dependent
fluorescence intensity of a probe at the presence of a quencher
is thought to obey the modified Stern-Volmer equation:25

A5 and A6 both depend on quencher concentration. Thus the
decay curves of samples containing large aggregates appear in
a monoexponential form. If micelles and vesicles coexist in the
solution, the fluorescence decay curves obey a linear combina-
tion of eqs 1 and 3. If the curves are forced to fit the form of
eq 1,A4 shows the dependence on quencher concentration and
the ratio of vesicles to micelles.10 The experimental data
gradually departs from eq 1 when the ratio of vesicles to micelles
increases. At very high ratio of vesicles to micelles, the data
do not obey eq 1, and eq 3 should be used. Hence, TRFQ can
be used to track the transition between the vesicles and micelles.

In the DTAB/SL system, TRFQ data were measured for the
solutions with octane concentrations of 0.02, 0.053 and 0.08
M. For all the samples, the slope of the fluorescence decay at
long time is independent of the quencher concentration and equal
to the slope of the unquenched decay, indicating the presence
of micelles in all systems. This also agrees with the result of
DLS. With the increase of octane concentration, the quality of
the fit to eq 1 increases. The variation ofA4 (obtained by fitting
the data according to eq 1) with the concentration of quencher
has been found to be diagnostic for vesicles: the more positive
the slope ofA4 vs quencher concentration, the more vesicles in
the solution. In the DTAB/SL system, the slope ofA4 vs
quencher concentration decreases with the increase of octane
concentration (Figure 6), indicating the decrease of the vesicle
population. At the octane concentration of 0.08 M, the fluo-
rescence decay curve shows the typical form of the micelle
solution sinceA4 is independent of quencher concentration. The
micelle aggregation number, calculated from eq 2 assuming the
monodispersion of micelles, is about 205.

The DLS results in Figure 7 also demonstrated the same
tendency of structure transition of surfactant aggregates. When
the octane concentration increases to 0.11 M, micelles become
the predominant surfactant aggregates in the solution.

The transition from vesicles to micelles was also supported
by the results of viscosity. Figure 8 shows the viscosity of the
upper phase of DTAB/SL ASTP system as a function of shear
rate at different octane concentration. Stirring the solution with
a rotating shaft, we did not observe the Weissenberg effect,

Figure 8. The viscosity of the upper phase of DTAB/SL ASTP at
different octane concentration.

Figure 9. The viscosity of the DPCl/SL ASTP at different octane
concentration.

I(t) ) I(0) exp[-A2t - A3 (1 - exp(-A4t))] (1)

N ) (C - cmc)A3/[Q] (2)

Figure 10. The viscosity of the upper phase of DTAB/SL ASTP at
different shear rates.

I(t) ) I(0) exp(-A5t - A6 t1/2) (3)
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which is common to a viscoelastic liquid. When the octane
concentration is lower than 0.04 M, the viscosity decreases as
the shear rate increases. However, when the octane concentration
increases to 0.07 M or more, the viscosity of solutions is
independent of the shear rate. An analogous result is also
observed in the DPCl/SL ASTP system (Figure 9). The transition
of organized assemblies in this system is very obvious in the
curves of viscosity vs octane concentration at different shear
rates (Figure 10). It is noteworthy that the viscosity increases
and then decreases drastically with the addition of octane at
low shear rates. For example, at the shear rate of 0.945 s-1, the
viscosity of the solution is 19.2, 46.2, and 3.6 cP when the
octane concentration is 0, 0.04, and 0.07 M, respectively. Such
a large viscosity change should be accredited to the variation
of organized assemblies. The increase of the viscosity may be
due to the increase of rod-like micelles, showing the transition
from vesicles to rod-like micelles. As far as the decrease of
viscosity, it can be assumed that the solubilization of aliphatic
hydrocarbons would transform rod-like micelles into spherical
ones and reduce the viscosity of the solution.

However, the transition from vesicles to micelles upon the
solubilization of octane was not observed in the mixed SDBS/
DTAB (mixing ratio 1:2.5,Ctotal ) 0.028 M) solution, which
was thought to be “pure” catanionic vesicle solution10 (contain-
ing only vesicles). After addition of 0.053 M octane, the vesicles
still existed, instead of transforming into micelles (Figure 11).
The reason for the different microstructure transition between
the SDBS/DTAB and SL/DTAB systems with octane addition
is still not clear and needs further investigation.

C. The Mechanism for Formation and Variation of Cationic-
Anionic ASTP.There are four main types of interactions between
the surfactant aggregates: electrostatic interaction, van der
Waals force, steric force, and hydration force.8 The interplay
between the former two forces forms the basis of DLVO theory.
The latter two kinds of forces are short range compared with
the former two forces. According to DLVO theory, the minimum
energy point (the secondary minimum) may be attained at the
balance of repulsive electrostatic interaction and the attractive
van der Waals force. Aggregation (generally called flocculation)
in the secondary minimum is not very stable due to the shallow
energy well. The presence of electrolyte or the increase of the
particle size can enhance such flocculation.26

The phase behavior of surfactant solutions is closely related
to the surfactant aggregates in the solution and the interactions
between them. The phase separation in mixed cationic and
anionic surfactant solutions containing vesicles may be ac-
credited to the difference in the interactions between surfactant
aggregates in the upper and bottom phase. The mixing ratio of
surfactants in ASTP is close to equimolarity and the composition
of vesicles is closer to equimolarity than the phase composi-
tion,27 the surface potentialψ0 of vesicles is low, and the double-

layer repulsion is very weak in these systems. The two phases
of the DPCl/SL ASTP system were separated to determine their
compositions (Table 2).23 It is showed that the surfactant ratio
of the upper phase is closer to equimolarity, which makes it
possible for the vesicles to flocculate. The flocculated vesicles
in the upper phases of DPCl/SL and DTAB/SL ASTP system
are clearly showed in Figure 2 (see the arrows). In fact, the
aggregation of vesicles due to the electrolyte addition was also
observed in mixed cetyltrimethylammonium bromide/dodecyl-
benzene sulfuric acid solution.28 When enough vesicles (weakly
charged) become flocculated, they will separate from the
solution to form the upper phase while the more charged vesicles
remain dispersed in the bottom phase. Thus the composition of
the upper phase is more close to equimolarity than that of the
bottom phase.

Upon the solubilization of octane, the vesicles transform into
spherical micelles. Since the van der Waals forces decrease with
the decrease in the particle size, the total interaction between
the surfactant aggregates becomes repulsive and the secondary
minimum disappears. Hence the interactions between the
surfactant aggregates in the upper phase are similar to those in
the bottom phase. Consequently, the phase separation cannot
be maintained and the two-phase systems transform back into
homogeneous solution.

Conclusion

Transformation of organized assemblies by adding octane into
the two cationic and anionic surfactant mixed systems was
systematically studied. The solubilization of octane into the
aqueous surfactant two-phase systems induces the gradual
transition from vesicles to micelles. The results of DLS, TRFQ,
and viscometry demonstrate the decrease of vesicles and the
increase of micelles upon octane addition. The transition from
vesicles to micelles changes the interactions between the
surfactant aggregates in the upper phase, which leads to the
two-phase systems transforming into single-phase isotropic
solutions.
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