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ABSTRACT: Aggregation behaviors in mixtures of an anionic
gemini surfactant 1,3-bis(N-dodecyl-N-propanesulfonate sodium)−propane (C12C3C12(SO3)2) and a cationic single-chain
surfactant cetyltrimethylammonium bromide (CTAB) have
been investigated in aqueous solutions at pH 9.5 by turbidity,
rheology, isothermal titration microcalorimetry (ITC), cryogenic transmission electron microscopy, and dynamic light
scattering. Reversible aggregate transitions from spherical
micelles to wormlike micelles, vesicles, and back to wormlike
micelles and spherical micelles are successfully realized
through ﬁne regulation over the mixing ratio of surfactants,
i.e., the anionic/cationic charge ratio. The ﬁve aggregate
regions display distinguished phase boundaries so that the aggregate regions can be well controlled. From thermodynamic aspect,
the ITC curves clearly reﬂect all the aggregate transitions and the related interaction mechanism. The self-assembling ability of
the C12C3C12(SO3)2/CTAB mixtures are signiﬁcantly improved compared with both individual surfactants. Micelle growth from
spherical to long wormlike micelles takes place at a relative low total concentration, i.e., 2.0 mM. The wormlike micelle solution
at 10 mM or higher shows high viscosity and shear thinning property. Moreover, the C12C3C12(SO3)2/CTAB mixtures do not
precipitate even at 1:1 charge ratio and relative high concentration. It suggests that applying gemini surfactant should be an
eﬀective approach to improve the solubility of anionic/cationic surfactant mixtures and in turn may promote applications of the
surfactant mixtures.

■

INTRODUCTION
Surfactants in solutions can self-assemble into well-organized
structures in the nanometer or micrometer scale, such as
micelles, vesicles, and lamellar phase. These self-assemblies
display diﬀerent inﬂuences on the rheology of solutions.1−14
Normally spherical micelles and vesicles cannot obviously
improve the rheological property of solutions, while wormlike
micelles can entangle into a transient network showing
viscoelastic behaviors analogous to polymer solutions above a
threshold concentration.4 However, diﬀerent from polymers
which are conjunct by covalent bonds, wormlike micelles of
surfactants induced by intermolecular interactions can reversibly break and re-form under prevailing physicochemical
conditions and therefore exist in a dynamic equilibrium.5−7 So
they are called “living” polymers. In addition, with good
detergency and easily tunable microstructures, wormlike
micelles of surfactants have become ubiquitous to industrial
processes and emerging technologies.1−3 All these have excited
great interest of researchers to endeavor to build viscoelastic
wormlike micelles in surfactant systems.8−15
Formation of wormlike micelles is strongly dependent on
surfactant molecule geometry. Wormlike micelles can be
formed by individual surfactants with packing parameter
varying from 1/3 to 1/2.1,2,16 Accordingly, many surfactants
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forming wormlike micelles were synthesized and studied. For
instance, a series of surfactants with long hydrophobic chain
and zwitterionic headgroup with amino bonds have been shown
to form wormlike micelles with good viscoelastic properties. 17,18 Introducing various salts into long-tail ionic
surfactants9,19−24 and mixing cationic and anionic surfactants25−27 are another two facile approaches to construct
wormlike micelles.
Beneﬁting from “synergism”, cationic/anionic surfactant
mixtures normally present signiﬁcantly enhanced self-assembly
properties and thereby attract more attention.5,28−33 For
decades, systematic investigations on cationic/anionic surfactant mixtures have been implemented to construct aggregates
with desired properties.34−38 It is well-known that mixing
cationic/anionic surfactants can weaken electrostatic interaction
among charged headgroups and in turn the weakened
electrostatic interaction can promote micelle growth and ﬁnally
form wormlike micelles.5,25−27 An intriguing feature of such
wormlike micellar systems is the nonmonotonic changing trend
in rheological property at high surfactant concentration.5,25,26
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Kaler’s group25 succeeded in constructing wormlike micelles in
the mixtures of sodium oleate (NaOA) and octyltrimethylammonium bromide (OTAB). The mixed solutions are viscous at
the OTAB weight fraction ranging from 0.2 to 0.8. Meanwhile,
there is a remarkably high viscosity peak at a weight ratio of 70/
30 NaOA/OTAB, while the viscosity is considerably low as
either surfactant is in great excess. Koehler et al.5 investigated
the formation of wormlike micelles in the mixtures of a cationic
surfactant cetyltrimethylammonium tosylate (CTAT) and an
anionic surfactant sodium dodecyl benzenesulfonate (SDBS). It
was also found that there is a maximum value at the CTAT
molar fraction of 0.3 in the plot of zero shear rate viscosity (η0)
against total surfactant concentration, just like in most of the
mixtures of salts and surfactants.19 This work also revealed that
viscosity decreasing after the maximum is caused by the
aggregate transition from long cylinder micelles to branched
wormlike micelles.
Even if wormlike micelles of mixed surfactants have been
widely studied, how to conveniently and eﬃciently construct
wormlike micelles is still a challenging target pursued in the
surfactant ﬁeld. Gemini surfactants,39,40 constructed by two
hydrophobic chains and two head groups covalently connected
by a spacer group, have been proved to be superior to
corresponding single-chain surfactants due to their strong selfassembly ability and enriched self-assembling structures.
Moreover, Zana et al.41 have proved that cationic gemini
surfactants alkanediyl-α,ω-bis(dodecyldimethylammonium bromide) (C12CmC12Br2) with short spacer group can selfassemble into wormlike micelles. In our previous work,42 an
anionic gemini surfactant 1,3-bis(N-dodecyl-N-propanesulfonate sodium)-propane (C12C3C12(SO3)2) with a 3-carbon
length spacer was synthesized and studied. This surfactant
has a remarkably low critical micellar concentration (cmc) and
can self-assemble into wormlike micelles with addition of
divalent metal ion (Ca2+).43 Therefore, C12C3C12(SO3)2 should
be an excellent candidate to construct wormlike micelles with
cationic surfactants. Cetyltrimethylammonium bromide
(CTAB) is a cationic quaternary ammonium surfactant with a
long hydrocarbon chain and it self-assembles into spherical
micelles at very low concentration.44 The C12C3C12(SO3)2/
CTAB mixture is thus expected to be a very eﬃcient selfassembling system.
In this work, the mixtures C12C3C12(SO3)2 with CTAB have
been studied at pH 9.5 in aqueous solution and ﬁne adjusting of
the structures of the mixed aggregates was realized through
varying the mixed ratio. At the pH 9.5 used, the sulfonate
groups of C12C3C12(SO3)2 are completely deprotonated and
each molecule carries two negative charges as a gemini
surfactant. Turbidity, rheology, dynamic light scattering
(DLS), and cryogenic transmission electron microscopy
(Cryo-TEM) have been employed to characterize the aggregate
transitions and viscosity properties in the mixed
C12C3C12(SO3)2/CTAB aqueous solution. The transitions
were observed from spherical micelles to wormlike micelles,
then to vesicles, and ﬁnally back to wormlike micelles and
spherical micelles. Isothermal titration microcalorimetry (ITC)
was employed as an attempt for following the enthalpy change
in the aggregate transitions. Microcalorimetry is a powerful tool
for investigating the intermolecular interactions in physical and
chemical processes from the thermodynamic aspect.45−54 It has
been employed to study the transition between vesicles and
micelles in cationic/anionic surfactants mixtures.45,50,51 But
applying it for characterizing the transition from spherical

micelles to wormlike micelles has never been reported. Herein,
ITC measurement was successfully managed to characterize the
enthalpy change during the transitions from spherical micelles
to wormlike micelles and vesicles in the cationic/anionic
surfactants mixtures. The results help to further understand the
intermolecular interactions in the transitions and provide a
guidance to elaborately adjust the aggregate structures in
mixtures of cationic/anionic surfactants.

■

EXPERIMENTAL SECTION
Materials. Anionic gemini surfactant 1,3-bis(N-dodecyl-Npropanesulfonate sodium)-propane (C12C3C12(SO3)2) was
synthesized and puriﬁed according to previous literature.42
The cationic surfactant CTAB was purchased from TCI Co.
with purity higher than 99% and was recrystallized before use.
Water used for preparing the mixture solution in all
experiments was from Milli-Q equipment. The resistivity of
the Milli-Q water was 18.2 MΩ cm. All experiments were
carried out at pH 9.5.
Turbidity Measurements. Turbidity measurements were
used to study the tendency of the size variation of aggregates in
solutions and were carried out with a Shimadau 1601 PC UV/
vis spectrometer. The turbidity of the C12C3C12(SO3)2/CTAB
mixtures was determined by UV absorbance at 450 nm at 25.0
± 0.1 °C. A cuvette with 1 cm pathway was used.
Isothermal Titration Microcalorimetry (ITC). A TAM
2277-201 isothermal titration microcalorimeter (Thermometric
AB, Jarfalla, Sweden) was used to measure the enthalpy change
of the aggregate transitions occurred in the mixed solution. The
sample cell and the reference cell of the microcalorimeter were
initially loaded with water or surfactant solution. During the
whole titration process, another surfactant solution was injected
consecutively into the stirred sample cell using a 500 μL
Hamilton syringe controlled by a Thermometric 612 Lund
pump until the desired concentration range had been covered.
The system was stirred at 60 rpm with a gold propeller, and the
interval between two injections was long enough for the signal
to return to the baseline. The observed enthalpy (ΔHobs) was
obtained by integrating the areas of the peaks in the plot of
thermal power against time. The reproducibility of experiments
was within ±4%. All the measurements were performed at
25.00 ± 0.01 °C.
Dynamic Light Scattering (DLS). DLS was used to
determine the size of aggregates and were carried out with an
LLS spectrometer (ALV/SP-125) with a multi-τ digital time
correlator (ALV-5000). A solid-state He−Ne laser (output
power of 22 mW at λ = 632.8 nm) was used as a light source,
and the measurements were conducted at a scattering angle of
90°. The freshly prepared samples were injected into a 7 mL
glass bottle through a 0.45 μm ﬁlter prior to measurements.
The correlation function of scattering data was analyzed via the
CONTIN method to obtain the distribution of diﬀusion
coeﬃcients (D) of the solutes, and then, the apparent
equivalent hydrodynamic radius (Rh) was determined using
the Stokes−Einstein equation Rh = kT/6πηD, where k is the
Boltzmann constant, T is the absolute temperature, and η is the
solvent viscosity. All the measurements were performed at
25.00 ± 0.05 °C.
Rheology Measurement. The rheological properties of
the mixed solutions were investigated at 25.00 ± 0.05 °C with a
ThermoHaake RS300 rheometer (cone and plate geometry of
35 mm in diameter with the cone gap equal to 0.105 mm). A
solvent trap was used to avoid water evaporation. Frequency
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The variation of zero-shear viscosity η0 for the corresponding
solutions above is shown in Figure 1b. The η0 values are
derived from the curves of the steady viscosity versus shear rate.
At CT = 2.0 mM, the viscosity of the mixed solutions is very low
and close to that of water (∼1.0 mPa·s). So the mixed solutions
behave as Newtonian ﬂuid over the whole Xg. At CT = 10.0
mM, the steady shear viscosity plots at diﬀerent Xg are shown in
Figure 2. Clearly, the mixed solution is viscous in two regions;

spectra were conducted in the linear viscoelastic regime of the
samples determined from dynamic strain sweep measurements.
For the solutions with low viscosity, a double-gap cylindrical
sensor system with an outside gap of 0.30 mm and an inside
gap of 0.25 mm was employed.
Cryogenic Transmission Electron Microscopy (CryoTEM). The samples were embedded in a thin layer of vitreous
ice on freshly carbon-coated holey TEM grids by blotting the
grids with ﬁlter paper and then plunging them into liquid
ethane cooled by liquid nitrogen. Frozen hydrated specimens
were imaged by using an FEI Tecnai 20 electron microscope
(LaB6) operated at 200 kV in the low dose mode (about 2000
e/nm2) and the nominal magniﬁcation of 50 000. For each
specimen area, the defocus was set to 1−2 μm. Images were
recorded on Kodak SO 163 ﬁlms and then digitized by Nikon
9000 with a scanning step 2000 dpi corresponding to 2.54 Å/
pixel.

■

RESULTS AND DISCUSSION
Turbidity and Rheological Properties. Figure 1a shows
the turbidity of C12C3C12(SO3)2/CTAB solutions plotted

Figure 2. Steady shear viscosity plots for C12C3C12(SO3)2/CTAB
mixtures at diﬀerent Xg (CT = 10.0 mM).

i.e., Xg is located in 0.18−0.22 and 0.43−0.50, while the η0 in
other regions is close to the viscosity of water. The η0 value
reaches two maxima at Xg = 0.20 and 0.47, respectively.
Interestingly, the two high-viscosity regions are just located in
the transitional regions from low turbidity to high turbidity or
from high turbidity to low turbidity. The mixed solutions with
high viscosity display an ability to trap bubbles, suggesting that
wormlike micelles may form in these two regions. To conﬁrm
the formation of wormlike micelles in these two regions, the
solutions at Xg = 0.20 and 0.47 were chosen as representatives
and their steady shear viscosities at diﬀerent CT were measured.
The shear thinning properties of the mixed solutions at Xg =
0.20 and 0.47 cannot be clearly measured at low concentrations
due to the sensitivity of the rheological equipment, but the
results shown in Figure 3 indicate that the surfactant solutions
with the total concentration beyond 10.0 mM show shear
thinning properties, which is the typical characteristic of nonNewtonian ﬂuids. The deviation from Newtonian behavior
becomes pronounced and the zero-shear viscosity is greatly
increased when the total concentration increases. When CT
reaches 80 mM, the low shear viscosity of the surfactant
solution is as high as 15 and 2 Pa·s at Xg = 0.20 and 0.47,
respectively. These viscosity properties further signify the
formation of wormlike micelles in the regions.
In brief, on the basis of the turbidity and the viscosity curves,
the C12C3C12(SO3)2/CTAB mixtures can be divided into ﬁve
regions according to Xg, which are 0−0.16 (I), 0.16−0.22 (II),
0.22−0.43 (III), 0.43−0.51 (IV), and 0.51−1.00 (V), as noted
by the dashed lines in Figure 1. In another words, a series of the
aggregate transitions can be induced through changing the Xg.
Size and Morphology of Aggregates. To have a deep
insight into the aggregation behaviors in the ﬁve regions
determined above, DLS and Cryo-TEM were employed to
characterize the size and morphology of the aggregates. Because
the aggregate transitions are the same at CT = 2.0 and 10.0 mM,
the situations at CT = 2.0 mM are shown as representatives.
The size distributions of the representative samples in the ﬁve
regions are shown in Figure 4, and the corresponding CryoTEM micrographs are presented in Figure 5.

Figure 1. (a) Turbidity and (b) zero-shear viscosity η0 of
C12C3C12(SO3)2/CTAB solutions plotted against the molar fraction
of C12C3C12(SO3)2 (Xg) at CT = 2.0 and 10.0 mM.

against the molar fraction of C12C3C12(SO3)2 (Xg) at total
surfactant concentration CT of 2.0 mM and 10.0 mM. The
turbidity curves show similar variation tendency for CT = 2.0
and 10.0 mM, and strongly depend on Xg. When either
C12C3C12(SO3)2 or CTAB is in great excess (Xg < 0.22 and Xg
> 0.43), the solutions are transparent with a turbidity very close
to zero. Because the surfactant concentrations are above the
cmc of C12C3C12(SO3)2 and CTAB, the C12C3C12(SO3)2/
CTAB mixtures should have self-assembled into small
aggregates, but the size is not large enough to aﬀect the
solution turbidity. When Xg is in region 0.22−0.43, the turbidity
increases remarkably and reach a maximum, where the solution
is bluish, indicating the formation of large aggregates. For CT =
2.0 mM, the C12C3C12(SO3)2/CTAB solutions are homogeneous and no precipitation takes place even at the charge ratio
very close to 1:1 (i.e., Xg = 0.33). For CT = 10.0 mM, the mixed
solution only precipitates at a very narrow region around 1:1
charge ratio.
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Figure 3. Steady shear viscosity plots for C12C3C12(SO3)2/CTAB solutions at Xg = 0.20 and 0.47.

micelles. At this concentration, the wormlike micelles are rarely
entangled with each other due to the low total concentration.
So wormlike micelles can be observed but the viscosity is
almost as that of water. However, in the same region, if CT
increases to 10.0 mM, the Cryo-TEM image (Figure 5f)
indicates that the long wormlike micelles entangle into
networks at this concentration, which results in the high
viscosity.
At Xg = 0.30 and CT = 2.0 mM (in region III), the DLS result
indicates that the Rh of the aggregates is ∼158 nm. The CryoTEM image (Figure 5c) shows that the aggregates are spherical
vesicles and multilamillar vesicles. The formation of the large
vesicles explains the sharp increase of the turbidity in Figure 1a.
At Xg = 0.47 and CT = 2.0 mM (in region IV), the aggregates
are almost the same as those in region II. The Rh of the
aggregates from DLS is ∼18 nm while the Cryo-TEM image
(Figure 5d) shows that the aggregates are long wormlike
micelles, which brings about the high viscosity to the solution.
The situation of this region is very close to that in region II.
At Xg = 0.80 and CT = 2.0 mM (in region V), the Rh value of
aggregates from DLS is ∼2 nm and the Cryo-TEM image
(Figure 5e) illustrates that the aggregates are small spherical
micelles. This means that the C12C3C12(SO3)2/CTAB mixture
returns to the aggregate structure and solution property in
region I.
Combining the aforementioned results, the inﬂuence of Xg
on the self-assembly behavior of the C12C3C12(SO3)2/CTAB
mixtures can be summarized as follows. When either
C12C3C12(SO3)2 or CTAB is in great excess, the mixtures
self-assemble into spherical micelles. Adding more oppositely
charged surfactant into the mixed solutions leads to the growth
of the micelles and generates wormlike micelles in the system.
While the mixing ratio gets close to 1:1 charge ratio, the
wormlike micelles transfer into spherical vesicles. In the
following text, we will study the intermolecular interaction
driving these aggregate transitions from thermodynamic aspect.
Interactions in Aggregate Transitions Studied by ITC.
ITC measurements were employed to characterize the enthalpy
changes during the aggregate transitions in the
C12C3C12(SO3)2/CTAB solutions. Figure 6 presents the
observed enthalpy ΔHobs against Xg at CT = 2.0 and 10.0
mM. The measurements were carried out by titrating 2.0 or
10.0 mM C12C3C12(SO3)2 solution into CTAB solution or
C12C3C12(SO3)2/CTAB solution at the same total concentration. During the titrations, the total surfactant concentration
of the ﬁnal solution in the sample cell did not change; i.e., the
total concentration was 2.0 or 10.0 mM; however, the
C12C3C12(SO3)2 molar fraction Xg gradually changed with the
titrations. Because the surfactant concentrations are above the

Figure 4. Size distributions of C12C3C12(SO3)2/CTAB aggregates
from DLS at CT = 2.0 mM, and Xg = 0.10, 0.20, 0.30, 0.47, and 0.80.

Figure 5. Cryo-TEM micrographs of the C12C3C12(SO3)2/CTAB
aggregates: for CT = 2.0 mM, at Xg = 0.10 (a), 0.20 (b), 0.30 (c), 0.47
(d), and 0.80 (e); for CT = 10.0 mM, Xg = 0.20 (f).

At Xg = 0.10 and CT = 2.0 mM (in region I), a small size
distribution of aggregates with Rh of ∼2 nm exists in the DLS
result and the Cryo-TEM image (Figure 5a) illustrate that the
aggregates are small spherical micelles. This is in accordance
with the transparent solution with low viscosity observed above.
At Xg = 0.20 and CT = 2.0 mM (in region II), the DLS result
shows that the Rh of the aggregates is ∼20 nm, obviously larger
than that of the spherical micelles. The Cryo-TEM images
(Figure 5b) show that the aggregates are long wormlike
micelles with a diameter about ∼5 nm. Because the data were
treated as spherical aggregates in the DLS measurements, the
size from DLS cannot reﬂect the real situation of wormlike
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by hydrophobic interactions among the hydrocarbon chains.
When initially adding C12C3C12(SO3)2 into CTAB, these two
interactions should show strong tendency, so the resultant
exothermic ΔHobs values increase. With the increase of Xg, the
net charges of the mixed C12C3C12(SO3)2/CTAB micelles
gradually decrease, which gradually weakens the electrostatic
interaction of added C12C3C12(SO3)2 with the mixed micelles,
and thus the further addition of C12C3C12(SO3)2 leads to a
declining tendency of the exothermic ΔHobs values thereafter.
When Xg is located in the region 0.16−0.22 (II), the
exothermic ΔHobs value increases progressively. In this region,
the spherical micelles grow into long wormlike micelles.
Because more and more C12C3C12(SO3)2 molecules are
involved in the mixed C12C3C12(SO3)2/CTAB micelles, the
mixed micelles have lower charge density and the headgroups
get closer to each other, which drives the hydrocarbon chains to
pack more tightly and results in the growth of the micelles and
the formation of long wormlike micelles. Although the
decreasing net charges of the mixed C12C3C12(SO3)2/CTAB
micelles will result in a declining exothermic ΔHobs value, the
transitions of spherical micelles to wormlike micelles obviously
make ΔHobs to be more exothermic.
When Xg is in region 0.22−0.43 (III), the ITC curve displays
a complicated pattern. At the beginning, the ΔHobs value
sharply changes from signiﬁcant exothermic to endothermic.
After a maximum, the endothermic ΔHobs value abruptly
changes to exothermic. Thereafter, the exothermic ΔHobs value
experiences a decrease and then a decrease process. Although
the ITC curve varies in such a complicated way, only large
spherical vesicles exist in the Cryo-TEM image of this region.
Combining the results from turbidity, viscosity, DLS, and CryoTEM, the region should correspond to the transition from
wormlike micelles to vesicles, and the ITC curves can be
explained as below. With the increase of Xg beyond 0.22, the
net charges of the mixed C12C3C12(SO3)2/CTAB micelles
continue to decrease and the net charges become low enough
to make the surfactant headgroups get very close with each
others. Correspondingly, the hydrophobic interaction of the
surfactant molecules is greatly strengthened. These interactions
lead to the transition from wormlike micelles to vesicles and
normally result in an increase in the exothermic ΔHobs value.
However, the experimental results indicate that the ΔHobs
changes to endothermic. This phenomenon suggests that the
transition from wormlike micelle to vesicles may be
accompanied with strong dehydration or deionization of the
surfactants. The maximum of the endothermic ΔHobs value
implies that the transition from wormlike micelles to vesicles
may come to an end at the point. So afterward the dehydration
and deionization may be greatly weakened, and the added
anionic C12C3C12(SO3)2 molecules only bind with the cationic
CTAB in the vesicles but do not change the structure of
aggregates. These factors change the endothermic ΔHobs value
to be an increasing exothermic ΔHobs value. At Xg = 0.33, the
charge ratio of C12C3C12(SO3)2/CTAB is very nearly 1:1.
Beyond this point, the added C12C3C12(SO3)2 causes the
vesicles to start carrying on negative charges. The titrated
anionic surfactant C12C3C12(SO3)2 binds with the vesicles and
joins the vesicles. This process is exothermic as revealed by the
ITC curves. However, with the increase of the negative charges
on vesicles, electrostatic repulsion between the newly added
C12C3C12(SO3)2 and the C12C3C12(SO3)2 already in vesicles
reduces the exothermic ΔHobs value. From Xg = 0.38, there is
an exothermic increasing step. This point just corresponds to

Figure 6. Observed enthalpy changes ΔHobs by titrating 2.0 mM
C12C3C12(SO3)2 into 2.0 mM CTAB solutions (black circles) (a), and
by titrating 10.0 mM C12C3C12(SO3)2 into 10.0 mM CTAB solutions
(red stars) (b).

cmc of C 12 C 3 C 12 (SO 3 ) 2 and CTAB, respectively, the
surfactants self-assembled into micelles in the initial solutions.
As shown in Figure 6, both the ITC curves have very similar
variation patterns. The diﬀerences mainly exist in the ΔHobs
values. Obviously, the ΔHobs values strongly depend on Xg. In
order to understand the interaction of C12C3C12(SO3)2 with
CTAB, the ΔHobs of titrating 2.0 and 10.0 mM C12C3C12(SO3)2
into water were also studied for comparison, shown in Figure 7.

Figure 7. Observed enthalpy changes ΔHobs by titrating 2.0 mM
C12C3C12(SO3)2 (black circles) (a) and 10.0 mM C12C3C12(SO3)2
(red stars) solution into water (b).

Because both the ITC curves at CT = 2.0 and 10.0 mM have
very similar variation patterns, the following discussion about
the ITC curves will take the case at CT = 2.0 mM as an
example.
When Xg falls in the region 0−0.16 (I), the observed
enthalpy ΔHobs is exothermic, and with the increase of Xg from
0 to 0.16, the exothermic ΔHobs value increases with initial
addition of C12C3C12(SO3)2 and starts to decrease thereafter. In
this region, CTAB are rich in the mixed micelles and the mixed
micelles are small spherical micelles as revealed above. The
interaction processes are mainly included: the dissociation of
the C12C3C12(SO3)2 micelles into monomers and the further
dilution, the binding of the C12C3C12(SO3)2 monomers with
the CTAB micelles, and the formation of the C12C3C12(SO3)2/
CTAB mixed micelles. Because the dissociation of the
C12C3C12(SO3)2 micelles into monomers and the further
dilution is reﬂected in the ITC curve of titrating 2.0 mM
C12C3C12(SO3)2 into water (Figure 7a), which is only slightly
exothermic, the large exothermic ΔHobs values in Figure 6a are
mainly attributed to the latter two kinds of interactions, i.e., the
binding of C12C3C12(SO3)2 with CTAB by electrostatic
interaction between oppositely charged headgroups, and the
formation of the C12C3C12(SO3)2/CTAB mixed micelles driven
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surfactants. On either increasing the ratio of C12C3C12(SO3)2 or
CTAB in the mixtures, the mixtures undergo the same process
of aggregate transitions, i.e., spherical micelles, wormlike
micelles, vesicles, and then wormlike micelles and spherical
micelles again. These ﬁve phase regions have clearly
distinguished boundaries.
In general, aggregate transitions depend on the variation of
surfactant packing parameter. Before mixing, C12C3C12(SO3)2
and CTAB form micelles at the concentration used here.
Varying the mixing ratio of C12C3C12(SO3)2/CTAB will alter
the average packing parameter of the mixed surfactants. When
the mixing ratio Xg is located in region I or region V, the
mixture still carries more net charges, positive or negative.
Mixing oppositely charged surfactants weakens the electrostatic
repulsion between surfactant molecules and causes the
surfactant molecules to pack more tightly, but the extent is
not enough to lead to the micelle growth and micelle transition
in these two regions. The electrostatic repulsion between the
headgroups makes the average packing parameter lower than 1/
3. The main aggregates in these two regions are thus spherical
micelles and the solutions are transparent with waterlike
viscosity. When Xg is located in region II and region IV, the
C12C3C12(SO3)2/CTAB mixtures carry less net charges than
regions I and V. Electrostatic repulsion between surfactant
headgroups is greatly weakened and the packing parameter is
enlarged. Therefore, the micelles grow signiﬁcantly and transfer
into wormlike micelles. The surfactant solutions are still
transparent, but the solutions at high concentration become
viscous and show shear thinning property. When Xg is located
in region III, the charge ratio of the C12C3C12(SO3)2/CTAB
mixtures is around 1:1. The net charges are so low that the
headgroups can be packed very close and the average packing
parameter may become close to 1. Accordingly, wormlike
micelles transfer into vesicles in this region and the solutions
are clouded with very low viscosity. Although hydrophobic
interaction between hydrocarbon chains as well as hydration
and deionization of headgroups are all changing during the
aggregate transitions, the origin is from the variation of the
electrostatic interaction of the headgroups in the surfactant
mixtures.
Obviously, the self-assembly ability of the C12C3C12(SO3)2/
CTAB mixture has been greatly improved compared with
C12C3C12(SO3)2 or CTAB itself. Normally, the formation of
wormlike micelles requires higher surfactant concentration. It
was reported that the spherical micelles of CTAB grow into
rodlike micelles above ∼250 mM without addition of other
initiators.55 C12C3C12(SO3)2 itself can only self-assemble into
spherical micelles at the concentrations studied here. In the
C12C3C12(SO3)2/CTAB mixtures, long wormlike micelles were
formed even at CT = 2.0 mM, i.e., 0.08% to 0.10% in mass. So
the micelle growth must take place below this concentration. In
particular, the C12C3C12(SO3)2/CTAB wormlike micelles also
exhibit excellent viscoelastic properties as described above. To
enhance the viscosity of surfactant solutions, hydrogen bond,
conjugation, and complexation were always introduced to form
viscoelastic wormlike micelles. However, the C12C3C12(SO3)2/
CTAB solution possesses high viscosity mainly through the
adjustment of electrostatic interaction. In short, either
C12C3C12(SO3)2 or CTAB is the surfactant with very strong
self-assembly ability in surfactant family. On the basis of this,
their mixture moves forward to a great extent.
In addition, the C12C3C12(SO3)2/CTAB mixtures do not
precipitate even at 1:1 charge ratio and relative high

the maxima of the turbidity curves, i.e., afterward the size of
aggregates in the system begins to decrease. Because at this
stage the viscosity does not vary, which indicates the wormlike
micelles have not yet formed, the decrease of the aggregate size
may come from the dissociation of the large vesicles into small
ones driven by the electrostatic repulsion of the headgroups.
This process may be the reason of the increase of the
exothermic ΔHobs value.
When Xg is located in region 0.43−0.51 (IV), the exothermic
ΔHobs value experiences a decreasing process and becomes
close to zero at the end of this region. The Cryo-TEM, DLS,
and viscosity results indicate that the vesicles transfer into
wormlike micelles in this region. Because in this region the
viscosity presents an increase and then a decrease process, the
amount of the wormlike micelles must undergo the same
process. The process originates from the enhancement of
electrostatic repulsion between the surfactant headgroups.
When more and more C12C3C12(SO3)2 are added into the
C12C3C12(SO3)2/CTAB vesicles, the vesicles carry too many
negative charges and the strong electrostatic repulsion between
these charges drives the vesicles to transfer into wormlike
micelles, and ﬁnally into small spherical micelles. During these
transitions, hydrophobic interaction is weakened and the vesicle
dissociation may be accompanied with strong hydration and
ionization of the aggregates. The conjoint actions of all these
factors lead to the declination of the exothermic ΔHobs value.
Finally, when Xg is in region 0.51−1.00 (V), the ΔHobs value
is close to zero and almost does not change anymore. As
presented above, the mixed C12C3C12(SO3)2/CTAB system
already completely transfers into small spherical micelles in this
region. The spherical micelles become rich in C12C3C12(SO3)2,
and the addition of C12C3C12(SO3)2 only changes the
composition of the spherical micelles. So the curves coincide
with the curves of titrating C12C3C12(SO3)2 into water.
In summary, the variations in the ITC curves agree well with
the variations obtained by turbidity, rheology DLS, and CryoTEM experiments. The emergence of manifold energy
alterations reveals the variation of the molecular interaction
in the aggregate transitions.
Proposed Models of Aggregate Transitions. Combining all the results and discussion above, the aggregate
transitions in the C12C3C12(SO3)2/CTAB mixture induced by
varying mixing ratio can be summarized with the simpliﬁed
models shown in Figure 8. The mixing ratio determines the
charge ratio. That is to say, controlled aggregate transitions in
the C12C3C12(SO3)2/CTAB mixtures are realized through
adjusting electrostatic interaction between oppositely charged

Figure 8. Simpliﬁed models of the aggregate transitions in the
C12C3C12(SO3)2/CTAB mixtures.
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concentration. It has been found that the single-chain surfactant
mixtures of sodium dodecanesulfonate (SDAS)/CTAB are
prone to take place.56,57 When the charge ratio is close to 1:1,
the SDAS/CTAB mixtures precipitate even when the mole
concentration is as low as 0.08% at 45 °C; however, as to the
C12C3C12(SO3)2/CTAB mixtures, precipitation takes place only
when the concentration is higher than 0.5% at 25 °C. Even if
the SDAS/CTAB mixtures are rich in SDAS or rich in CTAB,
phase separation often occurs. While the C12C3C12(SO3)2/
CTAB mixtures form homogeneous transparent micellar
solutions or vesicular solutions almost at all the molar ratios.
The improvement of the mixture solubility helps to the
applications of surfactant mixtures. Our previous work43 has
indicated that C12C3C12(SO3)2 is soluble even binding with
Ca2+ of high concentration and the hardness tolerance of
C12C3C12(SO3)2 is much higher than the corresponding singlechain surfactant sodium dodecyl sulfate (SDS). The gemini
structure of C12C3C12(SO3)2 and the resultant aggregate
structure in aqueous solution may be responsible for the high
hardness tolerance. Herein the reason is similar. On the basis of
the molecular characteristic of C12C3C12(SO3)2 and its strong
self-assembly ability, the C12C3C12(SO3)2/CTAB mixtures form
vesicles in aqueous solution instead of precipitation around 1:1
charge ratio.
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