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Octanol-Triggered Self-Assemblies of the CTAB/KBr System: A Microstructural Study
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A micelle—vesicle transition induced by n-octanol CgOH was observed in an aqueous cetyltrimethylammonium
bromide (CTAB)/potassium bromide (KBr) system. This transition was investigated by viscosity, rheology,
dynamic light scattering (DLS), and direct imaging technique, cryo-transmission electron microscopy (cryo-
TEM). Viscometry shows that the system underwent several morphological transitions with the increase in
concentration of CgOH (regions [—1V). At low octanol concentration (region I), DLS analysis showed an
increase in the apparent hydrodynamic diameter of the micelles with the addition of CsOH which was supported
by cryo-TEM and rheology. With further addition of CgOH, transition of the elongated micelles occurred to
a viscoelastic fluid comprising entangled wormlike micelles (region II), for which rheological data can be
described by the Maxwell model. Further, the wormlike micelles transform to vesicles at [CsOH] ~ 0.020 M
(region III). This transition and the consequent changes in the fluid response can be explained in terms of
vesicle formation caused by further addition of CgOH. Beyond this concentration (region IV), vesicles are
the predominant microstructures in the system which shows unusual temperature response.

Introduction

Surfactant molecules self-assemble into different microstruc-
tures in aqueous solution, like micelles, vesicles, and the lamellar
phase depending on the solution composition, and are shown
to have a strong influence on the rheological properties of the
fluid.!™ An increase in surfactant concentration, change in
temperature or pH, and the addition of cosurfactant, salt, or an
oppositely charged surfactant can promote micelle growth. In
certain cases, the spherical micelles can grow anisotropically
leading to highly viscous solutions consisting of flexible
wormlike micelles. Wormlike micelles were found to entangle
with each other to form a transient network above some critical
concentration, called the overlap concentration, and thus exhibit
viscoelastic properties.*” The wormlike micelles break and
recombine in a characteristic time scale depending on the
prevailing physicochemical conditions and therefore exist in a
dynamic equilibrium,® referred to sometimes as “living poly-
mers”. They may, therefore, function as reversible thickening
and rheology control agents in aqueous formulations, in a way
similar to high molecular weight polymers. It is well-known
that salts like KBr and NaSal induce pronounced growth of
cationic micelles due to screening of the electrostatic repulsion
of head groups.”'® The size and shape of the micelle are
influenced by the counterion distribution or condensation on
the micelle surface.!" The effect of KBr on the microstructure
of cetyltrimethylammonium bromide (CTAB) micelles has been
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investigated by Weican et al.,'> and they showed that the
hydrodynamic radius, R,, of the CTAB micelles (0.01 M)
increased from 3.5 to 43 nm with the addition of 0.6 M KBr.
Here, the molecular weight of micelles is also found to increase
appreciably. Among the micelle structures, viscoelastic wormlike
micelles have attracted much interest in fundamental research
and practical applications. The microstructure of wormlike
micelles is correlated to a packing parameter, R, of ap-
proximately 1/2. The effective headgroup area (ay) is affected
by an additive in the solution and is responsible for increased
R, and, therefore, transition to higher-order aggregates, e.g.,
wormlike micelles.'> Such wormlike micelles increase the
viscosity of fluids like polymer.

The effect of aliphatic alcohols on the size and shape of the
micelles has also been reported.'*”'® Medium chain length
alcohols (C4—C;0OH, where C is the carbon number present in
the alkyl chain) partition themselves to the micelles and to the
background solution. The micelle-bound alcohol intercalates
between the surfactant ionic head groups and decreases the
micelle surface charge density. The addition of long-chain
alcohols (CsOH and above) increases the aggregation number
producing mixed micelles.!”!® Kumar et al.!” and Desai et al.*
studied the micelle growth of cationic micelle systems in the
presence of alcohols and amines and found that CsOH is more
effective in promoting the sphere-to-rod transitions. The zero
shear viscosity of these solutions showed peak behavior, and
the peak shifts to lower [additive] with increasing content of
surfactant or salt in the system. The increase in viscosity is
attributed to the formation of wormlike micelle networks, and
the decrease is due to the decrease in the mean size of the
network or due to the formation of other morphologies, e.g.,
vesicles.?'"?? Vesicles are aggregates of surfactant bilayers bent
in the form of concentric spheres entrapping large volumes of
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water that find a variety of applications in the food industry,
cosmetics, drug delivery, etc.>%

The association structure can be molecularly simulated.?®
Surfactant microstructures continue to attract widespread in-
dustrial and scientific attention ranging from applications in
detergent formulations to self-assembly of protocells and
controlled drug delivery.? Control of surfactant self-assembly
using additives is critical in many of these applications and could
provide a breakthrough in the construction of artificial biomi-
metic architectures.”” Several surfactant systems in which a
change in aggregate morphology is triggered by additives have
been reported.?* 3 However, systems in which the on/off
assembly and disassembly of amphiphiles can be triggered
remain largely unexplored.

In our earlier studies, we have reported, for the first time,
the formation of a gel phase® with a Maxwell behavior,*? when
CsOH and KBr are simultaneously added to aqueous CTAB.
This can be ascribed to the formation of shear-induced structure
which is sensitive to concentrations of cosurfactant. Several
studies are performed on similar surfactant systems, but detailed
microstructural characterization of aggregates has not been
explored much.!*~2 Micelle to vesicle transition (MVT) with
increasing [additive] has been described in the past for a couple
of systems to our knowledge.”?® The viscosity increase with
temperature is another important observation which is reported
only for a few other surfactant systems.?®** Keeping this view
in mind, we have undertaken a detailed study of the micro-
structures present in the aqueous surfactant/additive system
(CTAB + KBr + C3OH) using viscometry, rheology, dynamic
light scattering (DLS), and cryo-TEM. Viscometry facilitates
determination of various concentration ranges of CgOH under
which different morphologies coexist. Rheology and DLS
support the viscometry data, while cryo-TEM provides direct
visualization of the aggregates proposed in the initial part of
the study. MVT is an advantageous method for loading
substances and a critical step in reconstituting membrane
proteins into vesicle membranes that provide a biomimetic
environment. The simplicity and ease of preparation of the
present system might make it attractive for various applications
mentioned above.

Experimental Methods

The micellar solutions of 0.1 M CTAB (BDH, England, 99%
assay) with 0.1 M KBr (Ellis Dugal, India, 99% assay) and
n-CgOH (Merck, Germany, 99% assay) were prepared in
deionized Milli-Q water and kept in a water bath at a
temperature of 45 °C with shaking for about one hour for
homogeneity. The samples were then cooled and kept at room
temperature for at least two days to attain equilibrium. Prior to
the measurements, the samples were thermostatted at the
measuring temperature for about 30 min. The rheological
characterizations were carried out using a controlled stress
rheometer (Anton Paar Physica MCR- 51) with a cone and plate
sensor (40 mm diameter, 3.988° angle) at different temperatures.
The viscosity profiles of the samples were acquired by varying
the shear rate from 0.3 to 500 s~!. Frequency sweep measure-
ments were carried out by varying the angular frequency from
0.06 to 100 rad+s~'. The experiments were performed at 1%
strain within the linear viscoelastic range.

Dynamic light scattering (DLS) measurements were per-
formed using a Malvern 4800 Autosizer employing a 7132
digital correlator. The light source was Ar-ion laser operated at
514.5 nm with a maximum power output of 2 W. The samples
of micelle solutions were filtered through 0.2 mm filters
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Figure 1. Effect of CgOH concentration on the zero-shear viscosity
1o (cP) of 0.1 M CTAB/0.1 M KBr micellar solutions at different
temperatures.

(Millipore) to avoid interference from dust particles. Measure-
ments were made at five different angles ranging from 50 to
130°. The measured intensity correlation functions were ana-
lyzed by the method of cumulants®® where unimodal distribution
of relaxation time is considered. The size distribution is obtained
using the CONTIN algorithm wherever needed.

Vitrified cryo-TEM specimens were prepared in a controlled
environment vitrification system (CEVS),** at 25 °C and 100%
relative humidity to avoid loss of volatiles, followed by
quenching into liquid ethane at its freezing point. The specimens,
kept below —178 °C, were examined by an FEI T12 G2
transmission electron microscope, operated at 120 KV, using a
Gatan 626 cryo-holder system. Images were recorded digitally
on a Gatan US1000 high-resolution cooled-CCD camera using
the Digital Micrograph 3.4 software package in the low dose
imaging mode.

Results and Discussion

Figure 1 shows the variation of zero shear viscosity (779) of
aqueous 0.1 M CTAB/0.1 M KBr micelle solution upon addition
of CsOH in the temperature range 25—40 °C. It is observed
that 7 is a strong function of concentration of CgOH (C,) and
is found to vary by several orders of magnitude. On the basis
of the changes in viscosity of the solution, four different regimes
have been identified: a steep rise in viscosity (region I), followed
by a region of maximum viscosity, 7o ~ 10* cp, (region II), a
sharp decrease (region III), and then to a slow increase (region
IV). Atlow C,, initially present spherical (or ellipsoidal) micelles
grow gradually with a concomitant increase in viscosity. A
Coulombic interaction favors micelles with a higher surface area
per head group. On the other hand, hydrophobic interaction
between the hydrocarbon part of the micelles/monomers tries
to achieve aggregates with closely packed monomer chains.

In region I, viscosity rises gradually in the initial part, while
it increases steeply in the later half of the region. Moreover,
viscosity levels off in region II. The wormlike micelles grow
in length by assuming various shapes. We can expect spherical
micelles (ellipsoidal micelles) or short rods in the initial part
of region 1. However, the viscosity increase caused by short
rod-shaped micelles—with an axial ratio of the long axis over
the short axis smaller than 4—is not very different from that
due to spherical micelles.*® Therefore, viscosity cannot be used



466 J. Phys. Chem. B, Vol. 115, No. 3, 2011

to establish the morphologies in each region. Hence, viscosity
data shown in Figure 1 have been used to qualitatively
distinguish various regions (I—IV).

Mukerjee®” had proposed that an additive which is surface
active to a hydrocarbon—water interface will be mainly solu-
bilized at the headgroup region and will promote micelle growth.
Therefore, CgOH is expected to be embedded between CTAB
monomers of the micelles. This embedding of CsOH may
increase the volume of the micelle which is equivalent to an
increase in the length of the surfactant monomer. These factors
modify the effective surfactant packing parameter, R, and are
responsible for the micelle growth and hence viscosity increase
observed in region I (Figure 1). The result then is the trend:
spherical micelle — rodlike (wormlike) with larger structures,
with increasing [CsOH]. When micelles are sufficiently long
they convert more flexible wormlike micelles (in region II)
which can flow comparatively easily, and hence a level off in
the log 79 vs [CsOH] plot is observed. For hydrocarbon-based
surfactants, it has been proposed?® that the micellar structure is
strongly influenced by R, and consequently, different micro-
structures are expected at higher [CsOH]. A steep fall in %, (and
appearance of turbidity) indicates a transition to a new morphol-
ogy (region III). A decrease of nearly 3 orders of magnitude in
1o and the appearance of the system are hinting to a vesicular
phase. Similar behavior was observed in a few surfactant
systems and was explained by the above reasoning.’®*° At
further higher concentrations of CsOH, viscosity shows a slow
increase, and the samples appear almost clear (region IV). If
we compare the sample viscosity at each temperature (region
IV), it can be seen that for the same system 7, increases with
temperature (an unusual behavior).*0

The increase of viscosity (similar to that of region IV) was
explained on the basis of conversion of vesicles to a rod-shaped
micelle transition.?® In region IV, it is expected that a sufficient
amount of CgOH will be present which will be embedded
between the head groups. In this situation, if we increase the
temperature, then the Br~ ion may be released and would show
higher preference for the bulk phase. Such a release, if it occurs,
would increase the effective headgroup area (ay,), thereby driving
the vesicles to aggregates of higher curvature resulting in an
increase in viscosity. This indeed was observed in region I'V. It
was observed in our earlier study that the system converts again
to a fairly viscous fluid (gel-like) with a thermo-reversible
response™! at further high concentration of CgOH. In the present
study, a rich microstructural behavior exhibited in a simple and
easily preparable sample is reported for the first time. In the
following paragraphs, we would like to shed more light on
probable microstructures present in each region. Thus, we have
selected representative samples from our preliminary viscosity
measurements.

Detailed rheology of the system (0.1 M CTAB/0.1 M KBr/x
M CsOH) showed Newtonian behavior (up to 0.008 M) over
the entire shear rate, y, which indicates that at low [CsOH]
nearly spherical micelles (or small rods) are present. Above
0.008 M, the viscosity decreases drastically with an increase in
shear rate (shear thinning behavior), an indication of the
formation of rigid rods of medium length, which slowly converts
to a flexible cylindrical micelle (wormlike micelle). These
samples were viscoelastic in nature and exhibited flow bire-
fringence, which are characteristics of wormlike micelles.?® The
viscoelastic properties of the samples were analyzed by oscil-
latory-shear experiments (Figure 2), and at low frequencies the
behavior can be described according to the Maxwell model.*'*?
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Figure 2. Variation of elastic modulus, G* (Closed), and viscous
modulus, G” (Open), with oscillation frequency (), for the 0.1 M
CTAB + 0.1 M KBr + x M octanol micellar system of different
[octanol] at 30 °C: (a) wormlike micelles and (b) vesicle phase. The
bold line in the figure is indicative of the Maxwell fit.
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Figure 3. Variation of elastic modulus G (closed symbols) and viscous
modulus G” (open symbols) with oscillation frequency (w), for 0.1 M
CTAB/0.1 M KB1/0.016 M octanol micellar system at three different
temperatures. The solid lines represent the best fit to the Maxwell model.

For a Maxwell fluid, the variation of the elastic modulus G’
and viscous modulus G” can be given as

22
, 0T
G'lw)=—""76G, (D
1 + (w1)
1" wtT
G'(w) = —2*—q, )
1+ (w7)
The complex viscosity #* can be given as®!3?
. inl/2
P (Gl i S | 3
@ \/1 + o’

For the viscoelastic system following Maxwellian behavior, 7
values were estimated from the following equation.

1y = Gyt 4

where G is the shear modulus.
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Figure 5. Variation of z-averaged apparent diameter of the 0.1 M CTAB/0.1 M KBr/octanol vesicle phase (a) and micellar phase (b) as a function

of temperature.

(b)

Maxwell fluid-like behavior, again, is an indication of the
presence of wormlike micelles in the solution.”® With further
increase in the concentration of CsOH, the viscosity decreases
and the characteristic Maxwell behavior disappears, indicating
another structural transition which is in consonance with our
viscosity data shown in Figure 1 (region III). The absence of a
Maxwell type relaxation indicates that there are no entangled
micelles. The fact that G” is higher than G” indicates that elastic

Figure 6. Cryo-TEM images of the spherical and thread-like micelles at C, = 0.008 M in the 0.1 MCTAB/0.1 M KBr/octanol system at (a) bar
= 200 and (b and c¢) = 100 nm.

behavior dominates. Such relaxation is observed in concentrated
vesicle phases where the ordering of vesicles leads to elastic
gels.

It is relevant to note that at higher frequencies an elastic
behavior was shown by the micelle phase (G' > G”), which
switched to a viscous behavior (G” > G’) at low frequencies
(Figure 2a). The characteristic relaxation time, 7, of these
viscoelastic samples, which is calculated as 1/wc, where wc is
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(a) (b)

Figure 7. (a and b) Cryo-TEM images of wormlike micelles (arrow
A) and ribbons (arrow B) at C, = 0.016 M in the 0.1 MCTAB/0.1 M
KBr/octanol system at bar = 100 nm.

the frequency at which G” and G” cross, is found to increase
and then decreases with an increase in the concentration of
octanol.’? The variation of G" and G” is typical of gel phases
arising from closely packed vesicles.

Figure 3 shows the effect of temperature on the oscillatory
shear behavior of the sample in region II (Figure 1). It is

(b)E
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observed that 7 and 7, decrease with an increase in temperature.
Such decreases in 779 and T with temperature are expected for
wormlike micelles—they result because of an exponential
decrease in the micelle contour length with an increase in
temperature.® This was further confirmed from the data given
in Figure 2(a). It has been found that the Maxwell model fits
the data reasonably well.

Vesicular dispersion is expected to be dilute in this phase,
and therefore a nearly Newtonian behavior without much
variation in viscosity is observed Also, G” is seen as higher
than the G’ in the whole experimental range of frequencies
indicating the viscous nature of the sample. The increase in
phase angle (6)*® from 56 to 77° (at a given frequency) for
C, = 0.025 M and C, = 0.035 M, respectively, confirms the
change of microstructure of the fluids, i.e., viscoelastic to
viscous with increasing C,. The low-phase angle value, C,
= 0.025 M, possibly indicates the coexistence of wormlike
micelles and vesicles in the turbid phase (region III). The
sharp decrease in viscosity may be due to the formation of
vesicles.”®3 The phase angle is related to the relative
contribution of viscous and elastic components to the shear

Figure 8. Micrographs obtained by cryo-transmission electron microscopy of samples located above the peak viscosity region C, = 0.025 M at
(a) bar = 200 and (b and c) 100 nm. The coexistence of threadlike micelles (arrow-1), bilayers (membrane sheets, arrow-2), and vesicles (arrow-3)

can be seen here.

(a) ()

(d)

w (c)B

Figure 9. Cryo-TEM images of the 0.1 M CTAB/0.1 M KBr/octanol vesicle phase at C, = 0.035 M at (a—c) bar = 200 and (d and e) = 100 nm.
The unilamellar vesicles (arrow-4), multilamellar vesicles (arrow-6), and oligovesicular vesicle (arrows 5 and 7) were found in this region.



Octanol-Triggered Self-Assemblies of CTAB/KBr

modulus. A phase angle greater than 45° indicates that
viscous behavior dominates over the elastic behavior. As the
phase angle approaches 90° the behavior becomes completely
viscous. In the present study, an increase of phase angle
indicates transition from the viscoelastic micelle phase to
dilute vesicles (viscous). Thus, for a 0.1 M CTAB/0.1 M
KBr/CsOH micelle system, the sharp increase in viscosity
begins at C,= 0.008 M and leads to a maximum at C,= 0.016
M extended up to C, = 0.020, and then viscosity starts
decreasing (region III). In region IV, an unusual increase in
viscosity was noted with temperature. The data again
demonstrate the onset of the transition which is dependent
on the temperature indicating the presence of various types
of vesicular structures (open, unilamellar, double lamellar).?

Dynamic light scattering (DLS) results [Figure 4 (a and
b)] were very much complementary to the viscosity data
shown in Figure 1 (region I). The temperature effect was
studied for the chosen samples, from region I and from region
IV (Figure 5 (a and b)). It is observed that the average
hydrodynamic diameter, Z,,, increases with [CgOH], indicat-
ing the presence of grown micelles present in region I. An
interesting feature is observed in the DLS data shown in
Figure 5. The sample from region I showed a decreased Z,,
(Figure 5(b)) with temperature, whereas Z,, was found to
increase for the sample from region IV. This again cor-
roborates the viscosity and rheology results.

Figure 6(a—c) shows the cryogenic transmission electron
microscopy cryo-TEM images of 0.1 M CTAB/0.1 M KBr/
0.008 M octanol at 25 °C where we can observe the
coexistence of spherical and wormlike micelles (region I).
The formation of wormlike micelles is more pronounced at
still higher concentration of octanol (Figure 7 (a and b)).
These wormlike micelles impart high viscosity to the system,
and the solution becomes viscoelastic as observed in region
IT of Figure 1 and by rheological study (Figure 2).

The cryo-TEM images of the micelle phase after the peak
viscosity C, > 0.016 M have been given in Figure 8(a—c),
where we can observe the octanol-induced transition of
wormlike micelles to the vesicle phase with a resultant drop
in viscosity of the system. The coexistence of wormlike
micelles (arrow-1), bilayers (membrane sheets, arrow-2), and
vesicles (arrow-3) is also noticed in this region (region III).
This observation is found to be in good agreement with the
phase angle obtained for this region.

Cryo-TEM micrographs of the system at region IV (C, >
0.025 M) give rise to the vesicle phase. It was observed that
spontaneous formation of the vesicular phase depends on C,,
and it includes a wide size range. A wide spectrum of
structures is illustrated in the images (Figure 9). Analyses
of the micrographs show the complexity of the investigated
mixed micelle system, including polydispersed vesicles with
respect to size and shapes, with diameters in the range from
d = 50 nm to d = 500 nm. The unilamellar vesicles (arrow-
4), multilamellar vesicles (arrow-6), and oligovesicular
vesicle (arrows 5 and 7) were found in this region. The values
of the vesicular size obtained in the micrographs were in
agreement with those obtained by other authors who inves-
tigated similar mixed micelle systems.*+4

Conclusions

We have demonstrated various microstructural transitions
in a simple cationic micelle system. The system shows the
transformation of a low viscous solution to a viscoelastic
fluid followed by the formation of a turbid solution. The
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CgOH was found to be a potential candidate to induce a rich
variety of microstructures, which were found to be thermo
reversible in nature. The DLS analyses at various tempera-
tures of these aggregates were found to be complementary
to viscosity and rheology studies. Spontaneous formation of
unilamellar, multilamellar, and oligovesicles in the C, range
of 0.025—0.035 M and wormlike micelles in the C, range of
0.008—0.016 M were thus confirmed by cryo-TEM studies.
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